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For Bert1 

All my thoughts that 1 have. 
they are with you . . . 
(Old German folk-song) 





Prefatory Note 

The appearance of this new book is doubly welcome, firstly because, beins in English..it 
is available to a very large number of readers and, secondly, because i t  is nn u p  to dale 
and largely rewritten account of the subject on which the author has a l r e a d ~  macie ;i l l  

international reputation. Professor Rntrbe's fcur previous books on liydraulic machinery 
and installations published by the VDI-Verlag were available to readers of ihs  German 
language but are now out of print. Althouzh there has also been a translated Russirin 
version his valuable account of hydroelectric practice have not therefore been easil!- 
accessible to the vast number of potential readers familiar lvith Enzlish. This has  bcen 
particularly unfortunate recently because of the world-wide resurgence of the long estnb- 
lished hydro power industry. Because of economic problems caused by risinz fuel cosrs 
and expendable fossil fuels the interest in hydro power has greatl! increased in most 
countries, not only for large schemes but also for mini and micro instilllntions where 
power can be used locally for agricultural and industrial use. This new definiri\e ivork b!. 
Professor Ratrbe will therefore meet with even ~vidcr rlcclrlin~ internat:onall!. than hij 
pseviocs publicatio~s. 

The author is a distinguished hydraulic expert who has travelled widel!. and lccturcd in 
many countries on hydraulic machines and hydro poiver equipment. He hi:> hat1 cxten- 
give industrial. research and academic experience and is wzll kno11.n c n  intrtrnat~or,;ii 
technical committees for his valued contributions. This monograpl; rcprzsenis h ~ s  rtccu- 
rnulated wisdom over many years together w ~ t h  accounts of recent recearchcs ant1 ad-  
vanccd course lecture material. The result is a valuable trcailse \ \~Ii~ch \\.111 help cnginrers. 
teachcrs, advanced students, and many ot heis concerned wi th the creaLlon and  mall- 
agement of hydroelectric installations. 

1 am most grateful for the opportunity to introduce this co~nprel-)ensile nen book and 
wish both it and its reciders all success in helping to make the world a better place by the 
skilf~il application of hydro power. 





Preface 

Water is one of nature's gifts. The mere chance of creation has made water vapour lighter 
than the surrounding atmosphere. so that sunshine can raise i t  from the ocean, while 
sun-born winds carry it to those regions where it condenses again and then kills down 
to the earth, from which gravity makes it flow downhill back towards the ocean, thus 
closing its earthly cycle. 

Ancient civilizations were fluvial and their members already managed to lift  water for 
irrigation by machines equipped with pails and driven by water mills of the undershot 
t Y Pee 
In 183 1 when the French engineer B. Fourneyron had already built the first reliable water 
turbine, the famous German poet Goethe finished the second part o i  his tragedy Fatrsr. 
At death's door Faust wins his wager with the devil ( to be redeemed if there came a 
moment of which he could say, "linger you now you are that fair"), when he has the 
following vision of the harnessing of the tidal powers of the ocean. 

"A paradise our closed-in land provides, 
Though to its margin rage the blustering tides; 
When they eat through, in fierce devouring flood, 
All swiftly join to make the dammage good. 
Ay, in this thought I pledge my faith unswerving. 
Here wisdom speaks its final word and true, 
None is of freedom or of life deserving, 
Unless he daily conquers it anew. 
With dangers thus begirt, defying fears, 
Childhood, youth, age shall strive through strenuous years. 
Such busy, teeming throngs I long to see, 
Standing on freedom's soil, a people free. 
Then to  the moment could I say: 
Linger you now, you are that fair!" 

The hard Stachar~ovite hand labour of Goethe's vision of liberty would today be thought 
of as an unbelievable slavery in the face of a graceless nature to which men were delivered 
up when they had not the powerful tools of today's electrotechnology. 

The inventions of engineers in the last century and a half since the death of our famous 
Goethe are the main factors which have relieved the average man from laborious slave- 
like work. 

This has been done by harnessing the energy resources offered by nature in the form of 
fuel and, last but not least, in the form of hydro power. Even if hydro power covers at 
present in West Germany only a modest portion of the electric energy demand, hydro- 
electricity has made in our country, and especially in its more waterpower blessed 
southern part, a decisive contributiorl to the momentum that electrification brought into 
our daily economical life during the last century. 



2-0 ur~clcl-stand this nianifcstation, a glntlcc .it tlic historicill tlcvclopnicnt of clcctrification 
should bc niadc. 7'wo kcy events have stin1ul;lted the consumption and pratll~ction of 
elcctrici ty. 

One was the invcti~ion of the self-exciting dynatno (1869) by IV: \*oti Sicittors i n  Bcrlin and 
thc induction motor by h.1. rlo:l Dolivo Dohrol~olsky in IS90 also in Rcrlin. 'Tlic other was 
thc inven tiori of the light bulb by the Gertiir~n-American G6hcl 1859 in Ncw York. Erfisotl 
made the vital contribution of reinventing this 25 years later and illumitlating a quartcr 
of New York by these means with the aid of the first thcrmo-clcctric power plant erccted 
1882 in New York. 

With the invention of electric illuminatiori a large consumer market was stimulated to 
install electricity in homes. These consumers were concentrated in big towns whereas the 
usable waterpower was in far remote areas. Therefore power transmission of hydro power 
from sites io the consumer became an urgent need. 

In 1891 the crucial step forward was made by the Germans 0. votr ,%filler, the promoter, 
and 1Vl. yon Dolivo Dobro)lolsky, the construcior, by the transmission of 300 hp over 
175 km betv:een Heilbronn and Frankfurt using a 15 000 Volt three phase AC power line. 
Aftcr this breakthrough experiment, which was successful, the USA started with the 
erection of the first huge power station on the Niagara Falls with 10 5000 hp in 1892. 
Anothcr advance for harnessing waterpower was achieved by the German professor Fiitk 
in Berlin, who obtained a patent on adjustable wicket gates. I n  1873 the German manu- 
facturer K~itlt equipped for the first time a Francis turbine with these gatcs. O~i ly  this 
combination made the Francis turbine an effective tool for harnessing waterpower. 

Thc way was shcwn for the development of low head river power plants by the patent 
of the Germ:~n-Atlstrian 1/: Knplan in 1913 for axial turbines with adjustable runner 
vanes. To harness river poivet of the lowest head, the Gernian A. Fischer together with 
the Escher Wyss firm have built, since 1936, tubular turbines with rim generators after 
Harza's patent from 1919, and the tirst bulb turbine. In the compact design of a rim 
generator plant, all the ccimponents have to be adapted to each other with respect to their 
G 

purpose and the small space available. In this context the pioneer work of the German 
H. FerttzloJ must be mentioned. Pumped storage plants have been developed by the 
Slviss firm Sulzer and Escher Wyss and the German firm Voith since the turn of the 
century, culminating in 1928 in the Herdecke plant with 4 - 27 M W  tandem sets. In 1932 
and 1936 Escher Wyss and Voith built the first axial and radial pump turbines in the 
German Baldeney plant and the Brazilian Pedreira plant. 

Recent corner stones in 'the West German development of hydro power are as follows. 
Firstly the African plant Cabora Bassa in hqozambiq:ie: There 5 415 h4W \yere installed 
for power transmission over 1400 km by 1 million volt DC using dry thyristor technique; 
the turbines were manufac:ured by a consortium of the West German firm Voith and the 
French firm Neyrpic. 

Both firms are now erecting the turbines for the 1 8 .  715 M W  Francis turbine sets of 
Itaipu in Bra~il,  at the moment the hydro power station with the largcst i~lstalled 
capacity. In this context it may also be mentioned, that the West German firm Ossberger 
has logicaily developed from the Michell type turbine the most reliable and simple small 
turbine of the Ossberger type, especially for developing countries. 

Crintera., the founder of the author's institute, fonilulated in 1905 the specific speed as the 
generally adopted most important criterion to distinguish typcs of hydroturbines. In 1922 
my predccessor Tltonrtr introduced the now interfiationally used cavitation index a. 



In the past decade I have had the privilege of holdins lecture courses on hydro power for 
advanced post-graduate students in the following centres of reccnt water power develop- 
ment: The Indian Institute of Technology Madras, India; The University of Siio Paulo. 
Brazil; The Laval University, Quebec and Hydro Quebec, Montreal, Canada: The Cen- 
tral University Caracas, Venezuela; The Polytechnic Institute Timisoara, Rumania; The 
Huazhong Institute of Technology, Wuhan, People's Republic of China. 

This has stimulated me to publish this book, which can be considered as the outcome of 
these lectures, some rewritten chapters of a former book of mine in German, and the 
many papers and findings made over the past 15 years in the Teaching Chair and 
Laboratory headed by me at The Technical University of Munich, Federal Republic of 
Germany. 

In this context the names of Dr.-Ing. W Kiihnel, Dr.-Ing. D. Castorph, Dr.-Ing. E. Bar, 
Dr.-Ing. M. V-dtter, Dr.-Ing. G. Schlemmer, Dr.-Ing. G. Mollenkoyj; Dr.-Ing. R. Gerich, 
Dr.-Ing. M. Lotz (deceased), Dr.-Ing. R. Kirmse, Dr.-Ing. J. Korcian, Dr.-Ing. N. Fttrtner, 
Prof. Dr.-Ing. R. Jahn, Dr.-Ing. E. Hartrter, Dip].-Ing. H. Pfoertner, Dr.-Ing. E. Walter. 
Dr.-Ing. J. Klein, Prof. Dr.-Ing. F. El Refiie, Professor Dr. Engng Ravinn'rall, and Mr. 
D. Lauria may be mentioned for their valuable help, their suggestions, and contributions 
in connection with scientific papers presented at international or  national congresses, or 
in connection with work for theses made at the Lehrstuhl und Laborato~ium fur Hydrau- 
lische Maschinen und Anlagen der Technischen Hochschule Miinchen. 

For  many neatly drawn figures my thanks are due to Mr. M. Ring. In connection with 
the erection of reliable test stands but mainly for his valuable contribution of building 
quick response vector probes, the name of Mr. H. Kriegl, head of our lab's workshop 
should be mentioned. 

Many firms have supported the publication of this book monetarily in a liberal manner. 
They are 

Allis Chalmers, Milwaukee, Wisconsin, USA 
1ng.-Buro Freisl, Garmisch-Partenkirchen, F. R. Germany 
Hydroart, Milano, Italy 
KaMeWa, Kristineham, Sweden 
Kvaerner Brugg, A. S., Oslo, Norway 
Neyrpic, Grenoble, France 
Ossberger, Weissenburg, F. R. Germany 
Sulzer Escher Wyss, Ziirich, Switzerland 
Tampella, Tampere, Finland 
Vevey-Charmilles Engineering Works, Vevey, Switzerland 
Voest Alpine, Linz, Austria 
Zahnradfabrik Friedrichshafen, Friedrichshafen, F. R. Germany 

The library of the Technical University Munich an organization of the Bavarian State 
Ministry of Education and Kultus headed by Dr. Schweigler contributed in a similar 
manner. 

Moreover thanks should be given to the VDI-Verlag as the publisher, who undertook the 
venture of publishing a book directed to all the specialists and students in the world 
engaged in the development of hydro power. 

The work would not have been succeeded if Mr. T. B. Ferguson, Senior Lecturer at the'  
Department of Mechanical Engineering of the University of Sheffield. a well-known 
author of a book on turbomachinery, versed in treating technical terms and also versed 



in colloqitinl E:~glisl~, had not revicwed thc wholc manuscript twicc very carcfi~lly. For 
[hat I ill11 gre;~lly ir~clcbtcd to hirn. 

I n  this contcsi also two Inclinn hydro turbine speci;tlists Professor Dr. Rlltrrltr Kr.islrtrtr, 
head of the t1ydro-turbomachines labor;ltory, 11T Matlras, and l'rofessor Dr.-Ing. 
K Vtr.scu~cltrtli, hcad of Dep;irtmcnt at Punjitb Collcgc of Engineering, may bc grc;itfully 
mentioned. Thc same holds also for Professor 111- Kr11 Alei, Departlnent of IlyJraulic 
Engineering at Quinghua University Beijing (Peking), China. 

For advice and help in their special fields, I am also indcbted to Prof. Dr. Erhtrrtl 
F .  Joerrs. Uni\.crsity of Wisconsin, Madison, USA; em.@. Professor. Dr., Dr., Dr., Dr. h.c., 
Dr.-Ing. E.h. E. ,\losotlj.i, University of Karlsruhe, F. R. Gcrniriny, o. Prof. Dr.-Ing. 
G. Sclt~l~iclt, Professor Dr.-Ing. If. Stei~thic~gler, both at the Technical University Munich, 
and Mr. K.  L! bl4lli. deputy director of Siemens, El-langcn, F. R. Germany. 

Although care has been taken to make the E~~gl i sh  rendering as clear as possible, it is 
hoped that any reader who may detect Faults would kinclly bring them to my attention. 
My thanks are also due to Mr. Braitsclr and Mr. Olbricl~ fos carefully reading the 
manuscript and the proofs7 and for making valuable suggestions. 

Last but not least my thanks are due to my secretary .Mrs. A. Fltllr- for having typed parts 
of the final copy of the manuscript. 

This book may show how scientific work can bridge the frontiers between countries of 
different cultures. May Hydro Power, which to date is used only by about ten percent of 
its potential, flourish also in future under the motto: vivat, floreat, crescat! 

Munich, autumn 1954 Joncllitn Ratrhe 



Hints to the reader 

In decimal fractions, the decimal point is replaced by a comma, e.g., 5,6 is used instead 
of the Anglo American 8 - 6. 

In products, multiplication mark ' x ' is replaced by a point e.g., S - 23 is used instead of 
the Anglo American 8 x 23. The multiplication mark ' x ' is reserved for vector products 
a x b, b) multipliers that extend over one line, c) output of 3 equal sets thus 
P = 3 x 30 M W  occasionally used. 

Abbreviations: Machines types are usually abbreviated as follows: Kaplan turbine = K T  
(plural KTs), Francis turbine = FT, Pelton (impulse) turbine = PT, pump-turbine = 
PUT, tubular turbine = TT, bulb turbine = BT, pump = P, Straflo turbine = ST. 

The vorticity rot c is denoted by curl c. 

The inverse functions of sin x, cos x, tan x, cotan x are denoted by arcsin x, arccos .u, 
arctan x, arccotan x, instead of sin-'x, cos-' x, tan-' x, cotan-'x. 

How to use the references in the text: All references within the text are put in square 
brackets and can be found in a reference list at the end of the last chapter. There they are 
arranged by chapters and within the chapters in the sequence they are quoted in the 
respective chapters. The first number points to the chapter, the second number to the 
reference. For example [9.18] quotes reference 18 in chapter 9. More references can be 
quoted by [9.18; 9.191, [9.18 to  9.301 or  [8.5; 9.181. References which are not quoted in the 
book are found in the second list of reference at the end of the book, arranged in 
alphabetical order of the author's names. At its end, the latter is supplemented by same 
references, that came out during the production of this book. 

Equations are quoted by numbers put in round brackets and' placed behind the number 
of the subchapter in which the equation appears, e.g. (10.2-4) refers to equation 4 in 
subchapter 10.2. 

Hints at subchapters are quoted by cap, and the number of the subchapter behind it, e.g. 
cap. 9.3.1 hints at subchaptcr 9.3.1. 

The figures are numbered through consecutively, subchapter by subchapter, the number 
of which precedes that of the figure, e.g. Fig. 9.2.1 hints at figure 1 in the subchapter 9.2. 





Contents 

. . . . . . . . . . . . . . . . . . . . . . . .  Nomenclature . . . . . .  ; 1 

1 . The origin of hydro power. its potential and its use in a world wide context 9 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1. Introduction 9 
. . . . . . . . . . . . . . .  1.2. Water from rivers. its causes and features 9 

. . . . . . . . . . . . . . . . . . . . . . . . .  1.2.1. The rivers 9 
. . . . . . . . . . . . . . . .  1.2.1 . 1. Large sources of water power 9 

. . . . . .  1.1.2. Characteristics and classification of well-known rivers 10 
. . . . . . . . . . . . . . . . . .  1.2.1.3. Depth and slope of a river 11 

. . . . . . . . . . . . . . . .  1.2.1.4. High head and large discharge 12 
. . . . . . . . . . . . . . . . . . . . . . . .  1.2.2. Topography 12 

. . . . . . . . . . . . . . . .  1.2.2.1. The Elements of the continents 12 
. . . . . . . . . . . . . .  1.2.2.2. Topography and water circulation 13 

. . . . . .  1.2.2.3. Topography as the origin of falls and water collection 13 
. . . . . . . . . . . . . . . . . . . . . . . . . .  1.2.3. Climate 14 

. . . . . . . . . . . . . . . . . . .  1.3 The potential and its distribution 14 
. . . . . . . . . .  1.3.1. Theoretical, harnessable, harnessed, potential 14 

. . . . . . .  1.3.2. Distribution of harnessed and harnessable potential 17 

. . . . . . . . . . . . . . . . . . .  1.4. Hydroelectricity, its development 20 
1.4.1. Past and future of hydro power in the context of other power . . 20 

. . . . . . . . .  1.4.2. Cost and social problems due to electrification 21 
. . . . . . . . . . . . . . . .  1.4.3. The Future of hydroelectricity 21 

. . . . . .  1.5. Hydro power, its actual dimensions, development and features 22 
. . . . .  1.5.1. The largest structures found in hydro power at present 22 

. . . . . . . . . . . . . . .  1.5.2. Survey of historical development 24 
. . . . . . . . . . . . . .  1.5.3. The Features of water power plants 25 

. . . . . . . . . . . . . . . .  1.6. Survey of types of hydro power plants 25 
. . . . . . . .  1.6.1. Plants of conversion of hydraulic primary energy 25 
. . . . . . . .  1.6.1.1. General remarks on conversion of primary energy 25 

. . . . . . . . . . . . . . . . . . . . .  1.6.1.2. River power plants 26 
. . . . . . . . . . . . . . . . . . .  1.6.1.3. Depression power plants 27 

. . . . . . . . . . . . . . . . . . . . . . . .  1.6.1.4. Wave energy 27 
. . . . . . . . . . . . . . . . . . . . .  1.6.1.5. Tidal power plants 29 

. . . . . . . . . . . . .  1.6.1.6. Hydro power from gas washers . .  .' 31 
. . . . . . . . . .  1.6.2. Plants for converserion of secondary energy 31 

. . . . . .  1.6.3. Hydro power in transmission drives (torque converter) 36 

. . . . . .  1.6.4. Hydro power plants with respect to their availability 37 
. . . . . . .  1.6.5. Hydromechanical equipment of outstanding plants 39 



. . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.1. Introcluct~o~i 41 
. . . . . . . . . . . . . . .  2.2. l;.cononiic.~l ii\pccts of  hydro yoccr  pi, ~ n t s  42 

2.2.1. Gc~icriil I . C I I I ; I ~ ~  ;iboilt fc;ihil~ility o f  ii project . . . . . . . . . .  42 
. . . . . . . . . . . . . . . . . . . . .  2.2.2. Tlic clcc~ricity rate 42 

. . . . . . . . . .  2.2.3. l'lic spcci tic invcstr-nent cost pcr inst:~llcct k\I1 42 
. . . . . . . . . . . . . .  2.2.4. Econoniic appruisi~l of the projects 46 

. . . . . . . . . . . . . . . . . .  2.2.4.1. Tht: present \ri~luc nictl~od 46 
. . . . . . . . . . . . . . . .  2.2.4.2. i~iternal rate of return ~ncthod 47 

. . . . . . . . . . . . . . . . . . . .  2.2.4.3. I 'lieunni~ity method 47 

. . . . . . . . . . . . . . . . . . . .  . 2.2.4.4. The bcncfit-cost ratio 45 
. . . . . . . . .  2.2.4.5. Pr~duct ion  cost of energy iinit, electricity raie 49 

. . . . . . . . . . .  2.3. The hydro po~ver cicvelopmt.rrt of some Iargc rivers 49 
. . . . . . . . . . . . . . . . . . . .  2.3.1. The Tennessee (USA) 39 

. . . . . . . . . . . . . . . .  2.3.2. The Columbia (USA, Carlacia) 49 
. . . . . . . . . . .  2.3.3. The Far-~ini (Brazil, Paragiiay, Argentine) 53 

. . . . . . . . . . . . . . . .  3 . 4  The Yenissci (USSR, Siberia) 56 
. . . . . . . . . . . . . .  2.3.5. The Volga (USSR, Eilropean part) 59 

. . . . . . . . .  2.3.6. I'he Zani besi (Zimbabwe, bloza~nbique, Africa) 59 
. . . . . . . . . . . . . . . . . . . . . . . .  2.3.7. TheDanube 61 

. . . . . . . . . . . . . . . . . . . . . . . . . .  2.4. Exceptional sltes 64 
2.4.1. Churchill 1-alls (Chur-chill River, Labrador, Canada) . . . . . .  64 

. . . . . . . . . . . . . . . . . .  2.4.2. Inga (Zn i r z ,  C o ~ g o )  Africa 06 
. . . . . . . . . . . . . . . . . . . . .  2.5. Srnal! hydro powcr schemes 67 

. . . .  3 . Sur\e:i and classificntion of essential de\ices of a hydro powcr plant 71 

. . . . . . . . . . . . . . . . . . . . . .  3.1. Ir;tr3duction ant1 su;vcy 71 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2. Dams 74 

. . . . . . . . . . . . . . . . . . . .  3.2.1. Classification of dams 74 
. . . . . . . . .  3.2.2. The foundation of a dam and related problems 74 

. . . . . . . . . . . . . . . . . . . . . . .  3.2.7. Gravity dams 75 
. . . . . . . . . . . . . . . . . . . . . . . .  3.2.4. Arch da11is 77 

. . . . . . . . . . . . . . . . . . . . .  3.2.5. Multiple arch dams 75 
3.2.6. Response of present society to social and ecological Impacts of dams 80 

. . . . . . . . . . .  3.2.7. Environmental conseqilenccs of I;~rge dams 81 
. . . . . . . . . . . . . . . .  3.3. The spillway, sates and shut off devices 81 

3.3.1. The spili\vay in connection with other members of the plant . . .  81 
. . . . . . . . . . . . . . . . . . . . . . . . .  3.3.2. The spillway 85 

. . . . . . . . . . . . . . . . . .  3.3.2.1. The dutie5 of the spillway 85 
. . . . . . . . . . . . . .  3.3.2.2. Sur\ey of Food discharging devices 86 

. . . . . . . . . . . . . . . .  3.3.2.3. Fiied flood discharging devices 56 
. . . . . . .  3.3.2.4. Weir yiite; as an adjustable flood discharging device 38 

. . . . . . . . . . . . . . .  3.3.2.5. Dynamic behaviour of spillways 91 
. . . . . . . . . . . . . . . . . . . . . .  3.3.3. The stilling basin 92 

. . . . . . . . . . . . . . . . . . . . . . . . . .  3.3.4. V:~lves 92 
. . . . . . . . . . . . . . . . .  3.4. The Po111er housc and its equiprient 94 

. . . . . . . . . . .  4 1  . The consti:uen! elernents ot' a power house 34 
. . . . . . . . . . . . . . . . . . . . . .  3.4.1.1. Gencral remarks 94 

. . . . . . . . . . . .  3.4.1.2. The si~pcrstructure of the power house 95 

XVI 



3.4.1.3. The substructure of the power house . . . . . . . . . . . . .  129 
3.4.2. Power house design with respect to distance from dam . . . . . .  131 

4 . The layout of river-run and storage plants with respect to optimized figures sucli 
as rated discharge. nnmber of sets and their diameter. storage volume. hydraulic 

. . . . . .  radius of water way and dimensions of electric transmission line 135 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.1. Introduction 135 
. . . . . . . . .  4.2. Optimization of rated discharge of a run-of-river plant 137 

. . . . . . . . . . . . . .  4.2.1. General remarks and assumptions 137 
. . . . . . . . . . . . . . . . .  4.2.2. Specialization of the problem 139 

. . . . . . .  4.2.2.1. The Case of given runner diameter D and desired i 139 
4.2.2.2. The Case of given number i of sets and diameter D to be estimated 142 

. . . . . . . .  4.2.3. Example of the estimation of runner diameter D 142 
. . . . .  4.2.4. Reasons for the number of sets relating to the turbines 143 

4.3. The optimum size (D) and number of sets for a river power plant with given 
. . . . . . . . . . . . . . . . . . . .  rated discharge and rated head 144 

. . . . . . . . .  4.3.1. Introduction to the problem and assumptions 144 
. . . . . . .  4.3.2. The runner diameter as a function of working data 145 

. . . . . . . . . . . . . . . . . . .  4.3.2.1. Kaplan turbines (KTs) 145 
. . . . . . . . . . . . . . . . . . . .  4.3.2.2. Francis turbines (FTs) 145 

. . . . .  4.3.3. The runner diameter as a function of the number of sets 146 
. . . . . .  4.3.4. The NPSH as function of the working data and type 146 
. . . . . .  4.3.5. The cost of ground excavation, power house and dam 147 

. . . . . . . . . . .  4.3.6. The cost of fabrication and erection of sets 148 
. . . . . . . . .  4.3.7. The cash value of energy loss during useful life 148 

. . . . . . .  4.3.8. The resulting cost as a function of number of sets i 149 
. . . . . . . .  4.3.9. Reasons for setting unit size as large as possible 149 

. . . . . . . . .  4.4. The optimum coefficient of peripheral blade speed Ku 150 
. . . . . . . . . . . . . . . . .  4.4.1. Introduction to the problem 150 

. . . . . . . . . . . . . . . . . . . . . . . .  4.4.2. Assumptions 151 
. . . . . . . . .  4.4.3. Expressing the cost terms as a function of Ktr 152 

. . . . . .  4.4.4. The resulting cost of the turbine during its useful life 152 
. . . . . . . . . . . . . .  4.5. Problems due to the layout of the reservoir 153 

. . . . . . . . . . .  . 4.5.1. Basic considerations concerning a reservoir 153 
. . . . . . . . . . . . . . . . . . . . . . . .  4.5.1.1. Introduction 153 

. . . . . . . . . . .  4.5.1.2. Assumptions for basic relations of layout 154 
. . . . . . . .  4.5.1.3. The basic relation for the layout and its problems 154 

. . . . .  4.5.2. An approach to the layout of a peak load storage plant 155 
. . . . . . . . .  4.5.2.1. Basic relations of reservoir and river feeding it 155 

. . . . . . . .  4.5.2.2. Load demand and its balance with energy stored 156 
4.5.2.3. Storage volume required, also for pumped storage . . . . . . .  156 

. . .  4.5.2.4. Economical aspects of the layout of a pumped storage plant 157 
. . . . . . .  4.6. The problems of optimizing the cross section of water ways 158 

. . . . . . . . . . . . . . . . . . . . . .  4.6.1. General remarks 158 
4.6.2. The optimization of the channel section . . . . . . . . . . . .  159 
4.6.2.1. The rectangular channel section as a model and the resulting loss . 159 

. . . . . . . . . . . . . . . .  4.6.2.2. The cash value of energy loss 159 
. . . . . . . . . . . . . .  4.6.2.3. The investment cost of the channel 160 

. . . . . . . . .  4.6.2.4. The resulting cost and the optimum depth 4, 160 

XVII 



. . . . .  4.6.3. 'fhe optimization of' the diameter of a prcsst~rizcd duct 161 
. . . . . . . .  4.6.3.1. The duct wilh cylindric;d cross section as n model I61 

. . . . . . . . . . . .  4.6.3.2. Thc loss, i t s  cash value; investment cost 161 
. . . . . . . . . . .  4.6.3.3. Thc resulting cost and optitnutn dinrncter 161 

. . . . . . . . .  4.7. Problems of optimization of electric power transmission 163 
. . . . . . . . . . . . . . . . . . . . . .  4.7.1. Historicalsurvey 163 

4.7.2. The cost of 1 % loss in relation to that of power transn~ission . . 164 
. . . . . . . . . . . . . .  4.7.3. The optilnization of the conductor 164 

. . . . . . .  4.7.4. The distance of adjacent towers and cable geometry 166 
. . . . . . . . . . .  4.7.5. The optimum distance of adjacent towers 167 

. . . . . . . . . . . . . . . . . . . .  4.7.6. Future developments 165 

. . . .  5 . Survey of basic hydrodynamics. with special reference to hydro power 1'11 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.1. Introduction 171 
. . . . . . . . . . . . . . . . . . .  5.2. The kinematics of an ideal flow 172 

. . . . . . . . . . . . . .  5.2.1. Mass conserversation (Continuity) 172 
. . . . . . . . . . . . .  5.2.2. Potential flow and the curl (vorticity) 173 

. . . . . . .  5.2.3. The potential flow in the meridian. stream function I74 
. . . . . . . . . . . . . .  5.2.4. Velocity triangle and relative eddy 175 

. . . . . . . . . . . . . . . . . . .  5.2.5. The rate of strain tensor 177 
. . . . . . . . . . . . .  5.2.6. The circulation and its relation to curl 178 

. . . . . . . . . . . . . . . . . . .  5.2.7. Vane circulation and lift 179 
. . . . . . . . . . . . . . . . . . . . . . .  5.3. Dynamics of ideal flow 180 

5.3.1. Equation of motion and energy for a stationary frame of reference 180 
5.3.2. Equation of motion and energy for a rotating frame of reference 182 

. . . . . . . . .  5.3.3. The role of unsteadiness for energy transmission 183 
. . . . . . . . . . . . . . . . . .  5.3.4. The momentum theorems 183 

. . . . . .  5.3.5. Problems using the momentum and energy theorems 154 
. . . . . . . . . . . . . . . . . . . . . .  5.3.5.1. Euler's equation 184 

. . . . . . . . .  5.3.5.2. The shock loss due to diffusion and deflection 185 
. . . . . . .  5.3.5.3. The shock loss due to the action of turbo machines 186 

. . . . . . . . . . . . . . . . . . . . . .  5.4. Theory of real fluid flow 188 
. . . . . . . . . . . . . . . . . . .  5.4.1. Properties of real liquids 188 

. . . . . . . . . . . . . . . . . . . . . .  5.4.2. 'The stress tensor 189 
. . . . . . . . . . .  5.4.3. The relation between stress and strain rate 190 

. . . . . . . . . . . . . . . . .  5.4.4. The Navier Stokes equation 190 
. . . . . . . . . . . . . . . . . . .  5.4.5. Boundary layer theory 191 

. . . . . . . . . . . . . . . . . . . .  5.4.6. Flow in straight pipes 191 
. . . . . . . . . . . . .  5.4.6.1. General phenomena and laminar flow 19; 

. . . . . . . . . . . . . . . .  5.4.6.2. Turbulent flow and transition 193 
. . . . . . . .  5.5. Loss mechanism due to real flow in hydro turbomachines 195 

. . . . .  5.5.1. Some general remarks on loss in hydro turbo machinery 195 
. . . . . . . . . . .  5.5.2. Some loss mechanism of general character 195 

. . . . . . .  5.5.3. Interaction of main flow and boundary layer, stall 196 
. . . . . . . . . . . .  5.5.4. Diffuser (draft tube) flow, rotating stall 196 

. . . . . . . . . .  . 5.5.5. Secondary flow in curved and rotating ducts 197 
. . . . . .  5.5.5.1. Due to turbulence, consequence on energy conversion 197 

. . . . . . . .  5.5.5.2. Interaction of bou~~dary  layer and the main flow 199 
. . . . . . . . . . . .  5.5.5.3. Secondary flow in axial turbomachines 201 



5.5.5.4. Secondary flow due to relative whirl in an axial turbomachine . . 201 
. . . . . . .  5.5.6. The predicition of component loss in fluid machines 202 

. . . . . . . . .  5.5.6.1. The rotor vane loss by means of aerodynamics 202 
. . . . . . . . . . . . . . . . .  5.5.6.2. The draft tube (diffuser) loss 203 

. . . . . . . . . . . . . . . . . . . . . .  5.5.6.3. Disk friction loss 204 
. . . . . . . . . . . . . . . . .  5.5.6.4. The leakage (volumetric) loss 205 

. . . . . . . . . . . .  5.5.6.5. The windage loss of an impulse turbine 207 
. . . . . . . . .  5.5.6.6. The loss due to cross flow on a bucket of a PT 208 

. . . . . . . . . . . . .  6 . Prediction of internal flow in cascades and rotor 209 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.1. Introduction 209 
. . . . . . . . .  6.2. The straight cascade as a model for axial fluid machines 209 

6.2.1. Prediction of flow (indirect problem) by means of singularities . . 209 
. . . . . . . .  6.2.1.1. Introduction. description and theory of problem 209 

. . . . . . . . . . .  6.2.1.2. Practical solution of the indirect problem 213 
. . . . . . .  6.2.1.3. Simplified method after Ackermann and Birnbaum 213 

. . . . . . . . . . . .  6.3. Some problems of steady flow through cascades 219 
. . . . .  6.3.1. The circular cascade with axisyminetric stream surfaces 219 

. . . . . . . . .  6.3.2. The direct problem of a cascade in potential flow 220 
6.3.3. The indirect problem of the flow through a mixed flow rotor on 

. . . . . . . . . .  axisymmetric stream faces of constant depth 221 
. . . .  6.3.4. Cascade in an axisymmetric flow lamina of variable depth 223 

6.4. The unsteady flow through straight cascades in tandem arrangement, moving 
. . . . . . . . . . . . . . . . . . . . . . . .  relative to each other 226 
. . . . . . . . . . . . . . . . . . . . . . . .  6.4.1. Introduction 226 

. . . . . . . . . . . . . .  6.4.2. Model of cascade and assumptions 226 
. . . . . . . . . . . . . . . . .  6.4.3. Basic idea of the procedure 227 
. . . . . . . . . . . . . . . . .  6.4.4. Realization of the procedure 228 

. . . . . . . . . . . . . . . . . . . .  6.4.5. List of used symbols 229 
. . . . . . . .  6.4.6. Derivation of governing linear integral equation 229 

6.4.7. Solution of integral equation by polynomials following M . Lotz . . 230 
. . . . . . . . . . . .  6.4.8. Lift and moment on the passive cascade 231 

. . . . . . . . . . . . . . . .  6.4.9. Discussions of evaluated results 231 
. . . . . . . . .  6.4.10. Conclusion of practical results, effect of wakes 232 

. . . . . . . .  6.5. Distribution of meridional velocity normal to stream face 234 
. . . . . . . . . . . . . . . . . . . . . . . .  6.5.1. Introduction 234 

. . . . . . . . . . . . . . . . . . . . .  6.5.2. Special assumptions 235 
. . . . . .  6.5.3. Equation of motion, Euler's relation, loss formulation 235 

. . . . . . . . .  6.5.4. c i  as a function of moment of momentum c, r 236 
. . . . . . .  6.5.5. Linear differential equation for the c, distribution 237 

. . . . . . . . . . . .  6.5.6. Step by step solution for the design task 237 
6.5.7. Calculating c, (n) or y ( x )  for a runner of given geometry under a 

. . . . . . . . . . . . . . . . . . . . . .  given flow rate Q 237 
. . . . . . . .  6.5.8. Computation of f l  as function of vane geometry 238 

. . . . . . . . . . . . . . . .  6.6. The slip effect in the flow past a rotor 238 
. . . . . . . . . . . . . . . . . . . . . . . .  6.6.1. Irltroduction 238 

. . . . . . . . . . .  6.6.2. Slip p;t, in coilsequence of the relative eddy 240 
. . . . . . . . . . . . . . .  6.6.3. Slip p: in consequence of wakes 240 

XIX 



. . . . . . . . . . . .  6.6.4. Slip/).; ninconsctlucnccofcasc.rclcHow 341 
. . . .  6.6.5. Slip pz as ;i consequence of varying ~ h c  breath of thc rotor 24; 

7 . Losscs tluc ro vorticity nntl boundary layers . . . . . . . . . . . . . . .  345 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.1. Introduction 245 
. . . . . . . .  7.2. I3robletns cluc to kinematics of vortices in fluid machines 245 

. . . . . . . . . . . . . . . . . .  7.2.1. Fund~in~cntals of vortices 245 
. . . . . . . . .  7.2.2. Energy loss due to lengthening of vortcx tube 246 

. . . . .  7.2.2.1. Lengthening of a vortex tube prirnllc! to the n ~ r ~ i n  tlow 246 
. . . . . .  7.2.2.2. Dislocation and Icnzthening of a vortcx within 2 bend 247 

. . . . . . . . .  7.2.2.3. Tllc lcngtl~cning of a vortex tubc within a rotor 248 
. . . . . . . . . .  7.2.2.4. Generation of secondary flow past a cascade 2.19 

. . . . . . .  7.2.2.5. The s~reamwise vorticity pasi i~ radial flow impellcr 250 
. . . . . . . . .  7.3. The boundarv layer and its dissipation at the rotor wall 251 

. . . . . . . . . . . . . . . . . . . . . . . .  7.3.1. Introduction 251 

. . . . . . . . . . . . . . . . . . . . . . . .  7.3.2. Assumptions 251 
7.3.3. The momentum theorem of a boundr~ry layer on a c~~rved  rotor vane 255 

. . . .  7.3.4. Differential equation for the growth of the boundary layer 257 
. . . . . . . . . .  7.3.5. Con~putation of the wake past a rotor vane 260 

7.3.6. The energy theorem of the boundary layer and ioss predictions . . 263 
. . . . . . . . . . . . . . . .  7.3.7. I'he flow about the inlet edge 267 

. . . . . . . . . . .  8 . Cavitation and water hammer as detriniental effects 270 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.1. Introd~~crion 270 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.2. Caviiatioii 271 
. . . .  8.2.1. Survey of fundamentals of cavitation and res~~lting erosion 271 

. . . . . . .  8.2.1.1. In!roduction to the \larious phenomena and aspects 271 
. . . . . . . . . . . . . . . . . . . . . .  8.2.1.3. Piuclci as origin 272 

. . . . . . .  8.2.1.3. Ilquatior? of motion of a bubble restings in the lluid 274 

. . . . . . .  8.2.1.3. Some estimates on cavitation scale effects at onset 275 
. . . . . . . . . . . . . .  8.2.1.5. Transfer ot' energy under cavitation 276 

. . . . . . . . . . . . . . . .  5.2.1 6 . Gas diffusion u ~ d c r  cavitation 276 
. . . . . . .  8.2.i.7. Uubb!e collapse, impact pressure and related ctTects 277 

. . . . . . . . . . .  S . S .  C;tvitation erosion, cause, devices, results 277 
. . . . . . . .  8.2.2. Ca~.itation with respect to hydro turbomachinery 280 

. . . . . . . . .  8.2.2.1. Suction head required, cavitation indices used 280 
. . . . . . . . . . . . . . .  8.2.2.2. The meaning of cavitatiorl index 253 

. . . . . . . . . . .  8.2.2.3. Theoretical cavitation index, scale effects 284 
. . . . . . . . . . . .  8.2.2.4. Influence of air content and its control 254 
. . . . . . . . . . . .  8.2.2.5. The influence of roughness on cavitation 285 

. . . . . . . .  5.2.2.6. Differences in cavitation of turbines and pumps 287 
. . . . . .  5.2.2.7. Cavitation in pumps or pump-turbines when pumping 355 

. . . . . . . . . . . . . . . . . . . .  5.2.2.5. Cavitation in turbines 290 
. . . . . . . . . . . . .  5.3.2.9 Protective measures against cavitation 293 

8.2.3. An approach for the prediction of pressure number at the ciritical 
. . . . . . . . . . . . . . . .  . . . . .  point in the rotor : 295 

. . . . . . . . . . . . . . . . . . . . . . . .  8.2.3.1. Introduction 295 

. . . . . . . . . . . . . . . . . . . . . . . .  5.2.3.2. Assumptions 296 
. . . . . . . . . . . . . . . . . . . .  8.2.3.3. Mised flow rnacllines 236 



. . . . . . . . . . . . . . . . . . . . . . . .  8.2.3.4. Axial machines 299 
. . . . . . .  8.2.4. Fundamentals of pitting rate as function of velocity 302 

. . . . . . . . . . . . . . . . . . . . . . . .  8.2.4.1. Introduction 302 
. . . . .  8.2.4.2. Assumptions about wall-attached cavity and its erosion 303 

. . . . . . . . . . . . . . . . .  8.2.4.3. Realization of the approach 303 
. . . . . . . . . .  8.2.4.4. Erosion rate as a function of the velocity w, 305 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  8.3. Water hammer 306 
8.3.1. Celerity, fundamentals of method of characteristics in the 

. . . . . . . . . . . . . . . . . . . . . . . . .  c, p.plane 306 
. . .  . 8.3.2. Fundamentals of method of characteristics in the s t-plane 308 

. . . . . .  8.3.3. Application of method of characteristics in x, 2-plane 310 
. . . . . . . . . . . . . .  8.3.4. The celerity a in two phase mixture 310 

. . . . . . . . . . . . .  8.3.5. Influence of evaporation and diffusion 312 
. . . . . . .  8.3.6. Boundary conditions in the p, c-plane, loss influence 313 

. . . .  8.3.7. Examples of the method of characteristics in the c, p-plane 315 
. . . . . . . . . . . .  8.3.8. Characteristics method in the c, o-plane 319 

. . . . . . . . . . . . . . .  8.3.9. Remedies against water hammer 320 

. . . . . . . . . . . . . . . .  9 . Similarity laws. characteristics. research 322 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.1. Introduction 322 
. . . . . . . . . . . . .  9.2. Similarity laws and characteristice of machines 323 

. . . .  9.2.1. Criteria of similarity. numbers of Froude. Euler. Reynolds 323 
. . . . . . . . . . . . .  9.2.2. The unit values of speed. flow. power 324 

. . . . . . . . . . . . . . .  9.2:3. The type number (specific speed) 325 
. . . . . . . . . . . . . . . . . .  9.2.4. The efficiency hill diagram 330 

. . . . . . . . . .  9.2.5. The cam curves of double regulated turbines 333 
. . . . .  9.3. Head and efficiency measurement by the thermodynamic method 334 

. . . . . . . .  9.3.1. Specific head. enthalpy. component measurement 334 
. . . . . .  9.3.2. Fundamentals of thermodynamic head measurement 336 

. . . . . . .  9.3.3. Thermodynamic measurement of internal efficiency 338 
. . . . . . . .  9.3.4. Conventional measurement of internal efficiency 339 

. . . . . . . . . . . . .  9.3.5. The scale effect of internal efficiency 341 
. . . . . . . . . . .  9.3.6. Several efficiences and their measurement 344 

. . . . . . . . . . . . . . . . . . . . . .  9.4. Experimental techniques 345 
. . . . . . . . . . . . . . .  9.4.1. Instrumentation for steady flow 345 

. . . . . . . . . . . . . . . . . . . . . . . .  9.4.1.1. Manometers 345 
. . . . . . . . . .  9.4.1.2. The measurement of velocity by piezometry 347 

. . . . . . . . . . . . .  9.4.1.3. Pressure measurement by air injection 351 
. . . . . . . . . . . .  9.4.2. Calibration of probes for arbitrary flow 352 

. . . . .  9.4.3. Methods for dynamical measurements of unsteady flow 352 
. . . . . . . . . . . . . .  9.4.3.1. General remarks on unsteady flow 352 

9.4.3.2. Velocity measurement . . . . . . . . . . . . . . . . . . . .  353 
9.4.3.3. Measurement of pressure . . . . . . . . . . . . . . . . . .  354 
9.4.4. Problems arising with rotating probes . . . . . . . . . . . . .  355 

. . . . . . . . . . . .  9.4.4.1. General remarks about rotating probes 355 
9.4.4.2. Transmission of values measured from rotor to stationary indicator 356 
9.4.4.3. Scanning valve for connection of rotating tappings with stationary 

. . . . . . . . . . . . . . . . . . . . . . . .  manometers 356 
9.4.5. Measurement of the torque . . . . . . . . . . . . . . . . .  357 

XXI 
t 



. . . . . . . . . . . . . . . . . .  9.4.6. The visualization of flov~ 359 

. . . . . . . . . .  . . . . . . .  9.4.7. Fluids to be used in tests : 360 
9.5. Measurcmcnt of unstcatly relative imd nhsolute llow in a Kaplnn turbine 

. . . . . . . .  by a vectorial probe of quick response frcm D . C~lsforpli  350 
. . . . . . . . . . . . . . . . . . . . . . .  9.5.1. Introduction 360 

. . . .  9.5.2. blci~surement of the absolute velocity ficltl of the runner 361 
. . . . . . . . . . . . . . . . . . . . . .  9.5.2.1. Instiurnentation 361 

9.5.2.2. Measuring planes, results upstream and downstream of the rotor 362 
. . . . . . . . . . . .  9.5.3. Measurement of unsteady relative flow 365 

. . . . . . . . . . . . . . . . . . . . . .  9.5.3.1. Instrumentation 365 
. . . . . . . . .  . 9.5.3.2. Experimental results from the rotating probe 365 

9.6. Influence of runner vane number on relative and absolute flow in axial 
turbines according to air tests arid comparative-predictons by tK Kiillnel 366 

. . . . . . . . . . . . . . . . .  9.6.1. Formulation of the problem 366 
. . . . . . . . . . . .  9.6.2. Test devices and instrumentation used 367 

. . . . . . . . . . . . . . . . . . . . . . . .  9.6.2.1. Air test rig 367 
. . . . . . . . . . . . . . . . . . . .  9.6.2.2. Layout of the runner 370 

. . . . . . . . . . . . . . . .  9.6.2.3. Instru~rlents and probes used 370 
. . . . . . . . . .  9.6.3. bleasurement of flow, discussion of results 371 

. . . . . . . . . . . . . .  9.6.3.1. I~lvestigatiot~s of the absolute flow 371 
. . . . . . . . . . . . . . .  9.6.3.2. Investigation of the relative flow 372 

. . . . . . . . . . . . .  9.6.3.3. Discussions of the measuring results 374 
9.6.4. Theoretical computation of relative flow field and coinparison 

. . . . . . . . . . . . . . . .  between this and experiments 350 
. . . . . . . . . . . . . . . . . . . . . . .  9.6.4.1. Introduction 380 

. . . . . . . . . . . . . . . .  9.6.4.2. The spatial singularity method 380 
. . . . . . . .  9.6.4.3. Comparison of computed results with measured 384 

9.7. Dynamic ~neasurements of unsteady flow near and within the boundary 
layer of r11nner vanes by N . F:crtrrer . . . . . .  : . . . . . . . . . .  386 

. . . . . . . . . . . . . . . . . . . . . . .  3.7.1. Introduction 386 
. . . . . . . .  9.7.2. Experiments on a Kaplan water turbine model 386 
. . . . . . . .  9.7.3. Experiments on a Francis water turbine runner 390 

9.3. Investi_gation on unsteady flow in a Fraccis turbine by R . Gericlt and . 
. . . . . . . . . . . . . . . . . . . . . . . . . .  G . 1l.f ollejlkopj' 391 

. . . . . . . . . . . . . . . . . . . . . . .  9.8.1. . Introduction 391 
. . . . . . .  9.3.2. Unsteady flow and turbulence level at runner exit 391 

. . . . . . . . . .  9.8.3. Fluctuations of tota! pressure at runner exit 395 
. . . . . . . .  9.5.4. Unsteady absolute flow between gate and runner 395 

. . . . . . . . .  9.8.5. Unsteady flow in the draft tube of the turbine 397 
. . . . . .  9.8.6. Rerriedies against draft tube surge and power swing 397 

9.9. Laser Dopplcr anemometer for Reynolds stress measurements by E . Hortner . 398 
. . . . . . . . . . . . . . . . . . . . . . .  9.9.1. I~ltroduction 398 

9.9.2. Example of a flow measurement, carried out by means of a two 
. . . . . . . . . .  dirne~isional LDA with tracking processors 400 

. . . . . . . . . . . . .  10 . The turbomachine. its design and construction 403 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  10.1. Introduction 403 

. . . . . . . . . . . . . .  10.2. Project and construction of axial turbines 405 
. . . . . . . . . . . . . . . . . . .  10.2.1. General survey of types 405 

. . . . . . . . . . . . . . . .  10.2.2. The true Kaplan turbine (KT) 406 

XXII 



10.2.3. The tubular turbine (TT) . . . . . . . . . . . . . . . . .  406 
10.2.4. Gencral linlitations and reasons for' Kaplan turbines . . . . .  418 
10.2.5. The design of an axial turbine . . . . . . . . . . . . . .  423 
10.2.5.1. The optimization of runner diameter D . . . . . . . . . .  423 
10.2.5.2. The "best possible" type number (specific speed) . . . . . .  430 
10.2.5.3. The velocity triangles . . . . . . . . . . . . . . . . . .  431 
10.2.5.4. Design features of axial turbines . . . . . . . . . . . . .  431 
10.2.6. Rapids turbines for using kinetic energy only . . . . . . . .  431 
10.2.6.1. Fundamentals, design, head, discharge . . . . . . . . . . .  431 
10.2.6.2. The optimum diameter . . . . . . . . . . . . . . . . . .  433 
10.2.6.6. The installed power . . . . . . . . . . . . . . . . . . .  433 
10.2.7. Some remarks about runner chamber and distributor . . . .  434 
10.2.8. Flow prediction in the vaneless space and distributor . . . . .  434 
10.2.9. Tidal power turbines, layout . . . . . . . . . . . . . . .  437 
10.2.10. Runner design, simple procedure . . . . . . . . . . . . .  443 

10.3. The project and construction of Francis turbines (FT) with hints at Pelton 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  turbines (PT) 447 

10.3.1. General remarks . . . . . . . . . . . . . . . . . . . .  447 
10.3.2. Comparison of Francis (FT) and Pelton (PT) turbines . . . .  449 
10.3.3. The limits of a F T  in the lower head range . . . . . . . . .  466 
10.3.4. Efficiency of a FT as a function of specific speed . . . . . .  467 
10.3.5. The design of a Francis turbine . . . . . . . . . . . . . .  467 
10.3.6. Design of runner vane, simplified method . . . . . . . . .  473 

. . . . . . . . .  10.3.7. Simple stress calculation of a runner vane 478 
10.3.8. Simple stress calculation of the hub . . . . . . . . . . . .  479 
10.3.9. Derivation of the relation (10.3-23) . . . . . . . . . . . .  480 

10.4. Optimization of pump-turbines in terms of efficiency and cavitation also 
. . . . . . . . . . . . . . . . . . . . .  applicable to impeller pumps 481 

. . . . . . . . . . . . . . . . . . . . . .  10.4.1. Introduction 481 
10.4.2. Optimum outside diameter of impeller on pump-turbines in terms 

. . . . . . . . . . . . . . . . . . . . . .  of efficiency 488 
10.4.3. New formula for the type number of a semi-axial centrifugal 

. . . . . . . . . . . . . . . . . . . . .  pump impeller 494 
10.4.3.1. Optimum diameter of the impeller with respect to internal losses 494 
10.4.3.1 . 1. Impeller loss . . . . . . . . . . . . . . . . . . . . . .  494 

. . . . . . . . . . . . . . . . . . . . . .  10.4.3.1.2. Diffuser loss 496 
10.4.3.1.3. Optimum diameter of the impeller eye in respect to inernal loss 496 
10.4.3.2. Optimum diameter of the impeller eye with respect to cavitation 497 
10.4.3.3. Optimum type number with respect to efficiency and cavitation 497 

. 10.4.4. The discharge ratio as a function of the speed ratio . . . . .  498 
10.4.5. Example for the con~puting optimum values of impeller diameter, 

type number and discharge ratio iis compared with correspond- 
ing quantities of an actual pump-turbine . . . . . . . . . .  499 

. . . . . . . . . . . . . . . . . . . . . . . . .  10.4.5.1. Data 499 
. . . . . . . . . . . . . . . . . . . . . . . .  10.4.5.2. Results 500 

. . . . . . . .  10.4.6. Special operational features of pump-turbines 500 
. . . . . . . . . . . . .  10.4.7. Sources of troubles and remedies 502 

. . . . . . . . . . . . . . . . . . . .  . 10.4.7.1. Normal pumping 502 
. . . . . . . . . . . . . .  10.4.7.2. Abnormal operating conditions 503 

. . . . . . . . . . . . . . . . . .  10.4.7.3. Beginning of pumping 504 

XXIII 



10.4.8. Expcrin~cntal rrsearch of Fi-~~ncis p l~mp- t~~r l~ i~ l c s  by % . i\lc~i . . 505 
. . . . . . . . . . . .  10.5. Shaft . bc~~rings. accessories 01' hydro po\\lcr scts 510 

10.5.1. Lilyout of the shaft . . . . . . . . . . . . . . . . . . .  510 
. . . . . . . . . . . . . . . . . . . .  10.5.1.1. Gcnerr~l remarks 510 

. . . . . . . . . . . . . . . . . . .  10.5.1.3. Flexural vibrations 511 

. . . . . . . . . . . . . . . . . . . .  10.5.1.3. Torsional vibrations 513 
. . . . . . . .  10.5.1.4. Excitation of shaft vibrations by runner Xi11 514 

. . . . . . . . . .  10.5.2. Intluence of bearings 011 shaft vibration 515 
. . . . . . . . . . . . . . . . . . . .  10.5.2.1. General remarks 515 

. . . . . . . . . . .  10.5.2.2. Thc spring rate of the film of lubricant 515 
. . . . . . .  10.5.2.3. The damping coefficient of the lubricant's lilm 515 

. . . . . . . . . . . . . . . . . . .  10.5.2.4. Control of bearings 516 
. . . . . . . . . . . . .  10.5.3. Bearing design and arrangement 516 

. . . . . . . . . . . . . . . . . .  10.5.3.1. General remarks . ; 516 
. . . . . . . . . . . . . . . . . . . . .  10.5.3.2. Guidc bearings 517 

. . . . . . . . . . . . . . .  10.5.3.3. Thrust bearing design, brake 517 

. . . . . . . . . . . . . . .  10.5.4. Lubricants and their cooling 521 
. . . . . . . . . . . . . . . .  10.5.5. Runaway and its problems 522 

. . . . . . . . . . . . . . . . . . . .  20.5.5.1. General remarks 522 
. . . . . . . . . . .  10.5.5.2. Protection of the set against runaway 523 

. . . . . . . . . . . . .  10.6 The coi~putation of flow in a Francis runner 524 
. . . . .  10.6.1. Flow predicition for given runner and working data 524 

. . . . . . . . . . . . . . . . . . . . . .  10.6.1.1. Introduction 524 

. . . . . . . . . . . . . . . . . . . . . .  10.6.1.2. Assuinptions 524 
. . . . . . . . . . .  10.6.2. List of symbols used: (Fig . 10.6.4 to 6) 526 

. . . . . . . .  10.6.3. Computation or relative velocity distribution 526 
. . . . . . . . . . . . . . .  13.6.3.1. In the peripheral 9-direction 526 

. . . . . . . . . . . .  10.6.3.2. In the shroud to hub (= cr)  direction 528 
. . . . . . .  10.6.3.3. Method of solution with exact ~ v ( n )  distribution 529 

. . . . . . . .  10.6.3.4. Relations needed for the coefficients A and B 530 
. . . . . .  10.6.4. Simplified relation for shroud to hub distribution 531 
. . . . . .  10.6.5. The twist of the stream face in the runner channel 532 

. . . .  10.6.6. The state of knowledge in predicting the relative flow 534 
. . . . . . . . . . . . . . .  10.7. Computer aided desigil of hydro turbines 537 

. . . . . . . . . . . . . . . . . . . . . . .  10.7.1. Introduction 537 

. . . . . . . . . . . . . . . . . . . . . .  10.7.2. General goals 537 
. . . . . . . . . . . . . . .  10.7.3. Hardware for a CAD system 537 
. . . . . . . . . . . . . . .  10.7.4. Software for the CAD system 537 

10.7.5. ProliIe of a comercial computer aided design program for Francis 
. . . . . . . . . . . . . . . . . . . . . . . .  turbines 538 

. . . . . . . . . . . . . . . . . . . . . .  10.7.6. Conclusions 539 

. . . . . . . . . . . . .  . 11 Regr~lation of hydro power sets. the generator 540 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  11.1. Introduction 540 
. . . . . . . . .  11 .2 . Regulation of hydro power sets. governors. accessories 542 

. . . . . . . . . . .  11.2.1. The governor. its purposes. its design 542 
11 .2.1.1. Survey of control . different kinds. why speed control . . . . .  542 

. . . . . . . . .  11.2.1.2. Control loop. governor. controlled system 543 



. . . . . .  11.2.1.3. Working together of turbine and grid. self control 543 
. . . . . . . . . . . .  . . .  11.2.1.4. The tasks of speed control ; 545 

. . . . .  11.2.2. Design of speed and acceleration metering members 548 
. . . . . . . . .  11 22.1 .  Mechanical and hydromechanical members 548 

. . . . . . . . . . . . . . . . . . .  11.2.2.2. Electronic governor 548 
. . .  11.2.3. Simple treatment of the dynamic behaviour of governors 558 

. . . . . . . . . . . . . .  11.2.3.1. Nomenclature and assumptions 558 
11.2.3.2. Proportional governor, servomotor with stiff feedback (speed 

. . . . . . . . . . . . . . . . . . . . . . .  governor) 558 
11.2.3.3. Proportional-integral governor with acceleration feedback (ac- 

. . . . . . . . . . . . .  celeration governor, PD governor) 560 
11.2.3.4. Proportional integral governor, servomotor with elastic retarding 

. . . . . . . . . . . . . . . . . .  feedback (PI governor) 560 
. . . . . . . . . . . . . .  11.2.4. Other time parameters, tuning 560 

. . . . . . . . . . . . . . . .  11.2.5. Special regulating devices 562 

11.3. Stability of control with respect to water hammer. autoregulation of grid. and 
. . . . . . . . . . . . . . . . . .  turbine characteristics 562 

. . . . . . . . . . . . . . .  11.3.1. Introduction to the problem 562 
. . . . . . . . . . . . . . . . . . . . . .  11.3.2. Assumptions 563 

. . . . . . . . .  11.3.3. Dynamically equivalent types of governors 563 
. . . . . . .  11.3.4. The controlled system (turbine, grid, penstock) 564 

. . . . . . . . . . . .  11.3.4.1. General remarks on the electric grid 564 
. . . . . . . . .  11.3.4.2. Linkage of turbine characteristic and grid 564 

. . . . . . . . . . . . . . . . .  11.3.4.3. Intervention of penstock 565 
. . .  11.3.4.4. Boundary conditions of water hammer in a simple pipe 565 

. . . . . . . . . . . . .  11.3.4.5. Relation for the controlled system 566 
. . . .  11.3.5. Relation for closed control loop, stability parameters 566 

. . . . . . .  11.3.6. Special h (q) relations at the lower penstock end 568 
. . . . . . . . . . . . . . . . . . . . . . . .  11.3.7. Example 568 

. . . . .  . 11.3.8. Theory of motion and resonance in the pipe system 569 

. . . . . . . . . .  11.4. The electric machine (generator. alternator. motor) 572 
. . . . . . . . . . . . . . . . . . . . . . . . .  11.4.1. Survey 572 

. . . . . . . . . . . . . . . . . . . .  . 11.4.1 .1 General remarks 572 
. . . . . . . . . . . . . . .  11.4.1.2. Output as a function of speed 573 

. . . . . . . . . . . . . . . . . . . . .  11.4.1.3. Water cooling 573 
. . . . . . . . . . . . .  11.4.1.4. Pumped storage motor-generators 574 

. . . . . . . . . . . . . .  11.4.1.5. Special machines for low head 575 
. . . . . . . . . . . . . . . . . . . .  1 1.4.1.6. Operating regimes 575 

. . . . . . . . . . . . . . . . . .  11.4.1.7. Computerized design 575 
. . . . . . . . . . . . . . . .  11.4.2. Alternator, electric feztures 575 

. . . . . . . .  11.4.3. Design features with respect to critical speed 577 
. . . . . . . . . . . . .  11.4.4. Dimensioning the alternator rotor 578 

. . . . . . .  11.4.5. Alternator output as a function of working data 579 
. . . . . . . . . . . . . . . . . . .  11.4.6. Cooling in practice 581 
. . . . . . . . . . . . . . . . . . .  11.4.7. Rotor construction 584 

11.4.8. Stator construction . . . . . . . . . . . . . . . . . . .  589 

. . . . . . . . . . . . . . . . . . . . . . . . .  12 . List of References 593 

xxv 



. . . . . . .  13 . List of further Litcrnturc in olpl~abctic ortlcr'of the auil~ors 639 

. . .  13.1. Suyplctncnt of ti~rtlic r. Literature in alp11;lbctic order of the authors 635 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  14 . Subject index 641 

. . . . . . . . . . . . . . . . . . . . . . . . . .  15 . Author indcx 675 



Nomenclature 

a )  Romnn letters 

celerity (=  velocity of sound); thermal diffusivity; distance, distance between 
adjacent towers; direction from shroud to  hub  along the rotor vane. and  along 
lines of approximately constant moment of momentum. 
projection of the a-line in the meridian 
revenue factor. 
capital recovery factor = l / a .  
constant, e.g., due to the bound vortex distribution y,., 
surface area, cross' sectional area. 
real wetted cross sectional area of channel. 
cross sectional area of a rotor vane's intersection with an axisymmetric floiir 
plane. 
projection of A, onto a plane normal to the rotor axis. 
alternating current. 
cost term due to dam section (4.3 - 16). 

b width (i.e. of river valley); span (width) of a blade (vane); depth of flow layer 
o r  elementary turbine; minimum distance of conductor from p o u n d ;  accel- 
eration; rotor breadth. 

Ab axial thickness of shroud and crown (hub) a t  external diameter. 
b~ length of power house normal to flow direction. 
b, width of excavated ground volume per set. 
B barometric head [IA-critical head h,, (due t o  cavitation); 

constant, i.e. due to the bound vortex distribution y,. 

c absolute velocity; specific heat. 
C,, meridional component of c. 
Cu whirl component of c.  
Ca axial component of c. 
C constant, due to the bound vortex distribution ;,,; gas concentration of solved 

gas (kg/m3), iron utilization factor of alternator (Esson number). 

d damping coefficient; diameter of pipe; diameter of conductor 
diameter. 

do jet diameter (impulse turbine). 
d, depth of excavated ground volume. 
4 original depth of river bed below minimum tailwater level. 
D Nominal rotor diameter (reaction machines: outmost diameter of rotor 

passage; i~npulse turbines: jet circle diameter); mass diffusivity; diameter of 
vortex tube. 

D o ~ q  optimum diameter D with respect to efficiency of axial turbine. 
DopNpsH opt imun~ diameter D with respect to  NPSH of axial turbine. 



D,,,,,,,, opti~num dian~ctcr of rotor eyc (throat diamctcs) D,,, with rcspcct to cflici~~,cy 
;II scn1iasi;il or rilciirll pump-turbine. 

D,,,,,, ,,,,,y,, optinitlni tli;~nictur of rotor cyc (throat dianlctcr) L ) , ,  with rcspcct to N P S t i  
at scrni;l.ui:rl o r  ratiial pi~nip-turbinc. 

DC direct cvrrcnt. 

e internal energy; distance froni neutr~tl axis in a certain cross sectional area. 
E Youn~'s  mod~llus (modulus of elasticity), internal effective vo1t;ige of alter- 

nator; cost V~ctor duc to excavation (4.3- 12). 
E(ni2, k )  complete elliptic integral of the first order 
E!- bulk modulus. 
E energy flux. 
E 11 Euler (pressure) number. 

f deflection of the shaft centre line; 1ir.e frequency; spacing of opposite rotor 
shroud (hub) and casing wall. 

fxyf, influence functions of velocity induced by a whirl row. 
F(ni2, k )  co~npletc elliptic integral of the second order. 
Fr Froude number. 

Y acceleration due to gravity; total pressure. 
G cnst term due to darn section (4.3-17). 

h altitude; vane thickness; elementary length along the contour of a profile; 
o r d ~ r  of harmonics; number of days per year; = A NIH nondimensiofial small 
fluctuations of pressure head. 

11' nor~diniensional loss. 
l ls  suction head. 
hi insulator !ength. 
3 It drop in river level; backwater effect. 
H head; delivery head. 

i imaginary unit; enthalpy; number of sets; number of wheels; number of stages; 
runaway speed to rated speed ratio. 

I investment; electric (effective) current; cost due to  fabrication and assembly of 
sets (4.3 - 18); elliptic integrals. 

i imaginary unit. 
J nioment of inertia due to cross sectional area; cost factor due to cash value of 

loss during useful life (4.3-22). 

design bound stress concentration factor (1 1.4- 12). 
critical t o  undisturbed speed ratio; design bound parameter: due to start up 
time of set (1 1.4- 15); excavated width per set to  diameter D ratio. 
streamwise excavated length to  diameter D ratio. 
cost factor due to accessories of one set. 
cost per unit volume of power house superstructure. 
cost per unit volume of excavation. 
electricity rate. 
roughness. 
cost factor; gas constant. 
= i ic,i(dM) penstock parameter due to w t e r  hammer, cost term. 
cost of dam. 
= (yV/Q , ,) (2 Q , ,/an), for turbine. 



nb 
"s 

n4 

nb q NFSIl 

"1 1 

N, N, 
NPSH 

= (mh,/Q I )  (ZQ, I,53m)n for turbine. 
= (n,/rl) (aq,lan),, for turbine. 
= (m,/tl) (atl/c?n~), for turbine. 
= 1 + u + K,, + KQn self regulation parameter of grid and turbine. 
= ci/ J 2  g H velocity coefficient, by which velocity ci is referred to the spouting 
velocity under the head. 

lever of force; distance of critical point from stagnation point. 
chord length; pipe length; conductor length; streamwise length of excavation; 
loss parameter (4.3 - 2 1). 

mass; dimensionless deviation of servomotor piston Amlm,,; Poisson's ratio 
(0,3). 
servomotor-piston stroke. 
torque; moment. , . 

scale of length and velocity under conformal mapping. 

rotational speed (rpm) o r  (rps); integer number; exponent of cost term: 
direction normal to meridional streamline in the meridian; direction normal 
to arbitrary surface, polytropic exponent. 
nondimensional specific speed (type number) = C O Q ' / ~ ( ~ H ) - ~ " ~ .  
specific speed = n(rpm) P(kW)'12 H(m)-514. 
specific speed = n(rpm) Q(m3/s)'I2 H (m)- 314. 

best type number of axial turbine or  semiaxial pump-turbine NPSN. 
unit speed n(rpm) D(m) H (m)- 'I2. 

hub to tip ratio in axial turbines or in the throat of semi axial machine. 
net positive suction head. 

. c 

pressure; interest rate. . + 

atmospheric pressure. 
impact pressure due to bubble implosion. 
number of pole pairs. 
power (input, output). . . 
internal output (input). . . 
peripheral output (input). 
shaft output (input). 
gross output, net input Q Q ~  H. 

interest factor 1 + p; dimensionless flow fluctuation AQ/QtV; flow ratio of 
pump turbine = Q,/Q,; Weinig factor (n/2) (Llt) x sin Q,. 
flow (discharge). 
flow at bep. : -( 

unit flow Q(m3/s) D(m)-* H(m)- 'I2. 

radius, distance from axis. 
bubble radius; distance between space points; ohmic resistance 
radius of curvature of meridional streamline. 
radius of curvature of streamline in an axisymmetric stream plane. 
Reynolds number. 

streamwise length; pipe wall thickness; entropy. 
surplus; cost factor due to fabrication and erection of set (4.3- 19). 
Strouhal number. I 

, , 
1 .  



tinic elapsed; time pcriod; pi:ch; dcptli of flow I;~ycr (7.3-71). 
peak ldud pcriotl (4.5- 1 I ) :  iihsolutc tctnper;lture. 
travel time or prcssurc pu:se along penstock. 
reflection time of prcssurc pulse in penstock. 
resct (isodrome) time of governor. 
rate (accclernlion) timc of governor. 
start up time of sets. 
start up time of penstock. 
opening timc of distributor. 
closing tilnc of distributor. - ro blade speed; voltage drop along a line A U/U; exponent of generator 
torque duc to certain kinds of grid load (11.3-7); blade specd at rotor 
diameter D. 
voltage; voltage at generator terminals (eflkctive v.). 
undisturbed velocity outside of wake. 
wetted circumference of real channel. 

specific volume; velocity conlponent normal to wall. 
particie velocity normal to fringes due to laser measurement. 
volume. 
volume due to seepage, evaporation, precipitation. 
live storage volume. 

relative velocity (in the rotating frame of reference); velocity component ill 

secondary flow direction; weight of conductor. 
velocity induced by the deficit of relative eddy within the interior of the vane 
of a mixed llow rotor. 
internal friction; annual work; sectional modulus. 

coordinate in main flow direction; unknown variable: coordinatc in the 
direction of the undisturbed velocity from the ~nidcliord; dummy variable; 
nondirntnsional speed deviation Anln, , ;  rnericlional coordinate. 
coordinate of point considered. 
mesidional coordinate in axisymmetric flow plane. 

coordinate normal to wall; coordinate in peripheral direction of cascade; 
coordinate normal to undisturbed .flow; sagging coordinate of high voltage 
transmission line. 
lensth of critical zone referred to I .  
specific head (delivery head) g t i .  
mechanical flow energy per unit mass = p , ' ~  + c2 /2  + gh.  
mecharliial rothalpy per unit mas5 = p/p + \v2/2 - u2 /2  + g h .  

coordinate in the direction of secondary flow; coordinate in the direction of 
rotor axis; number of years of useful life (depreciation), Gaussian colnplex 
coordinate of point considered on the contour of profile, at which the 
kinematic boundary condition is satisfied; vatle number; number of stages in 
a labyrinth. 



h )  Greek letters - - 

'l 
'li 

'l" 
'lsh 

'ls 

9 
9 i  

911 
0 

acute angle between absolute velocity and periphery; interest kictor during 
useful life [ ( I  + p)' - l]/[p(l + p)']; stagger angle of cilscrtde = n/2 - P ;  heat 
transfer coefficient. 
guide vane (gate) position angle. 

acute angle between relative velocity and circumference. 
acute angle between pattern making vane section and circumference. 
acute angle between undisturbed flow and circumference. 
acute angle between zero lift direction and circumference. 

longitudinal dihedral angle of vane; strength of bound vortex, continuously 
distributed along the contour of the profile, and referred to unit length of 
contoor. 
circulation around a profile or a vortex tube; cost ratio A K , / K ,  due to 
pumping of tidal power plant (10.2-34). 

angle of attack between chord and undisturbed flow; boundary layer 
thickness; parameter of rotor diameter (4.4-3). 
physical angle of attack between zero lift direction and undisturbed velocity. 
zero angle of attack between chord and zero lift direction. 
boundary layer parameter. 
permanent speed droop, proportional band. 
temporary speed droop, transient proportional band. 
difference; Laplace operator. 

angle of glide; angle betiveer] resultant velocity close to the wall aria nlain flow 
direction in consequence of secondary flow; liquid property during cavitation 
1 - Q , / Q ~ ;  orientation angle of a vortex tube within a duct (7.2-9). 

complex contour coordinate. 
loss coefficient due to i; lift coefficient (i = A). 

efficiency; dynamic viscosity; dummy variable in y direction. 
internal efficiency. 
circumferential (peripheral) efficiency. 
shaft (coupling) efficiency. 
draft tube (diffuser) eficiency. 

angle of a' line and radius in the meridian. 
angle between skeleton and chord at Birnbaum point xi. 
momentum thickness of the boundary layer. 
angle of radial vane section to radius; rotor's moment of inertia. 

isentropic coeflicient = c,/c, (c, and c, being the specific heats at constant 
pressure and volume respectively); cascade coefficient = 1 iaoG = b o E ;  
speed ratio: n,/n,  of pump-turbine with pole changing alternator. 

pressure number of critical point. 
wave length of laser beam. 
latent heat; breaking length. 

angle of meridional streamline to radius; exponent of (8.2-4). 

kinematic viscosity; angle of a-direction to circumference. 

frequency of scattered light of laser beam. 
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1. The origin of hydro power, its potential and its use 
in a world wide context 

1.1. Introduction 

The main sources of hydro power are the large river systems of the world with their vast 
catchment areas. A survey of the characteristic features of some river systems shows that 
the usable potential increases more with the catchment area than with the mean altitude 
of the system. The usable potential is usually greater in the downstream areas than in the 
upstream ones. In general the potential does not only depend on such obvious figures as 
the total river length or  the discharge at the river mouth. 

The topography of the continents together with the climate and the rainfall rate may 
favour the damming of a river even of low gradient provided the valley has a sufficient 
depth. This and the collection of water creates head and discharge as  the basic require- 
ments of hydro power. The theoretical potential of the world can be predicted from 
hydrographs, precipitation and the gradient of the river. It is always related to  the usable 
potential. This depends on the theoretical potential and rcsults from the technical possi- 
bilities available, from the feasibility of electric power transn~ission over a lor?€ distance 
and from the power demand in the neighbourhood of a certain scheme. Any development 
requires a usable potential, a certain demand for power and a reasonable electricity rate 
due to hydro power. Therefore the usable potential has to be considered in the context 
of the total power production at least of the total electricity production in the area of a 
certain site. For  these reasons the harnessable potential of the river power does not  only 
change with the system of rivers and their topography, but differs also from one cou12try 
t o  another depending on their economies. When compared with other sources of primary 
energy it has its merits, e.g., its regeneration and availability for nearly nothing in addition 
to  the absence of polliltion. It can be generated by run-of-river, storage, diversion, 
depression and tidal power plants. Tt may easily be stored by damming and pumping to 
cover peak load economically and with flexibility. 

1.2. Water from rivers, its causes and features 

1.2.1. The rivers 

1.2.1 . I .  Large sources of water power 

Mountain regions are more gifted with water power than the plains. They usually 
combine the advantages of water courses and inclined surfaces and are therefore impor- 
tant as prerequisites of water power. I-iowever because of their larger surface area the 
plains 1113~ surpass mountain regions in their energy potential. Hence the biggest supplies 



of "tvliitc c;,;~l" ; L X  017t;linccI f ro l~ i  tjic !:lrsc i.ivcrs of thc plairls ;l!id nor from nlountain 
torrcrit.;. c.2.. (tic c;rtclii;ic~it ; I X I  of tlic rli!cr I'a~-;i~~i'i :it lt;iii>ii :it its exit fro111 lIr;~/.il is fo t~r  
till?cs tlic S ~ I I . ~ ; I C C  ;II.C;I 01' ~ V C S L  Cicrmany. scc [I .  I ] .  

1.2.1.2. Cl1;11-actcristics 3rd cl;~ssific;ltion o f  well-known r i~cr s  

Sorne f c a t ~ ~ r c s  of  thc 1:ir~cs: rrvcrs arc tabi~latcd in Tab. 1.3.1. Whcrcas 'Tab. 1.2.2 is for 
rivers of  I;trsc Itytlroelectric potcntial. ilcl-e the 11:irncssnble potenlial after Colillort (1.11 
is s:rbJi\iclcd into I )  alrc;,rly l i i ~ r ~ l c ~ ~ ~ ~ i  2) in construction and 3) to be harnessed. 

Thc  hnrncsscd potcntial of tlic Co1umbi;i rivcr in the USA is actually thc grcatcst of all 
a ~ ? d  I! nxiy keep r h ~ \  position for ;I cun,\idcr.riblc period. The additional schcrnes under 
construc.tiol~. po\siblc by thc regulation o f  t i ~ c  Colt~lnbia by ncw Canadian catchment 
arcris ~ ~ 1 1 ' 1  rlm-c,lx irs annual oiltput to 93 TWti. Acco~ding to Cotillori [ I .  I ]  thc Paranli 
R I ! ~  prccedc thrs figurc nrth 96 TlVh. u i ~ e n  tlic power schemes of Yncyreta Aplpe and 
Itaipir arc innu~urritcd bctnccn I9XO ancl 1990 [1.2]. 

Thc  harnessablc p o i c ~ ~ t i a l  of a river dcpcnds not only o n  its discharge, and the slope of 
its bed, bur also on rlic topography of tlie rrver, because without any slopes a d j a c c ~ ~ t  to 

Tablt.: 1.2.1. ~iassif ica tioil of large rivers. 
Prow Cotillor7 [!.I]. 

Continent river Cx~chrncnt a re:\ Averngc discharge*) Ler~gtli 

10"1n~ i-ank ~n'/s I.;I n k k 111 nln k 

Korth-  XIississ~ppi 
:rrnc;ic;t bl:~ckcl~zie 

St. Lau rencc 
South A!II;IZOII 
amcrii:;; Pa ran i  

Orinoco 
I'ocanlir~s 

cifricit Zaire (Cori_eo) 
Nile 
Zambezi 
Niger 

42 GOO 
2 500 
3 500 
7 000 

Asia Ycnissei 
Ob 
Lena 
Yangtse 
Atnoor 
G a ng3 
Si kiang 
Bra:lmlipuii.n"*) 
Mekong 
lrra\vacl~ 
H\vacg I30 

1 7 400 
I 2 500 
15 500 
34 500 
I 1 OUO 
14 000 
1 2 I100 
1 9 000 
15 500 
13 300 

1 600 

*) At river mouth 
**) Chiricse : Yzrlung Zangbu Jiscg 



Table 1.2.2. Some river courses with large hydro potential. 
From [1.1]. - 
River Pote~~tial  in TWh m3/s 

Average mouth 
Used Under erection Rest to Total discharge 
in 1977 in 1977 be used usable 

-- 

Zaire 
Yangtse 
Orinoco 
Rrahmaputra *) 
Paran6 
Y enissei 
Zambezi 
Columbia 
Angara 
La Grande 
Tocant ins 
S'5o Francisco 
St. Lawrence 
Churchill 
Danube 
Volga 
Rhine 

42 000 
35 000 
3 1 000 
19000 
16 000 (73 000 crest) 
17 400 
3 500 
7 500 
3 600 
3 500 
3 200 
3 000 (1 00 000 crest) 

10 300 
1 600 
6 400 
8 000 
2200 . 

*) Chinese: Yarlung Zangbu Jiang 

the river banks any construction of a dam as a prerequisite for the exploitation of hydro 
power founders. Therefore the Amazon and the Mississippi have only a small harnessable 
potential. Any damming of the latter would lead to a considerable inundation along the 
river banks submerging much densely populated cjr arable land; see Garstka f1.31. 

In the case of the Amazon, which has a drop of only 60 m in level during the long course of 3000 km 
from its mouth to Manaus, an inundation of the virgin woods aiong its valley would deprive the 
world of one of its main sources of oxygen. 

Contrary to this the southern tributaries of the Amazon offer great possibilities for better 
use: The Tocantin, the Xaigu, the Tapajos and the Madeira being the large energy-ful 
arteries of to-morrow. 

A similar situation exists with the first rivers of China. The Yarlung Zangbu Kiang (the Brahmaputra 
in India) with its estimated total harnessable potential of about 500 TWh, is too far from the next 
Chinese consumer centre, and moreover its decisive reach is also claimed by India. Information 
about.China's hydro development are given by Cao Weigong [1.4], and Smil [1.5]. V Smil [1.6] has 
also reported, that the hydro potential of the Yangtse and its tributaries represents 2/5th of the 
hsrnessable potential of China of the order of 500 TWh. The 2800 M W scheme Gezhouba as the first 
on the Changjiang (thc oficial name for the Yangtse) with a head of 27 m is now erected and may 
bc considered as the first step of starting the 25000 M W  scheme of Sanxia (the Three Gorges), 
upstream of Gezhouba, with a head of about 130 m, which is now under study 11.71. 

1.2.1.3. Depth and slope of a river 

The crest height of a dam as a necessary component of any river power plant depends 
011 lhc depth of the river valley. The latter is usually independent of the slope of the river. 
' l h s  the crest height often reaches 100 m in the case of the Russian Angara even if its 



slope of 1 : 5000 is about h;tlf of that of thc Columbia, which rcaches this height only once 
at <;ranti Coulce. Also thc Volgn occ:~siorlally provides hca~ls  df I I to 24 m, the same as 
the'i'ennrssce has. ever, though the slopc or the latter is thrcc times lar_~cr. I 'hc sinall slope 
of the Volg;~ csplnins thc Lnormous length of its >torage basins which reaches 530 km in 
Volgograd (formerly Stalingrad). The surface area being 3100 km2. Sce Grrhin [l.S], 
Borovoi [I .9], and Cotillorl [1.1]. 

If the rivcr bed is only slightly cut in, dikes of small height are necessary for distances of 
tens and sornetimcs hundrcds of km. Thus on the Argentine Parana, to exploit two 
16 l'Wh stations, 245 krn of dikes are needed in a reach of 600 km, hsving a mean slope 
of 0,OOG %. But often the Jeep cut of the rivcr bed dispenses with the need of a dike. Thus 
on the Dnjepr a dike was built only for 50 km out of 185 km on the left river bank near 
Kiev, see [1.1!. 

Contrary to this. dammirlg dikes are needcd for the French-German Rhine and the 
Danube in the neighbourhood of Vienna; see Lejoulon [1.10], Gotz [1.11], and Cotillon 
[l-11. 

1.2.1.4. High head and large discharge 
These favourable circumstances exist in general where the river leaves the large plane of 
its main catchment area through a series of rapids, usually located in a strongly sloping 
gorge. l 'he Churchill Falls on the Churchill river in Labrador, Itaipli on the Parana in 
the south of Brazil, the Inga Rapids on the Zaire (formerly Congo) and the Victor2 Falls 
on the Zambezi are some of the most characteristic examples [I. 11. 

Sometimes the cut ir! of the river bed with a strong slope may be long and the level drop 
large. In this case many power plants ir, cascades are needed. 'This holds true for !he rivers 
hianicouagan, Aux Ouiardes and La Grande as tributatires of the St. Lawrence and the 
Hudson Bay respeciively. A plateau may have steps, the accompanying river then has 
some natural falls, sometimes at large distance from each other. This is th,: case of thz 
St. Lawrence in Canada (e.g., Niagara Falls). 

The exceptional aspects of some river sites resuit from considerations .of topography ar:d 
climate. 

1.2.2. Topography 

1.2.2. i .  The elcrne~~ts of the continents 

The continents are formed by three essential elements: The plateaus, the ranges and the 
basins. The plateaus are the platforms, which originated from the formation of planes due 
to erosion of the mountain ranges of the Primary Earth Period. They cover the largest 
portion of the continental surface. 

The ranges are nearly all f ~ r m e d  in the Alpine folding period, e.g., the Alps, the Himalaya 
and the Andes. As a whole they occupy the smallest portion of the continent. 

The basins originate from sedimentation of the material eroded from ranges and plateaus. 
They correspond to the low regions of the continent, progressivzly lowered by the rising 
weight of marine o r  river sedimentation. Due to their different origin their age may be 
very distinct and even of the Primary P-eriod of the earth like the Toungouza in the 
North-East of Siberia. They cover the second largest part of the surface area of continents, 
less than the plateaus and greater than the ranges. Examples may be the North American 
belt of the Prairies. the Western Amazon basin and the Rio Plata basin of Brazil and 
Paraguay. 



1.2.2.2. Topography and water circulation 

The topography creates slopes, rapids and falls and collects the water in river beds. This 
is possible because of the earth's surface water [1.12], the sun's radiation, and the resulting 
evaporation of water, which rises in a heavier atmosphere (the troposphere) up to the 
outer edge of the latter and is transported by winds. When this water drops down from 
~Iouds  only a very small portion of its original potential energy relative to the ocean level 
~ernains for the potential of the rivers. A large portion seeps into the ground, and another 
evaporates again. 

The downstream gravity component of a river with a sloping bed is the origin of the 
kinetic energy of a stream. This is finally converted into heat by dissipation. The local 
water circulation, investigated in [1.13] may be considered as a part of the global one 
mentioned above. The latter is also the base of our terrestrial life [1.14]. 

1.2.2.3. Topography as the origin of falls and water collection 

- The falls: The steps in the slopes of a river bed creating falls or steep slopes of the river 
bed, with rapids, are always linked to rocky elements sometimes in the form of a chain. 
They may result from an elevated plateau being adjacent to the lower basin of sedimen- 
tary or  marine origin. The connection of both by the river is made usually by a drop in 
level ranging from 1 to 10% or also by a fall if the boundary of the plateau is sufficiently 
resistant or perhaps by a series of subsequent falls. This passage from the plateau to the 
basin is illustrated by the Paran5 in its southern part leaving the Brazilian plateau at the 
falls of Sete Quedas 1700 km from the river mouth (1.11. 

The transition from the plateau to the ocean by an inclined profile of the river bed, is 
given in the cases of the Canadian rivers Churchill (Labrador), Aux Outardes, Manicoua- 
gan and La Grande [1.1]. 

If the river is barred by the plateau it is diverted there in se\~eral arms or cuts towards 
the ocean. The Zaire downstream of Kinshaha-Brazzaville is an example of the diversion 
type and the Dnjepr of the cutting type. 

When the plateau emerges from a sedimentary ground in the form of a barrier this 
determines a break of the slope. The Yenissei at Krasnoyarsk illustrates this. The  same 
occurs, when a mountain range crosses the location of a basin. This is the case at the Iron 
Gate, where the Danube crosses a spur of the Carpathians. 

The short-circuiting of a river bend may enlarge considerably the slope in the diversion thus created 
(Diversion power plant). The most famous cut of a river bend, only an idea to date, is located in 
China at Yarlung Zangbu (Brahmaputra): The length of the short-circuited reach bctween Timpa 
and Yortong is of the order of 200 km, the level drop 2200 m, the time-averazed discharge is 
2000 m3/s, the power produced could attain 240 TWh annually. The distance between Timpa and 
Yortong is 40 km, but only an underground diversion of 16 km is needed, see Cotillon [1.1]. 

- The collection of water: According to  Cotillon (1.11 river systems are partly elementary 
and partly of an hierarchic order. In the first case we have rivers following the line of  the 
greatest slope. The rivers of the Baie James (La Grande), also the Manicouagan and Xux 
Outardes are good examples. 

Thc other limiting system is that of a network around one final collector. I-Iere the 
ciitchment area, feeding the main river assures the cor~centration of the discharge in 
various ways. Because of their small resistance to crossing, the sedimentary basins rcsult 
into this concentration (Zaire, Yenissei). But this may occur also above a plateau (Parana) 



or ;IS in thc C,l?inz rilngcs. whcre t l~ey  ii:tvc been formctl by ci~ptrrre oftcr~ tl~lc t o  regressive 
erosion, scc Col illorr [ 1 . 1  1. 
Trernc:iclous regions tniiy be drained by one  single collector. The largc Sibcrii~n rivers 
(Yet~issci, Ob,  Len;t) havc c i l t ch t~ le~~ t  ;lrc;rs, each of which is ten ti~iics that of \Vest 
C;ern~;lny and in the c x c  of Zaire (Congo) this figure would be 13. ancl 22 titlies for the 
Amazon. The  catchmcnt area is not litiiitcd always by nioantainous ranges forming the 
horizon. Sometimes especially in Jurrnsic ground subterranean streams connect adjacent 
catchment areas, e.g. that of the upper Danube with tkat of tllc Khinc by the Ache. 

1.2.3. Climate 

The clirnate also determines the nature af a hydro power site. Outside the equatorial zone 
with its high rr:infall and its arid bound:try zones the depth of annual rainfall gro\xls as 
the ocean is approached. O n  the other hand rising continental character reduces the 
precipitation rate. 

Rivers of large discharge may have on  the one side a large catchment area together with 
a sn~a i l  precipitation or  vice versa. Thus the Siberian Angr~ra and La Griinde (Hudson 
Bag) havc the same mean dischargc a t  their river mouth, but thc precipitation rate of the 
catchment are2 is five times largzr o n  the La Grande than on  the Angara [1.15]. 

Exceptionally large discharges like those of the Aniazon and the Zaire (Congo) result 
from a combination of an immense catchment area and  n high equatorial precipiiation 
rate. The  hydro electric Ing:i site on the Zaire is unique, because the topography and the 
ciinmtz are cumulative in contributing ail the possible factors for water power produc- 
tiun: Lclrge dischargc froni equa to r i~ l  rainfall rate and a large catchrncnt area near the 
river mouth and rapids and hence high available head there, where the river possesses its 
final flow rate, [1.16]. 

1.3. The potential and its distribution 

1.3.1. Theoretical, harnessable, harnessed potcntinl 

The potential of a c e r t i n  river system is defined by the annu:~l work that the surface 
water of the system produces in the average year. Table 1.3.1 shows the distribution of  
the theoretical and harnessable potential and installable capacity over the different 
re@ioris of the world. Tab1.e 1.3.2 shows the same for the mzin producers of hydro power, 
supplemented also by the harr~essed potential and the itlstalled capacity [ l .  11. 

Thc thcorctical potential 7: can be ci~lculated from averaged hydrographical records or cstimztes 
and level drop measurements along the river course in the iollowing way. For every river the 
dist!-ibution of the time-averagcd dischargc Q and the level drop is taken along its course from the 
source to the mouth or confluence point. From this is known for a section i of !he rivcr between the 
confluences of two sub.cequent tributaries the  timc-averaged discharge Q ; .  The drop in level Ah, of 
this section is also known. This then yiclds the theoretical powor of ths scction considered 
d e  = g Alli  q Q,. Sumrning up this fisure over the whole Icng!h of all the rivers in the area considered, 
the thsorcticnl potential 7- is obtained as  annua! work in a mean year ( p  being the drilsity of water) 

A more simple estimate of T rcsults from the relation: T = mean drop in lcvcl in the c:ltchmcnt 
area s catchment arca x precipitation rate per unit area and year x 9,8313600. 



Table 1.3.1. Distribution of Hydro Potential over the world. 
Aftcr Cotilloi~ [ I .  11. 
- 
Zone Surface Theoretical Usable Installable Load factor 

area potential T potential H capacity P ( c p )  
in lob km2 in TWh in TWh in GW H/(8760 P) 

Europe 
without USSR 4,9 3 400 700 215 0;37 - 
USSR 22 4 000 1100 269 0,465 

USA, Canada, 
Greenland 2 1 6 100 1300 200 0,740 

Japan, China 10 9 000 1450 380 0,435 

Middle and 
South America 20,5 5 400 1850 . 328 0,642 

Africa 30 6 300 2000 437 0,52 

Asia (without 
Japan, China, 
Siberia) 2 1 ? 1200 309 0,443 

Oceania and 
Australia 8,5 1 500 200 38 0,60 

Antarctis 14 200 ? ? - 

Total 153 36 000 9800 2266 0,385 

The error in using formulas like this results from the fact that usually the relevant mean d rop  in level 
lies far below the mean value given by the highest difference in altitude of the mountains of  this aica. 
Thus in Europe mountainous areas with an altitude range of 2500 m possess one third of their area 
at altitudes below one tenth oi 2500 m. Therefore the simplified formula !eads usuaily to an  over 
estimation of the theoretical potential. 

The harnessable potential H depends on the one hand on the theoretical potential and, 
on the other hand it depends on the power demand, on the technical tools for river power 
development, on the distance of the site envisaged from the next consumer and hence also 
on the state of the art of power transmission. Therefore the harnessable potential is a 
figure varying with time. 

The same holds on a larger scale for the potential harnessed. This figure naturally 
increases continuously as long as it falls short of the harnessable potential H.  

Table 1.3.1 shows, that for 1974, for example, the harnessable potential of 9800 TWh is 
27% of the theoretical potential of 36000 TWh (1.11. This comes close to a recent 
estimate of 44 000 TWh [1.17], and falls short of an earlier estimate of Slebinger [1.18] and 
incltides also Greenland, the theoretical potential of which is deemed to be 100 TWh. 

The harnessed potential will reach 2200 TWh in 1985 being then 22,4 % of the harnessa- 
blc potential. In the above, the harnessable potential is taken as 9800 TWh [1.19]. 

Strictly speaking, the work and not the capacity installed is significant for the development of hydro 
Po\vcr. Ncv~r the les~  the installed capacity is often used. It  depends on the presence of a storage basin, 
on 1 1 1 ~  distance of the site from the next consumer centre, and on  the peak load demands of the 
cll'r'rric pl.id. However, naturally the maker of hydromcchanical and electric equipment is more 
'tlt''rcs[cll in the development of the capacity insta!led. 
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~hcrefore Tables 1.3.1 and 1.3.2 contain also this capacity and its development. The tables contain 
also the load factor rp, as the portion of full  load hours the plant makes in the average year. 

From Table 1.3.2 it is seen that the installed capacity tends to be relatively larger in aieas 
with a low precipitation, e.g. Australia, o r  large catchment areas, e.g. USSR, USA, or  with 
an  irregular hydrograph varying with time due to, snow fall, melting period or  Inonsoon 
(Spain, China, India). It will be smaller in regions with smaller storing facilities, more 
continuous rainfall, smaller reliability of peak load demand on hydro power (Norway, 
Canada). In general an increased capacity installed may lead to a smaller load factor cp. 
In storage plants this factor may drop down t o  0,l. 

1.3.2. Distribution of harnessed and harnessable potential 
Table 1.3.3. Countries with the biggest usable potential (estimate in 1974) from Cotillort 
[1.1] and their potential actually used in 1980 from the Yearbook of World Energy 
Statistics, United Nations [1.77]. 
- 

Country Usable potential Used potential Percentage of 
TWh TWh usable pot. 

- 

1 China 
2 USSR 
3 USA 
4 Zaire 
5 Canada 
6 Brazil 
7 Malaysia 
8 Columbia 
9 India 

10 Burma 
11 Vietnam and Laos 
12 Argentina 
13 Indonesia 
14 Japan 
15 Ecuador 
16 New Guinea 
17 Norway 
18 Cameroon 
19 Peru 
20 Pakistan 
21 Sweden 
22 Mexico 
23 Venezuela 
24 Chile 
25 Gaboon 
26 Spain 
27 France 
28 Yugoslavia 

Sum 

Other countries 



T:tblc 1.3.3 diows thc distribulion of harncssccf and  h:trncss;ihle porcntinl of thc 28 
cnunlrics that pvsscs S 1,5 '% of' tlic harncssablc potcntinl 11. From this ~t is sccn, tli;lt the 
I'coplc's Iicpi~tdic ol' Chinil, thc c v ~ i ~ i t r y  with the largest h a r n c s ~ b l c  potential i l l  thc 
world of 1320 TWII, in 197.1 has h;irnessctl only 4.22 % of this. According to Corillort's 
cstirn;lto [].I] w t l i  growth rutcr of 14,2% up to 1985 and then 8?:, China should have 
liarnesscd roughly 26% of IJ by tlic ycar 2000. This would need the installation of ncnrly 
4600 M W  per ycar of new hydro power, a figure that Chinese turbine makers cannot cope 
with and that \\r:~tcr turbine riiakers of countries other than China shoulrl bc p r ~ p i ~ r c t l  for. 
Table 1.3.2 2i t .c~ an idea of hyc!rc, power development of the aeturll lnain producers of 
hydro power during the period 1974 to 1980 according to  Cotilloll [ I . ] ]  and U N O  report 
[1.77]. Assuming a nienn load lactor of 0,4, it indicates in this decildc a mean annual 
growth of institlled capacity in hydro power of 11 0 0  M W  for the whole world. 
The following authors clcscribe this development in some countries, namely Gnrsrkcl [I .3] and Gillette 
11.20) in the USA. Borol.oi [I .9] in the Soviet Unicn, I.Veher [1.21; 1.231 and Goldst,rith [ I  ,221 in 
S:vitzerland, S~llil ! 1 . j ;  1.61 and Koh [1.24] in the Pcoplc's Rcpublie of C l i in~ ,  Fiill.striim (1.251 and 
.4rtgelin [1.26] in Sweden, ,4al:o [ I  .27] in Finnland, Mornrill [I .28] in Pcru, Orcrr~rns [1.29] in Columbia, 
Bicho~l [1.30] in Francc. L)o~~tcrcq (1.311 in Spain, Jegannthon [1.32] and Du!rtl [1.33] in India, and 
Giirz, and Schillrr [1.1 I] in Austria [1.34]. 

Recently also small hydro power has gained interest, which is shown by the publications of Golrbel 
[ I  .35], Frnnc-oil [I .36], Clrinar ar?d Kolissel [1.37], Rouper and le Plonlb [1.38], Kiissler [I .39], Gortlon 

Table 1.3.4. Distribution and development of harnessed potential referred to  har- 
liessatle potential over the large geographic zones ot' the world [].I]. 

Zone I-Iarnessablc Harnessed % of a 1-larncsscd O/u of a I larnesscd % of a 
potentiill potential potential potential 
a b c d e f g 
TWh TWh 1974 TWh 1985 TWh 2000 

Europe 
\i.iihout 
USSR 700 402,3 65 % 520 73 % 560 S O  % 

USSR 1100 132 12 % 230 21 % 550 50 % 

C~reznland 65 0 0 ? ? ? ? 

Canada 535]i235 2 1 2 . 5  39,246 'W\ 

5"0}53?4 900 73 % 
USA 700 304 43,5% 353,6 50 % 

Japan 130 82,3 63,4 % 117 .90 % 117 90 % 

China I320 35 2,6 % 153 11 % 350 26,5 % 

Latin 
America 

Africa 

Asia with- 
out Japan, 
China and 
Siberia 

Oceania and 
Australia 



and Penma11 [1.40], Kijzg [1.41] and Colillon [1.42]. For more information about small hydro poHer 
scc cap. 3.5. In this contcxt Nair's paper on the \ievclopment potential for low head hydro 

is of interest [1.43], and the paper of Warnick on the hydro potential of irrigation schemes [I..W]. The 
of hydrograph arid flow duration line is discussed by Tomasi~lo [1.45] and Plnre [1.46]. In 

this connection also Press's book (1.471 dealing with electronic computation in hydrology and his 
tables for the solution of such problems [1.49] and the computer program for a river development 
presented by Murry and Wrissbeck [1.48] are of interest. 

Table 1.3.4 shows according to Cotillon [1.1] the developement of hydro power in 1974, 
1985 and 2000 over the large geographic zones. 

Table 1.3.5 from [1.1] and [1.77] refers to the annual electric energy production H to the 
total electric energy production E in 1974 and 1980 for the most important countries with 

Table 1.3.5. Hydro electric annual energy production H referred to total energy produc- 
tion E of the most important countries with respect to H in 1974 [1.1] and in 1980 [1.77]. 

State H (TWh) E (TWh) HIE (%) 

1974 1980 1974 1980 1974 1980 - -- 
Canada 
USA 
USSR 
Brazil 
Japan 
Norway 
France 
Sweden 
China 
Italy 
India 
Switzerland 
Spain 
Austria 
Yugoslavia 
North Korea 
West Germany 
Australia 
New Zealand 
Mexico 
Finland 
Argentina 
Venezuela 
Columbia 
Mozambique 
Turkey 
Pakistan 
Egypt 
Zambia 
Portugal 
Peru 
Chile 
Grcat Britain 
Czechoslovakia 
Zim b;t b~vc  
7 ~ i r c  



rcspcct to 11. Citing the r ;~ t io  11,/1: of this tablc in brackets. the l'ollowing countries are  
saturated i n  11. Thcir hrlrncsscd po tc~~t i i i l  ncnrly cqu ;~ l s  thcir ii;~i-nsssnble potcntinl: 
Switzcr1;lncl (0,70), Fr;:nce (0,27), Italy (0,26), Spain (0,25). 

Thc followirig col~ntries show a continuoos growth in hydro power: (HIE = 0,993, Sweden (0,64), 
Austria (0,69), Yugodavii1(0,48), Finland (0,4 I), I'ortugal(0,53), USSR (0.14). India (0,4), China (O,tS), 
Hra1i1(0,92), hlcxico (0.25). Venczucln (0,47), Columbia (0,67), Chilc (0.64). .Argentine (0,37), Australia 
(0,18), Canada (0.6Y), Peru (0,78), Pakistan (0,651, Mozambique (0,96), Zimbabwe (0,89), Zaire (0,31), 
Turk ev (0,49). 

Thc followin_e countries have a very low water power H I E :  Denmark (I-IIE = 0.001) Hungary (0,00S), 
Bclgium (0,011). German Dem~cratic Republic (0,014), Great Britain (0,OlS). Czechoslovakia (0,07), 
Federal Republic of Germany (0,05), Bulgaria (0,097), Ireland (0,lO). 

P.ccording to the cstimate of a West German firm the degrce of exploitation expressed by the ratio 
of installed hydro power to installable power has actually a world mean value of 8,6 %, of which 62 % 
iirc in thc open market. For the individual regions of the wor!d this exploitation degrce reads as 
follows: Europe 39,9%. Asia 5,5%, Africa 0,8 %, Latin Amcrica 3,9%, North America 26,5%, 
Australia, Oceania 4,6 %. 

1.4. IIydroelectricity, its development 

1.4.1. Past and future of hydro power in the context of other power 

Table 1.4.1 shows the development of primary energy, electricity a n d  hydroelect~icity 
consurfiption du~.ing the past 60 years a n d  its prcdictio:~ for the nest  15 years o n  the base 
of a 5 %  growth rate within the worlci. In this context the ton equivalent of coal 
TE - 30CO kLVh i s  used under a n  assumption of 3 3 %  efficiency of the generating cycle 
a11d using pit coal. 

Hence thcre h2s been durinz :he past 60 years a population growth of2,45 times, a growth of primary 
cncrgy consumption of 8.55 times, a growth of prodl~ced electricity of 60 times, a growth of 
h\droelect;icity produced of 28 times, a growth of kWh consumption per inhabitant pcr year by a 
facror cf 24,! and a growth of energy consumption per inhabitant per year by a factor 3,46. This 
shows a strong de:.c!opmen: over the ivhole world combined with a sl~ift towards electricity con- 
s ~ i i l p t i o ~ ~ ,  bee [1.1]. 

Table  1.4.1. Development of primary energy, electricity a n d  hydroelectricity consump- 
tion of the world L~etween 1925 a n d  2000. 
F r o m  Cotilloil [l .  11. 

Item Unit 1925 1950 1963 1974 1985 2000 

Primary energy e 

Produced electricity E 

Ele 
Hydroelectricity H 
HIE 
H,'e = IJjE - E/e 
World population 
kWh per inhabitant 
TEC per inhabitant 

lo9 TEC 
!09 TEC 
TWh 
Yo 
TWh 
Yo 
% 
1 o6 
k Whjinh 
TEC/inh 



1.4.2. Cost and social problems due to electrification 

Table 1.4.1 reveals the availability of nearly 5000 k w h  annually in every man's hand in 
2000. According to the tests of occupational physiologists, the average male worker 
between 25 and 45 years of age may perfoin during the 8 working hours of a day a 
continuous output of 50 W. Hence the annual work over 220 working days, the West 
German year, becomes W =  50 8 - 220 - 10- = 88 k w h .  The corresponding female 
worker may perform 66% of this work. Assume the duration of the remaining average 
life to be 40 years, during which only 50% of the specific work mentioned above is 
performed, and imagine the population to consist only of 30% of blue collar workers. 
Hence the average work per inhabitant and year is W =  88 [(0,5 + 0,66 - 0.5) (0,33 
+ 0,3 . 0,66)] 0,3 = 14,s kwh. This is for the year 2000 a fraction of 14,5/5000 = 11345 
of what is offered per inhabitant by the electric grid. Imagine 345 workers are then 
available for every person from birth to death by a mere touch of an electric switch. 

Following an undesirable but convenient trend, it may be imagined, that in the year 2000 
two thirds of electric energy are used for heating, especially in the chemical industry. 
Hence the average person in 2000 has roughly "only" 115 men available as mechanical 
helpers. Obviously this is a key for understanding the wealth produced in an electrified 
world. 

For a drastic example of the cheapness of electricity, assume a consumption of 8800 k w h  per 
inhabitant per year, a figure some of the developed states have at present. Maintaining this figure 
needs the installation of 1 kW continuously available per inhabitant. The blue collar working 
population is possibly 25% of the whole. Electricity may be supplied by thermal power plants with 
a load factor of 0,5. Thus the monetary equivalent for a working inhabitant would be that of 8 
installed kW. 30% of this might produce mechanical work. 

Assume that the first and fuel cost per year are raised by the sale of energy. Hence in the above plant. 
an electricity rate of 0,04 US $/kwh would result in an annual cost of 1400 US %. This figure is to 
be compared with the annual wages of 800 blue collar workers as  equivalent to the 4 - 8800 kwh .  

Assuming now an annual salary of 9000 US% for the blue collar labour, this yields 800 9000/140(! 
= 5140 times more than the total cost of !he equivalent electric energy. Moreover electricity creates 
wealth made otherwise by 5140 workers. This procedure leads on the one hand to the production 
of things never done in the era before electrification. On the other hand it feeds a growing number 
of people in the less productive service sector. 

1.4.3. The future of hydroelectricity 

As shown in Table 1.4.1, hydroelectricity H referred t o  total electricity E is slowly de- 
creasing from 20% to 14% in the period of 1980 t o  2000. During this period H has 
reached a nearly constant portion of 5,5 % of primary energy. This has something to do  
with the rising transfer of heating by fuel to electric heating. 

It is seen from the above table that the annual energy prodsction of hydroelectricity 
should rise during the period of 1974 to 2000 by 2500 TWh. With an average load factor 
of cp = 0,5 this would mean that the hydro turbine manufacturers of the worla need to 
enlarge their workshops for the production of machines with an output of 570000 MW. 
What this means may be highlighted by the fact that in the foregoing 15 years from 1970 
to 1985 hydro power production has been increased by 1100 TWh, namely, less than half 
the value it will increase over the following 15 years. 

Certain problenls arising from this may be eliminated when the fabrication of large hydroturbines 
is transferred from the workshop to the site. But nevertheless large machine tools and transportation 
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faciliiivs I I ~ ~ I ~ I  I7r: ~.rrov~tlctl Tor tl~is incrt:n:;c. Sornz ccntrcs of _er;~vity or wiltcr powcr like South 
Anicrica ni;ly i~i:,ists I I : ; I I  ; I  lit~nlc intluslly :or w;ilcl  Ootvcr c i l~~ i~ ; l t c l ? t  is crcctcd in llicir own 
countries. I1u1 [his cill) hc i1011c only with tlic cunlrr\\~ctl llelp of dcvclopcd cin~ntrics. 

Sirlcc the not Iii~rncsscd potcntinl is ortcll in ai.c;\s Iiavitig ~ ~ c i t l ~ c r  powcr dcmriiitl nor 
po!itical stability, thc dcvclopmelit or large schcnle$ there sulTers milinly fl-om a lack of 
obvious ut i l i ty  and immediate profit. 

1.5. Hydro power, its actual dimcosions, developme~~t ond features 

1.5.1. The larcest structures found in hydro power a t  present 

111 Table 1.5.1 the figures of some important feattires of thc largest water power plants in 
the world are mentioned. 

Table 1.5.1. Some important [eatures of the wurld's l;~l-gest hydro power plants. 
Frorn CcriNotz [1.1]. 

Tlle highest dams in scr3;icc (crest height) 
Nsurek in T~dshigiskan near Tashkcnt (USSR): cart11 danl 317 m 
Grandc Dixence (Switi.crla~iii near Rllone vallcy) grality danl 255 m 
hlauvoisin (Switzerlantlj arc11 dam 236 m 
Daniel Johnson dam (klanicouagan 5, Canada), rnulliple arch dam 220 m 

Greatest stor;ige capacities 
Tarbela on ladus (P:tkistali), earth tlsm 142 hm3 
Fort Peck (USA) 96 h n 3  - 

The :ligllest hcads harnesscd fur water power 
Rcisseck (Austria) 1772 m 
Grand Dixcncc (Sw:tzcrland) 1748 m 
Porrillon (France) 1420 m - --- 

'The largest man-built storage lakes 
- in total capacity 

Bratsk (Angnrn. Siberia, IJSSR) 5500 kin2 surfac2 
Aswan (Egypt, f d i l )  3900 km? surface 
Karibn (lillodcsia, Ziimbesi) 5180 km2 
Akosombo (Ghana, Vo!t:i) 8470 km2 
Manicouagan 5 (Canada. \4anicouagan) 
Luchia Gorgc. (Hoangho, Chir.a) Barrage with 2 13 m 

-- in surface 
Akosombo on Volta 
Kouibichev on Volga 
Bratsk 
For comparison: Lake of Geneva 

-- - - 

The most productive power plants (In service or undcr crcction') 
- In !he world 

ltrtipu (Parani,  Brazil) 
1-(3 2 (La Grande. Canada)' 
Churchill Falls (Cliurchill, Canada) -. 

Sayano Suchcnsk (Yenissei, USSR)' 
Bratsk (Xng;~r;~,  USSR) 
Tucuri (Tocnntins, Brazil)' 
U3t Ilim (Angara, USSR)' 

Production 
70 'TWh 
38.8 TWh 
34.4 TWh 
3 4 4  TWh 
23 TWh 
2 1,5 'TWh 
2 1.9 T'Nh 



Table 1 S . 1 .  Continuation 
Krasnoyarsk (Yenissei, USSR) 
Grand Coulee I-11-111 (Columbia, USA) 
Bogoutchany (Angara, USSR)' 
Cabora-Bassa (Zambezi, Mozambique) 
Yacyreta-Apipe (Parana, Argentine)' 
LG 4 (La Grande, Canada)' 
Niagara (St. Lawrence, USA) 
Cornwall (St. Lawrence, USA-Canada) 

- In Europe 
Iron Gate (Danube, Rumania, Yugoslavia) 
Volgograd (Now XXIl th Congress) (Volga, USSR) 
Kouibichev (Now Lenin) (Volga, USSR) 
Saratov (Volga, USSR) 
Dnieprostroy (Now Dniepro) (Dniepr, USSR) 

- In Spain 
Aldeadavila (Douro-International, Portugal, Spain) 

- In France 
Donzire (Rhbne) 

The most powerful plants (In service or  under erection') 
- In the world 

Sanxia (Three-Gorges) (Yangtse, PR China) 
Itaipi! (Parani,  Brazil) 
Guri (Caroni, Venezuela) 
Grand Coulee (Columbia, USA) + 

Sayano Suchensk (Yenissei, USSR)' 
Krasnoyarsk (Yenissei, USSR) 
L G  2 (La Grande, Canada)' 
Churchill Falls (Churchill, Canada) 
Ust Ilim (Angara, USSR) 
Bratsk (Angara, USSR) 
Bougatchany (Angara, USSR) 
Paulo Afonso I-11-111-IV (Siio Francisco, Brazil) 
Tucuri (Tocantins, Brazil) 
John Day (Columbia, USA) 
Nurek (Vakhsh, USSR, Tadchikistan) 
Revelstoke (Canada, Rocky Mountains)' 
Ilha Solteira (Parani,  Brazil) 
XXIl th Congress, ex Volgograd (Volga, USSR) 
ChicoasCn (Grijalva)' 
Cabora Bassa (Zambeli, Mozambique) 

- In Europe 
XXII th Congress, late Volgograd (Volga, USSR) 
Lenin, ex Kouibichev (Volga, USSR) 
Iron Gate (Danube, Rumania, Yugoslavia) 
Saratov (Volga, USSR) 

- In Spain 
Aldeadavila (Duero-International, Spain-Portugal) 

- In Federal Republic of Germany 
Wehr (Ternary pumped storage plant) 

- In France 
Roselend 
Genissiat 
Mont-Cenis 
Kance (Tidal power plant) 

20,4 TWh 
20,3 TWh 
19,8 TWh 
18 TWh 
18 TWh 
14,3 TWh 
14,2 TWh 
14 TWh 

1 1,4 TWh 
11 TWh . 

11  TWh 
7 TWh 
3,G TWh 

2,4 TWh 

2,l TWh 

Planncd value 



1.5.2. Survey of historical development 

Hydro power as the prodirction of hydroclcctricity startcd in 1880 by a small DC 
generating plant in Wisconsi~l USA. But i t  began on a large modern scale, when cconom- 
ical transmission of high voltage AC was initiated in the Frankfurt exhibition in IS91 (see 
preface). 

Corner stones of turbine development may be seen in the inventions of Fourneyrorr 1527 
(centrifugal reaction turbine), Howd 1837 (cetitripetal reaction turbine), Henscllel 1837 
(axial reaction turbine, draft tube), Boydcn 1848 (diffuser), Frcrncis 1848 (Lowell experi- 
ments on Howd turbine), Fitlk 1855 (adjustable guide vane), Swairz 1569 (radial axial 
rehction runner), Voitll 1573 (Francis turbine with adjustable gate) mainly made with 
Iespect to the semi axial or Francis turbine. 

For the impulse turbine this was done mainly by Girard 1863 (axial tangential action 
turbine), IJelton 1880 (bucket jet action turbine), Breuer 1890 (needle valve) and Abner 
Ooble 1900 (bucket cutout). For the cross-flow turbine the essential inventions have been 
made by Micl~ell 1903, Banki 1918 and Ossherger 1922. 

Fcr  axial turbines Kaplan in 1313 made the decisive step (adjustable runner vane), 
f~llowed by Fisclrer together with Escher Wyss in 1936 (bulb turbine, turbine with rim 
generator), Gibrat in 1942 (tidal power turbine) and again Escher Wyss 1875 (Straflo 
turbine). Further historical hints are given by Raabe [1.50] and rMoser [1.51]. 

Pumped storage was started by Sulzer Brothers in 1891 (ternary set), followed by Escher 
Wyss 1930 (axial pumpt urbine) and Voi th 1934 (radial pumpturbine). 

The devclopn~enr of modern water turbines and storage pumps cannot be separated from thc Rames 
of rvorld reknowned firms engaged in this work. T o  mention only a few: Sulzer Escher Wyss 
(S\vitzerland); J. M. Voith, Heicienheirn (Federal Republic Germany); Neyrpic, Grenoble (France); 
H y d r o ~ r t ,  hlil:ino (Italj);  Allis Chaimers, Ivlilwaukee, Wisc. (USA), Ateliers de Constructions 
3lkchanique tic Vevey (Sv~iizer!anti), Tampella Tampere (Finland), Ossberger Weissenburg (F. R. 
German:), Kal-!stads hlekaniska LVerkstadcn Kristineham (Sweden), Dominion Engineering hlont- 
real (Canada), Lh1Z Leningrad (ESSR), Voest Alpine Linr (Austria), Mitsubishi and Hitachi Works 
(Japan). Kvacrccr Rrugg (Norway), P ndritz Graz (Austria), Litostroj Lubljana (Yugoslavia), Resita 
Works (Rumania), !jarbin Gcncrator Works (China), Blansko Works [Czechoslovakia), Heavy 
Indian Electric, Hardware (India), Boving, London and Mc Lellan, Newcastle upon Tyne, both 
England. . 

The development of heavy electric and high voltage equipment has been stimulated by the inventions 
of Siema~s ( 3 C  dynamo by residual magnetism), Hejiter von AIteneck (drum armature), Ferraris 
(induction n~otor),  Brow11 (oil insulated heavy current transformer) and Dolivo vorr Dobro~olsky 
(three phase induction motor and high voltage power transmission) in connection with enterprises 
like Siemens. AEG, BBC, Westinghouse, Edison, Alsthom, General Electric, ASEA, Fuji Electric and 
Toshiba. 

T o  this should be added the progress made in high voltage transmission. After the 
initiative of Oskar von Miller and Deprez in 1868 this was started on an industrial scale 
by Dolivo von Dobrovolsky in 1891 with a voltage of 15 kV and rezched in the years 
1906,1920, 1930,1960,1968, 1972 and 1983 the levels of 100,200,360,500,735,1000 and 
1200 kV, respectively bath the last with DC transmission. 

A lively impression of how fast development of hydro power goes foreward can be obtained by the 
development in Brazil during 1963 to 1971, where the mean growth rate was 12,6% with extreme 
values of 27% in 1969 and 2,4% in 1966. At the moment this development stagnates. 



1.5.3. The features of  water power plants 

These are listed in Table 1.5.2. It may be added to this table, that the initia! cost especially 
o f  low head plants may be much higher than those in thermal power plants. Nevertheless, 
the present value of total cost, including also those of fuel, is in general lower in a water 
power plant. 

Table 1.5.2. The features of water power plants. 
- - -- - 

Advantages Disadvantages 
- - - - - - - - - 

From the technical point of view 

Excellent availability if cavitation pitting is kept within Number of favourable sites limited aild 
limits by sufficient submergence. Technology simple and only occurring in some countries. Sites 
proven. Long useful life. Short time requirements of of interest more and more distantly 
starting and loading, if pressure surges are kept within located from the consumer centres due 
limits by adequate devices. Thermal phenomena re- to progress in power transmission tech- 
stricted to bearings and generator. High efficiency. niques. Cavitation, water hammer. 

From the economical point of view 

Small operating, maintenance and replacement costs (10 High initial investments especially for 
to 15% of the financial charges) even if the annual reve- low head plants in comparison to ther- 
nues from them are retained (profit due to inflation). mal power plants but not more than 
Harnessable as base and peak load energy. Resources are that of a nuclear power plant, particul- 
gratuitously renewed. May contribute to the advantages arly when the cost of removal of waste 
of other fie!ds: agriculture (irrigation, reduction of inun- material and environmental protectior, 
dated areas) navigation, mastering of inundations, zones against darnmage are included. 
of leisure, drinking water reservoirs. Indemnification for submerged land. 
The access to the site may open also the road for the Rebuilding of roads railroads and 
development and exploitation of other wealth. townships occasionally subnerged. 
It may permit access to new countries for their improve- 
ment. 

From the ecological and social point of view 

N o  air pollution. Inundations of the reservoirs. Displa- 
N o  thermal pollution of water. cement of population. Loss of  arable 
(Contrary to many thermal power plants). land by growing salination. Spreading 

of tropical diseases (Bilharziosis). Fsci- 
litating sedimentation upstream and 
erosion downstream of a barrage. 
lnterrrupting the aquatic food chain. 
Possible induction of landslide and 
earthquake at  high head. Black out of 
long transmission lines by pressure 
groups may undermine social order. 

1.6. Survey of types of hydro power plants 

1.6.1. Plants for conversion of liydraulic primary energy 

1.6.1.1. Genersl remarks on conversion of primary energy 

In these plants primary energy in the form of water potential obtained from river, 
depression, gas washer and tidal power plants is converted inta electric energy. 



In gcncri~l ;i I~ydraulic ni;ichinc conve~.ts thc availxblc spec.i;lc energy of fluid into -.vork 
done by tllc hi1,ift work (but also OII  a sn l i~~lcr  sc;i!c into wastc Ilcat) and hencc into t'lcctric 
encrgy between tlte te~rnirials of its genet-a:or. Strictly spc;rki~lg this available energy is thc 
difierclice c,f totill enthalpy txtween inlet I 1  and exit I of thc r.~achir,c an3 I-cierred to the 
unit mass of the fluid according to 

Ai, = A ( p / ~  + e -k glt + c2!2)f1, (1 .6 - 1) 

where A indicates the difference of the valucs in the brackcts between the pressure flange 
(11) and thc suction flange (I) of thc mncl~ine. Their location depends on the type of 
machine as shown in Table 1.6.1. The valiics or y and c arc understood as mass-flow- 
averaged at the respective cross sections I1 and I. 

Table 1.6.1. Localization of cross section I1 and I with regard to machine type and 
according to the rules of t.he international clectric cornmision (IEC). 

Machine type Section I 1  Section I 

Rcaction type with adrnis- 
sion through open Ilurne Intake of cnamber Draft tube exit 

Ditto with admission by 
seini spiral casing Intake of semi spiral Ditto 

Ditto with iitimission by 
full spiral casing Inlet flange of spiral case Ditto 

impulse cjr cross flow type Before jet needle, Past turbine chamber, 
or inlet valve or on contact poifit 

of jet circle and jet 
centre line 

111 the above p  is the pre5sure, q the density and hence P/Q the specific positive displace- 
ment work, t! the specific internal energy. c2/2 the specific kinetic energy and gh the 
spccific potential energy per unit mass of fluid resulting from its height h above a reference 
altitude, and g ihe giavitatior~al acceleration. 

In gencral the difference of specific kinetic energy c z /2  is relatively small, excep?ing the inre case of 
a free s!ream or rapids ~urbine using only c r /2  by diffusing the flow in a river rapid. lrl low head 
plants the term dglr is rslaiively large, in high head plants the rcrm dy/g  is relatively large compared 
with the residual terms. 

Excepting gas purification plants, the pressure tern1 d p / ~  has its origin in a difference of altitudes 
..?;I between head and tail water levels and hence in !he gravity field of the earth:y Inay vanish, e.g. 
i-i a space missile. In a rocket, accelerated by 6, - b must be added vectorially to g.  

1.6.1.2. River power plants . 

Here the higher potential energy of water gh at an arbitrary station of the river compared 
with another station downstream thz same river, with its lower elevation Ir above sea 
level, is used. This difference in level of both the stations is a consequence of the slope of 
river level to overcome wall friction on  the river bed and the dissipation of adjacent 
turbulent flow laminae. 

This potential enei-gy gll is utilized by retarding the flow by means of a bar-age. Thus the 
dissipation of the river and hence the gradient of its slope decrease. This enables the 



ge~~erat ion of a difference in level upstream of the dam and downstream of it .  This level 
difference is nearly the net head. The high head thus created generates then the economi- 
cal high velocity of the fluid to drive a turbine of economically high speed. 

In the case of a run-of-river and barrage power plant, including submersible power plants the tail 
water lies adjacent to the dam. In the case of a diversion power plant a loop of the river is 
short-circuited by a canal or closed duct. Thus the tailwater now is far away from the dam. The same 
holds for a transition power plant with the difference that now the diversion joins another river 
system, or  a tributary of the original river from which the diversion has been branched off, see [1.52 
to  1-54]. 

In the exceptional case of a plant with free stream turbines no damming device is needed. There only 
the head dc2/2 is harnessed by diffusion in the draft tube of turbine, Cap. 10.2. 

1.6.1.3. Depression power plants 

In these plants the water is diverted from the ocean into a depression of the continent, 
located near the sea and below the sea level in a hot desert'for example, so that thf: water 
evaporates from the surface of this tailwater reservoir to such a degree that its level is 
retained in altitude. A project will probably be made in the Cattara depression in Egypt 
near the Mediterranean Sea and Cairo, poteiltial 5.7 TWh [1.50; 1.53; 1.55aj. Another 
project exists for the Dead Sea also fed from the Mediterranean Sea. 

A similar kind of depression can be created, if an estuary of an ocean, surrounded by a continent 
and hence heated more and evaporating more quickly than the adjacent ocean, is separated artifi- 
cially from the latter by closing the straits with a barrage. Such a project, e.g. in the strait of Gibraltar, 
would lead, owing to unbalance between inflow by rivers, rainfall and evaporation to a lowering of 
the level of the Mediterranean Sea relative to the Atlantic Ocean. 

The same would result from a barrage in the strait of Bab el Mandeb, which separates the Red Sea 
from the Indian Ocean. According to E. Mosonyi [1.53] in this case the level of the Red Sea would 
come down relative to that of the Indian Ocean by 2,5 m annually. Within 20 years this would create 
a head of 50 m. After this period, supplying the plant with annually evaporated water, an  annual 
output of about 130TWh could bc generated, that is, sufficient for Italy in 1974. However, the 
estimated dam volume of about 2 .  lo9 m3 and the environmental impact of such a project, with 
consequences on the adjacent coast which are not clearly known and the absence of local energy 
demand, make such a project castles in the air. 

1.6.1.4. Wave energy 

Wave power is a form of wind power when the waves result from the effect of wind. 
According to Simeons [ IS5 a] the total available energy within the United Kingdom's 
territorial waters has been estimated to be greater than twice the present installed 
capacity of British power stations. Fortuitously the seasonal peak matches electrical 
demand. 

In  Sweden, the theoretical wave power potential along the 2200 km coastline is estimated a t  45 TWh 
annually. The percentage time, when conditions permit extraction of wave energy varies from 6 0 %  
in the north of Sweden to 100% in the south. According to Simeons [1.55 a], a wave power plant in 
Sweden is asstimed to consists of 6700 concrete buoys each with a diameter of 3 m, some 3 km from 
shore and at a depth of some 30 m. Each generator produces AC which is immediately converted 
into DC and led to a converter on the shore. Interest rates have been assumed at 10% with 25 years 
write off time giving a price per k w h  of 0,14 to 0,23 Swedish crowns. 

A comparison between a 20 MW Diesel plant and a 20 M W  wave power plant shows that the capital 
cost per kW in the wave power plant is about 3 times higher than in the Diesel plant, whereas the 
operating cost of the latter is 50% higher than in the wave power plant. 



T o  ctate Irtrger wave power plants cxist only as projects. 'rhe safc and efficient Jcsign of 
wavc cnergy systems requires a solution of the following proble~ns: 

1 )  Accurzte prediction of the wave-induced motions and loads, mooring forces, extremc 
loads, likely fatigue damages. 
2) Evaluitting structural responses which tnny include clestructive testing. 
3) Simulating structural designs, reliability and minimum life. 

Countries involved are Australia, Canada, China, Egypt, Finland, Japan, Mauritius, Norway, South 
Africa, Sweden, Lrnited Kingtlon~, USA, USSR. 

Over the years, many dcvices havc been patented with the object of extracting energy 
from thc waves. These includes converging channels, flaps, floats and ramps, but 'many 
of them have failed because they did not operate on the principle that, in a wave, each 
particle of water approximately moves at n constant speed in a circle. 
The effectiveness ofa  tloat or other dcvice depends on its shape. A fixed body will pi-event ivavesfrom 
developing behind, the waves being reilectcd alrnost totally after impact. I-lowcver, if frce movement 
is pcrmittcd with the waves. the reflection no longer occurs, a wavc being transmitted behind the 
float. 111 neither case will power be extracted. The approaching waves rnwt bc absorbcd coupled with 
the absence of any wave bcliind the device if power is to be recovered. 

For  this purpose a rocking beam was proposed by Salter [1.55 a]. Here the float (Slllter's 
duck) has a front scrface which moves with the water of the oncoming wave and a back 
surfacc that does not disturb the water behind. Thus the float rocks about its axis and 
this n?ution relative to a neighbouring body, not rocking, has to be convcrted into electric 
energy. 

There are numerous ways in which power can be derived from the slow oscillation caused 
by wilves. One means to consider is converting the motion of waves into uni-directional 
iligli pressure water pulses by rncans of a teversi~lg pump. 

One of the problems is the means by which the power generated is to be brought ashore. 
This could be achieved throu_gh the use of flexible submarine cables or alternatively water 
might be pumped at high pressure from floats at sea, with the electricity then beicg 
generated o~ land. 

Maquda ill Japan j1.55 a] has developed an air pressure ring buoy. This is open at its bottom from 
allici.1 air is displaced rhythmically by the wave action. The air flow is rectified by Flap valves and 
used to produce power through a low pressure air turbine. 

Another device, Russel's rectifier [1.55 a] is composed of a series of high level and Igw level reservoirs 
both of which are exposed to waves. The reservoirs are separated from the sea by a set of vertical 
return flaps so that waves drive sea water into the high level reservoir and extract it from those at 
the lower level. A turbine is instelled between both the reservoirs. 

In Mauritius wave energy is extracted on the principle of a wave run-up over a contoured wall 
sloping 30", behind which the water becomes entrapped to a head water reservoir. 

The Lancaster flexible bag has a number of cells which are formed in a long tube of flexible material. 
The tube is open along its lower side and sealed to a rigid and moored beam, in which two air mains 
are formed. When a \\lave rises around a cell, it forces the air from it into the high pressure nuin of 
the beam. As the surface in the vicinity of the cell falls, the pressurs within it drops until air flows 
into it from the low pressure main. Air then returns from the high pressure main to the low pressure 
main via an air turbine, [1.55 a]. 

The Vickers energy converter [ IS5  a] is a fully submerged device likely to be mounted on the sea bcd. 
This arrar?gements avoids the problems of mooring normally associated with floating devices. Here 
a rcsonnr.tly oscillating mass of water is excited by the changing static head of the wave passing over 
it. The function of this device does not depend on the direction qf wave propagation. 



Whittirlgton and Wilson j1.561 have developed a model for generation of steady DC output from 
variable wave power by means of an induction machine and a sy~~chronous  machine, both couplcd 
electrically. 

Besides the wind-induced waves. there exist also tide-induced waves and sea-quake- 
induced waves. 1x1 general, the wind-induced waves have the shortest wave length. All 
these waves are superimposed to each other. 

In the Pacific Ocean e.g. along the Japanese coast occasionally sea-quake-induced waves, 
the so called Tsunamis may attain amplitudes up to 35 m. By the impact pressure of such 
Tsunamis waves on steeply inclined coasts the water due to the wave may be lifted into 
artificial reservoirs. From these the water then may propel a water turbine. 

1.6.1.5. Tidal power piants 

These plants harness the tidal range of the oceans between ebb and flood. This effect is 
caused mainly by the mutual attraction of moon and earth when rotating with a nearly 
monthly period around an axis 'a' (see Fig. 1.6.1) through their common centre of gravity 
S, orientated normal to the plane of the lunar orbit. S being accidentally underneath the 
earth surface. 

Fig. 1.6.1. Generation of flood humps. E earth, M moon; 
S common centre of gravity moon-earth; h ,  flood hump 
due to  centrifugal force; h, flood hump due to gravity 
force; a axis of rotation of the earth-moon system; e earth 
axis; 1 plane of lunar orbit and approximately also that of 
the earth orbit; --- imaginary spherical earth surface; 
F, weight; F., centrifugal force; FG gravity force of moon; 
F, resulting force on body on the earth normal to the sea 
surface; A B  parallel to axis a, La latitude. 

Along an earth diameter parallel to  'a' (see Fig. 1.6.1) the centrifugal force induced by 
rotation around the above axis 'a' and the lunar gravitational attraction are balanced. 
Therefore the resulting force on a fluid elenlent at the ends A and B of this earth diameter 
points towards the centre of the earth E. Hence a fluid element at these stations remains 
with its surface parallel to the earth's surface. For a liquid element on the side away from 
the moon the centrifugal force due to  rotation around the axis 'a' is stronger than the 
lunar gravitational attraction. 

Hence by static equilibrium the ocean surface there deviates slightly from the nearly 
spherical original form, creating a hump oriented away from the moon. O n  the opposite 
side of the earth oriented towards the moon the more influential gravitational attraction 
of moon forms as a whole a liquid hump, pointing towards the moon (see Fig. 1.6.1). 

As a whole the surface of the oceans has an  oval deformation along the connecting line 
of earth and moon. The earth itself rotates around its spatially fixed axis once a day. 
Therefore every point on its liquid surface passes within approximately one day the flood 
hump, caused by the gravity of the moon and then 12 hours later the hump caused by 
rotation of the earth around the axis 'a' (see Fig. 1.6.1). From this it is also seen that thcse 
two flood humps usuaIly cause at any instant at a point of a certain latitude on the earth 
a spccial tidal range. This depends also on the angle y, the earth's axis makes with the 
connecting line I of earth and moon, see Fig. 1.6.1. 



When this ;~nglc !~ccoriics 00' nrc 1i;ivc t!ic equinox '1. Now the stations on an average 
latitude cross t\\.icc < l ;~ ; iy  ~icarly tI!c sll~nmit of both thc Ilood humps. Consccliicntly this 
i ' r cq i~c~ i~  csci t;itio~i of  tiic (lccalis c l i i r i ~ i ~  the cquinox in cc:.nncction with the cigcn- 
fri*ql~cncy of rhc 1i11,gc \;.:Itcr nlasscs ;it  tlic ;\tlantic coast of Europe and Southern Canada 
rcsrilts i~;to tlic iiiglicst tiilal range. I n  the polar rezion, especially in surnmer o r  winter, 
this niodcl gives only onc flood d:tily. which is what happens. 

A similar interaction exists between earth and sun. I-lere the common centre of gravity 
of the system is in  tlic sun. For thc s:me effects, as described cbove, two flood humps are 
generri~ccl at the ctcenn in the direction towards the sun and away from it. They are 
n;itiirally smaller than the two due to isltcl-action of earth and moon. Both pairs of humps 
have to  be ;ldclcd \vlicr, earth and moon are along a straight line during new moon and 
fiifl moon. 'l'hcn tllc highest tidal r;inge occurs, the spring tide. When the earth is on the 
corner of 3 I - C C I ; I I I ~ I C  formed by sun, moon and earth, then both the humps have to be 
subtracted fro111 e:ich other. Now the lowest tidal range occurs, the neap tide. 

Considerin? only the action of tlie nioon, the highest tide-conditioned sea level has to  
occur. accordin_c to llle static consitleration made so Par, when the moon passes the 
meridian. T!I~s ill fact is retarded owing to the inertia of the large water nlasses by about 
six hours in our I;~titudc. 

Adding the informaiion givcn in [1.55 a]. the usable potential of tidal power may be estimated in the 
O J ~ C ~  0;' 1000'TWh. 1-he average tidal range i n  the opcn occan is very sm;ill below one metre. The 
cffcct bcconles renlarkable by the impact of a tidal wive on cst~raries and straits iis for example the 
Cf~anncl bctn.ccn France and Britain.. 111 the latter case, the :ide-conditioncd flow between the 
Atlantic Occon and ihc Gcrmzn Sea at the instant the tidal flood wave entcrs the Channel, causes 
a Coriolis force. This lifts tlic ivater additionally at the Etiglisli coast and lowers it at  the French. 
The  addiiionai ram cffcct :n n convergent estuary adequately oriented may lift the tidal range during 
spsins tide i;t thz < t j ~ i i ~ ~ \ ) \  LIP to 13!5 n~ in the river mouth of the French Ratlce and up to 17 m in 
thc Car~adiari 1-und! B;:y at thc North Atlani~c coast, sec Slra\r, [1.57] and de 1-or!. [1.58]. There the 
largcst tidal poiicr unit is insrnlled in rhc power station .+\nnapolis (see Fig. 10.2.21, 22). I t  is of the 
Straflo design wi:h r im Fncr:itor, which is senr~inely best fitted for llarncssing tidal power, and built 
:tf:sr the dcsigns of Sa~zc r  Eschcr Wyss the patentee, see Do~cnln, Steworti and Meier [1.59]. 

Also lr~dian tidal power projects were discussed by Sharnzil. [1.60] ruld Subrahmc~nyml [1.61]. 
Problems and be~siits of tidal power stations are considered by Benn [1.62]. 

A tidal poiver p;ant [nay be equipped with one o r  two basins. The one basin type which 
is the only type bui!t to date (see Fig. 1.6.2) may have one flow direction (single effect) as, 
e.g. in clnnapolis. This guarantees hig!lcst efficiency with the slight disadvlrntage of either 
a great storage kolume or limited working period. More see Cap. 10.2. 

Thercforc the Frcnch firm N e ~ r p i c ,  Grenoble, has developed, for the Rance tidal power 
plant (see Fig. 10.2.13, and axial bulb turbine that operates with one basin in both the 
flow directions both as a turbine and  as a pump (double effect scheme). 

The action of such a tidal power plant as the Rance with one basin and double action (reversal of 
turbine flow; is considcrcd more in detail (see Fig. 1.6.2). Owing to the tides, the ocean le\lelO moves 
nearly h:irmo~:io~~sly vs time. At  its highest 1e;lel it is connected with the basin by a sluice then 
opencd. Wht-n the cicenn level begins to lower, the sluice giltcs are c!osed. At a reasonable difference 
of height o f  water Icvcls in basin and occan, thc set starts turbining from the basin to the ocean, 
period 3. Before ebb the sct is shut down. The sluice gates, then opened cqualizc the level of the ocean 
and basin. 

') Strictly speaking this holds true only if the pl;uics of the orbits of sun and moon are coincident. 



Fig. 1.6.2. Time sequence of operating modc in n tidal power 
plant with double effcct: I waiting: 2 filling; 3 direct turbin- 

h ing; 4 revcrscd turbining; 5 emptying (sluicing); o ocean 
Icvel; b basin level; c basin level with pumping. 

0 6 hours t 

When a reasonable head between the rising level of thc ocean and that of the basin for the second 
cycle of power generation (period 4) has bccn reached, the machine begins to operate a s  a turbine 
with reversed flow direction from the ocean to  the basin. For more details see Cap. 10.2. 

1.6.1.6. H y d r o  power f rom gas  washers 

The principle of these plants can be seen in Fig. 1.6.3. Pressurized waste gas charged with pollutants 
is exhausted from a process. For the purification of this gas and the use of its energy, the gas flows 
into a closed vessel and is sprinkled with pressurized water circulated by an impeller pump. By this 
and Raschig-rings, the gas is adsorbed by water. This then operates a turbine. Past the runner in the 
low pressure zone the gas comes out of solution. The clean gas then is removed from the top of the 
tailwater tank and its impurities from the bottom of the latter. The surplus of turbine output over 
the impeller pump's input drives a generator [1.50]. 

1 

Fig. 1.6.3. Scheme of a gas washer: 1 purificd water pres- 
surized; crude gas polluted and pressurized; 3 Raschig rings; 
4 washing line; 5 polluted water pressurized; 6 polluted water 13 

pressure-relieved; 7 separator; 8 purified gas; 9 sludge 
pocket; 10 clean water pressure-relieved; 1 1  turbine; 12 alter- 
nator; 13 impeller pump; 14 sprinkler; (Scheme courtesy 
Vevey Engineering Works, Switzerland). . 

gx 

1.6.2. Plants for conversion of secondary energy 

These  so called pumped-storage p lants  use  secondary  energy in  the  form of electr ic  energy 
for  s tor ing  it as potential encrgy in  a n  elevated artificial reservoir. I n  these p l a n t s  cheap  
base l o a d  energy from a plant  conver t ing  p r imary  energy (e.g. run-of-river or  thermal  
power  p lant )  is used t o  p u m p  water  f r o m  a tail  water basin in to  a n  artificial h e a d  water  
basin. T h e  water  potential thus  genera ted  is used, t o  cover expensive peak  l o a d  demand .  

European aspects of pumped storage were discussed by Angelini [1.63], the Japanese by Okada [1.64], 
some Swiss aspects by Stiirzinger [1.65] and Rochat [1.66]. Hernan considers Dinorwic, Great 
Britain's biggest binary plant [1.67]. Meier, Miiller, Grein and Jaqrret [1.68] give information about 
recent binary and ternary sets in Western Europe. Similar projects in Italy are rcported by Magnago 
and Bortolan [1.69]. 

Pumped s torage  p lants  were equ ipped  originally b y  te rnary  ( o r  t andem)  s e t s  with a 
spccial impeller pump,  turbine a n d  motor-genera tor  a long  the  shaft  (see Fig. 1.6.4 a). As 
a consequence  of rises in wages a n d  hence in initial cost  of the  power  h o u s e  a n d  its 
equipment ,  nowadays  binary sets a r e  preferred wi th  pump-turb ines  as the  on ly  hydraul ic  



Fig. 1.6.4. a )  Double flow 2-stage storage pump, horizontal shaft, and torque converter for synchro- 
nizing and speeding up the water fillcd pump of pumped storage plant with ternary sets, Wehr, 
Wehra, Federsl Kejjublic oi  Germany (West Germany) (Owner Schluchsee AG. ITrciburg) built by 
J. M. Voith, Heidenheim. Data of pump: H ,  = 640 m, Q = 36 m3/s, n = 600 rpm, P, = 248 MW; 
torquc converter P = 150 MW (water filled). Pumps belong to 4 ternary sets with Francisturbines 
sholvn in Fig. 10.3.10 built by Sulzer Escher Wyss. To date the most powerful plant with ternary scts 
(Draning cotirtesy Voith). 

machine on the shaft of a set (see Fig. 1.6.4 b). Also plants for the harnessing of water 
pawer petential have been equipped subsequently with pumpzd-storage sets (see 
Fig. 1.6.9). 

A ternary 100 MW set of about 300 m head riow may reach a storing cycle efliciency of 
'77% (sce Fig. 1.6.5). As a corresponding binary set shows a drop of this efficiency by 
about 2 to 4% and hence a shortage of revenue corresponding to the capitzl expenditure 
of 2 to 4 sets. efforts have been made to reach greater compzctness with the ternary set 
(see Fig. 1.6.6). 

Greurest compactness in ternary sets is effected by the so called "Isogyre" design (Fig. 1.6.7 (1.701). 
Invented by the firm Ateliers de Charmilles, this design is now exclusively built by Vevey Engineering 
Works Ltd, one of the oldest turbine makers of Switzerland, who many years ago were affiliated to 
B. Fourneyl-on, the pioneer of modern hydroturbine engineering. Also Girard, inventor of the first 
usefiil impulse turbine, worked there. 

Fi?. 1.6.4. b) Elevation of pump-turbine set at Kiihtai, Austria (owner Tiroler Wasserkraftwerke), 
built by J. M. Voith, West Germany. Data ,I = 600 rpm; H = 319 to 440 m. With one set: turbine 
mode P = 87,5 to 151,3 MW, pump mode: P = 124 to 109,4 MW; with 2 sets: turbine mode 
P = 82,s to 143,s MW. pump mode P = 123,7 to 108.5 MW. Spiral casing free of external forces by 
means of a Sulzer Escher Wyss type load compensator (see Fig. 3.4.44) and by embedding i t  in 
sponge rubber. Gates opornted by sitlgle servo motors, electro hydraulic controlled; we;ded spil-a1 
casing with a stay ring of ncarly parallel plate design, 3 guide bearings. Thrust bearing supported 
on a spidcr ;tbovc the alternator. Start up into pump mode with dewatered rotor in air by means 
of 3 pony motor within 90 s. Pony motor P = 15 MW. Total weizht of the set 940 tons, weight of 
the rctatlng parts 287 tons, fly whcel moment GD' = 1195 hlpnli (drawing courtesy i. M. Voith). 
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Fig. 1.6.6. :11 Elcv:ition of a vertical shaft tcrnary pumped storage set. Waldcck 2 (owner 
PrcusscnclcLtra-\I.:~sscrkraftanl;n GmbH Hannoverl: 2 sets: Francislurhine (FT), built by Voith: 
M = 336 rn: 11 = -375 rpm: P = 239 M W ;  1-stage p u n ~ p ( P )  bull( by Sulzer Eschcr Wyss: H = 330 m, 
P - 330 At\\'. I-or hiphcr sub~ncrgcncc the pump should bc undcrncath thc turbine. Overhung 
cicsign of hcth rotors lowers cost. T o  eliminate disk friction of labyrinth rings on cmptied pump 
impeller. rad~al cle;irance of staircase labyrinth is incrcascd by lifting stationary labyrinth ring 
hydr;iulic;ill!. hxial thrust bcari~ig on pump head covcr. Motor generator badly accessible. 
h) Dctail of purnp section (Dratvings courtesy Sulzcr Escher Wyss, and J. M. Voith). 



Fig. 1.6.7. Elevation of vertical shaft "lsogyre" 
of Anstrim Malta scheme (owner 
(jsterreichische Draukraftwcrkc AG, Klagen- 
furt), upper stage, also provided for pumped- 
storage. 2 sets. Runner (above) and impeller 
(below) in back to  back arrangement with 1 
spiral casing givc the most compact ternary 
set. Flow reversal in the toroidnl dilTuser of a 
pump. Built by Vevey Charniillcs Engineering 
Works. Pole changing motor generator built 
by Brown Boveri. Data: turbining with 
n = 500 rpm: H = 129 to  220 m; P = 36,4 to  . 
83 MW; with n = 375 rpm: H = 60 to 129 m; 
P = 11,3 to 36,3 MW;  pumping with 
n = 500rpm:H = 109,5 to200m;  P = 46,710 
4 6 M W ;  with n = 375 rprn: H = 50 to 
109,5nl; P =  18,4 to 19,9MW; D = 2 m  
(Drawing courtesy Vevey Charniilles Engi- 
neering Works). 

The Isogyre design has a pump and turbine rotor back-to-back. For economical reasons 
both are connected alternately with the same spiral casing and suction flange by means 
of cylindrical gates. A retention of speed direction during both the modes of operation 
guarantees a short transition period. Hence a given sense of the spiral casing requires a 
reversal of flow by 180' for one of these services. This is done very effectively on the pump 
side by means of a bladed toroidal diffuser channel so known from the multistage impeller 
pump- 

A symposium was dedicated to the Isogyre ( 1  -7 11. The latter was described by Fauconnet [ I  .72]. The 
owner's view o n  this design is revealed by Widnlann et al. (1.731, and Hautzenberg [1.74]. 

A certain disadvantage of pumped storage plants lies in the fact, that peak load demand exists 
usually in the densely populated industrialized areas, mostly located in flat regions. On the other 
hand the storage volume of the upper, usually artifical, reservoir for a certain work per cycle becomes 
smaller with increasing head and with it also the cost per kW. 

The head range at present is between 20 and 1600 m (San Fiorano in Italy, see Figs. 1.6.8 
and 1.6.9). In West Germany many of these pumped storage schemes, some dating back 



Fig. -I .6.S. Elcv:itinn of n 6-stagc storage P of 
2 ternary punlpcd-storage sctc, Sun Fiorauo, 
1t:lly (owncr I t ;~lia~l  Electricity power boilrd 
I'N [?I.) built by dc I'rctto Eschcr Wyss. Dat;~: 
)I,, = 1453,7 ni; n = 600 rprn. P, = 105.8 M\V, 
11 = 2,l m. To datc higlicst dclivcry head of 
pumpcd-storage (Drawing courtesy Sulzer 
Eschcr Wyss, Switzerland). 

t o  1910 (Brun~enmiihle) ,  arc locatcc! in a mounta inous  southern  area  far fro111 the large 
consumers of the northern Rhine Ru!lr region. They need thcrefore a long a n d  expensive 
high voltage line of abou t  800 km at 360 kV. 

To save such expenses and for making thcse pumped-storage plants indcpendcnt of the topography 
of industrialized arcas, it has been proposed to use subterranean caverns as tail water basins, e.g., 
abandoned coal mines. In  the West German Ruhr region the latter may have a depth of 1000 m or 
more. 

1.6.3. Hydro powrr in transmission drives (torque converter) 

Thcse gears are an invention of the German M. Fottinger, 1905. They consists of a turbilie and 
impeller pump short-circuited with a guide apparatus in between. This enables the differential torque 
berrveen the input and output shaft to bc led ii:to the ground. Bccause of the absence of a diffuser 
the eficiency is quite high but below that of a-toothed wheel gearing. Therefore the use is limited 
to gear changing. The high density of fluid and heads up to 50 bar per stage enable a high power 
density. For cxtmple the water-operated synchronizing torque converter of a 250 hlW ternary set 
at 1Vehr (West Germany) has a turbine part with a centrifugal runner (after Fourneyron) with about 
2.3 m tip diameter and up to lbO M W  output (see Fig. 1.6.4). 



Fig. 1.6.9. Longitudinal section of the power house a t  San Fiorano, Italy (owner ENEL). Mixed 
plant with 2 ternary sets for pumped-storage. Pelton turbine (PT) built by Hydroart, Milan, Italy. 
Data: H, = 1403 m ;  n = 600 rpm; P, = 140 MW. T o  date the highest n H P  in a storage P (Drawing 
courtesy ENEL). 

Such gears are widely used now as hydromatic drives in cars and with an output up to 2000 kW for 
Diesel hydraulic locomotives. Because of their low specific weight, these gears are extremely suitable 
for Diesel locomotives. Such locomotives are the backbone of traction power of the unelectrified 
lines of the West German federal railroads. With their low specific weight, for a certain limit they 
are superior in output to Diesel electric locomotives. 

1.6.4. Hydro power plants with respect to  their availability 

- Run-of-river power stations operate fairly continuously and supply base load. Most of 
run-of-river power plants have a low reservoir storage capacity and usually low head. 
Together with thermal and nuclear power plants, they cover the base load of a n  electric 
grid. These sets usually have a speed control (if any), which cares for a small variation of 
output within the permitted range of frequency (provided the grid is an AC one) and 
hence of speed from nmin to n,,. 

This is effected by a rather high permanent speed droop defined by 6, = (n,,, - nmin)/ 
n ,,,, (see also Cap. 11.2) in the range of 6, = 0,03 to 0,04. 
- Storage plants with a smalI storage volume (weekend reservoir). Usually a chain of 
river power plants, which has a certain storing capacity in its terminating highest and 
lowest reservoirs. In West Germany, rivers without navigation, e.g. the Lech or the upper 
Danube between Ulm and Regensburg have such a chain of power stations t o  cover 
smaller peak load demand (e.g. electric traction power) by the so called "swell" operation. 
With this a certain water quantity passes through the chain to  the reservoir on the chain's 



lowcr en11. From tlicrc on downstream ccrtain tilrgct rclici has to bc dclivcrcd into the 
river. scc 1 I ?  I .O.IO an(! ( ; ~ . i i t ~ ~ l r  [1.75]. 1 I;tvirig thc cove1 ing of'pc;11\ lo;ld i l l  r n i ~ ~ r l ,  tlic set 
needs ,l ch;tr;lc:cri.\tic. i l l  which the output  drop5 [nor:: vs sl?ct.d than in a base load plant. 
Hcncc the pc r~nzncn t  spceci d r o o p  cl ip - 0,02. At thc D a n u b e  this service will quitted. 
- Storagc pl;ints with ;i lar_ce storagc v o l ~ l m c  (annual  rcscrvoii). Usu;~lly the upper 
reservoir is located in the mountains  t o  store nielled snow anti ice (see Fig. 1.6.1 1). As 

Fig. 1.6.10. Section along a river with head 
reservoir and flow equalizing reservoir at its 
ends, and chain of power stations between for 
swell operation. 

Fig. 1.6.1 1 .  Schematic perspcctive view of combined peak load storage and pumped-storage 
plants Ziller a:ld Zemm. Austria (owner Tauernkruftwerke AG, Salzburg). Annual productivity 
1072,9 G\\h :  annual i\>ns\:mption by pumping 755 GWh. 1) Schlegeis reservoir, levels at altitudes 
h,,,,, = 17SZ rn: 11,, = 1650 m; live storagc volume rl Y = 137.7 . 106 m3 2) Kosshang powerhouse: 
4 ternary xts.  Fr;incisiurbincs iFig. 10.3.9; with H,,,,, = 672 m (to date highest head of a Francis 
turbine opcr ;~t in~.  here since 1970) built by Sulzcr Escher Wyss Andritz: ,I = 750 rpm; P = 58 b1 W. 
2-stage pumps started up filled by Fottinger torque converter. a11 bililt b j  Voith. P = 62,5 hIW. 
3) Stillup rescrvoir: h,,, = 1 120 ni; /I , ,  = 1 106 ni; A V = 6,9 - loh m3; 4) %layerhofen powcr house, 
tl = 469 nl: cs.,(Onl> turbining) = 345 MW; 5 )  Hiiusling power house (under ereition) 2 ternary 
scts with Francis turbines of then highcst head H,,, = 744 m, P, = 180 M W  (see Fig. 10.3.11) 
6) Zillcrgriindl rescrvoir 1 1 , ~ ~ ~  = 1850 rn; hmim = 1740 m; A V =  89 - lo6 m3. 7) Zemnl scheme opera- 
ting. 8) Ziller scheme under erection. From LVidntan11 (1.761. 



these plants have, in the main, also to cover peak load demand. their permanent speed 
droop is small 6, = 0,01 to 0,015. CVicirnuntl desribes a recent scheme of this type [1.76]. 
- Tidal power plants: for the usual type of plant made to date with one basin, the 
availability of its power depends on the date, the moment, and especially on the related 
position of moon and sun (see Fig. 1.6.2). 
- Pumped storage plants: these plants meet the daily peak load demand (see Fig. 1.6.12). 

Fig. 1.6.12. Variation of grid load of West German power 
board (RWE) during a winter working day a) base load of 
run-of-river sets b) the same for thermal power plants c) peak 
load of storage and pumped-storage plants d) consumption 
by pumping of pumped-storage plants. 

1.6.5. Hydromechanical equipment of  outstanding plants 

Table 1.6.2 shows a compilation of the important dates and features of the hydro turbo- 
machines of some important plants. 

Table 1.6.2. Compilation of hydroturbomachinery of large water power plants 

Plantlriver (country) Number of sets Head (m) Output (M W) D(m) 

Kaplan turbitres 

22nd Congress/Volga (USSR) 22 
Iron Door/Danube (Rumania-Jugoslavia) 12 
Porto Primavcra (Brazil) 18 
JupiaIRio Parani  (Brazil) 14 
Rocky Reach (Columbia) 11 
Tres Marias/Rio S5o Francisco (Brazil) 6 
Gezhouba 1 (China) 2 



'Table 1.6.2. Continuation.  

Palrnar (Uruguay) 
Aschach/Drtnubc (Austria) 
Orlik/Vultava (Czccho-Slovakia) 
Prit~ikoski (Finland) 
Solbergfoss (Norway) 
Otori (Japan) 

Fra?rcis turbines 

Itaipu/Kio Paranri (Brazil-Paraguay) 
Guri I1 (Venezuela) 
SajanskIYenissei (USSR) 
Krasnojarsk/Yenissei (USSR) 
Charchill Falls (Canada) 
BratskJAngara (USSR) 
Ust IlimIAngara (USSR) 
Ilhe Solteira/Rio Paran6 (Brazil) 
Tucuri/Tocantin (Brazil) 
La Grande 2 (Canada) 
Itaparica/Rio Siio Francisco (Brazil) 
Cabora Bassa/Zambesi (Mozambique) 
Grand Coulee I1I/Colurnbia (USA) 

Pelton turbines 

Cliivor (Columbia) 
Sy Sima (Norway) 
Grand Maison-L'Eau d'Olle (France) 
Paute (Ecuador) 
Lotru (Rumania) 
Silz (Austria) 
Lago Delio (Italy) 
Roselend (France) 
El Toro (Chile) 
Idikki (India) 
Villarodin-Mont Cenis (France) 
Chandoline (Switzerland) 
Reil3eck (Austria) 

Pumped storage plants 

Bath County (USA) 
Cornwall (USA) 
Dinorwic (Great Britain) 
Racoon (USA) 
Helms (USA) 
Grand Maison-L'Eau d'Olle (France) 
Okukiyotsu (Japan) 
Wehr (West Germany) 
Vianden (Laxemburg) 
Montezic (France) 
hlalta/Drau (Austria) 
Coo 2 (Belgium) 
Caplijna (Jugoslavia) 
San Fiorano (Italy) 
Iliiusling (Austria) 

PUT Pumpturbine TS Ternary set 

329 457 PUT 
350 295 PUT 
536 317 PUT 
305 382 PUT 
531,6 414 PUT 
955 152,5 PUT 
490 260 PUT 
645(max) 257,5 TS with FT 
28? 105 TS with FT 
419,l 230 PUT 

1030 208 TS with PT 
275 234 PUT 
237 250 PUT 

1438.6 105,8 TS with PT 
744(max) 180 TS with FT 



2. Economical and other aspects of hydro power 
and actual examples 

2.1. Introduction 

The economical aspect is certainly important in determining whether any hydro power 
project comes to fruition. Since nobody is an island, the engineer, the economist or the 
politician, whilst seeing a certain project as progress in their own eyes must be aware that 
it may not be so in the mind of the ecologist, sociologist or even the ordinary man affected 
by the project. 

The mere size of a hydro power project especially the largest ones, and its environmental 
and sociological impact turns i t  from a business alone between the engineer and 
economist or  the business nlen into a political affair. 

What is one man's meat is another man's poison, and any project has three aspec:: 
Yours, mine and the facts. Usually engineers and economists claim to concern themselves 
only with facts (but who knows them perfectly with all their consequences?). Putting aside 
the impossibility of reconciling the many conflicting opinions, i t  has to be realized that 
most public opinion is determined not by reasoning bur by emotions; e.g. when deciding 
on the justification of a nuclear plant mans people associate this with the bomb. On the 
contrary in the case of a hydro power plant, only an infinitesimal minority associates this 
with the casualities of dam disasters. of dam-induced earthquakes, spreading of bil- 
harziosis, the distress of displaced people, the calamity of rising ground salination, sinking 
water table, rising erosion, interrupted transport of fertilizing sediments and aquatic food 
to  the detriment of fauna and flora, etc. 

This situation should not seduce the planner to  dispose of imaginable objections. He 
should meet them with public consense and by means of studies based on :he actual state 
of knowledge. The latter should not fall short of the planner's responsability range. 

A hydro power plant is an investment with relatively high specific initial cost and usually 
also high total initial cost. The decision to build a plant has to be based on a reasonable 
purpose, since i t  absorbs working power or its monetary equivalent for the relatively long 
period of its useful life in the order of about 40 years. 

from the capitalistic point of view a hydro power plant is an investment that has to be remunerative. 
Once the demand for power and the feasibility of power transmission are given. the investment is 
usllally alwajs lucrative, because of the rising energy demand in the world. Even if the initial cost 
of a hydro power plant are relatively high especially in the low head range, the balance may be 
rc;lcllcd by a rather long depreciation period, revenues by an adequate electricity rate, low operating, 
1ll;llllt~I~;lncc and replacement cost, and often by the multipurpose profitability of the plant, such as 
iln~rc!''~n\cnt of navigation, fishcry, flood protection, storing water for industry, home and farms and 
crc;\tic>ll c j f  lc.i.;urc tones, building access roads and exposing an originally unaccessible and remote 

I 0  ~~.olloi\llcal development. 



The specific initial ccst of a hydro power plant dcpcnds rnai:~ly on thc hc:l<i and size and 
hel~cc on thc rotational speed or the unit. The  cost of civil en_cinccring works, ;rrchitecture, 
powcr tran~rnission line, mcchnnical ar,d e!cctricrtl equipment tlcpclltis both on thc head 
and on  the type of plant (i-c., wllcther river run, pumped storage etc.). The actual state 
of art is rcilcctcd by discussing the development of some important rivers. 

2.2. Economical aspects of hydro power plants 

2.2.1. General remark about feasibility of a project 

In general the planning of a hydro power plant has t o  bc based on the principle that the 
plant has to bc economically viable. Strictly speaking this means that the cost of the 
plant's equipment (i.e., turbines, alternators, transformers, switchgear, high voltage 
transmission, contrcl rooms) its buildings (i.e., barrage, tunnel, pressure shaft, surge tank, 
spillway, powcr house) its erection and assembly, its ground acquisition, indemnification 
and wztcr easement, its maintainance, repair and service during its useful life and the loan 
and  interest on i t  during its depreciation period (not to  forget the salaries for a reasonable 
board c;f directers), must be equal to the earning by sale of energy and other improve- 
men ts. 

The inlpleme~ltation of a hydro power plant withdraws available funds, one of the most scarce goods, 
from thc money market for the rather long period of a plant's useful economical life. Raising the 
expenses of a plant by borrowing money is the usual practice [2.1 to 2.31. Bonds and assurance 
provide for financial safety [2.5]. 

2.2.2. The electricity rate 

In a free market the electricity rate depends on the demand. Therefore it  is usual for energy to be 
much cheapcr duril?g the hours of low demand, (e.g. nlght) than during the peak load hours (usually 
during the da;~). Usually certaili power stations are designed to meet base load demand, others to 
meet peak load derrand. .4s the duration of peak load demand is shorter than that of base load and 
as thc cost uf a plant has to be covered by revenues during a certain depreciation period, the 
electricity rate depc~icls malnly on the duration of full Ioad service per year (see Table 2.2.1). Setting * 

5 the electricity rate implies cvaliiation of the plant's uses (2.6 to 2.101. On the other hand in a free 
market cconorny, the electricity rate has to cover the initial cost inciusive of interest, and the P' 
operatins, maintenance ar~d repair. In a multi purpose plant this has to be set with due consideration 
of earnings duc to other benefits, see Table 2.2.1 and [2.11 to 2.171. k 

3 

i 
2.2.3. The specific investment cost per installed kW > I  
The specific investment costjinstailed kW is also an essential factor in planning. Even if this depends 
on local circumstances, in general, it is lo~vered by increasing the power installed, and for a given 
plant with a certain number of sets of a given type (e.g. Francis turbines of a certain specific speed 
and head), i t  is also lo\verzd by increasing the speed and hencc the specific speed of the set. For the 
small number of sets \vhich are normally involved, any economic benefit due to quanti:y production 
-by increasing :he number of sets may be excluded. 

On the contrary for sets which are usually of large size, increasing the number of sets increases also 
the number of large machine members to be fabricated on large machine tools only available in 
limited numbcrs. Moreovcr it increases the number of accessories, manifolds, control mcchanism, the 
concrete forms nccessrlry for the draft tube, spiral casing and pit. Hence usually the specific cost is 
luwered by lowering the number of sets in a certain plant. 



Table 2.2.1. Energy production cost o f  today, according t o  Bohn. 

comparison of Hydroelectricity Thermoelectricity Nuclear power plant 
rates 

Duration of service Lower Upper Lower Upper Mean value 
~ e r  year (hours) limit limit limit limit 

Typical figures of hydro power: 

Cabora Bassa, Mozambique: 2 100 M W; 8000 h/year ; 0,002 U S  $/kwh 
lnga 1 + 11, Zaire: 1 760 M W ;  6800 h/year; 0,0024 US $/kwh 
ItaipG, Brazil : 12 870 MW; 5000 h/year; 0,014 US $/kwh 
West German Lech: 20 M W; 4700 hlyear; 0,02 US $/kwh 

Trends in electricity rates: 

Year Hydroelectric multi Hydroelectric 
purpose scheme (irrigation, plants for energy 
storing, navigation, production only 
protection against 
inundation) without 
weighing these purposes 

Thermal plant Nuclear Year 
using pit coal plant 
(subsidized by 
government, here 
West Germany) 

Once the fabrication of large machine parts on site is excluded, the lower limit for the number of sets 
results from the transport facilities in the factory and on the roads near the site. In the special case 
of a plant in a rather broad valley, requiring a large submergence into dificult ground, increasing 
the number of sets may lower the specific cost. This may apply in the mean head range of 10 to 30 m. 

For a given power installed, a certain number of sets of definite type, the specific cost per kW 
decreases with increase in head up to H = 800 m, because the resulting increasing pressure difference 
on the rotor vane makes the plant more compact. 

Hence tida! power plants with the lowest heads down to H = 1,5 m (in the case of the Sovjet Russian 
plant Kislogubskaja in the Mersenj Bay of the Ice Sea) are the most expensive in specific cost 
reaching in former reports a figure of 10000 US$/kW in the case of Fundy Bay. Nevertheless in a 
recent study of A. Douma, G. D. Stewart (Annapolis Straflo turbine will demonstrate Bay of Fundy 
tidal project, issued by Sulzer Escher Wyss), the so-called B 9  project of the Fundy Bay with 
3800 MW was suggested to have a specific cost of only 960 US S/kW. 

From about 800 m heacf on upwards the specific cost rises with the head. Then the power station 
ustially is fed from a reservoir in a remote mountainous area. This requires the building of long and 
oflen difficult access roads with longer tunnels (up to 15 km) and pressure shafts or penstocks. 

T o  givc further details abou t  specific cost some actual  examples of hydro power plants 
arc lllentioned in the following. 

1) Punlpcd storage plant with pump-turbines for the  generation of railroad traction 
I)"\\'" (16% Hertz). Langenprozelten, owner Rhein-Main-Donau AG, Munich,  Fed. 
Rep. ofGcrlnany,  completed in 1977. Head H = 300 m, 2 pump-turbines of 75 MW each 



with a booster Francis turbine of 30 kIV/ each for starting pumping. Spccific cost 
400 US S/k W. 
2) Low head run-of-river power station with small c~:tput Gc i s l in~  on the upper Danube, 
owner Rhein-Main-Donau AG, Munich, Fed. Rep. of Germany. Completcd in 1953. 
Head H = 5,9 m. 3 Kaplati turbines of 8,5 M W  each. Specific cost 1400 US $/kW. 
3) The most powerful hydro power (and power) plant of the world with spillway for 
58000 m3/s, built on rocky ground, used as quarry for concrete. 800 km long, 
1200 kV D C  transmissiori lirtc for 13000 hlCV power block. "Itaipi~" on the river Parani 
near where it forms the frontier between Brazil and Paraguay both of which share the 
output. 18 Francis turbines of 71 8 M W rated output each (12 900 total) at a rntcd head 
of 110 In to be completed between 1985 and 1990. Estimate of specific cost: In 1975: 
160 US S/kLV; in 1979: 1000 US $/kW; in 1954: 1500 US $/kW. Two + 600 kV DC trans- 

, lum. mission lines, 1600 km enlarge this about 40%. Builder: I~iternational conso-t' 
4) The largzst power plant with a higher head range (300 m) with the largest annual 
power production of 3 4 3  TWh ( I  TWh = 109kWh) up to 1980 (then followed by La 
Grande, Hudson Bay) located in the "Taiga" of the Labrador plateau with annual 
average temperature of - 2"C, at a distance of 1200 km from the nearest consumer 
(Moiitreal), transmission by 735 kV AC. This plant is 200 km from the nearest railroad 
station. "Churchill Falls", Labrador, Canada, 11 Francis turbines of 483 MW each 
(5330 M W  total) at FI = 312 m head. Operated by Churchill Falls Labrador Corporatim 
(CFLC). Specific filst cost 200 US $/kW including the 1200 km long AC 135 kV trans- 
missioti line. Completed in 1970. 

In Table 2.2.2, the costs of thc above 4 plants are subdivided into the shares due to civil 
engineeriilg works, reservoir, power house, mechanical and electrical equipment ctc. 
From this it can be seen that these shares depend on the head as well as on the type of 
plant. For  esamplc in a low head run-of-river power station the spillway requires 35% 

Table 2.2.2. Cost of compotlents for several types of hydro power plants*). 

1) Pumped storage plant Langenprozelten, Federal Republic of Gcrmany built by Rhein-Main- 
Donau AG Munich: 
H = 300 m: P = 2 - 75 blW. 

Parts Percentage of total cost 
Upper storngc basin 
Pressure slia ft without reinforcement 
Power house (Underground type) 
Tail race basin 
Retaining basin 
Power house architecture and intake structure 

'I otal civil engineering 

Pump-turbines, 2 sets 
Main valves, valve-operated booster Francis turbines for speeding up 
water filled machine to pumping mode, needing up to 40% of rated 
power. which cannot be supplied from limited Federal Gerrnan grid for 
tractive power with single phasc AC and 16% Hz. 
Piping 
Lining o f  pressure shaft 
Trash rack rake, intake gate, cooling system 
Cranes. elevators 

Total mechanical equipment 



Table 2.2.2. Continuation. 

Alterriators (for tractiori po\vcr with single ph;isc ;1C of l h ? ~  Flcrtir. 
since 1905 in Germany for reduction of corn~nutator spark~ng,  \\hen 
using high voltilge supply froill ovcrhc.;id wirc and t;;insformcr rcgu- 
lation). 13,5 % 
~ransformcrs  2,73 % 
Switch plant and distributing board 10,25 % 

Total electrical equipment 26,48'/0 
- 

2) Low head run-of-river po\vcr plant Geisling on the upper Danube, Rhein-Main-Donau 
Miinchen: /I = 5,') m;  P = 3 . 8,5 blW; D = 5 2 5  111. 

Parts Percentage of total cos: 
Architecture of power house 3,s % 
Civil cngincering work head watcr reservoir 20,s % 

Total architccturc and civil engineering 24,6 % 

3 Turbines (Kaplsn turbines) 23,9 % 
Cranes 0,648 % 
Stop logs 1,07 % 
Intake trash rack 0,435 YG 
thrash rack rake 0,912 % 
Covers for grids etc. 0,152 YO 
Transportation of trash 0:054 % 
Workshop for assembly and repairs 0,736 O/b 

Total mcchanical equipment 27,907 % 

Spillway stccl structure 12,2 % 
Civil engineering for spillway including stilling basin 21,2 % 
Architecture of spillway 0,457 '10 
Electrical equipment of spill\vay 0,766 O/o 

Total spill\vay equiment 34,623 YO 

Electric installation 0,335 % 
Alternator and exciting devices 9,2 % 
Switchyard 2,16 % 
Transformer 0,683 % 
Telephone operating plant 0.16 % 
Emergency alarm plant 0,030 % 
inventory 0,31 % 

Electrical equipment 12,870 % 

3) Plant Itaipu, Rio Parana (Brazil, Paraguay): 
P = ' I  8 . 715  M W; H = 82,9- 126,7 m;  DC tr;tnsmission 1200 kV over 800 km. 

Estimated cost in 1979 in millions of U S  $: 

lnfrastruct ure 
Civil engineering work 
Diversion of river 
Barrages, intakes 
Spillways 
Power house architecture . 

Mechanical and electrical equipment 
Administration, engineering and supervision 
lntcrcsts during construction (10 years) 

Total 



4) 1'1;1nt-Cliurchil! Falls. I.;ibrrtdor, C:inad;t, Churchill Rivcr: 
I1 = 312111; P =  1 1  . 483  MW. 

F u n d s  rcquirctl for 

Rsscrvriirs 
Powcr plant and gcncrritors 
Switchyard arid transmission 
Pcrmanen t suppor t  facilities 
Tcmporary  facilities a n d  services 
P4anngcment a n d  cnginccring 
Escalation 
C o n  tingcncy 

Direct construction cost  

Intcrest dur ing construction 189 
IZdrninistr:it.ion, overheads, rniscellancous 8 2 - 
'fotal 936 

Pcrccntagc of total cost  

12,3 % 
17,9% 
1 0 7  % 
2,7% 
8,8 % 
3,3 % 

10,9 % 
4,3 % -- 

71,0% 

F - ~ n d s  crigin:t!ly available: 

Equi ty  paid 8 3 7,7 % 
I\lIortgagz bonds  690 64,3 % 
Retained earnings dur ing construction 150 14,O % 
Bank financing zvailable 150 l4,O % - 
Tota l  -- 1073 

*) For detailed informrtt;ons on item I )  and 2)  the author is greatly indettcd to Mr. J. Grijt~er, superintendent o f  
Elec!romechanic Equipment. Rhein-htain-Ilonau AG, Miinchen, Fcdcral Republic of Germany. Informations 
on itan 3) from differcrt Brazilian and West German sources. Informations on itern 4) from a special 
publication of Churchill Falls Lahrador Corporation, New Foundland, Canada. 

of cost, in a medium head giant plant like ltaipli only 4,5 %. But there instcad of the gates 
anti the power house in the low head plant, the barrage appears which takes 17% of the 
cost. This seems to be comparable with 21 % needed in a low head plant for civil 
engineering work ai the head water reservoir mainly consisting in the erection of side 
dikcs, wl~ici~ functio~~ as a dam just as the barrage does at  Itaipu. 

2.2.4. Eco~lomic zppraisal of the projects2) 

2.2.4.1. The present value method 

To establish the economic feasibility of a project, the assets and liabilities which occur 
during its plannins, construction and useful life have to be accounted for. By way of 
comparison, the cash flow of the project has to be exprcsseh by its present values. 

A hydro-power project is an investmen!. To realize it, the owner has to invest capital at 
a certain interest rate. This involves his intention to obtain monetary benefits during the 
usefill life of the project. The latter generally differs from the pay-off period, determined 
by the moment at which the sum of cash flow surmounts the sum of investment. 

2, l'his subchaprsr was stimulated by a lecture Prof. E. A4osunji held about this topic in November 1981 in Haus 
der Technik in Essen, Federal Republic of Germany. On this occasion the author would like to thank 
Prof. E. ~Uosotrji for having reviewcd this section. 



~ h c  earnings made by the sales of energy or other benefits derived from the plant, 
rncntioned in Cap. 2.2.2 are expected at such a level that, by good economy, the 
proprietor will obtain revenues from his capital investment [2.18; 2.191. 

The interest rate p depends on the conditions of the loan, such as securities, inflation rate, 
pried of amortization, etc. In this context it may be mentioned that a hydro power plant 
offers great economic safety for the following reasons. 1) It cannot be removed. 2) Energy 
is in an ever rising demand. 

The planning (P) and erection (e) of the plant usually require various investments, 1, over 
the P + e years of planning and erection. At the end of this period, i.e., when the energy 
production begins (instant t = O), the present value of the investment grows up to 

0 

I = C IpqY, (2.2 - 1 )  
t =  - ( P + e )  

where q = 1 + p. Similarly all benefits and costs occurring during the financial iife time 
of the project are discounted to this instant. Let us denote by Bj the benefit obtained by 
sales of energy in any arbitrary year j. In the same year let the annual expenses amount 
to C j .  They consist of the so-called OMR costs, operation, maintenance and replacement. 

At the end of the '2 '  years of its useful life, the plant may still have a remaining cash value: 
R. This corresponds at least to the ground value of the site. Discounting to the instant 
t = 0, i.e., to the beginning of the year in which energy production starts, the present value 
of the entire cash flow of the project is 

In this formula the interest rate p and consequently q = 1 + p may change during the z 
years of useful life. 

A project is defined as profitable if P Vz 0. It is considered as non profitable if P V <  0. 
Sometimes a project characterized by P V <  0, is accepted as profitable, if it yields further 
benefits besides power generation, such as equalization of flow-off, improvement of 
irrigation, or  navigability of the river etc. (Naturally the economic appraisal of such 
multi-purpose projects is much more complicated: an accurate analysis requires the 
allocation of the investment costs too.) 

2.2.4.2. Internal rate of return method 

In this case a constant interest rate p, = q, - 1 results from (2.2-2), under the condition 
that the present value of the project cash flow P V equals zero. The value ofp, can be split 
into an economically acceptable minimum p ,  , and an additional value p ,  (profit and/or 
risk). The profitableness results from p,. According to hfosonyi [2.19], the mos! 
economical variant of a project usually is not that one which is indicated by the highest 
value of p,. 

2.2.4.3. The annuity method 

This procedure assumes the terms in (2.2-2) to be: Bj = B  = const, Cj = C = const, 
R = 0, p r- const, q = cons?, and P V =  0. Introducing the annual balance A = B  - C ,  

z 
Eq. (2.2-2) yields the investment I = A C qz- j  or 

j =  1 



Tllis results in an annual balance 11 - B - C = n x  I or 

A = l l X l ,  
where 

a x  = ( l Z k  - 1)/(qZ - 1)l 

is the so-called capital recovery factor of the investment. It indicatcs the portion of the 
present value I of the investment which corresponds to the annual balance A. That ineans 
in other words (according to the well-known calculatiori mcthod for repayment of loans 
in baiiking mathematics) those annual net benefits ( a ~ n u a l  revenues minus annual costs) 
of constant value A will balance the value of investment accumulated at the end of the 
project's life time. 

2.2.4.4. The benefit-cost ratio 

In this procedure, the ratio of all the benefits to the total expenditures is calculated. It can 
be derived from the present value method o r  when the case can be simplified, expressed 
as an average annual ratio by using the terms of annuity computation. 

In the first case, by separating the benefit and expenditure terms from Eq. (2.2-2), the 
benefit-cost ratio of the projcct is 

Sometimes this formull is simplified by assuming R = 0. 

Under the simplified conditions, assumed earlier in 2.2.4.3 the benefit-cost ratio reads 

r = B!(nx I + C)  = B/(A + C) .  (2.2 - 9) 

Not in every case, is the cost-benefit factor an economic parameter of the project. 
Occasionally the annual costs (OMR costs) are split a c c ~ r d i n g  to C = C, + C', where C ,  
is the direct cost of operation, maintenance and replacement and C'  an expenditure which 
is not closely linked to power generation (e.g. central administration, marketing and 
advertising, costs of power distribution, taxes, or even civil engineering expenditures, ss  
dredging of sediments, etc.). 

Sometimes this splitting icduces planner o r  owner to consider the annual expenditure C' 
as  a loss in the benefit and not a real cost. Consequently the correct magnitude of 
cost-benefit ratio is assumed to  be 

r, = ( B  - C')/(ax I + C,). (2.2 - 10) 

However this is not true and may be misleading. Obviously r ,  > r, when r > 1. Con- 
sequently, this distortion of r icvolves the temptation for manipulation. The following 
example illustrates this situation. 

Given: B = 3000 US $ per annum, a x  I = A = 1000 US $/a, C ,  = 250 US $/a and 
C' = 250 US $/a. Hence the proper relation yields r = 3000/(1000 + 500) = 2,0, whereas 
t-, results in an unrealistic high value r,  = (3000 - 250)/(1000 + 250) = 2,2, which is 10% 
higher than the true value r. 



Howcver, the benefit cost ratio should not be completely abandoned in the planning, 
since it tnay be a useful figure for "screening" alternative solutions of a certain project. 

2.2.4.5. Production cost of energy unit, electricity rate 

The specific investment cost of a plant is defined as I, = IIP, where P is the installed 
capacity. Using the above terms, the total annual cost related to 1 kW capacity is 
a x  I, + C/P .  On the other hand, with a load factor cp, the annual utilization time under 
rated load P equals 8760 cp hours. Accordingly the unit power produces 8760 cp k w h  per 
annum. Thus the production cost per k w h  equals 

ke = (a " I, + CjP)/8760 cp US $/kwh.  (2.2- 1 1) 

If the annually produced and saleable energy is known as E k w h ,  the unit production 
cost results 

kex = ( a x  I + C)/E US$/kWh. (2.2- 12) 

kex is mainly used in the first phases of planning, when a decision on installed capacity 
is still open. In this case, i t  is also common to relate C / P ,  i.e., the O M R  costs, to the 
specific investment cost 1, by a rough estimate on the basis of experience and statistical 
data. Hence from (2.2- 11) the electricity rate 

k ,  = (a  " + a,) 1,/8760 cp = a 1,18760 cp. 

For  a preliminary calculation of the energy unit cost, thc annual utilization hours have 
t o  be assessed. In many cases, this can be done to a fairly good approximation by 
evaluating the hydrological conditions and by estimating the power demand. 

Numerical example: I, = 1000 US $/kW, a x  = 0,082 (presuming p = 0,08 and z = 

50 years), a, FZ 0,018 (estimate), cp = 0,6 (run-off-river, base load plant). Accordingly, the 
utilization time is 0,6 - 8760 = 5256 hours, and the unit energy production cost, or  the 
electricity rate is 

2.3. The hydro power development of some large rivers 

2.3.1. The ~ e n n e s s e e ' f ~ ~ ~ )  

Cotillon [1.1] says that the valley of the Tennessee is rather small compared to the other 
great arteries of hydro electricity. But this is the first complete exploitation of a river for 
power production, flood regulation, improvement of navigability, enlarged water supply 
for irrigation and industrialization. The development of its inain course was accomp- 
lished between 1936 and 1945 by nine power plants with a head range from 12 to  27 in. 
Its productivity is 9,6 TWh. (1 TWh = 1O9kWh). Its discharge of 1900 m3/s is  the fifth 
largest for a river in the USA. The Tennessee is really formed in Knoxville near the 
confluence points of Holston, French River and Petit-Tennessee. From there to its 
meeting with the Ohio, it has a length of 1050 km with a drop in elevation of 145 m. 

2.3.2. The Columbia (USA, Canada) 

Thr: Columbia flows from the Canadian Rockies to the Pacific with a length of 2000 km. 
Its course within the USA is 1100 km length with a drop in altitude of 386 m and consists 



of two disti~lct parts. Tho upstrc;in~ rcach wllcrc tlic gradient is large (0,0544,) and thc 
cnclosed vailey has scvcn b;irr-n~e power plants with hc;lds gcncrnlly but1,vccn 22 and 5.1 In 
with a highest v;lluc of 105 m (crcst hcight) at G r a ~ l d  Coulce and thc lolvest of 12 m at 
Rock Islands, the power station with the most powerful existing bulb turbines, sce 
Cap. 10.2 and (1.11. 

The downstream reach with a mean slope of 0,025 YO contains four schemes with heads 
between 18 and 32 m, and a fifth site of 13 rn head which is not as yet completed. The 
regalation of the water is effected by two Canadian Reservoirs (19,2 k1n3 capacily). The 
production attained is 75 TbVh with an  installed output of 11 700 h1W in 1975. After 
putting into service the two Canadian reservoirs, the installed output will attain 
26 009 M W and the productivity 92 TWh. In 1975, the catchment area of thc Columbia 
with 24 plants of an installed capacity of 20000 M W  was producing 112 TWh (42Y0 of 
the USA's hydroelectricity). 

T h e  most polverful hydroelectric groups in operation in the world namely Grand Coulee 
111 with 3 - 600 and 3 700 M W  rated output together with Grand Coulee I and 11 each 
of 1125 M W  and a pump station with 350 MW comprise an  installed rated capaci!y to 
date  at  Grand Coulee of 6450 MW. 

Sirman describes the turbirics of Grand Coulee I11 from the point of view of the planner [2.20], 
PJ~~fjlir~ [2,21] from that uf the maker, and E~lgsr ron~  [2.22] from that of the owner. 

Fig. 2.3.1 shows the 700 MW runner (weight 450 tons) on  weld positioner. The  whole was 
welded from cast pieces of shroud, hub and vanes on  site, then stress-relieved in n furnace 
placed over the welded runner by a smaller crane and statically balanced and refined by 
erindins the labyrinth and shaft flange faces. Thc  runner has an  outside diameter of nearly ... 
10 nl and an overlond outpiit of 837 M W (=  1,135 million hp!). The shaft of this turbine 
(see Fig. 2.3.2 and 10.3.1) is welded together from rolled liners of 190 rnln thickness, 3,2 m 
diaineter (see Chnco~rr [2.23] and Cap. 10.3.1). 

A ductile electrode -.\.;is uqed for the  butt welds joining the runner vanes to the hub and shroud. This 
was then strrss-relie-:ed ~ . t  650'C for 30 hours. The welded material had a yield point of 3600 bar, 
a tensile strcnrih of 5160 bzr and n perccntagc elongation :rftcr fracture (Hritisli  = U.T.S. strain) of 

The spiral casing (see Fig. 7.3.3 and Cap. 10.3.1) mas welded on site from 42 mm thick plates 
rolled earlier at  the man~~ftlcturcr's works (Allis Clralntur.~, Milwaukee, Wisconsin, USA, sce [2.24]). 

The  outer diameter of this parallel plate spiral casing was reduced to transmit its 
meridionally directed pull townrcis the innermost diameter of the water passage wall of 
the head and bottom cover of thc stay vanes. Any flow disturbance caused by the 
extension of the stay ring's parallel plates into the spiral casing was eliminated by toroidal 
metal sheet guides. They also deflect the secondary flow of the spiral casing from the inlet 
of the _gate channel (see Fig. 2.3.2). The  stay vane and  their rings were constructed so as 
to  equalize the hishest combiried tensile sad bending stress (caused by the meridional pull 
of the spiral casing) on  the midspan of all the stay vanes. Thus the highest stressed point 
was inoved from the outside edge of the largest vane at the spiral tongue to  the inside cdge 
of the smallest vane E2.231. 

The head cover uplift was entirely balanced by the download of the Ilydraulic thrust 
introduced from the thrust bewing via a spider into the concrete surrounding the stay 
vane crown. 

The wicket gate of cast carbon steel has two bearings (see Fig. 10.3.1). According to Chacour [2.23], 
this presents several advantages over the usual three bearing arrangement, namely: 



Fig. 2.3.1. 800 M W  rLnner of Grand Coulee 111, Colun~bia river, Washington, USA (owner Bureau 
of Reclamation). 3 sets: H = 87 m, n = 85,7 rpm; originally rated as 700 M W ,  but actually uprated 
as Pm, = 837 MW (=  1,123 million hp!), built by Allis Chalmers. Runner on a weld positioner on 
site, weight 450 t. (Photograph courtesy Allis Chalmers Corp., Milwaukee, Wisconsin, USA.) 

1) In a three bearing system a high bending moment is induced at the junction of the gate stem and 
blade by the differential pressure across the gate. This moment combined with a large torque 
produced by the servon~otor during the squeezing of the gate acts at a point with very high changes 
in area and sectional modulus, thus creating a fatigue problem. In a two bearing system the 
maximum bcnding moment acts at the midspan of the blade, which provides a large sectional 
modulus and is insulated from the above torsional moment. 
2) Bearing loads on two bearings are substantially lower than on three bearings resulting in a 
reduction of servoniotor capacity. 
3) The shorter stem of the gate increases its torsional rigidity. 
4) The axial depth and hence the rigidity of the head cover can be increased independent of the gate 
stem length. 
5) The machining of the head cover is greatly reduced to a single setting on a boring mill. 
6) The stresses in the blade of the gate do not depend on the deformation of the head cover (see 
Fig. 2.3.2). 

To avoid any clamping of the gate mechanism by deformation of the head cover, the joints on both 
ends of the link were made spherical. The four double acting gate servomotors are accomodated in 



Fig. 2.3.2. Head co.;er. gate servomotor, shaft of a Grand Coulee I I I  FT. Note drive of gates is 
housed in the hcad cover. Thus its uppcr plate can be uscd as an i~spcction platform, and also gives 
high r~gitiity, only 2 gate bearing, a saving of height on the machine pit. (Pilotograph courtesy Allis 
Chalmers Corp., hlilwaukee, Wisconsin, USA). 

the head cover which is axially deep and thus rigid. This arrangement facilitates preassembly and 
keeps the concrete free of servomotor load. Moreover t l ~ c  cover plate of the hcad covcr can 5e uscd 
as an inspection platform (Fig. 2.3.2). 
Thz high head cover also enables the radial p~lll from the stay vane crown to turn the cover about 
a tangential axis against a sense in which the uplift on the inner head covcr would turn the cover. 
This inner liead cover also supports (see Figs. 2.3.2 and 10.1) the shoe type lower journal bearing, 
the gate shifting ring and the flosting shaft seal. 

In smaller machines, the head cover's uplift is tlsually balanced by leading rhe axial thrvst onto the 
hcad cover instead of leading via a spider on the concrete of the pit of the sct. This also counteracts 
the pressure in the spiral casing. 

The bell foriv of the shaft at this bearing also provides lubrication at start-up. The machining of this 
bell shaped part of shaft located very close to the lower shaft flange was made possible by the inward 
orientation of the shaft flange. This also brings the bearing centre very close to that of the runner. , 

The rolled plate tubular shaft design provided excellcnt torsional and lateral rigidity versus weight j 
ratio. The torsional buckling resistance greatly exceeds the maximum stalling torque imposed by a ; 
locked rotor. The larzt shaft diameter (Fig. 2.3.3) provides sufficient peripheral speed fcr the pads. ; 
I t  also allows the torque to bc transmitted through friction, although radial dowcl pins provided i 
addcd safety. c.g. in case of short-circuit-induced torque. In this contcxi also general experiences of , 
field welding are of intercst, as reported by Akhtar [2.25]. 

i 



Fig. 2.3.3. Spiral casing, parallcl plate type stay ring with smooth toroidal intake nozzlc, stay and 
guide vanes of Grand Coulee I:! FT (Courtesy Allis Chalmers Corp., Milwaukee, \Visconsin. USA) .  

2.3.3. The Parana (Brazil, Paraguay, Argentine) 

The Parana is formed by the confluence of the Rio Grande  (1000 km) and the Paranaiba 
(900 km). Its total length inclusive of Rio Grande is 3300 km. Its average discharge of 
16000 m3/s is double that of the Volga. Its d rop  in elevation is 350 m as compared to  the 
Volga's 140 m. The precipitation rate of 7 l/s/km2 in its catchment area is 17 % above that 
of the Volga [1.1]. 

The Parana crosses first the southern part of Brazil then it forms the frontier between 
Paraguay and Brazil and then between Argentina and  Paraguay. At the point where i t  
starts crossing Argentina, the Paraguay flows in. Both rivers have the same length 
(2500 km) from source to confluence point and catchment areas of nearly the same size 
(1 100000 km2 the Paraguay and 840000 km2 the Parana). But as  it drains a dryer basin 
the Paraguay reaches only 40% of the average discharge of the Parana. 
The Parana then enters Argentina at an elevation of 50 rn in a vaste alluvial plain. There i t  is 
complete and receives only insignificant tributaries; moreover the banks o i  the river are  very low 
(Cnp. 1.2.1.3). 

Three divisions may be distinguished along the course of the Parana. (2100 km with 
330 in level drop.) After the first 500 km with a n  average slope of 0,025 % the slope 
cll:lnges quickly to 0 1 6 %  along thc 60 km of the Scte Quedas falls when it enters the 
rrtllllicr section between Brazil and Paraguay. Here the ParanP leaves the Brazilian 
l ' lJ l~ . i l \ l .  i t  retains a slope of 0,015 % over the follou~ing 130 km. Here is Itaipu, the site 



o f  the I;irscl;! po\vcr pl:int in t l ~ c  worlrl r ~ n d c r  urcction. Downstrcnm its slopc is rcd11ic.d 
to only 0.005 '5,) ;1Io112 ;I (list:i~icu of I4 1 0  h111. 

T h c  hi!rncssablc d r o p  o f  r.ivcr lcvcl is 300 111 i t ~ ~ d  the ~>c>tcrii.ial d u e  to i t  172 T W h .  This 
potet1ti;il of thc propcr I';~rani'i h;is to bc ilrlrlccl to lhu 85  *SWh of its mnthcr rivers, 
y i~ ld i i lg  in 1985 ill1 inst:~llcd pov;cr of 14 000 M W. Morcovcr  i l l  Brazil tlle Tietc a n d  the 
Pnrnnlipiincmil, tributaries o n  the left rivcr barlk.of tllc Pa rn~ l l i  a rc  nearly entirely dcvcl- 
oped with powcr plants ol' l j  000 MW czpacity. I ' h u s  thc  b;isin of ~ h c  Paranil will have 
in  1985 an nnnual production of 200 TLVh realized by 6 5  000 k1LV instnllccl capacity, of 
which 14 200 arc d u e  LO Argentina. Tab le  2.3.1 ~ i v c s  infor~;iiition abou t  its 9 power 
stat ions [I . ]] .  

Table. 2.3.1. Data of  power stat ions a long thc Paranil river. 

Plant tler~d Out pu! Work Nu~nbcr  Type State 
m h1 W 1'W h 

Ilhn Solteira 
Jupia 
Poi-to Primi~vcra 
Ilha (irande 
Itaipu 
Corpus 
Yacyreta tlpipc 
Argentine plant I 
rlrgcntinc plant 2 

Francis T operating 
Kaplun T opcrating 
Kaplun T 
Kaplan T 
Francis T undcr erection 

Kaplan T unc!cr erection 
Bulb T unrlcr erection 
Bc11b T i!ncler ercction 

Oi these Illla Soltcirr: is ?he Iiirgcs~ operating plant iIS to pon-el- capacity \v i th in  the soutl~ern 
llemispherc. I t  has Francis liirhir?cs (f-1.1 with LI r:~tr>d hexi of 40 ni. rather low for u F.T. -The reader 
may he surprised to read t l i i t t  sincc 1962 K:!plnn turbines (KT) of 50 ni rated head and 70 IMW 
ot~tput have bcen %-orking i l i  tile I3rr1t.ilian p!:~ri; Trcs hlarias IF;?. 102.8). Gnc argumcut in favour 
of 1-T in rhc. abokc c;:sc is the iiirgc number of scts (20). This cna\~lc.s thcn to \vnt-k near the bcp even 
ni th  the rather niirroiv \vurk,ng r;tngc around ttlc bcp of s i~ch  a hi211 s!>cc:itic speed F'T by switching 
or? ;lnd off thc apprqr ia t?  n11i11bir of scts to rncct the changing demand. A K T  here \*dould have 
requir~d a Iilrgsr runner diumctcr n:id hence a more espensi\t. sct. Furiher the rclati\t: small head 
fluctuations of llha Solteirn \vcultl n o t  have justified a KT. iL1oreovcr filtiguc cracks in runner vanes 
of KTs havc \yarned the pl~innirrg staff about possible troubles with a K T  of 160 h.lW which up to 
the present has no: bccn built for 49 m head. 

I taipu (see Figs. 2.3.4 and 2.3.5) which has  been under  erection since 1975, a n d  should 
probably bc completed in 19SS with a capacity of 12842  h l W  a n d  provision for addi- 
tional SO00 iiIW [2.26] \sill for a long t ime thereafter bc  the largest powcr plant in the 
lvorld. F o r  its corliplerion thc ncigt~bour ing states Brazil i111cI Paraguay,  signed a treaty 
in 1966 bj. which. according to t l i ~  internarional law they asreed that  the energy delivered 
by Itaipu should be di~ridecl i n t o  equal  port ions between the countries. 

T h e  plant \!.ill operiite lvith 18 FTs. 715 h.IW-enc.h built by a consort ium consisting of the 
French firm Ncyr-pic. G r e ~ i o b l e  in col!sboriltion with the  affiliated Brazilian firm 
Mecanica Pesada. Taubrltc a n d  the West G e r m a n  firm J .  1CI. k i t h ,  Heidenhe i~n  and her 
subsidiary company in S5o  Pilulo. Brazil. - 
Since the Pari~g~l;~yan 50 cycle grid has only 3 cap:icity ofabeut 300 M W  to date, thc first FT coming 
into service fix Par;\guny ha5 to bc cqu~ppcd wit11 a sophisticated aeration device, [2.27] to facilitate 
as smooth its possible operati011 even under an abnormal low part load of about 10%. Moreover 



Fig. 2.3.4. Sectional view of a hollow dam and power house, I ta ip i~ ,  Rio Parana, Brazil, Paraguay 
(owner Itaipu Binacional). Under erection: 18 sets with FTs P, = 715 MW. P,,, = 740 MW. Largcst 
hydropower plant: n = 92,3 rpm (60 Hz) of 9 Brazilian sets; r~ = 90 rpm (50 Hz) of 9 Paraguayan 
sets. Turbines designed in close collaboration by Neyrpic, Grenoble, France and J. M. Voith, Hei- 
denheim, West Germany, and manufxturcd partly by Brazilian subsidiary conlpanies. Runner 
weight 350 tons, throat diameter (see next figure) = 8,l  m. Generator rated at 900 MVA, rotor 
diameter 16 m, weight 2000 tons, gap clearance 29 mm. Desigrled by Siemens, Erlangen, West 
Germany in close collaboration with Brown Bovcrie & Cie. Baden, Switzerland and n~anxfacturcd 
partly by the Brazilian subsidiary companies. The  semi water-cooled generator has the s a n e  weight 
and size as the similar generator of the 507 M W  Krasnojarsk set (H = 101 m) built 20 years earlicr 
in the USSR, having only 6 6 %  of the iron utilization factor of Itaipu. 1) maximum head water level 
2) minimum head water level 3) stop log maill crane 4) penstock (10,5 m diameter) 5) main transfor- 
mer 400 kV 6) maximum tail water level 7) normal tail water level 8) minimum tail water level l), 
2), 6), 7), 8) yield a head range H = 82,9 to  126,7 m. Hence the output range P = 400 t o  740 MW. 
9) stop log 10) grout curtain, 11) control tunnel. (Drawing courtesy Neyrpic, Grenoble, France) 

provision is made that the Paraguayan sets supply preliminarily the Argentine and Brazilian grid 
with 60 cycles by means of converters and in the case of Brazil also via a high voltage DC 
transmission line of 1200 kV to  the next consumer centre Siio Paulo 600 km distant [2.26]. 

For design data of ItaipG see Table 2.3.2. 

The turbines with 8647 mm outermost diameter and 350 Mp runner weight were finished 
in the shops and then transported complete to the site 12-29]. The reported initial cost of 
1000 US$/kW of the power station with an estimated annual production of 70 TWh 
enables a rather low electricity rate estimated at 0,014 US $/kW (estimate 1979). 



Fig 2.3.5. Fievation of Francis turbine Itaipu, Rio Parani,  Brazil, Paraghay (owner Itaipb Binacio- 
na!! built by Neyrpic, Grzi~oble, France in close coliaboration with J. M. Voith, Iieidenheim, West 
Germany. Data: n = 90(92,3) rpm (see Fig. 2.3.4.), H = 126,7 - 1 13,4 - 112,9 - 98,7 m; P = 740 
- 740 - 715 - 560 XIW. 18 sets. (Drawing courtesy J. M. Voith, Heidenheim, West Germany) 

A transfer of techniczl know how and drawings to the I3razilian subsidiary companies Voith Siio 
Paulo and Mecanica Pesada engaged in the construction was urged by the World Bank. Ndturally 
it Ins been urged also with respect to fabrication. Thils the runners have to be mLde from Brazilian 
steel, to  be fabricated ir, thc workshcps of European subsidiary firms in Brazil. 

I n  this context it may be mentioned, that, a t  the moment, Brazil, Argentina. and Mexico are the only 
Latin American countries in which heavy hydro electric equipment can be fabricated with foreign 
assistance. In this respect, Venezuela, where Guri, the worid's second most powcrfi~l plant is being 
erected, relies on foreign imports 12.30 to  2.361. 

2.3.4. The Yenissei (USSR, Siberia) 

1) Generally: The Yenissei has the third hishest discharge in Asia after the Yangtse and 
Brahmaputm (Yarlung Zangbu) and has the highest catchment area, discharge and 



Table 2.3.2. Design data of Itaipu [2.28; 2.271. 

Number of sets: 18. 
Hcsd rangc: 82,9 m- 126.7 m;  output range: 400 MW- 540 MW: rated output: 715 MU': runner 
tip diameter 8.75 m (this bcc;~use of the larger head is some\vhr~t smaller than in Grand Coulee \+lth 
9,9 m). Largcst axial extension of runner 4.5 ni; rotational spceds 92.3 and 90.9 rpm Ibr 60 and 
50 Hertz respectively. Runaway speed 175 rpm. Distance of adjacent sets 35 m. Diameter of spirai 
inlet 10,5 m. Alternators 18 765 M W  nominal output. Length of power house 900 m (this size takes 
care of the 18 sets envisaged at first and 8 additional sets). 

Catchment area for the plant: 820000 km2. Average discharge per year: 9070 m3/s. 

Storage basin: Surface area: 1355 km2. Length: 200 km (this rather modest figure for a power plant 
with 100 n~ head in contrast to Bratsk with 550 km results from the extraordinarily stcep slope of 
0,16% over 60 km river length; for comparison 0,02% on the Angara around Bratsk). Live storage 
volume with 23 m level drop: 19 km3. Barrage: Length: 1643 m. Maximum crest 11e:ld: 170m. 
(Taller than the towers of the cathedral of Cologne). Lateral rock dikes: Length: 2800 m. rnasimunl 
height: 60 m, lateral earth dikes: Length: 3700 m, maximum height: 30 In. Type: Hollow gravit) 
dam. Bottom outlet: Number: 8. total discharge 6000 mvs .  Spillways: Number: 14, tlimension. 
20 - 2 0  n ~ ,  total discharge: 58000 m3/s (this is 45 times greater than the Danube has o n  at least 
100 days before it leaves West Germany). Penstocks: Number: 26, mean diameter: 12,2 m. 

Civil engineering work: Excavation: Diversion channel (to be blasted in :he rocky underground): 
1 2 .  106 m3, for barrage: 2 - lo6 m3, dikes: 3,8 - lo6 m3, spillways: 14,7 lo6 m3, power house: 
4,25. lo6 m3. Concrete (to be obtained by blasting the rocky ground a t  site): Barrage: 7.9 . lo6 m3, 
spillway: 0,75 lo6 m3, power house: 2 - lo6 1n3, total structure: 10.75 - 10' m3. Rock and eartk,: 
Total volume of excavated rock: 3,4 - lo6 m3, volumc of lateral rock filled dikes: 16,65 10" m3, 
total volume of earth filled dikes: 3,2. lo6 n13. Material for construction: Cement: 1.85 . lo6 Mp, 
sand: 4,3 lo6 m3, mixture of concrete: 8 ,6 .  lo6 m3. Reinforccrnent: 71 400 Mp. 

length of the four large Siberian rivers Yenissei, Ob, Lena and Amoor. After the Zaire 
(Congo), Brahmaputra, Yangtse and Parana, it is also the river with the largest harness- 
able potential in the world. 

Along the 1250 km of its upper course three plants are projected: Chevelig, Seybinsk and 
Ouyouk. For thc following section of 900 km where its slope is still steep (0,04 %), three 
plants are in service or  being developed. 1) Sayano Shushensk under erection since 1963 
(23,8 TWh); 2) Mainsk probably under erection (3,4 TWh); 3) Krasnoyarsk, in service 
since 1978 (20,4 TWh) [1.1]. 

These stations are remarkable also for their large installed output. Sayano Shushensk has 12 FT with 
222 m head and a total rated output of 6360 M W  (the fourth largest after Iiaipu, Guri 11 and Grand 
Coulee I-11-111). They were built in the Leningrad Metal works (Leningradskij Metaliccskij 
Zavod = LMZ) the greatest maker of hydro and steam turbines in the USSR. J)uring a visit to the 
LMZ in Leningrad ( I  I years since his previous visit at  which he saw the runner of Krasnoyarsk in 
the LMZ) the author saw the model runner of Sayano Shushensk with about 600 nlm ol;trnost 
diameter equipped with strain gauges for stress measurements. Simultaneous tests then had been 
carried out on the model of the plant's ski jump spillway above the power house at the base of the 
dam. 

Lenbr who, by the way, spent some years in Sayano Shushensk in his Siberian exile, tried later to 
make u p  for Russian backwardness by coining the slogan "Socialism is Soviet power plus 
electrification", which now can be read in the interior of many power houses in the USSR. 

2 )  Krasnoyarsk: 12 FTs each of 507 MW at 101 m rated head. These turbines (Fig. 10.3.2) which 
have been in operation since 1978 also were made a t  the LMZ and were for a long time the most 
Po\vcrful water turbines and well known for their advaliced cast-wclded construction, and for the 



watcr coolccl rotor ; i d  stiltor of  the al t~i . l i ; i t~r .  A r;ithcr srn;tli ruallcr tip di;im~-tcr rcsi~ltcd in n 
ncarly hook-fornictl runner v;tnc tvith ;i ratlicr thick and round i~osc  and ;in i~ilct ;~nglc of tically 90'. 
Thc runner of 350 311, \vcight, wclded together iroin cast stcel huh and sliroutl scctions with siilmps 
for tlic 14 vancs, was t rans~~ortct l  by ;I special ship via the Lenio c;~n;il, Ice Occa~i  and 11pstrt:nrn the 
lcwcr course of the Ycnissci. Contrary to thc usual rccommcn~::itions, tlic numbil. of gates is an 
integer multiple, n;lmcly twicc tlic runner vane numbcr. This t o g ~ t h c r  with tlic ratlicr blunt runncr 
vanc inlet edge parallcl to the shaft may cause a noisy operation of the scts; wliicli was also reported. 

Another fca:urc is that the wcldcd spiral casing has 2 intakes (Dwuchnaja spiralnaja kamara) which 
should obviously lower transportation weights, but also may rcducc radial forcc and secondary flow 
in thc volute casing. The wclded shaft of 2,3 m diameter has a water lubricated lowcr journal bearing. 
The  Mitchell thrust bcaring rated at 3400 tons is supported by a conical trunk 011 the head cover. 
T h e  gates are opcratcd by two pairs of oppositc plunger servomotors, mounted on the hezd cover, 
[2.35]. 

The exploitation of the middle Yenissei is yet to be carried out. The deve1opmei;t of the 
lower Yenissei (1250 km with 0,006% slope) has been made in two steps: Ossinov and 
Igarka. 

Speirking of the harnessable potential of the Yenissei proper, has excludcd its greatest 
tributary the P.n_gara. This famous and only outflow of the Haikal Lake has a length of 
1850 km ar.d a drop in level of 378 m between Baikal and its conflue~lce with the Yenissci. 
The average slopc of the Angara is 0,02%, but the dc?th of the valley permits 
development at three sites having 76 to  106 m head and at four other sites with smaller 
liead. 

The  l i n t  plant in service is Irkutsk with 31 m head and 8 KT of 82,5 M W  each with vibrating oil 
hcads above the a1terna;ors. Irkutsk serves pertly as  an outflow regrlla!or for tlic Iiuge 700 kni long 
rescrvoir of thc Baikal Lnkz. In a typical Soviet manner the spillnays werc built here as by-pass 
outlets around the semi-spiral casing and dralt tube of cach machine and act during spillage a; a 
head enlarger by virtue of the hydraulic jump then formed past the draft tube outlet (see Fig. 3.3.2). 
This Tacilitatcs also thz deflection of ice floes during the very cold (temperature drops down to 
- 59'C) and long lnstiriy winter in this region of nearly 0' average temperature. 

O n  account of the large specific heat of water, the heat insulation of the ice sheet and thc heat flow 
from the ictcrior of thc earth, all the great northwardly flowing Siberian streams crossing about 
1500 km of perrna-frost-soil d o  not freeze completely even in winter time whilst a t  the river mouth 
there ere zones with - 17 -C average temperature. 

3) Bratsk: This is thz next station in service downstream of Irkutsk with an annual 
production of 22 TiVh. This was the greatest station output before the inauguration of 
Churchill Falls in 1970. After commissioning Grand Coulee III in 1979, La Grande 2 in 
1980, Sayano Shushensk and Itaipil (between 1985 and 90) Bratsk then will be the fifth 
larsest plant on the basis of annual energy production. With respect to its output of 
4050 MW Bratsk was the most powerful station from 1962 until 1968 when Krasnojarsk 
started. Now it  is the fourth largest after Krasnojarsk, Gran Coulee 1-12-111 and Churchill 
Falls. 

Also the high voltage transmission of 500 kV built with the assistance of Savoisiennc (France) was 
the first of this type. The 220 MW FTs once were amongst the most powerfill, consisting of 
icteg-ally cast runner hdvcs, bolted together on site with welded shzft, and having 14 runner vanes. 

The rescrvoir oi Bratsk with a capacity of 169 km3 remains however the largest artificial lake located 
in the midst of the nearly everlasting virgin needle forest of Siberia, the so-called Taiga. 

It is closed by a 1500 m long and 110 m high gravity dam with a 400 m long power house 
on its base (Fig  3.4.49). Owing to the time taken to fill the reservoir, energy production 
of Bratsk started with a llalf filled basin. This caused a rather r,oisy stalling cavitation in 



the midst of the rotor channel, which was eliminated by injecting air at the rotor vane's 
inlet edge 12.361- 

A symbol of Soviet power, "victory of men over nature in concrete, the New Jerusalem 
song of the poet Yevtushenko, the shop window of Siberia. Bratsk has been all of these 
for the pioneers of its period of construction" says Heudrick Smitll [2.37]. But now other 
giants have appeared. 

In the north of Bratsk begins the perma-frost soil. In this zone such work as tunnelling and  digging 
the foundation of dams and buildings becomes extremely difficult. Any larger construction in the 
course of time melts the upper layer of tlie soil by heat transfer, destabilizing its foundation. Such 
troubles were envisaged at the northern sites of the Angara like Ust llim and Bougatchany, the first 
of which is being put to work the second probably yet under erection. 

2.3.5. The Volga (USSR, European part) 

With its length (3700 km) its catchment area (1 385 000 km2) and its average discharge 
(8000 m3/s), this is the twelveth river in catchment area and the fifteenth in length [1.1]. 
Its slope within the harnessed section varies between 0,012 and 0,002%. With a mean 
value of 0,04 % it is one tenth of that of the Columbia. Its development will be made by 
nine barrage power plants with heads between 11 and 24 m of which two remain up to 
the moment only as projects. Its actual annual output is 29,5 TWh at 7100 MW installed . 

capacity and its final values will be 3 9 3  TWh and 10270 MW. 

The plant "22nd Congress" at Volgograd (formerly Stalinsrad) with a head of 23 m is 
the third low head plant (H < 30 m) in annual output (11,l TWh). The reservoir of 
Kouibishev is the second largest artificial lake in surface area (6450 km2). 

Inaugurated in 1960 with its 22 KTs of 1 16 M W and 9,4 m runner diameter, the 22nd C o ~ ~ g r e s s  plant 
has had for a long time the largest Soviet manufactured huge KTs with the largest runner diameter. 
In Western K T  plants the runner diameter is only up  to 8,4 m, e.g. in the 4 - 70 M W  plant "Asch- 
ach", Danube, Austria. The actual largest runner diameter in the world of a K T  is 11,3 m at the 
Chinese Changjiang plant Gezhouba (P = 2 - 178 hlW, rated head 18 m, maximum head 27 m). 
These machines are similar to  Western design (e.g., runner servomotor with movable cylinder under- 
neath the blades) and operate smoothly. Moreover Gezhouba has K T  sets with 10,3 In runner. 

The original Volga plants were provided with fish passes about 9 m in length in its 
casings, to enable the migration at spawning time of the big Volga sturgeon, the Beluga 
(Accipenser huso), which reached a length of 9 m [2.38]. This is the producer of the Beluga 
Malasol (mildly salted) Caviar, a valuable export for foreign currency. But now, when the 
size of runners has grown up to 9 m the Beluga when ready to  spawn is reduced to 2 m. 
(Note animals inversely proportional to  machines!) 

2.3.6. The Zambesi (Zimbabwe, Mozambique, Africa) 

The Zambesi has the third largest catchment area (1 330000 km2) and discharge 
(3500 rn3/s) in Africa, and is the forth longest there (2660 km). Its catchment area is at 
rather high altitude half of its course being above 500 m. But it lies also in a n  area with 
26% less rainfall than the Russian Angara, namely 2,81/s/km2. Downstream of the 
steeply inclined reach following the Victoria Falls (0,16% along 250 km) it has a mean 
slope larger than 0,04 % . 

The slope is even 0,07% over the 250 km long reach now suemerged by the reservoir of 
Cabora Bassa. There are two large barrages: Kariba (125 m crest height) in Zimbabwe 



(forrnzrly R 11odcsi:i) a n d  Cabora  Bassa ( 1  60 m crest height) in Mo;:ambicluc forming two 
o f  the Iargcst artilicial storiigc basills in v o l u ~ n c ,  surface a rea  a n d  Icngth, n;l~ncly: 

Karibri: 160 km', 5180 km2. 280 krn.  C n b o r a  Bassa: 60 k m J ,  2700 kn12, 250 km [I.1]. 

T h e  Ilarncssablc potential of the Zambcsi  (130 T W h )  is of the same  orclcr a s  that  of the 
Yenissci (140 TW h)  because of its highly elevated area. But the devclopme~l t  of these 
resoitrces has  n ~ ~ r n c i - o u s  political problems. 

The C a b o r a  Bassa stat ion which is s h o w n  in Fig. 3.4.55, a n d  whose energy is mainly 
exported t o  the South African Republic, h a s  t o  da te  been constructed in its first phase 
only (power house o n  the southern  river bank) with 5 sets of 415 MW resulting in a 
capacity of 2075 k1W. T h e  rated discharge is 1974 m3/s (average discharge there 
2750 m3/s). Hencc the spillway of the  ski j u m p  type is t o  opera te  nearly continuously. T h e  
1 8  T W h  annua l  output  is the largest in  the  southern  hemisphere a n d  Africa. T h e  specific 
initial cost in 1974 was  180 US$/kW. 

The Francis turbines (FT) of the first phase were assigned to a French G~rmi in  syndicate (Neyrpic 
Grennhle, France and J. ,\I. C'oich, Hcidcnheirn Fed. Rep. of Germany). They arc, by their rated 
oulput of 415 b1W. the most powerful turbines ever built in s Wcst Gcrnian workshop. At a rated 
head of 113.5 m, thcir runncr diameter of 6,56 m is rclativcly small. This results in a runner weight 
of 165 Mp, modest cc.nlparcd with the 1GOO h l p  of its alternator rotor (see Fig. 3.4.16). 
N -  t\trthclcss .., these \\eights and dimensions were beyond the transportation f:icilitics in Mozam- 
biqirc. Therefore the runner made in the workshop of a European firm, was split along a plane 
cormal to thc axis (see Fis. 2.3.6). The upper vaned part was integrally cast with thc' hub from 
stainless steel 117?/o chrome, 4 %  nickel). The shroud was welded from integrally cast pieces made 
of stainlcss stcel (13O/0 chrom, 14% nickcl). The lower part of thc runner vanes was cast from the 
satns htainless steel as the shroud. 

Fig. 2.3.6. 4 I5 X I  W Francis runner of CaSora Bass?. Zambezi, Mozambique, Africa, on two column 
lathe in Voith \vorks. Heidcnheim, West Germany, split into two halves for transporting. Note flaps 
to retain good iilignrncnt. Runner: weight 165 tons, throat diameter (scc also Fig. 3.4.16) 6,56 m. 
Designed and n~anuf;tctured in close collaboration by J. M. Voith, l-leidenheim Wcst Germany and 
Neyrpic, Grenoblc. France. (Photograph courtesy J. M. Voith, Heidenheim, West Germany). 



After linishing, i t  \vns welded to the shroud. For assembly bcfore and after transport. the vnnc at thc 
joint of both scctions were equipped with flaps. latcr removed. The welding of the t\\a hnlves of the 
runner on site was followed by static balance and finish. Normalizing rvns not required. 

Because of the long distance of 1400 km to  the main consumer in Pretoria (South African 
~ e p u b l i c )  a high voltage DC transmission of 1000 kV was provided, based on thyristor 
technique. Strictly speaking, a DC of 1000 kV has + 500 kV against earth. 

On account of the cost of converters at both ends of the line the application cif DC trans~nission is 
only economical lor lines longer than 500 km without an intermediate consEn1er. Therefore the 
transmission of Cabora Rassa can be considered as typical for the further developmsn: of ri.ater 
power in remote areas [2.39; 2.401. 

2.3.7. The Danube 

In harnessed potential (43 TWh), length (2850 km), average discharge at its mouth 
(6400m3/s), the Danube ranks second in Europe, behind the Voles (for comparison: 
Rhine, 14,7 TWh, 1300 km, 2200 m3/s). Its harnessed potential is about 30 TWh. 1:s 
catchment area is 817 000 km2 (only 1 3 3  % of the Amazone's). 

The Danube comes from the confluence of the two small rivers Brez and Brigacl~ Ilvhich 
have their sources in the German Black Forest) st an altitude of 680 m near D n ~ ~ z u -  
eschingen (Federal Republic of Germany). It starts passing the Jura mountains at T'utt- 
lingen where at low water it seeps completely into the ground then feedins the catchment 
area of the Rhine by the Ache at Lake Constance (altitude 390 m). Throush its passage 
through the Jura (about 200 km long) it continues ;o lose water up to its confluence p i q t  
with thc Iller near U:m. In consequence of the seepage into Jurassic ground, the first 
269 km long reach of the German Danube with its available head of 335 m cannot be 
economically exploited. This is reflected by the small installed capacity of only 7 h4W 
along this reach. 

Here the Iller, its first Alpine tributary has a much larger discharge than the Danube. 
Hence any effective harnessing of the Danube starts from here at an altitude of 477 m. 

Over the next 378 km of the German and finally the mixed German-Austrian sectian up 
to Jochenstein, the Danube has a mean slope of 0,045 % and a drop i!l level of 175.2 m. 
A cascade of 24!4 power stations with an annual output of 2,64 TWh and an installable 
capacity of 430 MW is planned along this reach. 19 !4 stations are already ir, service. 

In the following Austrian and finally mixed Austrian and Czechoslovakian seciion of 
330 km length the Danube has a mean slope of 0,043 % and a drop in level of 149 m. 12 
power stations are planned with an annual output of 14,6 TWh and an installable capa- 
city of 2402 MW. To date 3 %  of them, namely Jochenstein (by 72 of its production), 
Aschach and Wallsee Mitterkirchen and Ybbs Persenbeug are equipped x i th  vertical 
shaft Kaplan turbines and the residual plants with bulb turbines. Altogether they have 
an annual production of 8,75 TWh and an installed capacity of 1450 MW. 

In the following mixed Czechoslovakian-Hungarian section the river's slope falls to 
0,006 %. Therefore any passage of the Danube at low water beconles difficult. To improve 
the navigability, the river is diverted into a 142 km long channel. A drop in level of 51 m 
is used by 2 channel power stations now under erection: Gabcikovo and Nagymaros with 
an installed capacity of 850 h4\V and an annual output of 3.98 TWh. 

The following Yugoslav section of the mean Danube of 436 km length with a n  average 
slope of 0,00624 and a drop in level of 27 m will be used by the plant Novi Sad with 



i .5 -1'\\'Ii ;i l l ; !  !' - 3FO k\'<. ; I ( I . L Y I ~ ~  priijcctcd. 111 the next nlixe<i Run~;rni:t~t ;~r;d Y11gc;slnv 
i'c'c;~o!i o f  I I ! ~  I ; ~ C ; I ~ I  l ) ; ~ ~ l i ~ l > ~ .  40:! k r l ~  long, the d r n p  in lcvel i s  42.5 m, and tllc slopc riscs 
l ~ c c ' ; ~ \ i o ~ : ; ~ ~ l '  !o :).O.: ",, :I[  I I ~ C  site o f  the I r ~ n  G ; ~ t c  I (Yugoslitvia's Djc.1-cl;lp, Rum;lni:~'s 
!'ortc i;crilt:). 'i'lic Ir-011 (;;tic I ~>l; tnt ,  cquippcd with vertical sli3!;1 l iaplal i  turbines, has  
'ncc.11 c)pcr:i!ing sincc 1070. 'l'hc I ron G a t e  11 plant equipped wirh bulb turbines, is now 
U I I C I C T  c rcc i io~l .  

T'hc folloi\.111g 4Si) k111 long mixcil Yugoslav, Buigarian and Rumanian scction with a level 
d r o p  of21 rn \ \ - i l i  havc 3 p l~ in t s  ecli~ippcd with bulb  turbines o;lly projected, with 9.2 TWh 
annil::~l ou!put ;111d I30U IMM' installed capacity altogether, [2.41]. T h e  Inst sec l io t~  cannot 
be harnes~cci .  11  burdcrs on the USSR. 
- r I l ~ ' s i t ~  of- the 11-or; Gats- 1 [2.42] with an a l ~ n u a l  o u t p u t  o f  11,4 TWh ancl ;In ins!a!led 
ctlpilcii~ :>f 2140 31\V. is tile biggest river powcr plant in Europe  with the world's most 
powe;iu: K;i;2ian !i~l'bincs of 1% M W  unit output.  

This turb~nc i-.,I. a runncr dlumctcr of 9,5 m. It is the 3rd largest in thc world lrftcr thc Chinese 
Gc/hoab.~ t~:r!:~nc\ I I I . ?  rn) and thc Russian Sarntov turbines (10,3 m). I t  was dzsigncd by LMZ 
:I.er:!ri~rati~1,1~ n~cl,lllcc.\I\~j labod = 1-cningrad hlctal Works). 1 hrec of the 6 Rumaoian units were 
iclb:lc;~tcd :n r t ~ t .  KC>I!:I LVorhs I. Rumsnia. According to the author's im~rcssion :hc turbines 

t-ig, 2.3.7. Lo~igitudinal sccrion of the power house and Kaplan turbir~c set at the Iron Gate, 
D.lnubc. RLII~I,II;I;~. i'l!s~~i;~\.iit (owner 6 sels Kumanian Atate power board, 6 sets Yugoslavian state 
r 1 .  H - 2 1.6 to 35.46 ni: 11 := 7 1.5 rpm; P, = 178 hl W; 12 sets dcsigned by 1-eningrad 
rnc1~11 \\nrhs (l.\IZ1. 3 S C ~ S  n~an:~fnc*urcd by Rcsitn Works. Runlania (Drawing courtesy Resita 
\\'orl,s. R urn~nir~).  
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operate rather smoothly, but some of thc Rumanian units suffered badly from cnvitation pittins after 
one year of full load opcr:ttion, sec Fig. 10.2.7. 

T h e  power houses o n  each river bank each have 6 vertical shaft sets with Kap lan  turbines 
of  6 runner blades [2.42], (see Fig. 2.3.7 a n d  Table  2.3.3). 

Table  2.3.3. Data  o f  the I ron G a t e  p lant  (Rumania ,  Yugoslavia). 

Mechnnical equipmolf: Designed by LMZ Leningrad. 3 sets machined at Resita Works Rumania. 
The power house on each river bank has each 6 vcrtical sets with Kaplanturbines each with 6 runner 
vanes. 
largest net head 35,46 m . 
rated head 27,16 m 
smallest head 21,6 m 
head for tcmporary operation 10- 18m 
rated discharge 732 m3/s 
rated output 178 MW 
rotational speed 71,5 rpm 
ruaaway speed 180 rpm 
guaranteed efficiency 94 % 
runner tip diameter 9,5 m 
total weight 1400 t 
control system oil pressure 40 bar 
maximum crane capacity 2 . 4 0 0 + 2 - 1 6 0 t  
Generators (three phase, 50 Hz) 
rated output 190 MVA 
voltage 15,75 kV 
power factor 0,9 
guaranteed efficiency 98,2 % 
total weight 1300 t 
transformer voltages 15,751220 kV and 220/400 kV 

Spillway: 
14 Double hook sluice gates for discharging 15 500 m3/s width 25 n~ height 14,s m. Volume 
620000 m3 concrete, separalion abutment thickness: 7 m. 
Maximum width: 440 m. Maximum height 60,60 m. 
Barrage: 
Type: Gravity dam. Length of whole barrage inclusive of power house 1100 m. 
Power house type: Tall hall. Number: 2. Length 210 m. Maximum height inclusive draft tubes: 
84,2 m 
Storage basin : 
Maximum length: approximately 200 km (backwater reaching upstream of Belgrad). 
Inundated area 101 km2. Reconstructed roads: 160 km. 
Reconstructed railroads: 24 km. 
Historical sites such as the table of Trajan, the city of the Island Ada Kaleh have been conserved 
in a museum. 

Volumes: 
Excavation cf alluvial soil 18 000 000 m3 
Rock excavations 5 000 000 m3 
Concrete simple reinforced 3 200 000 m3 
Earth dam 5 000 000 m3 
Rock dam 2 500 000 m3 
Electromechanic equipment 68 000 t 
Costs at  European level 395 million US$ 

*) From a special issue on the Iron Gate Plant of the Resita Works. Rumania. 



A rcmarkablc fc;l~urc of this plant is the rather large ilrca of 101 km' of m;~inly ar;rblc ant1 iiillilbit~d 
lalid. wii~ch \\>as in[tndatctl by darnm~ng the D;lnubc. New IIOIISCS Ii;~d to be bltilt f<>r 32 931 pcrso~is, 
160 km roads. 2.1 km ritilroad lines mainly i n  tunncls arid on bridges, and 7 I~ ;~rbo l~rs  1i;rtl to be 
rcconstruc-tctl. 18% of thc tot;ll c o ~ t  of 395 millions of U S  $ h;~d to be k. r ;~ ik l  for indcmnilic;~tion alld 
ground acquisition. On the Dunubc see also I2.46 to 2.491. 

2.4. Exceptio~lal sites 

2.4.1. Churchill Falls (Churchill River, Labrador, Canada) 

Nearly the wholc plateau of Labrador is drained by the Churchill River. At a distance 
of 300 km from its mouth i t  eats into the plateau over 35 km as a deep gorse with il mean 
slope of 0,9'%. This contains tlie Churchill Falls with a drop of 75 m. For this latitude 
the precipitation is remarkably high (20 I/s/km2). 

According to Corillo,~ [ I .  I] for this catchment area of 79 000 km2 only the Italian Po has a greater 
figure namely 22 Ils/km2. The mean discharge (1600 m3/s) is modest. I n  drop of Icvel along tlie 
developed river section (323 m) the Columbia, Parani and Angara arc nearly equal. 

The discharge and spillway operation of the Churchill Falls is nearly completely regu- 
lated by numerous lakes of glacial origin regrouped into one lake of nearly five times the 
original surface area by the construction of small earth-filled dikcs of 10 In average crest 
hcisht and a total length of 64 km. U~lder  this the Smallwood reservoir (25 300 hm3) can 
be distinguished, mainly constructed to divert the drainage of many of these original lakes 
from the Goosebay river system into the Churchill. The exploitation of the available head 
of 323 m is made by one single power station. The energy production started in 1970. 

With its anr?ual output (34.5 TWh), Churchill Falls headed until 1982 all the power 
stations i n  the lvorld. Now La G~.ande 2 heads with 35,8 TWh. Work has also stzrted on 
another deveiopment, Gull Island (1800 M W, 12 TWh) 200 km downstream of Churchill 
Fa!ls. 

In the words of Corillo~t jl.11 the high head of 312 m, the elevated precipitation rate, the 
nearly complete regulation of the discharge by one tremendous reservoir, the topographic 
conditions which reduce nearly all ?he civil engineering work of storing and collection 
render Churchill Falls an exceptional site 12.431. 

- Data of site: Annual precipitation 765 mm. Temperatures: Range - 48°C to 30°C. avcrage 
annual - 4 -C. Topography: 396 m to 580 m altitudes. Hills rise 150 m above thc plateau Icvel. 
Watzr level lo\\tr Churchill River gorge at power site 129 m. Vegetntion: Shallew muskeg and 
irregular spruce forest. Surface Geology: Irregular deposit of silty sand, gravel and boulders in 
random thickness up to 12 m. 
- Data of plant: Dikes: Number 88. average height 9 m. maximum height 36 in. longest 6041 m total 
v o l ~ ~ m c  ~f material used 20 - lo6 1n3, largest volume of a single dam 1,95 . 10%'. Reservoirs: 
Smallwood and OssoLmanuan with 65 000 km2 surface, 31 100 hm3 storage volun~e, 6510 m3/s dis- 
cli.~rge capacity. 58 SO0 m3 concrete. 

- Power installations: Gross head 323 m, 1 1  units with = 47.5 MW. Vertical FT, spiral 
casing embedded in concrete without shut off valve on the inlet except for the gate at the 
penstock intake (see Fig. 2.4.1). Wicket gates operated by a pair of servomotors opposite 
each other on the pit wall. Thrust bearing supported by conical trunk on head cover. Two 
journal bzarinss. Runners from Dominion Engineering with vane leading inlet edges 
parallel t o  the shaft. from Marine Engineering (licensee of Neyrpic) with dihcdral angle 
to  cut more smoothly the wakes past the gates. 



Fig. 2.4.1. Schematic 1ongitudin:ll section of plant and power house Churchill Falls, Churchill K,r,cr, 
Labrador, Canada (owncr Churchill Falls corp.) 11 sets with FTs designed by Neyrpic Grcnoble, 
France and manufactured by hliirinc Engineering Canada and Dominion Engll;ccring, H = 3 I:! m, 
n = 200 rpm, P = 483 MW. (Drawing from I'ublic relation office Churchill Falls Co.) 

According t o  tests carried out by Nctsch, the design with inlet edges parallel to the shaft is noisy 
[2.44]. The compact design. thc el:~stic response of its stationary welded parts to wakes past the spiral 
tongue, stay and guide vanes, and thcn cut by the runner vanes, the concentration of losses on a 
cylinder of about 6 m diameter. first or all due to  vortex generation. these altogether create such a 
noise in the turbine pit, that tllc usc of ear plugs is imperative and hence a special noise, caused by 
damage, is hidden from the human eilr. 

Other details are the gatc lcvcrs with brci tki~~g bolts. This is a rather risky device in a turbine with 
no shut off valve with such a long penstock. The obvious saving of this omission has been balanced 
by the planning staff against thc possihlc d;lmsge under a sudden load rejection, simultaneous 
reaction of breaking bolts and subsel~ucnt runaway. 

The bottom of the elbow draft tubc is 3 tinlcs thc runner throat diameter underneath t he  throat to 
prevent the entrance of air from the sllrpC cll:~n~bcr downstream by a level drop under a sudden load 
decrease. The whole machine is a very co~lIp;~ct dcsign. Pertinent data see Table 2.4.1. Elevation see 
Fig. 10.3.3. 

Energy transmission: By transfc~rmcrs in two stages from 15 to 220 kV in underground 
transformers and then by tr;\nsfdrtilcrs in the outdoor switch yard up to 735 k V  for the 
1200 km distance to the next corlsutilcr. In urlpopul~lted areas the towers have only one 
abutment on the earth kept in t~prigflt pclsition by anchored cables. 

- Townsite: The remote area necdcd lllc ~rcction of a townsite with an airport offering 
a regular air service to Montreal, 1100 di~(il11(. The permanent town site, which was 



T'ablc 2.4.1. Dcsign data of Cliurchill F:~lls po\vc.r plant.*) 

Turbines: <;enerators: 
Rated net head 312 m Itatcd capiicity 500 000 k V A  
Ratcd output 483 MW Rated voltagc 15 k V  
Rated speed 200 rpm I'owcr f;~ctor (ovcrcscitcd) 0,95 
Runaway speed 330 rpm Synclironous reactance 100 % 
Scroll case inlet diameter 4,45 m Transient re:lctancc 33 % 
Runner inlet dinmeter 5,82 m Jncrtia constant 3.47 min 
Runncr throat diameter 4,30 m ltotor diamcter 9, l l  m 
Runner weight 77,l t Rotor wciglit 576 t 
Total weight 907,O t Stzitor core depth 2,98 m 

Total weight 1020 t 
Penstocks: 
Number: 1 I .  Length 426 m. Internal diameter-concrete lined: 6,l rn. Internal diameter - steel 
lined: 4,45 m. 

Powerhous::: 
Maximum length: 296 m. Maximum width: 24,7 m. Maximum hcight: 45,l m. 
Surge chamber: 
Length: 233 m. Width (varying): 12,2 to 19,s m. Height: 45,l m. 
Ven! shaft: 
Diameter: 6,l m. Depth: 253 m. 
Tailrace tunnels (unlined): 
Number: 2. Width: 13,7 m. Height: 18.3 m. Average length: 1692 m. 
Trltnsformer gallery: 
Length: 261 m. Width: 15,2 m. Height: 11,9 m. 
Cable shafts: 
Nuinber 6.  Interi~al diameter: 2.13 m. Average depth: 264 m. 

*) From a special publication of the Churchill Falls Labrador Corporation, New Foundland, Canada. 

utilized by construction stan initially, provides housing, shopping, medical and security 
ser~ices for the residents. Accommodation is provided. For the population and the public 
a conservation programme was implemented to preserve and protect the natural cnviron- 
ment. 

Penrtanent residents number about 900. Of these one third are for the maintainance of thc access 
roads, the roads to the airport and the airport itself, another third arc employed in plant operation. 
The remaining third are employed in the service sector and on the plant as white collar workers. It 
seems advisable to operate in such a remote area even a highly automated plant with a staff of white 
collar men capable of operating the plant by themselves in an emergency. 

- Financing: Cost estimates established the capital required to complete the development at 
936 - lo6 US S. To meet this requirement the largest fi~~ancial assistance ever undertaken for a single 
industrial enterprise was negotiated. 

2.4.2. Inga (Zaire, Congo) Africa 

Due to  its second largest catchment area (3 800 000 km2) the rather high altitude of this 
area even'in its lower course and the high precipitation (30 I/s/km2) the Zaire (Congo) has 
the largest harnessable potential (700 TWh). 



In Kinshaha-Brazzaville the Zaire is completely formed even though i t  has an altitude of 
300 nl. The following section constitutes the Inga Rapids wit11 100 m level drop along 
15 km (see Fig. 2.4.2). Taking into account the considerable average discharge 
(42 000 m3/s) these rapids arc the site, where the biggest harnessable hydroelectric 
potential in the world of 300 TWh is concentrated. This is about the annual electricity 
production of West Germany in 1973. 

Fig. 2.4.2. Location of the sites of the Inga schemes 1, 
2, 3, 4 on the Zaire River (late Congo), Zaire, Africa. 
Schemes 1 and 2 operating. Large scheme 3, in the 
planning stage, will short-circuit the schemes 1 and 2. 
Usable potential of scheme 3 : 300 TWh. (For compa- 
rison: 1973 electricity consumption of West Germany 
(the world's forth largest consumer after USA, USSR, 
Japan): 369 TWh in 1983.) 4: large project. 

According to Cotillon [1.1] the development of the site could be accomplished in the 
following two ways. 

The first consists of a diversion of part of the discharge without a barrage through a gap 
on the right river bank into the dead valley of N'Kokolo (formerly van Deuren) where 
the barrage of Shongo creates a head of some 60 m: Annual output 26 TIVh. The second 
way consists of a diversion of the whole river under low water conditions into the valley 
of Bundi tributary (see Fig. 2.4.2), at whose mouth a barrage of 150 m crest height was 
built earlier. Annual output: 300 TWh achieved by a number of convenient stages for the 
development of the power house. The large project shortcircuits the small project. 

In the small project which has been preliminarily chosen, the completion could be done 
in two or  three stages, namely Inga 1 (in service) 350 MW;  2,4 TWh;  Inga 2 (in construc- 
tion) 1350 MW; 9,6 TWh; Inga 3 (in project) 2000 MW; 14 TWh. Hence the small project 
could attain a final output of 3700 M W  at 26 TWh [2.45]. 

As for the large project, to date its implementation fails because of a lack of power 
demand in a distance, which facilitates an economic power transn~ission. 

2.5. Small hydro power schemes 

On account of widely varying topography and hydrographs, the hydro power schemes 
show a great variety of designs. To  be competitive with large hydro power schemes, small 
schemes as their opposites have some special features. 

Small hydro power schemes may range as "micro plants" from 0,02 to 1 M W  installed 
capacity, and as "mini plants" from 1 to  10 MW. Contrary to the limited number of large 



plants, small hydro pol,ver schemes exist in grc:it riun~ber. Sonlctir~les they are the first 
step in using a site of larger hnrrlessnbie potential; see [1.34 to 1.421. 

Most small pl;ints mainly of "niicro power" type arc located in rerliote areas of the Third 
World with a Ion popul:ltion tlcnsity, usuaily near to a smaller township with a grid, or 
near to a villngc without any electrificalion. In the first case, the consumer may be a 
factory o r  a hospital etc., in the second case the village itself. I11 both cases no essential 
and long electric transmission line has to be installed, which favours the economical feasi- 
bility of thc plant. When the sni:~ll plant is connected with ;in existing relritivcly larger AC 
grid the speed cofitrol can be omitted. In the absence of a larger grid tne small plant u 

s ~ p p l i c s  a grid by itself. Then some speed control becomes necessary. 

In countries with ;\ large usable potential not yet harnessed, small hydro power plants 
may be erected first on the more econon~ical sites. In countries with largely exploited 
hydro potential, the small hydro power plants usually are using the less economical small 
rivers with thcir strongly varying duration line. 

In thc case of economically feasible sites with falls, rapids o r  great slopes of the river, the 
latter is usually by-passed through a simple diversion, o r  a simple run-of-river scheme as 
possibly rapids tarbines (Cap. 10.2). O n  a snlall river with irregular supply and a flood 
flow relatively high compared with the rated flow of the plant, again a simple diversion 
should he applied. Any diversion has the economical advantagc that i t  saves tlie cost of 
barrage and spill\l;ay at net head and also the cost of dams along the river itself. Thus the 
civil engineering works, which normally account for two third to one half of the total 
initial C O F ~ ,  may be considcraSly reduced. 

Intakes are the Achilles heel of small hydro power schemes and their design is of crucial 
importance. Fcr  very srriall intakes of about 0,5 m3/s, a skip design has been developed, 
w!izre \+ate; and sediments jump right over the intake during flood flow. Combined with 
a riprap-lined stilling basin, this device has developed i ~ t o  cheap and effsctive intakes for 
mai~tenance-free operation. ,4t any rate sedimentation in the i ~ t n k e  channel has to be 
preven~ed. Usl:ally the intake has a screen and a stop log, which at low head may save 
the iiistallari~n of any gate or valve before the turbine inlct. 

There is a con:inuol~s debatz o-der the merits of maintenance-free versus ease-of-main- 
tenance for small hydro equipment. The first reduces the labour requirements and the 
servicing cost: the second requires personal visits and then reduces the possibilities of 
break do\vns through lack of regular visual inspection. The second should be preferred 
whzn skilled labour is readily available in the supporting community, but the first has 
many advantages when b~~i ld ing  small schemes in underdeveloped countries, neigh- 
bouring the region in which the plant is manufactured. 

The usual iow head and the low installed capacity of small hydro power schemes make 
their specific investment cost/installed kW extremely high. Therefore the initial costs of 
the schcme's components have to be reduced. They are the cost of: 

1) transmission line, 
2) civil en~ineering works, 
3) speed governor and other control devices, 
4) power house, 
5 )  accessories of each sets such as main, vdve, device for starting, syilchronizing, shut 
down, limiting overspeed etc., 
6 )  generator, 
7) turbine. 



The absence of a transmission line, a simple diversion or  run-of-river design, and the 
of any submergence meet the requirements of both the first cost terms. 

The elimination of conventional turbine speed governor, not only because the governor 
of small machines is itself an expensive constructional mcn~bcr,  but 31~0 its removal. 
permits further simplifications to the turbine (removal of gutc, needle or runner blade 
adjustment equipment), particularly when high efficiency is not a dominant concern. 
The conventional speed governor may be eliminated if the turbine is operated. e.g. at 
constant flow and constant load. To achieve this also when the machine supplies a srid 
by itself, some designs have used hydraulic or eddy current brakes. But recently, a stron? 
interest has been in the control of speed by rapid adjustment of electrical load. This can 
be done, e-g. by switching frequency-controlled separate dummy resistors across the 
alternator terminals. The encrgy dissipated may be used to heat nrater or to produce 
hydrogen by electrolysis. I n  plants connected to a larger AC grid, the speed is retained 
by the magnetic force between the armature and the rotary field of its stator. Here the 
load can be set at will by means of an opening limiter (Cap. 11.2). 

In a not too cold and rainy climate, the cost 4) of the power house may be considerably 
reduced by locating the whole set or  its generator (S-tube turbines or bulb turbines Ivith 
bevel gear) in the open air, there possibly protected by a box or  a dry shelter. 

The cost 5) of accessories for each set can be reduced by install in^ one generating unit. 
This is only compatible with varying demand if the turbine has a flat curve of efficiency 
versus its load, as for example with multi-cell cross flow turbines of the -1lichell-Ossberger 
type, inclined-jet impulse turbines of the "Turgo" type, ordinary impulse turbines or  any 
kind of action turbine, and double, or  runner-blade-adjusted reaction turbines (usually 
axial turbines); but both the latter are rather expensive. 

If efficiency is no dominant concern, e.g. when the plant uses a river with a wealth of 
hydro potential, then the multi-cell cross flow or the inclined-jet impulse turbine should 
be preferred for their simplicity (cylindrical plates as rotor vanes). 

The cost 6) of the generator can be substantially reduced by a simple step up spur gear 
or a less simple bevel gear (bulb turbine). This is usually possible in lo\\, and medium head 
plants. It may be remembered (Cap. 10.5) that any gear can be converted into a n  o\.er- 
speed protection of the generator (which also makes the generator cheaper) by means of 
a speed-operated clutch between the gear casing and its base. 

The major characteristics of a cheap direct coupled small generator are: 

a) In vertical sets, the axial thrust is carried by a generator bearing. 
b) The set has a greater propensity to overspeed. In the predominant low head range the 
rotary parts may be not overstressed during runaway. Here runaway map correspond 
more to an idling of the set. This holds especially for very small low head units where 
countermeasures against runaway, after an alarm signal, occasionally are released by 
hand operation of the inspection personal. 
c) The generator requires an extra inertia usually in form of a separate fly wheel to reduce 
Ovcrveed at sudden load rejection. 
d) Cooling is effected by means of air from outdoors. Moreover roller bearings prevail 
in the smallest units. 

Wllen (be output is below 6 MW, the exciter can be saved by applying an induction 
(as~nchr011ous) generator. This requires reactance compensation from extra capacity in 
assofi:lted synchronous machine$ or from1 special capacitors if the set supplies a grid by 
ilsclf (50 c;lllcd isolated operation). 



The cost to the matiuf:icturcr of skillcd labour at fiir distant sites can bc rcduccd 
consickr.ably or climini~tcil i f  turbine :\lid generator ilrc rtiour~tcd on ;I coninion b;tsc ylxte 
i n  thc m:~nuLicturcr's fllctory. 'This is an casy procedure for sninll sets with a horizontnl 
shaft cquipped with cross flow or irnpulsc turbines, sec 1:igs. 3.4.9 and 10. 

T o  reduce the cost 7) of the turbine, a simplified design should be preferred, e.g. flow 
admissior? through ra. pit itat the end of a flume, removal of any adjusting mechanism, low 
number of stay and guide vanes, linkage for gate adjusting mechanism in water, self or 
water lubricated bearings of shaft and trunnions, roller bearings, conical hub or plane 
disk hub, cylindrical shroud, removal of shroud, cylindrical forms for vanes and buckets, 
avoidance of any submcrgence. Such a design Inay lcnd itself to largc volumc production 
at low unit cost, o r  i t  may be manufactured in a Third World workshop using local labour 
and readily available materials. 

According to Racl~mcin~l [2.50] standardization is justified in the output range from O,1 to 
2 MW and for heads from 2 to 800 m. Reducing this only to the geometry of the turbine, 
the runner diameter should be tailored to  the working data of the site, especially ir, 
countries with scarce energy resources. 



3. Survey and classification of essential devices 
of a hydro power plant 

- 

3.1. Introduction and survey 

The various machines and devices, which are found in hydro power plants can be 
imagined to exist in a river diversion power plant. This simplifies the introduction of all 
the possible structural members, their variety, their purposes, their falling out of nse and 
eventual omissions. For example, in the case of a run-of-river power plant the diversion 
section is reduced to the turbine. 

Fig. 3.1.1 shows the elements of a diversion power plant in elevation and plan. Most of 
these members exist in special forms due to the particular requirements of an individual 
plant but mainly depending on the head. 

Fig. 3.1.1. Elevation and plan of characteristic components of diversion river power plant along its 
section of exploitation. I damming device I1 spillway 111 upper reservoir 1V Inlet structure V supply 
(admission) or piping (as the head section of the diversion duct) V1 surge discharging device VII 
Power house VIII tail race; h,,,  level drop in the damming section, h,, level drop in the supply section; 
h,, level drop in the tail race section, H ,  net head Ii, - h,,, - h, - h,,; HA = available head 
= drop in the river level along the exploited section. 



- The d;~mniing devic:e I blocks thc dotvn:;!re;ini cnd of tlic tipper bilsi11 (rcscrvoir). I n  
storage plant5 for heads abovc about 30 rn i t  consists or a barriige \isu;illy ;issistcd by 
dikes. In i\ run-of-river plant ~ v i t l i  lieads I~clow 30 rn the power house and weir, assisted 
b) Ions dikes along the rivcr banks, repl;icc the barriige. In diversion pliints this clevice 
is rcducecl to a tvcir, in  channel plants i i  cansists of dikes power house and weir. 
- The spillwi~y or flood discharging dcvicc I1  firstly controls the mrtximnrii permissible 
head watcr lwel by mealis of barragc crcst, fixed or  adjustable weirs with movable or 
rotary gates, by syphons or  by-pass outlcts. Secondly i t  l~irist enable thc passagc of high 
watcr which could be catastrophic. 

In the CitSC of a run-of-river and barrage power plant the spillage occurs under the plant's 
head. I n  tliversic~n plants the head at spillway is smaller and hence also the bad effects of 
sp i l lag~ to be controlled. For the controlled dissipation of spilled discharge a stilling basin 
at tlie foot of spi!livay is used. The lattcr call be omitted ill the case of a ski jump spillway. 
- The fish protecting device (if a fishery act exists) consists of an inlet screen at least at 
the intake of machines bat if possible also before weirs with a width small enough to 
przvent the passage of finger-thick young fishes. Otherwise a large n~ortality rate occurs, 
caused by shock or  cavitation damage. to the fish. This ranges up to 80% at a head of 
100 m [3.1: 3.21. In rivers with species such as salrnon and sturgeon, which migrate at 
spawning time, a tish pass must be provided with cases according to the length of fish (e.g. 
the "Beluga" of the Volga (Accipenser huso) reaches 9 m in length). 
-The unpcr basin (reservoir) 111 is formed by the damming device. If needed especially in 
divcrsio~i plants, the bzisin contains a sand separator. This cares for sedimentation of silt 
by flon I-c~ardation and turbidity artificially created upstream of the intake structure. 
-- Thc ir:tnkc structure 1'; for the working fluid is always underneath the lowest head 
txatei levcl, protected by a screen and usually cleaned by a trash rack [3.3]. Care must be 
taken that the inlet is frec of vortices [3.4]. In run-of-river plants the inlet is in front of 
tllz potver house. In high hex! plants i t  may be within the barrage or  a separate structural 
member, sometimes in a totver within the reservoir. In diversion plants the sedimentation 
of silt m a y  be eased. according to  i\/losorl)v' 13.51, if the structure lies on the hollow side 
of tire flow caused by the spillage. 
-- T ! I ~  supply (piping) V runs from the intake structure to the turbines. 111 the case of a 
higli head diversior? plant this device ccnsists i i l  the upper reach between intake and surge 
tank (ivhen i t  exists) of a tunnel o r  a t u n ~ e l e d  or  open channel of small slope. 111 the latter 
case tl:c surge tank is replaced by a swell weir. In the downstream reach, the so called 
"poivcr drop", the i ~ a t t r  is conveyed to  ihe power house either underground by a pressure 
shaft o r  outdoor by a penstock [3.6; 3.71. In front of the power house the main may form 
branches to the individual machines [3.8]. In a barrage river plant the supply crosses the 
dam (barrage). 

In a low head plant, the supply consists either of a longer channel (channel power plant) 
or  i t  shrinks to the bell mouth of the turbine's intake. 

- The surge relievins device VI is provided in the supply V, the hydraulic machine or the 
tail water tunnel. It should lessen the surges of pressure o r  water level induced by the 
regulation of the machine at least in the longer ducts. For high head plants it usually 
consists of a surge tank between the upper and-downstream reach of supply (sce Fig. 3.l.i) 
[3.9 :o 3-15]. -. 

Undereround power stations with a vertical o r  steeply inclined and hence short supply 
with heads up to 600 m may omit the surge tank upstream of the machine. This usually 
requires a surge tank at the inlet of the tail water tunnel which is then very long [3.16]. 



Fig. 3.1.2. Special construc- 
[ions of surge tiinks as a 
possible means of a surge 
discharging device (except 
the simple vertical shaft 
surge tank). a) Two chamber 
design. b) Throttle design; 
throttle usually with a lower 
resistance in the upwards 
orientated flow direction 
than in the reversed direc- 
tion, implemented, e.g., by -. - - - - - - - - - - - 
the backflow throttle of 
Thoma. c) Differential design with the throttle in the side tank and the overflow weir between this 
and the upper extension of the penstock. d) Johnson design where the standpipe as  the upper 
extension of the penstock in c) is surrounded by a throttled tank. 

In badly accessible areas and to save excavation costs the surge tank with an open air 
level may be substituted by an air chamber filled with compressed air [3.17]. 

In FT plants especially of higher head or  on longer penstocks the surge relieving device 
consists of a by-pass outlet, controlled by the gate operating ring in the case of a rapid 
shut down. In reaction turbines also controlled ventilation past the gates or the rotor may 
relieve the maclline from pressure surges. In PTs a jet deflector is provided as a surge 
relieving device. Surge on the level of navigable rivers caused by a sudden shut down 
[3.18] may be prevented by means of a swell cutting cam replacing the usual cam between 
the control loop of gates and the runner vanes of z double regulated KT. 

At the end of long channels i.e. in channel plants the surge of level is prevented by a swell 
weir. 

- The power house proper VII. Here can be distinguished: 

1) The power house which is designated according to its structure: a) Hall design also 
containing the main crane in the interior of a tall hall. b) Chamber design only containing 
an auxiliary crane in the interior (see also E. ~ M o s o ~ ~ j ~ i  [3.18]). c) Pit design with generaLor 
or its removable cover in the open air. b) and c) have the main crane outdoor. 
2) Power house designated according to its location relative to the river course, the river 
level, the barrage and the surface of the earth: a) Underground power house as a n  earth 
covered building or pit, an artificial or natural cave. b) Semi-underground power house 
as a pit or  building, earth covered against land slides or avalanches at the base of a slope. 
c) Outdoor power house at the bottom of a slope. d) Power house at the base o r  interior 
of a barrage. e) Submersible power house in a dam. f) Power house on a river, a s  a unit 
in a bay or split into two halves on both the river banks. g) Power house compounded 
with the spillway to form a submersible power house, a power house underneath a ski 
jump, an abutment power house [3.19]. 
- The tail water section VIII, the reach that connects the turbine outlet with the original 
river (the usual case of a diversion power plant), but sometimes also with a river of 
another catchment area (a transition plant) depends greatly on the location of the power 
house (underground or outdoor) on the type of turbine (requiring a submergence and 
hence a pressurized tailwater duct or not), the topography of the valley possibly ending 
the diversion (circuiting a large river reach) and the degree of exploitation of the scheme. 
For a long valley the more lucrative reaches were developed first. 



F-or ;I I-1111-of-ri~cr plani \vil I1 ;I powcr housc i l l  a bay this scctiorl bcco~nes as long ;IS the 
spillw:iy ;tbutmcr~t tlia r I,tjrclcl-s upon thc pnulcr lior~sc. For a bnrragc plant on a river i t  
sllririks to Lcro 

3.2. Dams 

3.2.1. Classitication of dams 

The denomination "dam" includes here only fixed clamming devices excluding a power 
house and spillwav used as a damnling device in run-of-river power plants. Dams create 
a constant obstacle to the river whereas weir gates permit a varying level obstruction 
allowing therefore regi11a:ion of head water Icvel. With the first device a large reservoir 
is made, lvhereas with the second, whose height rarely exceeds 30 nl, only a daily cr  
weekly rescrve ~vould be made. 

A darn or  a barraze consists of 
a) a solid or hollo\v bady of masonry, concrete, earth- or rock-filled, made water tight, 
b) a crest carrying usually a road, 
C) a foundation on the river bcd and a support on the slopes of its valley. Usually either 
o n  the crest or in the concrete part of the body. therc is a spillway. 

Dams are classified rlccording to the principle of resistance against hydraulic thrust as 
I )  Gravity dam fdesisnated as dike or  embankment when earth- or  rock-filled) 
11) Arch darn Lvith 5 in~ le  or double curvature 
111) hlultiple arch dam will1 buttresses as supports 
I\') Mixed dams consisting of a mixture of the types previously mentioned 
V) Zlollow dams \ i i t h  reinforced flat or  arched decks of concrete as external walls, 
supported by butt:ssscs partly filling the dam section.- 

Thc crest height of tl,e dam: This is given by the depth of the valley. It should be as high 
as possible to catch the largest possible volume of water due to the catchment area and 
with respect to the fact that any subsequent increase of height is extremely difficult and 
expensive. For this purpose an zdequate site (if there is one) has to be selected. 

3.2.2. The foundation of a dam and related problems 

The foundation of a dam includes not only that part on the bottom of the valley but also 
the part on the valley slope. The foundation type depends mainly on the quality of soil. 
I t  has to transmit the hydraulic thrust of the barrage and the loads related to i t  from the 
base of the dam into the adjacent soil. takincg care that this is not overloaded with respect 
to  its pern~issible pressure, cormal tensile stress and shear stress to  avoid slippage [3.20] 
arid landslide [Xi]. Sail and dam are also stressed by seepage-induced uplift. 

Xloreover thc ground should be as tight as possible against seepage [3.22]. If possible a dam should 
basc on rocky ground. 111 some sites, e.g. that of the Aswan high dam (3.231 the ground is formed 
hy 3 sand dcposit more than 100 m underneath the river bed. In thesc cases one has to be satisfied 
with the itljection of 3 grout curtain through pipes dowri to the upper face of the rock or by 
compressing the ground in the best possible way to avoid undermining the dam foundation. To 
prevent scepagc. biankcts [3.24] and other means are used [3.25]. 

Diirins the filling of a rescrkoir the danger of slippage of the slopes of valley is increased. In valleys 
with a steep slope. a slippngr: of soil there, originated by the basin being filled too fast, may cause 



by displacement of watcr in the roscrvoir, a surge of level, o\e:topping the dani crest \\.it11 possible 
terrible consequences. The most spectaci~lar accidcnt induced in this way by landslide occured st the 
Vajorit dam in Northern Italy with about 2000 casualitics (3.261. 

Other severe accidents occured as a consequence of slippage of soil in the abutmcnt of the darn aud 
the valley slope resulting in a barrage bursting. In this way the dam of Malpnssct Frejus in France 
was damaged destroying the village downstream of the d a n ~  site [3.27].  

T o  prcdict a dam failure, thc body of the dam and its foundation are equipped with inspection 
to control the seepage and to control displacenlent and strain by continuously gausing 

them. They are also used for drainage (Fig. 2.3.4) [3.28 to 3.321. 

~t seems advisable to inform the population threatened by a dam failure in advance that in the case 
of emergency a certain signal would be given to them urging them to flee to T, station suficisntly 
elevated above the valley ground, as to be out of the reach of a possible flood wave. Naturally such 
a point has to  be provided. 

However, the problem exists how to set the point at which an alarm should be made. A sig11aI ivhich 
was too early and hcnce too often would lose its credibility. Lifting the threshold of tripping too 
much, could be too late to prevent a disaster. According to cxpericnces, mentior,cd by Farlelli [3.33. 
3.341 dams may undergo without any danger large gradual deformation, much highcr than that  fised 
before as  the disaster limit. There remains the problem how to relate the above measurement t o  thz 
tripping of alarm. 

Latest experience with dams, e.g. Aswan dam in Egypt, located in regions origin a 11.- t not 
effected by earthquakes, demonstrate that such events may be caused by lifting and 
lowering the level of a reservoir. This seismic activity can be traced to inactive faults in 
the relatively thin SiAl crust of the earth (Si from SiO, = quartz and A1 from A1-0, 
= pure clay as the essential component parts of it) [3.35; 3.361. Hence forced vibrations 
are also used to test dams [3.37]. 

It seems likely that the effect of added forces by the weight of water in the reservoir liberates greater 
tensions in this crust. It also appears in this context that the crest height of the dam is more 
important than the volume stored. This seismic activity becomes pronounced once the he:ght 
exceeds 100 m. Here are the crest heights of some earthquake, landslide affected dams: Nurek 317 m, 
Vajont 262 m, Hoover 226 m, Contra 220 m, Canelles 150 m, Kremasta 147 rn, Monteynard 130 m, 
Cariba 130 m, Pieve de Cadore 112 m, Aswan 1 1 1 m, Konya 103 m, i3.38 to 3.4 1 1 .  

The Konya disaster of 1967, in the Indian Peninsula which resulted in a heavy loss of lives and 
considerable property damage, was due to an earthquake whose epicentre coincided with the dam 
itself (3.421. Hence stability control is required 13.431. Insurance against dam risks is discussed 13.441. 
The crest height of the highest dams is listed in Table 3.2.1. 

3.2.3. Gravity dams 

Gravity dams may exist as masonry, concrete, rockfilled o r  earthfilled dams. The gravity 
dam is a barrage which resists the hydraulic thrust by its own weight with respect to  its 
moment about the tilting edge on the downstream heel of the dam and with respect to 
its friction on the ground. A slight curvature of the dam in its plan convex to the reservoir, 
sometimes found in masonry dams, balances a part of the thrust by internal wall pressure 
instead of friction. 

An embankment is made of stones, gravel and sand, consisting in its core of concrete, 
earth and clay or loam against seepage with an asphalt coating against water action on 
its water facing side. A dam of concrete is usually erected at first in separate blocks to 
avoid internal stresses due to the release of the heat of combination and the subsequent 
thermal expansion of concrete 13-45 to 3-47]. 



Tnble 3.2.1. Cres t  hcight of d:ms I~ighcr than 200 m. 

Namc Country TY PC crcst hcight 
(in ni) 

Nurck 
Grand Dixcnce 
lnguri 
Vajont 
Mica 
Sayano Sushcnsk 
Maavoisin 
Oroviile 
Chirkey 
Bakkra 
Hoover (Boulder) 
hlratinje 
Contra 
Dworshak 
Glen Canyon 
Tokiogul 
Danicl Johnson 
Auburn 
Luzzone 
Keban 
31ohamed Reza 
Chan Pahlevi 
Alrnrndra 
Rezs Chan Kabir 
Kol brein 

USSR 
Suisse 
USSR 
Italy 
Canada 
USSR 
Switzerland 
USA 
USSR 
India 
USA 
Yugoslavia 
Suisse 
USA 
USA 
USSR 
Canada 
USA 
S\vitzerland 
Turkey 
Iran 

Spain 
Iran 
Austria 

Rvchfill dam 
Gravity dam, concr. 
Arch dam 
Arch dam 
Hockfill dam 
Arch d;lm 
Arch tiam 
Earth dam 
Arch dam 
Gravity dam, conc;. 
Arch darn 
Arch darn 
Arch dam 
Gravity darn, concr. 
Arch dam 
Arch dam 
I\.lultiple arch J a m  
Arch dam 
Arch dam 
Rockfill dam 
Arch dam 

Arch dam 
Arch dam 
Arch dam 

The  problem whether a zrauity dam is built of masonry or concrete o r  as an embankment 
of grasrzl. clay etc., depends on the one hand on the material found in the neighbourhood 
2nd t h e  tra11sport;ition fiicilities for cezent .  O n  the other hand it depends on the reli- 
ability and e~istenoe of a rocky ground, that is needed for a concrete dam, and the dam 
volume (3.481. 

If there is locally no material for making it watertight such as clay or  loam, then concrete 
is used t o  build t5e dam. o r  masonry af hewn rock f w n d  in the ncighbourhood of the 
site. In seneral a dam of concrete or  masonry rleeds a reliable rocky foundation. An 
embatikment is preferred for smaller crest heights or where it is built on deep sandy soil 
(see Aswan darn, Fig. 3.2.1 13-23]). 

In regions of greater earthquake probability a concrete dam is preferred. Nevertheless the 
world's highest dam in the hrurek power plant, Tadschikistan, USSR, being in such an 
endangered resion, is an embankment j2.171. Occasioi~ally a sravity dam of concrete is 
continued at both its ends as an embankment. I n  the case of exclusively rocky soil at the 
site c.f dam, the gravel needed has to  be quarried (Itaipu [2.28]). 

With the following list of symbols: H,.= crsst height, b = wall thickness at  mot, 1, = crest length, 
the characteristic dimensions of some iinportant gravity dams are: Nurck, Tadschikistan. IJSSR. 
H, L= 31 7 m, b = I ZOC, rn: Hoover (Boulder), Colorado r iver, USA. H, - 226 m, b = 170 m, 
I, = 395 In; G r a d  Coulee, Columbia River, USA, H ,  = 168 m, 6 = 90 m, 1, = 1592 m; Grand 
Dixence, Oixcnce river, Switzerland, No = 285 m, b = 200 m, I ,  = 750 nl (Fig. 3.2.2) [3.49 to 3-52:. 
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Fig. 3.2.1. Cross section of  an earth and rock filled gravity dam, 4ssuan power plant, Nile. E,o!pt. 
Africa (owncr Egyptian statc powcr board). Dcsign and ercction of d a n ~  by Hydro Projcct Jloscoiv, 
USSR. Power station equippcd with 12 sets of 180 M W  FTs built by LhlZ,  Leningrad. H = 7 5  m. 
Only grout curtain 5 )  prevents seepage between rocky ground 17) and loam core 1).  2) rockfilling 
3) control galleries in the loam core; 4) upstream dam; 5) grout curtain; 6) gravel: 7)  compressed 
gavel ;  8) coarse gravel; 9) rubble stone layer; 10) slurry deposit; I I )  bouldcr: 11) cllry layer; 13) 
compressed slurry and rubble bed layer between layers of sand and boulder; I.)) sofi clay; 15) sealing 
blanket of uppcr dam; 16) main sealing grout curtain; 17) rock; 18) axis of upper dam; 19) axis of  
main dam; 20) axis of downstream dam. From the Moscow Hydro Project. 

3.2.4. Arch dams 

This has an arch structure with a convex curve towards the basin originally only with a 
curvature in its horizontal section, but sometimes varying over the width and  heipht. 
Nowadays designs have also a curvature, usually varying with height, in the vertical cross 
section, sometimes leading to an overhanging crest a t  the top of dam. The \I all thickness 
rises towards the piers and the base, sometimes designed as a h i n ~ e  for reduc;ng stresses 
there [3.53 to 3.561. 

Here the hydraulic thrust is aimed to be transmitted only by wall pressure into the 
supports and foundation. Sometimes the wall thickness is enlarged abo\.e the value 
needed for rnaintenance of pern~issible pressure. Thus the additional \veight contribtites 
to greater stability (mixed gravity-arch dam). T o  eliminate tensile stresses, the Bureati of 
Reclamation (USA) has tentatively introduced the prestressing of an arch dam. This  11.-as 
achieved by embedding flat jacks within the dam wall and inflating them for prestressing 
[3.57]. 

In consequence of its thin wall, the arch dam is more susceptible to vibrations [3.58]. 
Creeping may influence the stresses [3.59]. 

The material used for an arch dam decreases with rising pressure admitted. For  a design, 
which requires the minimum of material the latter increases with crest length 1, being 
about the width of valley. Below a certain value of I, ranging actually about 600 m, the 
material required for an  arch dam is snlaller than that for a gravity dam [3.60]. 

The latter results from the different laws the wall thickness has to follow for an  arch dam 
or a gravity dam. Assuming for simplicity a cylindrical arch dam with a radius of 
curvature in the plan proportional to  the dam width 1 and an admissible pressure in the 
wall th: wall thickness is s, - I p , / p a d  in which p, is the water pressure. Assuming p, 
to be proportional to the crest height 11,  the wall thickness of an arch dam is s ,  - I hip,,. 
Contrary to  this, the equilibrium of a gravity dam requires a wall thickness proportional 
to the crest height s, - It. Hence the material required, proportional to hls, is for a n  arch 



cialn. r u ,  - 1' 11' ,I,,,, ; i l l i t  for it griIb11y Clam, I N ,  - I / , ' .  I-lc~icc tllc l.;ltio of nl;~tcrial 11scd for 
;In arc11 c!.~!:l 10 .I ;!I ; I \  it! k l ; ~ r ~ i  i s  proportiori;~l to thc width I. Tliis leads 10 t!;e ;~bdve r.csult. 

Thc const l - \ ~ c . ~ i c \ ~ l  of ; I  \i~iip!c ;trcli d a m  is not :.lclvis:tl,lc. when tllc \ v i ~ l t i ~  of v:~llcy is Inore 
than 5 to 0 riilich 1;tr~c.r tha11 its dcprh. 111 any c;tsc thc gr-oirnd Ix!s to be rocky and the 
soi! o f  thc ~ i \ l Ic?  a t  SILL '  I ~ I K I ~ (  offer 200d si~pport  011 the s i~~pt 's .  O~lierwise i t  has to be 
strcr1gihcnccl by injcc~ion of concrete and by reinfol-ccment. In any case the zcononly in 
working lime of an a r c h  d a n ~  is lcss tlian that of a grnvity dam because of the complicated 
shuttering. 

The arch d;im of Vajonr. the secontl highest in the world, Ixving st~rvived the disastrous 
landslide in  i t5  rcservoir, has thc followit~g cllaracteristics: I ! ,  = 262m, b = 23 m, 
I ,  = I90 m. The Figs. 3.3.2 and 3 show cross sections of some arch dams. 

. g i  Fig. 3.7.2. Schematic elevation of remark- 
able dmns. Gravity dams: a) Hoover d. 
b) Grand Cuulec J. c) Grand Dixence d. 
Arch dams: d )  ?I:iuvoisin d. c) Vajont d. 
f )  'lignes. d. g) Cap Dclons d. h) Tolla d. 

Fis. 3.2.3. Cross sections of Zillcrgriindl arch darn, 
Zillcr, Ausrrirl (ownzr I-auernkraftwerke AG Salz- 
burg) a) cross section through bottom discharge 
b) section of the right sidc with plumb shaft 1) rnaxi- 
mum pcrnlissible water lcvcl 1850 m; 2) minimum 
permissible water level 1740 m;  3) control passage; 
4) valve chamber; 5 )  stilling basin; 6) brim passage; 
7) bottom discharsc; 8) plumb shaft rockdrilled, 
diameter 0,; nl, depth 60 m. 

3.2.5. 3~lultipic arch dams 

This dam can be used. if the width of the valley is more than 5 to 6 tirlles its depth and 
if the fouridrltion of a concrete structure can be built on rock [3.61]. 



consists iisually of a large number (up to 40) of parabolic cylindrical shells norma!ly 
of concrete, which make an angle of about 45" with the ground level and tvhose upper 
obliquely cut ends are covered by a horizontal plate-like cantilever forming the crest. The 
lateral ends of each arch are supported by abutments. 

o n e  of the most notable n~ultiple arch dams is the Daniel Johnson dam in the valley of Manicoua9an 
river, Canada, for the power station Manicouagan 5 (1768 MW, 7,36 TWh, H = 150 m, 8 FTs) built 
betwecn 1960 and 70 in the Virgin forest of the province Quebec (Fig. 3.2.4). Its characteristics: 
H,, = 214 m, central arch 1, = 161 m, 12 side arches each 1, = 76,5 m. 

Fig. 3.2.4. Plan of Manicouagan 5 multiple arch dam (Daniel Johnson dam), Manicouagan, Quebec, 
Canada (owner Hydro Quebcc, Montreal, Canada), crest height 214 m, tallest multiple arch dam. 
(From Water Power 16 (1964), no. 10 p. 410; no. 11; p. 463). 

Constructional details see Table 3.2.2. 

Jncreasing capacity of a power station at the heel of a dam is facilitated by the angular d a m  [3.62]. 
A survey of dams is prescntcd by Mackintosh [3.63]. Research activities are listed in 13-64). 



?'able 3.2.2. Dctails of dcsign. nia1eri:ll, rcscrvoi'r, po\vcr house, and labour for thc 
example of Danicl Jolinson multiple arch tiam ( C i ~ n a d ; ~ )  *) 

- -- 

\\'eight of concrctc: 6 . lo6 tons. 1'0 obtain complccc :;ccurity of the d:lni on its foundation, i t  wns 
necessary to cxcavntc bclow thc ccnrral arch a gorgc 40 ni dccp and 20 m \vide. To sccurc ;tnd control 
thc safety of thc foundation and thc supporting soil, inspection g;lllcrics havc bccn drilled in thc 
adjacent rock. Similar p;ovision has been niadc in the concrctc. Morcovcr, itny displacement of thc 
dam is continuously controlled by land survcying. 
Total volume of concrctc used: 2.25. 10' m3. Compression rcsistancc: 316 bar ovcr 91 days. 

Composition of colicrcte 
Ccment 230 kglm3, Wclding sand 360 kg/m3 
Stoncs in the rangc 75- 150 mm diarnctcr 360 kg/n13 
Stones in the rangc 37,5-75 nim diamctcr 535 kg/m3 
Stones in the ranse 18.8-37,5 mrn Jiametcr 232 kg/m3 
Stones in the rangc 9,4- 18.8 mm 148 kg/m3 
Watcr 113 kg/rn3, additives for absorption of air 3,6 kg/1n3 

Reservoir of the Daniel Johnson dam: 
Surface: 2100 km2, length 200 km, total volume 133 km3, 
storage volumc 36 km3, catchment area 29000 km2. 
Spillway: Height 21,3 m, width 440 m, nurnbcr of gates 3. 
Volume of concrete 38 500 m3, flood flow 2830 m3,s. 
Powcr station: Installed power capacity 1768 MW, annual work 7,36 TWh, 
number of sets 8. Francis turbines, net hcad 150 m, 
rated discharge 642 m3/s, power station load factor 0,635. 
Voitages- terminal 13,s kV, transmission to switchyard 3 15 kV, 
long distance transmission 735 kV, (the first power station in the world using this voltage at the time 
of its inauguration in 1970). 
Admission: 4 gates, dimension 1 1  m 6,1 m, 
number of galleries 2, diameter of galleries I I m, length I100 m, maximum dischargc 960 m3/s. 

Production of concrete during the erection: 
hlonthly 105000 m3, %eekly 25 500 n13, dailv 4900 m3 (maximum values rcached). 
Pressure shaft: number 8, diamcier 4560 mni, length of liner 176 m. 
Labour involved: hlan hours durins construction of the dam 31 350000, 
totdl number of workers 12900, nurnbcr of workcrs during peak of construction 3544 in 1964, 
number of men, women children libing at site at peak of construction 4700. 

*) From special issue of Hydro Quebec, itlontrcal, Canada 

3.2.6. Response of present society to social and ecological impacts of dams 

There  is no d o u b t  tha t  the primary effects of the vast majority of dams  have been 
beneficial. Equally, however, there is n o  doubt,  that  many  of these dams  have contributed 
t o  unanticipated zdverse secondary effects, many  of which could have been eliminated by 
a proper planning process [3.42]. I n  addition, there seems t o  be a considerable difference 
of opinion in  j u d e i ~ i g  the  success o r  failure of some projects. 

T h e  environmental  damages  arising from the  construction of dams  are  many, and  they 
have far reachins effects, their interactions are  often so complex and  so little understood 
t h a t  ecologists a n d  environmentalists cannot  predict them with certainty. O u r  current 
knowledge of the eco-system of m a n m a d e  lakes leaves much t o  be desired. According t o  
Bislcas [3.42], e.S. low water levels caused by the construction of a d a m  m s y  result in 
serious consequelices t o  the  local fauna a n d  flora. 



~cologists 3 r d  sociologists, who often seriously qucsrion a certain projcct. find i t  inipossiblz to 
influence and convince engineers. econoniists and politicians, hailing this projcct as a tcchnnlogicsl 
triumph, bccausc of the lack of liartl facts or solrd scientific cvidencc. 

3.2.7. Environniental conscquences of large dams 

- On the physical system: Dams invariably change the river and eco-system regime and 
thus the real question is not whether a dam will affect the environment but how much 
change is acccptable to society as a wholc and what countermeasures should be taken to 
keep the changes to a minimum and within an acceptable range. 

For example, thc Assuan dam in Egypt has reduced the fish population of the Mediterranean by 
abruptly breaking the aquatic food chain in the eastern Mediterranean. Nile sedimentb and organlc 
micro organism are now trapped in the reservoir. Erosion has become a major problem. and the  
fertility of the Nile valley has been lowered by lack of sediments. Salinity in middle and in upyer 
Egypt is increasing rapidly [3.42]. 

Since practically a11 the dams built for hydropower in recent years have also been used 
for othcr purposes, notably irrigation, they also have contributed to the deterioretior? of 
soil fertility and the resulting loss of good agricultural land due to salinity and alkalinir); 
[3.42]. 
- Earthquakes: Several recent studies indicate, that observed seismic activity can be 
attributed directly t o  the creation of dams and storage reservoirs [3.42]. See also under 
3.2.2. 
- Disease propagation: One of the most serious effects in tropical climates is the spread- 
ing of water-born diseases, and the consequent suffering of millions of human beings arid 
animals. The relationship between increasing use of irrigation and the spread of b i lha r io -  
sis (carried by snails) has been conclusively demonstrated in several countries in the 
world. 
- Resettlement problems: Some of the dams have also created problems by the displace- 
ment of population. The Kariba dam on the Zambesi dispiaced about 57 000 T o n p  
tribesmen. What the planners there, often from outside Africa, did riot realize was the 
enormously colnplex relationship between tribes and their land. In the above case i t  took 
two years to clear sufficient land to meet their subsistence needs and  the government of 
Great Britain had to  step in to  avert famine. Approximately 100000 people had  to  be 
relocated for the Aswan high dam without adequate planning, and the World Food 
Programme had to rush in famine relief for the Nubians [3.42]. 

3.3. The spillway, gates and shut off devices 

3.3.1. The spillway in conrlcction with other members of the plant 

The spillway as  the structural member for by-passing the turbines may be located 
separately from the power house or  even from the barrage. In low head run-of-river 
power plants, the power house and the spillway gates serve to2ether with the embank- 
ment as a damming device and thereby conslitute a unit together with the power house 
(see Fig. 3.3.1). This unit is very compact, when the sets and spillway are located in a 
conimon block of concrete in the case of a p!ant with ejector by-pass outlet (see Fig. 3.3.2). 
Q., in the USSR to facilitate the transport of floes during the long winter. Also submer- 
"ble plants (see Fig. 3.3.3.), abutment power stations (see Fig. 3.3.4) and certain designs 



l*-ig. 5.3.1. *l'hc ScIi\v;~hcck run-of-rivcr poxcr 
p1:11t. 11ri111. Austri:~. Ib\vcr IIOUSC. i l l  bi~y. and 
spill\v;~y :Icrcws lhc sll-c:~ln coursc ;IS ;I struc- 
tul-ill uliit  corn^ thc damming dcvicc. 

Drau - 

Fig. 3.3.2. Ejector by-pass 
outlzt as spill\\.ay in USSR 
plaiit I i k ~ t s k ,  Angara. H = 
26 m: n = 83.Srpm: Y = 
8 - 90 b1W (Drawing from 
H! dro Project hlosco\v). 

Axis  cf power house 
/ 'u 

Fig. 3.3.3. Longitudinal 
and cross section of set 
(left) and sluice (right) of 
submersible plant. Rott- 
Freilassing, Saalach, 
West Germany. H = 
8,5m; P = 4 - 1 M W .  
From Mosortyi [ I  -531. 



I s '  
' 8  154 , - kr'ttv~~21~z 

4 ' ' 4  * 6 - -  - - J  L - - - J  - - - - -_ -  i (e 
I--', ------<- - - J- - - - r - - - - -  -1- 



Fig. 3.3.4. Abutment power plants. a) through c) show Lavamiinti, Drau, Austria. H = 9 m, 
P = 3 . 7.3 11W a)  clcvation arid longitudinal section c) plan of the power housc in thc abutment of 
the spill\v:ry: b) plan. From H. Larger and H. G I - c I I . ~ ~ .  d) Perspective view of abutment power plant 
KuBdorf, Inn. N'cst Gcrniany [owner Innkraltwerkc Toging). 2 welded gantry cranes built by Noell. 
(Drawing courtesy lnnkraftwerkc Toging) e) Sectional drawing of K T  NuDdorf, Inn, West Germany 
(o\vnt.r Innkraft\verkt TiSging). H = 10,l m, 11 = 75 rpm, P = 2 .24,9 MW. K T  built by J. M.Voith. 
T'nis type may yield the inost uniform inflow of all the sets (Drawing courtcsy Voith). 



of barrage power houses with a ski jump spillway above them have this compact form 
(see Fig. 3.3.5). 

Here by a skillfill arrangement of draft tube outlet upstream of the hydraulic j ump  due 
to spillage, the head can be increased compared with plants in which the spillway is 
situated separately from the power house [3.18]. This is valid during spillage. 

Fig. 3.3.5. Elevation of 
the Karakaya dam and 
power house, Euphrat, 
Turkey (owner State wa- 
ter authority of Turkey). 
Ski jump spillway. oper- 
ated by tainter gate at 
the crest of the dam. 1) 
butterfly valve; 2) ma- 
chine hall; 3) trans- 
former hall; 4) penstock; 
5) draft tube; 6) high 
water spillway. From 
Howald et al.: Karakaya ,  
a hydro electric power 
plant in Turkey. BBC 
review 67 (1980) no 2, 
p. 100/107. 

This unit of spillway and power house disappears in the case of a diversion power plant. Here the 
power house lies at  a distance from the spillway. Now the spillway may be reduced i n  size as spillage 
occurs with a spillway head usually rather small compared with the plant head under which spillage 
occurs in barrage or run-of-river plants. 

Sometimes in such diversion plants a sophisticated spil!way is omitted, as  the flood flow 
here is left to the original river reach which has been short-circuited and which is capable 
of receiving this flow (e.g. a dpcp gorge). Hence, e-g., a riprap flume nlay fit. 

3.3.2. The spillway 

3.3.2.1. The duties of the spillway 

1) Maintenance of maximum permissible water level in the head water reservoir. 
2) Dewatering of this reservoir so as  not t o  be detrimental t o  the foundations and  
construction of the plant in the case of catastrophic high water with closed turbines. The 
discharge due t o  the latter is usually a multiple of rated discharge. As a n  example, the 
lower Inn along the West German-Austrian border has, downstream of its confluence 
point with the Salzach at Simbach-Braunau, a catastrophic high water of 6000 m3/s, 6 
times the rated flow. But there may exist cases in which the latter is a nearly vanishing 
portion of the flood flow whereby the power house is degraded more o r  less t o  a small 



appcntlis of the spillway. Such ;i situatio:l exist?;. c.g. i i l  tllc first SI ;~$C of t l ~ c  i!c\cIop111~11t 
of ;t hugc I iver in a developing coilntry (KC Pis. 3.3.6) [3.05 i t )  3.7 I]. 
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Fig. 3.3.6. Examplc ofthe difircnce in the mcthod of river developlncn[ :I) In ;i dc\uloping country, 
St. Paul river, Liberia, Africa, and b) in a dcvclopcd country. hcrc Tricr. R1osc.I. W C S ~  Germany. 
1 )  Flow duration curve: 2) river-bed; 3) power housc. 3 a. 1 )  1st stiigc; 3 a. 2 )  2nd stage; 3 b) final 
stage; I )  spillnay; 5 )  side barrage; 6) main barsiigc. I),, mean f low rate. Q,, , rated flow at'tcr 1st stage 
of  development. Q,,,. rated flow, x Q ,  mean n~;irrimrim flow riitv. (Drauing and graph courtesy 
Messrs Siemens, Erlangen) 

3.3.2.2. Survey of flood discharging devices 

The flood discharging device may be of a fixed structilrc (weir on the crest of thc dam, 
pits, syphol~s)  or a movable structure (gatc) of the trn~lslational or rotnr) typc. Ciiites may 
be actuated manually, through servomotors and aiitonistic:illy, b y  nicnns of electric, 
hydrauiic or pneumatic devices. Imperative i s  the reliabi!ity of n spiliway. 

3.3.2.3. Fixed flood discharging devices 

I. Weirs on the crest of the dam: The utilization of the crest of thc dam as a flood 
dischareins device is a common practice, especially for'co1:crcte or masonry gravity 
dcms. Its advantrige exists in the availability of the whole width of tile dam. thus t'acili- - 
tating a spilled flow iamina, combining a large capacity with a sniall dcpth of lamina 
[3.72]. 

11. Weirs within the structure of a dam, locaied laterall? (scc Fig. 2.3.7). Such a design 
!eaves the central part of dam free for other purposes. Tillis the power house can be 
constructed there. In other cases a spillway of the ski jur!~p type is laid above the power 
house in the dam's centre [3.73]. 

111. Pit type weirs, (drop shaft, morning glory): In this case (see Fig. 3.3.8) the weirs are 
arranged around the circular crest of a pit. This structure may be far away from the dam 
and Inay dewater into a tunnel. Such a design is recommended for exnmplz with a 
thin-\valled arch dam, releasins the construction of the dam from possible vibratory loads 
under spillaee. It may also be fitted to  rin earth- or rock-lil!ed embankment to avoid 
erosion. It is preferable also for very large flows [3.74]. 

11'. Syphons: This design (see Fig. 3.3.9) consists of one or  more syphons in par;lllel united 
at their upper end with the head water and at their lower end with the tail water. 

When the head water reaches the inncr crest of the syphon. the wntcr cornmenccs flowing. Then the 
air within the syphon, now separated by means of a trip baMe is spilled downstream. Hcnce the 



Fig. 3.3.7. Spillway on the side-of the 
main dam. 

Fig. 3.3.8. Pit type spillway 
(morning glory). 

Fig. 3.3.9. Comparison between siphon a) and 
b) spillway with overflow weir on the crest of 
a dam. 

discharge increases finally propelled by the head on the weir, nearly coinciding with thc !lead of the 
plant in case of a river power plant. This is contrary to  the weir at the crest of a dam or a gate, where 
only the relatively small head on the crest h, does this (see Fig. 3.3.9). 

When the head water level falls short of the inner crest of the syphon, the l a ~ t e r  is aerated, thereby 
cutting suddcnly the flow. Thus the head water level is automatically controlled without any 
sophisticated movable device, within the range of vertical distance, h,, of the ceiling of the intake and 
the inner crest. This is of the order of a few cm (see Fig. 3.3.9). 

On the contrary the crest of an ordinary weir must be at  a vertical distance k,, underneath the 
maximum permissible head water level, in which h,, is the head on the crest needed for spilling 
catastrophic flood flow Q,,,. According to the known weir formulas 11.531 Q is proportional to 
bh;A2, b being the width of the crest. Considcr a syphon of the same width and the satne cross 
sectional area bh,, of the spilled flow lamina at  the weil crest. This needs only ( h , , / ~ ) ' ' ~  times the 
crest length of a comrnon weir to discharge Q,,, H being about the plant's head. 

Hence a syphon is reasonable, if 1) the level of head water must be maintained accurately, 
2) this level control shall be simple and automatic, 3) the width b of the dam crest is 
limited, 4) the catastrophic high water flow is very large. 
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3.3.2.4. Weir gatcs as 311 adj1lstal)l~ tlood discharging device 

1. Catcs \vith tran.;latior~;~l nlotion: Tlicse arc sluice gatcs. I-or micro power plants m d  
small hc::~ls they con:;ist o f  a frame c;f stccl c:lntilcvers f i l l ~ ~ l  with wooden planks and 
opcratcd by :I rack. For larger plants they arc fabriciltc~l fro111 a frit~ne\vork of stt'el 
cantilzvers, covered by a stczl liner on thc side of hcad writer. They may be coniposcd of 
simple a r  lnultiplc sluices. 

The spillage may occur I )  between the upper. and lower sluice, 2) underneath the gate, 3) 
above the upper fate usunlly either along a nozzle shagcd guide face or a rounded backed 
weir. 

The procedure 3) has the advantage of spilling easily floating bodies like driftwood and 
leaves. For  high water usually the gates arc lifted thus allowing the flow to pass tinder- 
neath :!le lowcs~ sate [3.75 to 3.771. 

The gate adjustment, eased by counterweights and guide ro!lers (see Fig. 3.3.10) may be 
effected m:chanica!ly, electrically, hydraulically or pneumatically. When th? width of the 
uatcr  way is large or the hydraulic thrust excessivey the spillway is subdivided by abut- 
ments into more openings. 

Fig. 3.3.10. Double hook sate (MAN).  Spillage of me- 
dium discharge with thc upper gatc; lowered. For cata- 
stropilic high water both gates lifted 

I n  a gate of only one sluice the flow discharges usually underneath the gate. Sometimes 
it is also convenient to discharge above the gate, not only for cleaning but also for 
preventing excessive ve!ocities along the walls of abutment. bottom, or the slaice, passibly 
causing erosioti, cavitation and excessive vibration of the weir. However. to reduce the 
cross section of the spilled flow, catastrophic flood flow is preferrably spilled underneath 
the lo\vest sate. 

All t l ~ r  possibilities are unified by a design wit11 various gates, e.g., double hook sluice gate (see 
Fig. 3.3.10). Here ttzc upper gate is used to retain the head water level in case of small spillage. For 
large spiliage both the gntcs are encased and then liftcd together. The lifting of gates may bc induced 
auto~ii;it~cillly by a float. w:lich actuates synchronized elecrro motors moving both ends of the gate 
by ch;!ins. The actuation of the motor then is neutralized by a feedback linkage between float and 
g3 ts. 

Cc?ntmry to tlic rotary gates of the sector and segmental type the streamwise extensio~l of sluice gate 
is small a ~ l d  its height rather unlimited. Contrary to the below mentioned rotary gates and the roller 
\\sir the plate-like structure or the sluice gate yie!ds a rather high weight to load ratio. Hence these 



gates are predestined for flood control in low head run-of-river plants, where the width of river 
provides s~ificicnt place, e.g. Kuibisheff, Volga, USSR, Q,,, = 64000 m3/s, 38 opcnings of 29 n~ 
width. 

11. Gates with rotary motion: By rotating about an axis, friction and wear is lower than 
in sliding gates. This feature also limits thc height of the individual gate and its stroke and 
makes the streamwise length of the gate largcr than in case 1. Moreover a nlultiple 
arrangement of gates as in case I is rarely found. The cylindrical shell type of these weirs 
yields a lower weight to load ratio as type I. 

- Fishbelly flaps: These are mainly used as an attachenient to other weirs and then 
excIusively applied to head water level regulation (see Figs. 3.3.11 and 3.3.12 b, [3.76]). 

- Segmental barrage type tainter: Here (see ~ i g .  3.3.12 a and b) a water-loaded cylindri- 
cal surface eliminates the torque of the hydraulic thrust and usually also that of the weight 
about its fulcrum. This fits the gate also for medium heads. The flow is underneath the 
gate and the torque due to the gate's weight is usually hydraulically balanced by shifting 
the segment's centre away from its fulcrum (Fig. 3.3.12 b). Operation by one o r  two 
oilhydraulic servomotors, whose swiveling cylinders are supported by a cross beam 
downstream. 

- Submersible tainter gate dam (see Fig. 3.3.13 a). Its wetted surface consists of a com- 
plete watertight sector, which is turned (and thus submerges) into a suitable pit, water 
tight along the sliding face of gate. The flow is discharged above the upper edge. Instead 
of only the t1s.o fulcrums of the tainter type, it is supported by many of them. This enables 
a larger clear width. Hence this weir is predestined for large flow in low head run-of-river 
pla~lts. 

Here in the floating type (see Fig. 3.3.13 b) not only the torque due to water load disappcars. but also 
that owing to  weight is compensated by hydrostatic uplifr of the floating sector (so called drum 
barrage dam). 

The regulation may be effected automatically by a float on the head water level. Its linkage actuates 
simultaneously two valves that connect or  disconnect respectivcl~ the head water with the pit and 
the pit with the tailwater, stabilized by a feedback from the gate. 

- Bear trap dam: This gate consists of two rotary parts (see Fig. 3.3.14). One first part 
downstream rests on water by means of a float. The flow is discharged above its crest. 

Fig. 3.3.11. Schematic view of fishbelly 
flap and stilling basin under spillage a) 
scour past stilling basin favoured by 
ford at the downhtrearn end b) scour 
past stilling basin diminished by in- 
dentation of a ford (From MAN). 



I--ig. 5.3.12. a )  Ssg~nental barrage of  thc taintcr typc. 1nclinat;on of the seglnent townrds the horizon- 
I,%! i;!b:ilitater thc ba!:tnce of  weight-induced torque aboui the fulcruni and also by that of the 
h~clrostat ic  l i f t .  Thc pa!c is mo;rcd cithcr by synchronized cllaiil drive on both sidcs or by a swivelling 
oil operated servomotor in the nicdian plane. b) Tainter gate wit11 lishbelly flap on crest of abutment 
po\\.i.i plant Pcrach. Inn, LVcst Gcrrnany (owner innkraftwcrke Tijging). Buil: by Nocll, Wiirzburg. 
C!c.ar ividth 1. 18 nl. hcieht of closure 9,7 ni with 2,9 rn for the flap. Tclintcr gate opcrntcd by 
s\,\i\c.lling oil h>drnulic servomotor on b ~ t h  sides. Additional servomotor for !lap. (Drawing cour- 
tzs!. Xoell! \Viirzburg). 

Fig. 33.13.  a) Submcrgibie taintcr gate dam, in the lowered position b) Floating type of a) (drum 
bnrragc dilm) in the r'lev3ted position (From MAN). 



Fig. 3.3.14. Bcar trap dam. Auto- 
m3iic control by float, actuating a 
val\~r, from upstream. 

Fig. 3.3.15. Rollcr weir in extreme positions, specifically light 
construction (After MAN). 

To enable control, by watering or dewatering respectively, the pit of this bcdy, and the pit's upper 
end are made watertight by a second rotary gate upstream and sealed against the first in addition 
to the seals at the walls. A hook at this gate limits the stroke. Automatic control by float-actuated 
valves. 
- Roller weirs: They comprise a tight steel cylinder (see Fig. 3.3.1 5) whose front disks are driven by 
a gear wheel a t  both ends. These engage with an inclined rack. This mechanism provides for the lift 
of the weir by means of a cable wrapped around it and pulled by a motor. The discharge is 
underneath. A shield on the upstream front of weir provides for water tightness of lowered gate. This 
type is deemed to  be especially frost resistant. 

3.3.2.5. Dynamic behaviour of spillways 

Any spillage is usually connected with high overcritical velocities in the lamina spilled 
and then with the conversion of them into subcritical speed. The  first may be connected 
with high wear and tear at the gatc walls in the case of a bottom outlet o r  at least on the 
bottom of the stilling basin. This is in connection with silt transport. 

If passing a wall projection, which is too sharply curved o r  sharply edged towering in the through- 
flow section of a bottom outlet, the spillcd flow may cavitate and cause pitting. Spilled flow requires 
attention to its hydro elastic effects (Naudascher [3.78 t o  3.801). For  its low velocity at crest and the 
respective low inertiarorces, a nappe tends t o  start flutter there (3.811. This may be damped by 
ventilation, and excited by hydro-elastic response of elastic guide walls but mainly of air  pockets 
formed by the bottom impact of the nappe. 

Often streamwisely orientated vortices moving across the back of weir during spillagc may amplify 
tllesc effects. T o  prevent this cross motion the back of the weir is usually equipped with guide plates 
in the streamwise direction [3.82]. Also other kinds of vibrations may occur at gates [3.83]. 



3.3.3. 'The stilli~jg basin 

The flow spilled, flows ngainst tlie stilling basin with a n~i?.;or resonarit spccd duc to thc 
depth of the tai1v;nter [3.1S]. Then in tlic stilling b;~sin the flow n_caiil is convcrtcd into 
subcritical flow with rcspect to channel tleplh via a 1iydr:lulic jump. This conversion is 
connected with tlie dissipation of hcad at thc spillway into heat. 

Without a properly dcsigned stilling basin the foundations of the spillway and its neigh- 
bouring structures would be undcrrnincd by erosion in consequence of shock and wall 
shear stress due to this energy conversion [3.84]. Hence scour has to be prevented. 

The conversion of kinetic energy into heat and dissipation results essc~itially from shear flow layers 
due to vortices. In order not to damage the walis too much, vortices are iirtificially created by means 
of prisms of concrete, so called Rehbock teeth on thc stillifig basin's bottom (see Fig. 3.3.1 1). 

The axes of these vortices should be mainly ii~clined into thc free flow of a stilling basin, that is 
sufficiently deep. Thus the dissipation expands into a large volume of water. 

In low head p l ~ n t s  with by pass-outlets around the sets or spillways above the sets 
(submersible power plant) the design of the stilling basin should be such as to favour the 
forrnation of a hydraulic jump downstream of the turbine's exit, thus enlarging the head 
by the hydraulic jump's height [1.53] when spillage is occurring. 

Ski jump spilli\,iys (see Fig. 3.3.5) may save the expenditure of the stilling basin [3.86]. Here the 
kinetic energy of the jetlike flow lamina spilled is dissipated in the tailwater suficieritly far away from 
the plant's foundation. If  the ski jump spillway orients the individual jets somewhat against each 
other, the spilled flo;s lamina dissipates a portion of its energy by this interaction before i t  reaches 
the taiiwater level. 

Furthcr references on spillway design see [3.85 to 3.901. 

3.3.4. Valves 

I. General remarks: Valves may serve different purposes. In general a valve located 
upstream of the entrance of the turbine should interrupt the flow and stop the turbine, 
thus permitting inspection. Hecce a valve usually is used for higher pressures than a gate. 
Therefore the cross section blocked by a valve is s ~ a l l e r  than that closed by a weir gate. 
To save rather expensive valves at the inlet of large high head turbines, these highly 
locldcd valves have been omitted in favour of a low loaded gate at the inlet of the penstock 
in Churchill Falls, see also 2.4. 

Another purpose of a valve may be that of a locking or a regulated c los i~g  apparatns of 
a bottom outlet assisting a spillway or  substituting for it. ~ u r t h e r  valves are found in FTs 
as by-pass outlet against water hammer-induced pressure surges. In both the last cases 
the valve serves as an energy dissipator (in the first cases assisted by a stilling basin or 
at least the tail water) [3.76, 3.911. 

11. 1Vedge valves: Advantages: Short and simple, for the case of a design with wetted 
spindle, also small height, unlimited pressure, no loss under full load.-Disadvantages: No 
part load opening. closure may provoke vibration by stall and cavitation, tightness needs 
careful finish, a cheap and we11 accessible- drive via a dry spicdle of carbon steel needs a 
spacious casing. 

11 I. Ring (needle) valve: Designed either with a drive inside the hub or outside with a rod 
cros3ing a bend (see Fig. 3.3.16). Advantages: Partial opening possible, high head, small 



Ring (necdlc) valve in tcnd \\ ith 
ivc. 

adjusting power. Disadvantages: Expensive, demands large space. also srnall loss durinp 
full opening, bad vibrations and cavitation possible under small openings, limited in size 
[3.92]. 

To save expenses the FTs of La Grande 2 (Canada) have becn equipped with spindle-operated rins 
valves or cylindrical gates between stay vanes and guide vanes, as a watertight :hut down debice 
[3.93]. It may be hinted that the joint between stay ring and head cover uscally in a FT has to 
transmit large forccs and moments, which need an absolutely tight seal close to the guide vane 
channel. The above arrangement spreads this joint and loads it in the critical case of sudden shut 
down with control-induced forces [3.83]. 

The coriical valve may be considercd as a related design, diffusing the flow instead of 
contracting it [3.94], especially used as by-pass outlet of FTs in North America and 
known there under the designation Howell-Bunger valve. 

IV. Spherical valve: (see Fig. 3.3.17). Occasionally equipped with a locking apparatus for 
revision (see Fig. 3.3.17~). Advantages: No losses in the opened position, smal! openi~ig 
power, if equipped with a filling device for the pipe between the valve and the turbine's 
control mechanism (needle valve, gate), then closed; suitable for highest head [3.95; 3.961. 

Disadvantages: Expensive, somcwhat space consun~ing, large adjusting power for shut 
down under full load flow, then also cavitating and badly vibrating, no part load 
operation, limited size. 

V. Butterfly valve: (see Fig. 3.3.18). ~ d v a n t a ~ e s :  Cheap and space saving for heads up to  
400m, losses under full opening can be reduced by the biplane disk design. Disadvan- 
tages: Part load operation is not steady and may lead to  cavitation. 

Fig. 3.3.17. Spherical valve a) closed b) opened c) with additional revision seal. In a recent desiga 
the short stroke piston on the rotor is replaced by a prossure loaded elastic ring plate, clamped at 
i ts tip diameter (Drawing courtesy Sulzer Escher Wyss). 



Fig. 3.3.18. Aut~crfly v;llvc io wcltlcd and cast 
tlcsigli f o r  tlic pl;i~it :\I I.:lvcy, K!ionc; tipdin~n- 
ctcr 5.1 m. rn:~silnu!!l prcssurc head 45 rn, 
Q = 65 n~.'is (Ilratving courtesy Sul~cr  Ilsclicr 
W y ss). 

The ciynarnic hehavioi~r cf  butterfly valves also undcr cavitation was described by Grrir~ and 
Oster\\,cilde,r [3.9? to 3.1031. For any case, the dynamic bchaviour of valves, their cavitation,'their 
cldjustment forces versus stroke havc been carefully investigated [3.103; 3.1041, also under natural 
pressure heads and under penstock failure [3.105 to 3.1091. 

3.4. The power house and its equipment. 

3.4.1. T h e  constituent e!zments of a power hcuse 

3.4.1 . l .  General remarks 

The main purpose oT thc power house design is the proper location of the electrical and 
hydro mechanical equipment of plant. 

i n  installatio~ls with vertical shafts (which predominate in the head range up to about 
1300 nl, except the majority of pumped storage plants with ternary sets) the structure cf 
the power house can be divided vertically illto three zones fro111 the bottom to the top. 
They are: 1) The zone of the draft tube and tailrace tunnel, 2) the zone of turbines, their 
pit and penstock, 3) the zone of generator and building construciio~~. 

I n  installations with a horizontal shaft, zones 2) and 3) are at the same level. The zone 
1) along with the foundation of machinery and its possible draft tubes dominate the 
"substructure". and zone 2j  and 3) the "superstructure". In plants with vertical shaft, large 
submergence, and ternary sets with one thrust bearing underneath, also zone 2) may be 
included in zone 1). 

Even if the vertical nrrangernent is common prsctice with large sized sets, a comparison 
\\.ill be made betwzen some features of a power house due to vertical sets and horizontal 
sets Lvith respect to floor required, rectilinearity of flow passage, ease of assembly, revision 
and dismilntlin_e. 

Vertical sets have the smallest floor space requirement. This may be important in narrow 
vi~lleys and densely populated areas but also if only to  a lesser degree in underground 



stations as then the expensive roof of the gallery is shortest. Any vertical plant with 
reaction turbines requires a bend in the draft tube, a source of additional loss. In high 
head plants also the admission duct shows two bends in series in different planes, a cause 
for secondary flow. 

During assembly the alignment of rotor and stator with its small gap clearance is eased 
because of the absence of shaft deflection. However, dismantling the lowest parts may be 
more difficult. Servicing becomes more difficult especially in peak load or pumped storage 
plants, often changing their modes. The axial thrust misplaces rotor vs stator. 

The horizontal set requires more floor space. It guarantees the smallest deflection of flow 
especially in tubular turbines and in plants fed by one penstock, that is in the same plane 
as the shaft. The assembly is rendered difficult by shaft deflection especially caused by the 
heavy alternator rotor of large high head machines. T o  keep the clearance of turbine 
labyrinths, e.g. shin plates are required. Servicing on one floor and accessibility of all parts 
(e.g. dismantling) is eased. 

3.4.1.2. The superstructure of the power house 

The superstructure consists mainly of the machinery (the sets, the main crane, the repair 
shop, the erection bay, the control room, the offices, sometimes as in underground 
stations also the transformers, the high voltage switch plant with high capacity circuit 
breaker, disconnector). Usually the latter equipment is installed in an open air switch 
yard. 

I. Impulse turbines, PT: 1) With horizontal shaft, with up  to  two wheels, overhung, on 
both sides of the alternator (Fig. 3.4.1) with 1 nozzle pipe, curved and passzd by the needle 
rod or straight for the highest head, with 2 nozzle pipes in the "tongs design" (Fig. 3.4.2) 
[3.110] with needle servomotor inside or  outside the nozzle pipe. 2) With vertical shaft, 
up to 6 nozzles, with spiral distributor (see Fig. 3.4.3), or other arrangement of manifolds, 
e.g. the "pine-tree-design" (see Fig. 3.4.4). 

A price comparison shows the advantage of a supply by multiple branches. This solution, in spite 
of its apparent complexity, results in considerable savings for the penstock equipment, when at the 
same time the single spherical valve for each turbine is replaced by one for two sets. First o i  all, 
according to Vevey-Chsrmilles, a large bus-pipe distributor can be avoided. Then the reduction of 

Fig. 3.4.1- Elevation of horizontal shaft, 2-wheel PT of Biasca, Ticino, Switzerland, overhung design, 
1 nozzle per wheel, H = 707 m, P = 4 - 79 M W  (Drawing Courtesy Sulzer Escher Wyss). 
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Fig. 3.4.2. Cross scction of 
i o r i . 1 1  shaft, 2-nozzle, 
2-wliccl I T  ; i ~  Kops, Austria 
(owncr Vorarlbcrg Illwcrke, 
13rcgcii7). It = 780 in. n = 
500 rpni, P = 3 .76,6 M W, run- 
ilcr wcight 7,7 tons. r\clmission 
pipcs in thc so-callcd tongs de- 
sign. I , ~ I K ~ c  spacc requircmcnt 
for rcduccd curvature of pipcs 
(Drawing courtesy Voith). 

Fig. 3.4.3. Spiral distributor of 6-nozzle PT for Rcstitticion, Peru in I-lydroart Works, Milan, Italy. 
H = 255 in; Q = 32 m3;'s; P = 75 MW; n = 200 rpm. Integrally cast whell of 13/4 Cr/Ni stcel; 
D = 4190 mm, 33 tons. bucket width 1000 inm; 20 buckets. Distributor inlct diameter 2400 mm. 
S o t e  guide rib in nozzle pipe inlet. (Photograph courtesy Hydronrt, Milan, Italy). 

the pipe diameters occurs much sooner than is the case with a conventional spiral, thus rcducing the 
dimensions of the branch pipes as well as the thickness of  stcel plate and the amount of welding 
[3.111]. 

According to their high head, PTs are usualIy located in underground stations (see 
Fig. 3.4.9, or in an open house on the base of a slope (see Fig. 3.4.6). For horizontal sets, 
the polver house volume is smallest (see Fig. 3.4.5). Vertical sets have the smallest floor 
space requiremeni [3.112]. 

T o  avoid flow disturbance, the needle servomotor is housed within the no7zle pipe (see 
Fig. 3.4.7) us~tally equipped with coil springs.to balance the hydraulic force on the needle. 

To protect the environnlent from the noise of the jet if cut by the buckets, the tail water 
tunnel needs a "ducking wall" as a short immersion ceiling between the wheel chamber 
and the surroundings. 



Fig. 3.4.4. Alternatives to spiral distributor of vertical multi-nozzle PTs a) Pine-tree-design, plant 
El Toro, Chile. H = 5-15 m; 11 = 333,3 rprn; P = I 16,2 MM1. b) Ramification of 2 branches in parallel, 
plant Mauranger, Norway. H = 825 n ~ ;  11 = 500 rpm; P = 126.8 MW. Note only 1 shut down valve 
far 2 neighbouring sets (Drawing courtesy Vevey Charmilles Engineering Works). 

Fig. 3.4.5. Cross section of 
the underground power 
house and valve chamber 
at Nendaz, Rhone, Switzer- 
land. Horizolital 2-whccl, 
I -no;r.zlr: PT. I I  = 1001 m; 
11 = 500 rpm; 
P = 6 . 6 4  MW. Space re- 
quired per set 8250 m' 
(Drawing Vevey Charmilles 
Engineering Works). 

In some rare cases of a hydropneumatizcd Pelton T with a wheel chamber submerged under a 
~llanging tail water level (e.g. the occan by tides), the then pressurized tail water tunnel has a ceiling 
that dcsccrlds in streamwise direction. This is made with the aim of separating and then returning 
the air into the wheel chamber as much as possible by virtue of buoyancy. This is found in the 
N~rwcgi:ln plant Tysso, built hy Sulzer Escher Wyss (3.113; 3.1141. 
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Fig. 3.4.6. a) Cross section of outdoor power house Sib. Austria (owner 'l'irolcr CVasserkr,lft\~crke. 
Innsbruck). Two kcrtical, 6-nozzlc Prs. Power house of tall hall desien uith thc marti crauc i,i i k  

in!erior. Total wight  of the rotating parts of one set 366 tons, t o h l  \\cifht of o:ic sc'[ !022 ions. 

11. Cross flow turbines type Michell-Banki: Preferably in I'/Iicro Pour;.r pla~:ts (scc 
Cap. 2.5). T o  date mainly existir~g as the Ossberger design, mith heads below 100 m and 
using rivers with often strongly varying discharge and hence also largely varying tail 
water level. 

T o  use also the then varying elevation of the rotor above the tail~vater level, the wheel 
chamber of this impillst: turbine is equipped with a draft tube accorci~ng !o Ossbergcr (see 
Fig. 3.4.S). By means of a "snifting valve" the wntcr level in the draft i!~bt. is antom,~tically 
kept at a distance from the \vheel so as to avoid immersion of the loner ivllcel edge in 
the water and hence to prevent disk friction. Now the jet passii~g the bladed ~\fhcel twice 
underneath t!le shaft, expands against n pressure, that is bd:!ow ihat oti the h i :  water by 
the draft tube water column [3.115]. Thus the suction head of illis columr; is  not lost. 

Dividing the whecl chamber by disks into seprate sections, into which the water is 
tijmitted by differently adjusted guide vanes, the discharge may cliange in a wide range 
due to op:imum efficiency. 

The dcsisn is noted far great sitnplic~ ty of construction (cylindrical runner vanes from 
plates, all welded). 



b) Elevation of one set, n = 500 rpm, H = 1238,5 to 1257,5 nl, with 2 sets P = 233,3 10 244,3 MW, 
with 1 set P = 259,9 to 264,8 M W  (in consequence of penstock loss, a smaller output with 2 sets 
Operating) wheel, D = 2.85 m, flow admission similar Fig. 3.4.4.b. PT built by Sulzer Escher Wyss. 
Fully water cooled alternator. (Drawing courtesy Tiroler Wasserkrafiwerke, Innsbruck). 



Fig. 3.4.7. PT needle drive inside nozzle. No external linkage. N o  reaction foroc on the pipe wall or 
surrounding concrete. No  disturbance of the needle control by rod elasticity. 2-stagc compcns~t;on 
piston without a spring to  equalize the adjusting forcc nlol~g the ncedle travel. Sulzcr Esther Wyss 
d e s i g ~ .  a IIOZLIC pipe with guide fins. b nozzle; c jet deflector; d needle head detacl;ablt.; e necdle rod; 
f servon~otor  cylinder; g piston; h oil head; i feed back; k re;icving piston (Courtesy Salzer Escher 
Wyss). 

Fig. 3.4.8. Cross scction 
berger design; 1 control 
water level; 4 draft ttibe 
West Germany). 

of a Michell-Banki turbine of Oss- 
vane; 2 silifting valve; 3 draft tube 
(Courtesy Ossberger Weissenburg, 

Typical superstructures of the Ossberger turbinz are shown in the Figs. 3.4.9 and 10. 

111. Reaction turbines. Here the following types are used: K a ~ l a n  turbines (KT), tubular 
turbines (TT) with their variant of bulb turbine (BT) and Straflo turbine (Sl') or turbine 
with rim generator, Francis turbine (FT), diagonal turbine (DT) after Derinz and 
Kvintkovsky [3.116; 3.1 171. There the following typical designs of superstructure and 
machinery may be distinguished. 

a) Wall turbine with horizontal shaft (in general FT) in a free surface chamber (see 
Fig. 3.4.1 1 a), flow admission without spiral casing with inside regulation of gates. Over- 
hung design of runner, elbow draft tube traversing the head tank [3.11Y; 3.1191. 



Fig. 3.4.9. Superstru~turc of largcr h l ~ n i  power plant cqu~pped \v~ [h  li.111'~ l-O\\bcrgcr t 1 1 1 - ~ I I I C Z .  

Drouct, Haiti; 3 sets: H = 9,7 m; n = 120 rprn; P = 0,55 h l W ;  2 sets: H = I _ '  I5 In; r l  = 135 rprn; 
P = 0,69 MW. Bclt-driven speed governor with control linkage; step up bpur gcar; high spccd 
alternator (Photograph coilrtcsy Ossbcrgcr, Weissenbt~rg, \Vest Germany) 

Fig. 3.4.10. External vicw of a high head Ossberger turbine. Totora-Epizana (Bolivia). )I = 150 m; 
" 1500 rpm; P = 95 kW. The size of governor and direct coupled generator in relation to the 
lurbine casing reveals the power density of the "high hccld" crossflow turbine type Ossberger. 
(Drawing courtesy Ossberger, W. Germany). 



Fig. 3.4.1 1. a) Francis wall-turbine with horizontal shaft b) Francis pit-turbine with vertical shaft. 
Botn supplied by open head race tank. (Drawing courtesy Voith) 

b) Pit turbines with vertical shaft (see Fig. 3.4.1 1 b), admission, regulation and runner as 
a), elbow draft tube in concrete, F T  or  KT [3.120; 3.1211. a) and b): Clleap but bnd innow. 
c) Turbine with vertical shaft, runner as a), admission by semi-spiral casing in concrete 
(see Fig. 3.4.12) with underground potver house (see Fig. 3.4.13) or open air power house 
(see Fig. 3.4.14), external gate regulation. Usually KT. 
ti) Turbine with c e ~  tical shaft, admission by spiral casing of concrete, steel-lined, riveted 
o r  welded and embedded in reinforced concrete or made of cast iron. For high head KT, 
F T  or D T  (see 1-igs. 3.4.15 to 3.4.16). 
e) Turbine wit11 horizontal shaft, adrnissior! by spiral casing of cast iron or  steel, welded 
ol- riveted. For  high head K T  or FT of wide head range (see Figs. 3.4.17; 18). 
f )  TT with rim generator, horizc~ntal or  slightly inclined shaft, traversing the power house 
of a submersible plant (see Fig. 3.3.3), recently as the Straflo turbine (ST). In the original 
version with an axial distributor and normally fixed runner vanes (see Fig. 3.4.19). I n  the 

Fig. 3.4.i2. Plan of semi-spiral casing and elbow draft tube of vertical shaft KT. Plane joint of 
neighbouring concrcte blocks. Excentric flow admission in spiral compensated by curved draft tube 
centre line. Tongue about 30" upstream of turbine axis. Before tocgue generation of cirulation only 
by stay vanes a. (From Voith) 



~ i g .  3.4.13. High hcrld K T  
pirttikoski, Finland in un- 
derground power house (A 
scandinavian f t a t~~rc ) .  H = 

27 m; n = 115,4 rpm; P = 
2 .66 M W. KTs built by 
Sulzcr Escher Wyss. Stop 
logs in draft tube. Higher 
head stresses stay vanes by 
tension, which is transmitted 
into concrete by tie rods. 1 
maximum, 2 rnininiuln tail- 
race level (Drawing courtesy 
Sulzer Esclier Wyss). 

ST version mainly with adjustable runner vanes and a conical distributor, also useful for 
tidal power (see Fig. 3.4.20) [3.122]. 
g) BT with ahernator in a bulb upstream of the runner and directly coupled to it. double 
regulated. To mount the generator rotor, diameter D,, the following possibilities exist: 
1) The bulb in an open flume accessible by a portal crane, a possibility for river and tidal 
plants in t!le open air (see Fig. 3.4.21). Generator easily accessible, rarely found. 
2) The bulb with a hatch on its top for the generator rotor (Fig. 10.2.1 1 ) .  Expensive but 
easy access to the generator. 
3) The bulb with access through a bore from the side of the runner, diameter D > D,, 
(regular case). Then only one hatch, accessible by the main crane, is required for the 
runner and the generator rotor (Fig. 3.4.22) [3.123], generator badly accessible. 

The design 2) and 3) result in 2 guide bearings for an output P < 40 M W (Fig. 3.4.23), and 
in 3 guide bearings for an output up to 60 n/lW (Fig. 10.2.10). Both the last types 2) and 
3) can also be used in tidal power plants (Fig. 3.4.24). 
h) BT, usually double regulated and with conical distributor, alternator with high ratio 
planetary gear, the shaft horizontal o r  inclined. The alternator rnay be dismantled and 
assembled o r  access obtained to it through a hollow stream-lined access shaft to the bulb; 
the draft tube crosses the power house, split into pieces, hence the runner is accessible and 
may be dismantled by rr crane within o r  outside the power house, for river power plants 
(see Fig. 3.4.25) and for tidal power plants (see Fig. 3.4.26), cspecinlly suitable for the 



Fig. 3.3.14. a) Lateral section of adjacent blocks of vertical KTs, Feldkirchen, West German- 
Austrian Inn. (German owner Innkraftwerke .4G, Toging) H = 9 m: n = 90,9 rpm; P = 3 - 38 M W; 
K T  Dvilt by Voith. Asymmetric draft tube for plane joirit of ncighbouring sets. b) Longitudinal 
section. Outdoor pit power house. Main crane outdoors, lrlso for stoplogs. Trash rack rake. Access 
door t a  draft tube from spiral. Supporting pillar in the dralt tube past the bend. Once stoplogs 
inserted, the drainage of the spiral into the draft tube and then into the sump of the drainage pumps. 
(Drawing courtesy Voith) 

lowest head range and output up to 15 MW, according to the abilities of the gear " 
manufacturers [3.124]. 
i) TT. single or double regulated, with a horizontal or inclined shaft crossing the draft 
tube bend, the generator directly coupled or gear - driven in the power house (Fig. 3.4.271, 
or, as the cheapest variant, in tlie open air (see Fig. 3.4.28), so called S-turbine. This type 



Fig. 3.4.1 5. Longitudinal section of power house and set, Rosshaupten, Lech, West Germany (owner 
Rayerische Wasserkraft AG BAWAG, Miinchen). Vertical KT with its spiral casing in concrete, 
steel-lined. At inlet a butterfly valve and y-fitting. H ,  = 40 m; n = 200 rpm; P = 2 - 24 M W. Runner 
7 blades. (Drawing courtesy Voith) 

of machine may also have a vertical shaft, passing a bend or  an open flume before the 
runner inlet. The bend in the draft tube reduces the efficiency. 
j) TT, 11oll adjustable, with inclined shafi and draft tube bend as a siphon for convenient 
shut down and a head below 3 m, also useful as a free stream turbine to diffuse the kinetic 
energy of river rapids (see Fig. 3.4.29). For small units. 
k) TT with a horizonla1 shaft of the BT design, the generator outside and driven by a 
bevel gear and a shaft passing through a hollow stay vane (see Fig. 3.4.30) (gear limits 
Output). 
1) K'I' with a vertical shaft, admission by a semi-spiral chamber of siphon design, the 
generator directly coupled, or  with spur gear (see Fig. 3-4-31), or bevel gear. (Output limit 
gear-condi tioned.) 
ln) Turbine with conical distributor as a diagonal turbine after Deriaz (Fig. 3.4.32), a 
vertical shaft KT (Fig. 3.4.33), or a tubular turbine of different design (BT, Straflo, 
S-turbine). 



Fig. 3.4.16. Seciional view of vertical FT Cabora Rassa, Zambesi, Mozambique, Africa (owner State 
power board of Mozambique). H - 1 13,5 m, 11 = 107 rpm: P = 5 .4 !5  MW. One of the most power- 
ful FT sets ever built in Western Europe by the collaboration of Neyrpic, Grenoble, France and 
Voith, Heidenheim, West Germany. Parallel plate stay ring with guide rolls. Hcnce reduced outer- 
most diameter of the spiral casing. Concrete around the spiral reinforced in the meridian between 
the stay rings (Drawing courtesy Voith). 



Fig. 3.4.18. Elevation of a 
horizontal FT of a ternary 
set, the pumped storaze 
plant at Vianden, Luxem- 
burg (owner Socictk d '~1ec-  
tricitk d'Our). H = 287 m;  
n = 428,7 rpm; P = 105 M W. 
D = 2,4 m. Runner of over- 
hung design. Combined 
guide and thrust bearing, 
supported by a truncated 
cone on  the head cover, fa- 
cilitates the smallest ciear- 
ance of the runner laby- 
rinths, and relieves the sur- 
rounding concrete of bear- 
ing force (thrust). Spiral 
casing, welded of fine 
grained steel with high yield 
point (3600 bar), stress 
relieved in the shop. For 
transportation split into 2 
halves screwcd together. 
Spiral inlet above the shaft 
rcquires a Sulzcr Eschcr 
Wyss type load compen- 
sator. (Drawing courtesy 
Sulzer Escher Wyss, Swit- 
zerland) 



Fig. 3.3.19. tlorizoi~tal shaft tubu- 
I;li turbinc with n rinl gcncrator. 
According to klarz;~'s piltcnt, first 
built by Sulzcr Escl~cr Wyss uiidcr 
thc instruction oTA. Fisclrcr in 1936 
for a Gcrinan lllcr plant. 73 tur- 
biiics have bccn built for West Gcr- 
man plants at Illcr, Lcch, Snalnch. 
Working data in a typical case: 
H = 8,5111; t t=214,3rpm; P =  
1,4 M W; D = 1,8 m. Usually only 
regulated by axial guide vanes, in 
one casc also by adjustable runner 
vanes. (Courtesy Sulzer Escher 
Wyss) 



Fig. 3.4.21. Lol~gitudinnl section of power house and set, Greenup dam, Ohio river, USA (owner 
City of Vanceburg, Kentucky, Ohio.) built by Alsthom Atlantic Neyrpic. Horizontal open flumc b ~ l b  
turbine (BT) H = S,4 m; n = 90  rpm; P = 2 - 24,3 MW; H,, = 1,5 m. Runner: D = 6,l m ;  4 blades. 
1 turbine; 2 gcncrator; 3 downstream gate; 4 trash rack; 5 upstream stoplog; 6 water pump and 
turbine auxiliaries, 7 transformers; 8 control room; 9 turbine and generator auxiliaries; 10 fire-procf 
room; I I air conditioned room; 12 standby Dicselgenerator; 13 thrash rack rake; 14 gantry craile, 
15 overhead travelling cranes. Access tower: altitude level from 154 m to 176 m (Drawing courtesy 
Neyrpic, Grenoble, France). 

Fig. 3.4.20. High power Straflo turbines (ST) built by Sulzer Escher Wyss, patentee. 1 hub;  2 runner 
blades; 3 generator polcs; 4 radial bearing of turbine; 5 thrust bearing of turbine; 6 runner seal; 7 
radial bearing of generator rotor; 8 axial bcaring of generator rotor; (bearings 7 and 8 arc of 
\VaIer-lubricated, self-adjusting, supporting water head type and facilitate good guidance of the 
shroud and hence also runner blade adjustment); 9 tangential load compensator of bearings 7; 
!O emergency bearing; 1 1  brake; 12 generator stator; 13 guide vanes. (Drawing courtesy Sulzer 
k h e r  Wyss: Switzerland) 



Fig. 3.1.22. Lon~itclclin;~l 
sc'ctic>li of !~ori/ol~t;i l  shaft 
bull) [urbinc, pl;l~lf /\ilj;~l;l, 
i l l .  H =; I I In; 11 = 
I00 rpm; P = 22,7 MW, built 
by 'Trtnlpclla works, Fin- 
Inntl. (Drawing courtesy 
Tanlpellu, Tampcre, Fin- 
land) 

n) Isogyre [1.70] with the pump and turbine rotor in back-to-back arrailgernent, con- 
nected with a common spiral casing and suction fl~inge, waterways by adjustabel ring 
gates, with vertical (Fig. 1.6.7) or horizontal shaft (Fig. 3.4.34). 
o) One-stage purnp turbine with horizontal o r  vertical shaft (scc Fig. 3.4.35). 
p) Double stage pump turbirlc with adjustable pates in series (see Fig. 3.4.36). 
q) h l~l t i s tage  pump turbine with fixed gates (Fig. 3.4.37) [3.!25]. 
r) Ternary set (tandem set) with a special multistage and dou5le or single flow impeller 
pump and a FT, with a horizontal shaft (Fig. 3.4.35), or  vertical shaft (Figs. 3.4.39 and 
1.6.6). 
s) The same as r) but equipped with P T  (see Fig. 3.4.40; 41). 

In general the spplication of a siphon in the admission chamber (see Fig. 3.4.31) is limited 
to heads up  to 4 nl. A s i ~ h o n  in the admission pipe is a convenient shut down device also 
f3r higher heads. 

Tubular turbines of the bulb o r  rirn generator type (see Figs. 3.4.19 and 3.4.23) are limited 
to the head range of up to 17 m, exceptionally 30 m (BT Sylvenstein, Isar, West Ger- 
many). Turbines with step up gear are for heads between 2 to 15 nl, exceptionally up to 
30 m. 

Admission by open chamber up to H = 7 111, by semi-spiral casing up to  H = 30 m, by. 
spiral casing in reinforced concrete with steel lining up  to Ii = 50 m, by welded spiral 
casing nowadays up to 740 m, and by spherical casing, according to W 111eirr possible up 
to 1000 m head [3.126]. For double stage machines according to FIamish the head may 
attain 18C0 m. 
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l..ig. 3.4.24. Uu1111cr ;111cl ~ , I I C  Jribc of I~c~ri- 
/ont;il. rcvcrsihlt. . I X I . I ~  h i~lb pump-turbinc 
for t i t l ; ~ l  po?vcr pl,~nt, w i t h  Joublc clTcct 
1<;1ncc, Fral~rc ( I  ~lectricit2 (Ic 
Irrancc Ed F). Nc) rpic tlcsign in collabo- 
r;ttion with EdF. Nct ;innual productiv~!y 
544 - 10'' k \\ h. 24 SCIS. Turbi~ii~lg: H = 1 I 
- 7 - 3 nl; direct (bi~sin-sea = distributor 
runner) P = 10 - 10 - 3,L hl W; revcrscd 
(sca-basin) P = 10 - 9.5 - 2 MW. J'unip- 
ing se i l -ba~~n 11 = 1 - 2 - 3 - 6m; P = 
10 - 10 - 16 - 10 iL1 W. ,I = 93,75 rpm; 
n, ,  = 260 rpm. Rotor: 4 blades; D = 

535 m. BI;IcI~ : I I I ~ I C  from -- 5" to + 35^, 
thc first for braking. thcrcfore t / L  > 1. 
Double-can~bcrccl hladcs. Distance of 
;idj;~ccnt scts 13,3 m. Basin left side. (Pho- 
tograph courtesy l?3cctriciti clc France) 

Fig. 3.4.25. I,sngitudinal section of power house and inclined shaft R'T Tricr, hfosel, West Gcrmany 
(o\vner Rhcinisch Westfjlischcs Elektrizitiitswcrk AG, Essen RWE). Turbine built by Sulzer Escher 
Wyss, H = 7.7 nl; II , !~ ,  = 78/750 (stcpped up by Krupp Stoeckicht planetary gear); P = 4.4, i l  MW. 
Gear reduces size of generator, then assembled through streamlined access pit. Conical gates, closed 
by weight. Axial thrust tr:insniitted into the concrete by long stays on the stay vane ring. Runner 
assembly through split draft tube crossing a trench in the power house accessible by crane. Stufing 
box rat the lower draft tube end facilitates thermal expansion. (Drawing courtcsy Sulzer EscI~er Wyss) 
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1:ig. 3.4.26. Elevation of hor~/ontal 
B,I of tid;il po\rer pI;uit Ki\loguSs- 
kaja, Ice Scn. L'SSR. by Nevr- 
pic, with pl:~nctary stcp up gc;lrlng 
of Krupp Stoecklcht typc FI - 1 
- 2 ni; n = 72,600 rpni, P,, = 
0 ,29MW. Runner 4 blades, 
D = 3,3 m. Power l~ousc of prc- 
bbricatcd concrete blocks. built in 
Leningrad dockynrtl, madc float- 
able by mcans ot flushing tanks. 
then pullzd via Worth Cape to the 
site, whcrc i t  was wnk to tlie sea 
bed. (Drawing courtcsy Ncyrpic, 
Grenoble, France) 

I-.ig. 3.4.27. l'nbular turbirlc (TT). so- 
called S-turbir:e. nith inclined shaft, 
passing thc dr;ift tube bcnd. Al!crnator in 
the power house gear drivel:. I head pond 
Icvcl; 2 tailr;icc level; 3 spur-gear; 4 
gencrator; 5 runner; 6 hatch for assenibly 
by crane. From J. Colrilo~l 

Fig. 3.4.28. Tubular turbine (S-type) with 
horizontal shah. Outdcnr i~ltcrnator tli- 

rcctly driven. Modified Tanipclla design. 
Lowest investment cost, but at tlie expense 
of highest efificicncy. (Drawing courtesy 
Tampella, T;!mpcre. Finland) 



r:iL?. i4.29.  '1.11 buiar tii~-bi!ic 
\ \ ; ! ! I  siplloll in I>c:itl, 9011-.~d- 
j:ia~;~i)lc. c',ccorclins lo 3 pro- 
I)O.S:II I-)y thc ;l~lll ic)r ;~lso uscful 
for sivcr rapids. and then as iil 

tlic lip.iirc. niountcd on 3 

moorccl Iloat. I runner; 2 dr;:ft 
tubc w i ~ i ~  bend ;IS siphon; 3 
3cncr;ltor; 4 Iloat; 5 stay cable 
al~c!lorcd; 6 stabilizing fill. 

Fig. 3.4.30. Bulb !urblne with tail flnngc :it bcvcl pi~iion Jrive, shait p:rssiiig through a slrcnmlined 
hollow stay \;:fie. Very small huh  diamctcr. Gc:lr not easily accessible ar!d nccds to bc carefully 
sdjustcd u:lder load. (Dratvi~g courtcsy Scllzcl Escher Wyss) 



Fig. 3.4.31. Vertical shaft KT with semi spiral casing of siphon design. Marktbreit, blain, West 
Gcrmany (owner, Rhein Main Donau AG, Miinchcn). H = 2,5 m ;  n = 68.2 rpm; P = 1 I00 kW-. 
Siphon saws stop log for draining the machine, but is limited to'small heads. Step up spur gear for 
generator. (Drawing courtesy Voith) 

Fig. 3.4.32. Mixed flow reaction turbomachine with conical distributor or  diffuser and vertical shaft. 
The pump-turbine of Deriaz type in the pumped storage plant at  Sir Adam Beck, St. Lawrence 
(Niagara Falls), Canada (owner Hydroelectric Power Comission of Ontario) built by English Elec- 
tric, Liverpool, Ellgland. H = 25 m; n = 92,3 rpm; P = 33 MW. Adjustable blades moved by wing 
servomotor (Deriaz patent) via block and link drive. Blades tightly closing in flow direction, hence 
low loss if working against closed valve at start of pumping. At standstill leakage through tip and 
hub clearance reduced by lowering bottom of the thrust bearing hydrostatically. Ingenious design. 
If turbiniag competitive with a high head Kaplan turbine. (Photograph courtesy English Electric 
Co.) 



Fig. 3.4.33. Vertical shaft KT with conical guide apparatus. Obernbcrz, West Gcrman-Austrian Inn. 
(Owner on German side Innwcrke AG,Toging) H = 10,3 m; n = 96,7 rpm; P = 6 . 14 MW. Possible 
reduction of head cover diameter to that of the runner. Spherical articulations in the gate drive. 
bleridional streamline curvature near the bottom ring reduced. Lower rearward corncr of opened 
gate not disturbing the flow reduces cavitation sensitivity of outmost runner parts. (Drawing courte- 
sy Sulzer Escher Wyss) 

For a cornpact design, the semi-spiral casing is formed of trapezoidal cross sections. radially 
"squcezed" and stretched downward. Its tongue tcncis to be shifted from a radius making an angle 
of 135" wit11 the flow direction to an angle of only 45" (see the KTs of the USSR plant "22nd 
Congress" [3.127]). 

Embedding the elastic spiral casing of high head pump turbines in sponge rubber and prvviding a 
self supporting erection, releases the surrounding concrete from alternating strain when frequently 
varying the mode of operation. 



Fig. 3.4.33. Isogyre. The horizontal Isogyre of thc pumped storage plant tlandeck 111, at Aare, 
Switzerl;lnd (owner Oberhasli AG. Inl?crtkirchen) built by Vcvcy Charniilles Engineering ivorks. 
11 = 1000 rpm; IT,,, = 1660 rpln. Turbining: 11 = 3 i0  to 400 In; Pm',, .= 55 bl\fr. Pumping: M = 475 m. 
P = 55 MW. The largc rotor-generator distance in this dcsign decreases the critical speed. 1-1er.c: 
overcritical runat\.ay speed. (Dr;i\ving courtesy Vevey Charnlilles Engineering Works, Switzerland) 

For heads below 450 m, the spiral casing with vertical axis n ~ a y  have a retracted outer diameter with 
parallel plate stay ring. according to Piguct (3.1281, see Fig. 3.4.16. Above a head of 15 m, sinaller 
I T S  may have a spiral casing. At lower head this is made of cast iron with prestressed bolts through 
tlie stay vanes. With rising head and size the casing is made of steel, cast, riveted or welded. 

In  horizo~ltal Francis turbines the admission flange of the casing can be above the shaf! 
(see Fig. 3.4.42) or underneath i t  (see Fig. 3.4.43). Owing to the long moment arm via 
which any load from the penstock inay attack the casing support, an Escher Wyss load 
compensator (see Fig. 3.4.44) seems advisable for admission above the shaft j3.1291. 

The distance between neighbouring groups depends on the type of turbines and guide 
apparatus. 

Typical values are: (2 to 2,5) - D, (D = runner tip diameter) for TT, 3 - D for turbines with 
semi-spiral casing, 4 - D for turbines with spiral casing (Fig. 3.4.45). 

Thc main crane of the plant must be capab!e of lifting the heaviest continuous part. This is the 
Gcncrator rotor in a direct driven set. T o  avoid the shaft being out of round, the latter should have 
3s few couplings as possible. klencc for a.not too large-sized machine (3.1301, (D < 6 m) thc shaft is 
1" onc pice. For a vertical sct !he shaft length gives the clcvation of the crane hook above thc upper 

of thc gcncrator rotor. Thc main cranemust be capable of lifting the shaft from the stator bore 
means of a diagonal pull. which lowers the elevation of the crane runway (3.1301. 

In the classical tall hall desi211 of power house the interior has to be sufficiently higl~, to 
house n crane of this capability in its walls (see Fig. 3.4.46). 



I'ig. 3.21.35. Vcr~icnl pllrlll>- 
~urh inc  of thc pumped slclr- 
i pl;1111 at. Vouglal~s. 
Frullcu (owncr IllcctricilL; t!c 
17snncc) built Ily Vcvcy 
Charmillcs. 11 =. 150 rpni. 
'rurbining: )I = 99,5 in: 
P =  65 b1W. Pumping: 
ti = 100,2 ni; P = 60 b1W. 
(Drilwing courtcsy Vcvcy 
Cl~armillcs Engineering 
Works, Switzcrlnnd.) 

Fig. 3.4.36. 2-stage, gate adjasted reaction machine. The vertica! 
pump-turbinc of pumped storage plant Trucl, France (owner ~ l c c -  
triciie de France), design Neyrpic. t r  = 75Urpm; HT = 438 m; 
P, = 35 PJW; H ,  = 440 m. Contrary to  the maltistr~ge non adjust- 
able pump-ti~rbinc, this type requires access to the head and bottom 
cover for thc linkage of both gates. Ilighly stresszd design. If gate of 
the 2nd stag2 is closed and that of the 1st stage leaks, the whole 
casing is subjected to the maximum total pressure of machine. For 
a widcr hish efficiency characteristic. Prototype with rclative mo- 
dest head, since dcsisn sccms to fit into I! up to 1500 nl. (Drawing 
courtesy Neyrpic. (;renoble, France) 



rig. 3.4.37. Non-adjustable vertical multistage radial pump- 
Here 3-stn_cc-machine of the pumped storage plant at 

~ l ~ i o t a s ,  Itilly (owner Italian state power board ENEL),  dc  
prclto Sulzcr Escher Wyss design. A similar set was built by 
jiydroart, blilano. 11 = 600 rpm. Turbining: [ I ,  = 1047 rn; P, = 
j49,5 MW. Pumping: I I ,  = 1070 m;  P, = 151,7 MW. (Drawing 
courtesy Sulzer Escher Wyss, Switzerland) 

Fig. 3.4.38. Elevation of horizontal ternary set in pumped storage plant Sickingen, West Germany 
( o ~ l ~ ~ r  Schluchsee AG Freiburg). 4 FT (Sulzer Escher Wyss): H = 408 m; n = 600 rpm; 

= 9 2 8  MW. 2-guide bearings enablc dctachment undcr pumping. Four 2-stage storage pumps. 
If = 408 m; P = 70,6 M W (Voith); liilcd start by torquc converter (Voith). Back to back arrangc- 
rncnt of pump i~npcllcr compensates axial thrust. Hence high cficiency. (Drawing courtesy Voith) 



Fig. 3.4.39. Sectional view of power house with vertical ternary scts of combincd peak load a i d  
pumped storage plant Hiusling, Ziller, Austria (owner Tauernkraftbvcrke AG Solzburg). 2 FTs 
H = 620 to 744 m (to date the highest head for a FT), n = 600 rpm; P = 2 - 180 M W  (Sulzer Escher 
\\fyss). 2-stage single flow pumps: P = 2 - IS0 b1W; Q = 2 . 22,5 m3/s, filled start up by torque 
coqvertcr (Voith). 1 access tunnel from the horizontal section of the main tunncl; 2 Ziller; 2 
transformer; 3 motor generator; 5 turbinc; 6 torque converter; 7 PUIDPS; 8 penstock; 9 suction line 
10 Ziller undercrossed by lcvellcd t u n ~ e l ;  11 20 kV station. AIIII~J,?~ productivity 175,6 GWh. 
Annual consumption by pumping 508 GWh. From M i i t ~ ~ a t r ~ ~  [1.76]. 

In the so-called chamber design, due to Mosonyi [1.53] (see Fig. 3.4.47) the main crane is 
located outside the power house, which consequently is reduced in height. A removable 
and split hatch on the chamber roof facilitates also transportation of heavy parts through 
the opening. 

In the so-called pit design with a removable cover or the generator in the open air this 
chamber is reduced to the pit of the set (see Fig. 3.4.48). 

For plants needing a large submergence, because of cavitation, in unreliable ground at 
site the "pit" power house (see Fig. 3.4.49) may be an economical solution [3.131]. 

The main part of the set, the runner, must be made easily to zssemble, dismantle and 
transport by crane. This can be achieved for high head FTs by providing a door in the 
draft tube wall (see Fig. 3.4.50). This door gives access to the runner and if repair i: 
required ecables it to be dismantled. It is then transported by means of a special rail cal 
to a works11cp With a suitable crane. 

Fo r  reasons of submergence a reaction turbine is always put underneath the alternator when thc 
shaft is vertical. Since the weight ratio of the alternator to  the turbine rotor increases rapidly wit1 
the head, it seems advisable to support the thrust bearing in different ways according to the head 
For the highest head and medium sized sets, the alternator stator is ~lsually located on a separatc 
floor, capable of carrying this extremely heavy load (see Fig. 1.6.4 b). The thrust bearing is supportcc 
here by a spicier on the top  of the alternator stator. 



I:ig. 3.4.40. 1 )  Vertical ternary 
of combined pc;ik load ; ~ n d  

storage pl:~nt hlalta. 
Austria (owner Draukrnft- 
,crke Klagen furt). 6-nonle 
pT: N = 1030 m; 11  = 500 I - ~ I I I ;  
p = 4 - 208 MW; n,, = 890 rpm. 
+stage storage pumps; 11, = 
1100 rn; P, = 2 - 145 M W: spiral 
casing shrunk onto the diifuscr 
r ing Synchronizin_g torque con- 
verter (75 MW) for st:lrting ~ i t h  
filled pump. Air suspension of 
impulse wheel and suction rc- 
quirement of pump lead to ex- 
trcn~cly long shaft. Hydraulic 
eqi~ipmcnt Voith. Motor- 
generator and alternator 
4 .220MVA; 13,SkV; cosrp 
= 0,9; GD2 = 2100 tm'. Stator 
and rotor water cooled. built by 
BBC. Elevation of set, axially 
shortened. (Drawing courlcsy 
Voith and Draukraft\verkc 
Klagenfurt). 



Fig. 3.3.40. 2 )  i.ongitudin;il section of powcr house, ternary (tandem) pumped-storage set, tailwater 
iniskc and Farcliay. Kotlau, Drau. Austria, nnain stasc of Malta schcme (owner: Draukraftwerke, 
Klagenfilrt. :\r:jtri~t. Outdoor power house of tall hall desigli ivith the milill crane in its interior, 
!oc:ttcd at tlif: basc or' the vallcy slops, founclccl on mica 2nd scricite slate. 2 ternary pumped-storage 
scts 3s s h ~ \ \ . i l  i:i t t ~ c  l i g~~rc ,  2 szis \r-ithout storage pump. Thc rather long vertical extension of the 
tzrrl?:irq. sets rss;-Its or, the cne 'nand fro111 thc n::ed to plucc thc impulse wlleel above the maximum 
tail~v:itcr Ic:.rl and on the other hand from thc necdcd s~~brnergcncc of the lowest first pump stage 
(Iicrc 3 !  . I  1h1 ~ l l i J ~ ' ~ ~ l r i ~ t l l  ;he minimum :nil\vatcr Ic~cl .  1 220 bIVA al!ernator, Stator and rotor, 
ciircctl;i :\;atcr cooled; 2 6-nozzle impulsc turbine: 3 tailwatrr channel exit; 4 maximum permissible 
raiiw:~ter Icvel: 5 minimum pcrmissiblc t:lil?v;!ter Icvcl; 6 toreb:?y; 7 :rash rack; 8 relieve zone; 9 
cooii~!g ivatcr iiltakc: 10 distributor m;~.in: 1 1  tai1w;ircr ct~anncl; 12 torque convcrtcr; 13 pump 
inrakc: l i  1 -flov:, 4-stage storage pump, 144 kl W; IS rniiin transformer 220 h l V A .  (Drawing courte- 
sy  Draukrzftt\cr:cc, Klagcnfurt, tlustris) 

The  ruriiler of thesc turbines is nccessiblc aftcr removal of the head cover. Then thc shaft needs an 
i:ltcrm~:clia-lrc aad r:niovab!c piece to facilitaic the disma~l!li~lg of ihc runner without moving the 
hs;ivy rotor of the ;iI?:rnator (Fig. 1.6.4 b). , 

I n  thc case o f  lov er heads and larger sets the thrust bearing is preferably supported underneath the 
altcri?ator by 3 spider, on thz collcrcte of pit. This also prestresses thc concretz around the spiral 
casing. 1-0: hc;lds below 3C0 m the thrusr bearing in Europe-influenced designs is usually supported 
on  thc !:cad cover. \vhich ihen is released from its uplift. 

lis~12lly in plnnt~ u-ith a penstock the valve chamber with its manifolds, bifurcations and 
befids. is upstrczm of the power house, see Figs. 3.4.51 and 3.4.52. 

At  !argei sub~nergence, such a valve chamber is also down-stream of the power house 
(Fi?. 3.4.52). The usual bifurcations have stiffeners ill the form of external or internal ribs 
(see FIs. 3-4.533 and 53 b), or  a spherical shell (see Fig. 3.4.53~) to transmit the tensile 
stress itlong the periphery of the pipe into a solid support with a sufficient sectional 
modillus. 'These bifurcations and the adjilcent pe:istock have been carefully investigated 
with respect to stress and flow loss f3.132 to 3.1391. 



Fig. 3.4.41. Flbrilontal !ernary set with 
;llll)i~lsc turh~nc, plant S. Masscnza, Italy 
(o \~ne r  ENEL). Suspension of  inp pulse 
wllecl in thc air, and suctiorl rccluircments 
of storngc pilmp nccds app11c;ition of 3 

flo\\l boastcr pump. H = 596 ni, 
= 6 0 0 r p m ;  P = 4 - 3 2 M W ,  D = 1,7m. 
Turbine 1-nozzle twin PT with a runncr 
overhung at both ends of the shaft. 
H = 5283  111; P = 4 . 32,5 M W. All built 
by Hydroart, Milan. (Drawing courtesy 
Hydroart, Milan). 

Fig. 3.4.42. Welded spiral casing for a horizontal ma- 
chine. Flow admission above shaft requires load com- 
pensator (see Fig. 3.4.44). Without this dcvice, force 
F,, induced by pressure and thermal expansion of the 
penstock attacks spiral casing by a long moment arm 
against its supporting points, and hencc would de- 
form spiral casing. 

In the power houses at the base of a dam (see Fig. 3.4.54) the flow admission is usually 
Perpendicular to the axis of the power house. In underground stations, or in power houses 
a1 the base of a slope, along which the penstock comes down, the admission of water may 

Perpendicular to or along the axis of the power house. The first may protect an open 
air  Power house against a pipe failure on the line as the pipe jet (in case of a rupture) 

not strike the po\vcr house. 



Fi:. 3.4.43. Spiral casing for :I horizontal machine. Flow admission undernc;lth the shaft requires thc 
intro~lriction o i  a forcc FD ( ~ e e  Fig. 3.4.42) at spiral inlet into thc surrounding concrc!e, correspond- 
ing!y n:inforccd. Spiral inlet riceds interruption and thus weakening o l the  casing's supporting beam. 
Herc the storage pump of a ternary set in a numped storage plar~t at Leitzach, West Germany (owner 
S t ~ ~ d t n  crke M iinchcn) H = 126 m: n = 428,6 rpm; P = 2 - 24 MW, design Sulrcr Esclicr Wyss. 
(Drawing courtesy Sulzer Escher Wyss) 

Fig. 3.4.44. Escher Wyss typc load compensatort 
if the inlct of the spiral cnsiilg is not enlbeddcd in 
concrete, the casing is liberaled from the penstock 
force induced by presslire and thcrmal expansion. 

---- + 
Fig. 3.4.46. Run-of-ritcr power plant Birsfclden, Swiss Germail Rhine with main crane accom- 
modated in the powcr house (tall hall design). H = 4 to 8 m; P = 4 15,6 MW, KTs. 1 fish ladder; 
2 Rhine: 3 boat harbodr; 4 lock; 5 inclined clevator for boats; 6 m ~ x i m u m  pe~~nissible head water 
le\~el: 7 powcr house. From E. Ilic~sonvi: Die neueste Elitwicklung im Bau von Niederdruckwasser- 
kraftan1ag.w. Wasserwirtschaft 54 (1964) No 7, p. 186. 



Fig. 3.4.45. J>istancc of adjacent sets in relation to the runner diameter in p!an and space require- 
ment in the elr\~ation: 1 tubular turbine; 2 turbine with admission by selnispiral casing; 3 turbine 
wit11 admission by spiral casing. D runner diameter. (Drawing partly from Sulzer Escher Wyss) 



Fig. 3.4.48. Perspective view of out- 
door pumped storage plant with 
pump-turbincs. By-pass outlet as a 
surge relieving device. (Drawing 
courtesy Allis Chaln~crs, Milwau- 
kee, Wisconsins, USA) 



Fig, 3.4.47. Run-of-river power plant at Aschach, Danubc, Austria (owner ~stcrrcichischc Donau- 
k ra f tW~k"  AG). H = 10 to 18 m; n - 68,2 rpm; P - 3 . 68 M W  ( 2  sets Voith, Z szts Andritz - Sulzcr 

Wyss) Runner: 5 blades; L) = 8,4 n ~ .  1 head watcr; 2 tail-race: 3 mean tliil-race IcvcI; 
4 Danube; 5 normal head water Icvel; 6 spillway: 7 power house; 8 northcrn lock; 9 lo\\cr port; 
10 upper port; 1 1  southern lock; 12 outdoor switch plant; 13 transmission line. Small macl~inc hall, 
,,ass from main crane oi~tdoor by hatch. From E. Alosonyi, see Fig. 3.4.47. 

Fig. 3.4.49. Pit power house with elliptic plan of binary pumped storage plant Kiihtai, Austria 
(owner Tiroler Wasserkraftwerke, Innsbruck). TWO sets with vertical pump-turbines (Voith design) 
consisting of a pony motor, 15 MW, 9 0 s  start up time, b motor generator 160 kVA, 18 kV, 
CPump-turbine,n = 600rpm,H = 3 9 4 t o 4 4 0 m , T P  = 115,5to 139 MW, P u : P  = 112to 119MW,  
maximum submergence - 50 m; spiral casing self supporting, with Escher Wyss type load cornpen- 
Qtor at the inlet, embedded in sponge rubber. Gates operated by single servomotors, electro 

controlled, electro hydraulic braking down to  stand still; alternator air cooled. d = 
"3nsformer. 160 kVA, 181220 kV. I maximum tailrace level, 2 minimum tailracc levc!, 3 grout 
Catah,  4 moraine, 5 amphibolitc, 6 slated gneiss, 7 drainage gallery, 8 2 tailrace shafts. (Drawing 
CoUrfesy Tiroler Wasserkraftwerke, Innsbruck, Austria) 



Thc compact dcsign of 
Fig. 3.4.50 is ot~ly rcstrictcd 
to low hcad rnachi~~cs with 
parnllcl p la~e  spiral casing. 
At high hc;~d machines, the 
stay vane with stre;~nlwiscly 
varying span tends to in- 
crease thc clcarance of the 
rinp sate's lower seal. More- 
over in conscquencc of its 
relatively high rotor weight, 
the uxi:~l khrusi of a vertical 
high hcad machine is not in- 
duced into the hcsd cover. 
llence the mcimerlt of the 
hydraulic uplift about the 
bolt circle on the stay vane 
crown, additionally widens 
the clcarance of thc rilig 

gate's lower se.11. Thereby 
pres:urizcd v~ater leaks 
through tile ;cal and also 
loads thc ou!er cylindrical 
w;~il of the head cover and 
thc irlner cylindrical wall of 
thc stay vane crown. Re- 
lieving the ring vdve cbanl- 
her from the pressure of this 
leakase may squcexe :he seal 
into this chamber and hence 
provoke a dangero~lsly high 
1caknr.e in a power hsase 
u~cal ly  undrrgrountl. For 
thc reasons rnectionsd 
abovc. the radial sections of 
sti~y vane crown and head 
cover are subject to high 
bending moments about 
thcir radial nei~tral axes. 
Hence high tensile sresses in 
tangentiai direction occur in 
the water guide walls which 
usually have a high wcar. 

Fig. 3-4-50. Vertical FT at Aigle. France (owner EdF). Example of a ring gate between stay and guide 
vanes instead of shut down valve at the lower penstock end. (9ccausc of highly stressed joint between 
stay rill3 and head c.-,vcr, this dcsign is limitcd to smaller hcads) I 1  = 733 m; r t  = 143 rpm; " 

P -; 133 M W (design Ncyrpic). Runner: D = 4,65 m; dismantled from underneath. (Drawing courte- 
sy Keyrpic, Grenoble, France) 



Fig. 3.4.51. Distribution chamber for penslock bifurcations separated from po\\cr hoase at Lanoux 
and Rcsines, France, at power housc Hospitalet, France, with PTs and storase pumps (Ki1.a- 
~~ur11011t). A distributor main Lanoux in scparate chamber; B distributor main Bcsines; C joint fgr 

Sisca-Baldarques; D motor generators; E tn in  PTs; G storage pumps; H spherical valves: 
1 Fix point massive concrete; 2 supporting pedestal; 3 manholes: 4 corner nozzle \alve; 5 wedps 
valve; 6 drainage duct; F low head impulse turbines. 

Fig. 3.4.52. Valve chambers up- and downstream 
of power house, at Grand Maison, I'Eau d'Olles, 
France (owner EdF). 1 power house upper stage; 
4 vertical 5-nozzle PT (Neyrpic). H = 8!7,4 
to 922,4 m;  n = 428,7 rpm; P, = 4 . 157 M W;  
2 valve chamber: 4 penstocks, 4 spherical valvcs; 
3 transport shaft; 4 cable shaft; 5 underground 
power house for a pumped storage plant with 
tight 4-stage pumpturbincs. n = 600 rpm; 
H ,  = 949 m;  P,, = 8 .  152 M!V; H ,  = 826 m;  
PP,,,= 8 160 M W (Ncyrpic dcsign); 6 valvc chhm- 
her, 2 spherical valves ill series; 7 downstream 
valve chamber with wedge valve. (Drawing cour- 
tesy EdF) 

3.4.1.3. The substructure of the power house 

The substructure is dstermined by the type of tailrace conduit. The following arrange- 
ments are usually employed for reaction turbines: 

'1 Elbow draft tubes for each turbine. Frequently applied in plants with KTs and  FTs of 
low and medium head (see Fig. 3.4.14), especially for t l~ose  with vertical shaft. Here 



Section A - 8 

iffening devices for bifurcations a with ex- 
and joint collar 7- (Sulzer); 5 with internal 

sicklc 1 ( S u l ~ r  Eschcr Wyss): c with bpherical shell; 
1 from pump; 2 to turbine; 3 to hcad pond. 

Fig. 3.4.54. Power house at 
base of gravity dam, at 
Brntbk, Angara, USSR 
(owner Sowjet State Power 
Board). Vertical FTs (LMZ 
design) H = 102 m; n = 
125 rpm; P = IS - 230 MW. 
Runner: D = 5,5 m; z 14 
vanes; integrally cast in 2 
l~alves bolted together. 
Wcldcd shaft. Weldcd spi- 
ral casing. Water-lubricated 
guidc bcari~~g. 1 barrage; 2 
main crane (hammer head 
crane); 3 Raikal Amoor rail- 
road: 4 auxiliary crane; 5 
power house. (Drawing from 
Hydro Project Moscow). 



,specir?lly in the case of KTs. the large kinctic energy at runner exit requires n long draft 
 tub^ (7 to 8 .  D) and a considerable distancc of the bottom of the inner draft tube from 
the runner exit (up to 3 - D). Effective pressure recovery requires the largest possible draft 
tube cxit, whose width is _given by the distance or adjacent sets. 

Since such turbines usually are located along the basc of the dam norn~itl to the flow direction, the 
flow in the draft tube outlet continues the flow dircction of thc admission to the set. To  obtain a plzne 
face separating the adjacent blocks due to  sets, the draft tube centre line must be slightly off-centred 
i n  its plan, thus compensating the eccentric inflow of the spiral casing (see Fig. 3.4.14). 

11) Straight draft tube for each set: applied in ti~bular turbines with a straight centre line 
in elevation and plan, thus facilitatirlg a plane separation face of adjacent concrete blocks 
from set to set (Fig. 3.4.45). 

111) Draft tubes of FT with low specific speed and high head. Owing to  the relatively low kinetic 
energy at runner exit, the draft tubes can be kept shorter than above. Here the flow usually 
discharges into a comnion tail water duct. This may be oriented in the original flow direction at 
turbine inlet o r  at 90" to it according to  the requirements of the sitz's topography. In consequence 
of the submergence required, the duct is a pressurized tunnel. In the usual plant with PT this duct 
is not pressurized with a ducking wall t o  protect the surroundings from the noise. 

3.4.2. Power house design with respect to distance from dam 

I.  Power house close to or within the dam: In low head run-of-river potver plants, the 
power house forms together with the spillway part of the damming device and hence is 
close to the dam or incorporated within it. Proximity of the dam exists in the case of a 
plant with power house on the base of a dam (Figs. 2.3.4 and 3.4.54), or with an  under- 
ground power house in the slopes of the valley (see Fig. 3.4.55). The incorporation of the 
power house into the damming device exists in the case of plant on a river bay (see 
Fig. 3.3.1), on both of the river banks, and in an abutment type power plant (see 
Fig. 3.3.4). The erection of a power house in the interior of the dam appears in sub- 
mersible power plants (Fig. 3.3.3) and in barrages containing the power house, especially 
those underneath a spillway of the ski jump type (see Fig. 3.3.5). 

11. Power house at greater distance from the dam: In this type of power station the 
diversion section in the form of a channel (see Fig. 3.3.1) or  an extended system of tunnel, 
penstock or pressure shaft is very long. Here the power house may be an open air building 
at the end of the channel or at the base of a slope (see Fig. 3.4.56), linked to the penstock. 
Or it may be an underground power house (see Figs. 3.4.52; 55; 57) connected with the 
steel-lined pressure shaft at the lower end of the so-called "power drop" of the penstock. 

Several varieties of the underground power house exis!. The lirst is the pit power house 
(see Fig. 3.4.49). It is preferred for high head reaction machines needing large submer- 
Gcnce. Another type is the earth-covered power house (Fig. 3.4.39). Both are usually 
located at the base of a slope, where they are now well protected against avalanches or 
rock fall. Both types of power house may be located in boulders or  gravel. 

The proper underground power house is usually within an artificial cave in rocky ground 
Or within a natural cave that may exist, e.g. in Jurrasic ground. 

The advantages of an underground power station especially in rock are the following: 

I )  No need for an outdoor area which is often both expensive and in short supply, especially in 
mOuntainous and densely populated areas, e.g. Switzerland. 
2, No need for the maintenance of the exterior as it exists in an  outdoor power house. 
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Fig. 3.4.56. Longitudinal section ofa  penstock and power house at the base of a slope. h.larimbondo, 
Rio Grande, Brazil (owner Furnas Centrais Eletricas SA). H = 62 m; 17 = 100 rpm; P = 8 - 185 IM\V 
(Voith design). (Drawing courtesy Voith) 

g. 3.4.57. Undcrground power house of 
: Montezic pumped storage plant 
xner Electricitt de France) with 4 pump- 
rbines (design Neyrpic) n = 47.8,6 rpm. 
rrbining: H = 378,9 to 419 m: P = 

193 MW; q T ,  = 0.888 (guaranteed). 
miping: H = 384:5 to  423 m; P = 218 to 
2 M W; qPm = 0,909 (guaranteed). Rotor: 

4,01 m; n,, = 685 rpm, 1 cavern; 
Surge tank shaft, 2 a upper expansion 
xmher of the surge tank, 3 access tunnel 
the cavern with an ins~ection tunnel to 
' suction line, 4 suction line, 5 lined sec- 
'n of the suction line, covered with stell 
'1". 6 admission pit, 7 access tunnel to 
' Surge tank and the pit 6, 8 drainage 
'!cry, 9 drainage pit, 10 tunnel for inspec- 
'"f drainage facilities, 11 ground floor 
' c I o ~  the machine hall. (Drawing coarte- 
Ll F) 



.>I , < ; I \  111g ,;I' '::.*II 111:: C \ ; ~ C L . I : I ~ I ~  111 t;ic C , I ~ C  01  :I s cvc~c  c . i i ~ l i . l t ~ .  c.g Snctlc~i or ~ ~ ~ o u n t ~ ~ i n c l ~ s  arca. 
4)  i ' so tc i t ;o~~ . ~ ~ . l i l i < t  ;~v;tl;t~lc~ilc\ ;11111 ~~v.-lrfi~l/ .  
5 )  ho dC\! r l l < l l t ~ ! l  t11c l , l l l , l ~ ~  ;1j>c, 
6) l'rot<.ctit>~l ; I ~ , L I I ~ \ I  ;!ir r:~iki\ ; I I I L I  I.!IIC!L-;I~ uar .  
7) l'tic rock c-ut~.:~ctc'cl i'rom tlic cavity c ;~n  I)c ~lsccl for othcr puroc)scs. c.g. d;im construc!ion (1.541. 

Notcs on thc .L;olitlity ol' !lie s t r r~c in rc s  in :I Ilylro power ~ l i ~ ~ i t :  

For rc;lson?; ot' y ~ > i l  cconon:ji. tlic \v:~tcr rc:tcntiun dcviccs c.g.. the ul>l>c'r rcscrvoir, the ~ ; I R I ,  the 
spillw;~y. po.\sib!ji ;ilt;t> tlic po..vcrhoirsc. and thc watcr~vays have to be wiitc~tight. IIcncc on Jurassic 
groulirl, a ~.-h:rnl!cl o s  a rcscrvr.)ir clll11ur bc croctcci easily. Ljndcr the c.lctcrior;~ting influclicc cf the 
ciirnate (c.?., frost. perma frt)st soil. and stin radi;~tion). this water tigl~tncss has to bc mnin ta i~~cd 
driring tllc uscfal lifo of the plant. 

Nevcrt1icl~:ss any ~.calistic stress calculation has to bc biiscd on  the assumption of a certuiti sccpage 
211d : h ~  i~51iI t i11< ~~p l i r t  011 t h ~  s t r i ~ c t ~ ~ r e .  

Since scc!>ilgc I I I ; I ~  c~lliirgc thc danger oisoi! slipp;~gc ; I I  the fo3ndation ancl liencc may thrctitcn the 
stability of :iny structure, ;~ny  S C C P ; I ~ C  of thc {vatcrways ;IIIJ the d;!rnrning deviccs like dam, spillway, 
l~iid possibij, ;il>o ~;oivcrl~oi~sc. has to be co?trollcu (c.g., by galleries or by ditches occusionally 
cquippxl ~ i i h  par~iping st;itions to evacuate thcni). 

I n  unrc1i;:hic g;-ou!?d i1;~ scc7:lgc blio~iltl bc limited by bpeciill rlevices (gl.out cdrtain. sheet pile). 
Thzse Incans iittvc to be applicd cspcciallv during the erection of thc pli~nt's components like 
powerl:ousc. d.tnl, \\:r!eri\lays and sl>illway. 

Thc soil clefi>rnli:tion (.f 3 ';truct;~rc. in consequence of cecpage- or  load-induced slippase, should be 
continuously conlrolli.ci t ~ y  t i l r .  mothods e f  land survey. 

-To compictc thc t t b d ~ c  not,: dn ,lams in rcli!tion to this topic. solnc considerations must be also given 
tc? thc loads : I I ~  thiir coirc\l:or;l~rlg strelhcs CI,I spillnay, po\verhousc 2nd their foundaiions. 

l'hc cpill:vay ;:~:d p,tsib!y also t!le po:vcrhc\use have !o translnit tl;c hydraulic thrust from the head 
wiltcr into ihc' i o~~n~ ln t i cns .  the abutment. and the sui: ivithout endangcring the stability of the 
structure. Sii;:~!li;!ncously, spillway anr! pov~~c.rhousc ;ire subject to reaction forces an3 moments 
i ~ o m  the soil. (c'.::.. i~plift by si:cp;igc). 

As a conscqae11~-t:. i i : ~  ;~dl?i\si?lc v ~ l  iles of h t  r c s .  pressure and str2in between soil a116 the concrete 
of thc f~~ l idn i io ! l s  o!' 'uc>ib C \ > J ~ I ~ C J I I C I I ~ ~  h a . e  113 be accounted for. 

Vforcovcr. :he po,~;crhou~t rcccivi:, i h t  weight of its cI~:ctro-mcckanic and hyrlraulic cqci,>ment. For 
the l o c i ~ ~ i o i ~  of the !ctte!. and the rcsl~!ting s:resses, t l i ~  state of erection and repair has to be 
considcrcr! also. .l'hc po\;.cr:lousc is fi~rtncr loaded by the reaction force and moment of thc turbine 
distributor, it.; iervomotor :ictl valve ant\ by the cnrrcsponding loads of the d l d t  tube. 

This supcrposu.; the prcs5i:rz- ancl temperature-induccd steady loarls of the penstock (if any), of the 
spi:ki casiny. ;tnd ttie uraft tube. the watcr-l~amrncr-. 2nd surge-induced unstcady loads of these 
elelnents. and the vi'uri1to1.y rcacr ic11 torque (if thc al tcrr i~tor  stator, especially in case oi-short circuit. 
Also to b;. accocntcd for arc weight-, hydr;.iulic thrust-, and temperature-induced loads of the 
bearil~gs c>n tile pcnvcrhclusc. 1u:ld:; tlur !G flcsural and torsionill shaft ... ihriitions, especially at start 
up  and rlin:t\it:i!: of the set. The ansteady io;..ds due to the impact of wind and possibly of water waves 
acd ice flocs. nust  bc added. -i 

f 
A po\vcrhouse on the bnsc of a slope, possibly has also to resist the impact of rockfi~ll and avalanches. 
In h i s  caw ti11 C'~I-~I~-COVCI.CJ oons t~-uc t i~ l l  01- ;I pit I ~ O \ \ ~ ~ ~ : I O L I S C  may f i t  best. 

Tiic st:itic :In<[ :Ivii:l.mic response of the powerhouse structure to  the above loads, and !he corre- 
si-onding stresses and str;~i:is, 3\50 i ; ~  the foi~ndations and iii the adjacent :oil, have to be Lcpt in 
;tdniissiblc limits. ,411 cventiial tensilc s:ress, e.g., due to a bcnding moment in the wall, requires a 
correspondir,: rcinforccmcnt of the concrete. In the c:lse of a dangerous rcFonancc, e.g., a t  a power 
swing. thc elastic propcr~ics of thc powcr housc structure, but also its mass ofconcretc, have to be 
tuned so as  to keep the 1-ibratory wiiil nmplit!ldc within adniissible limits. Thesc limits have to be 
set :v.i,th rcspcc: to lo ;~J  changes clilring tho uscf~tl lift o i  thc plant, and with rcspcct t o  the fatigue 
cffccts cornbinull 'i~crewiih. 



4. The layout of river-run and storage plants 
with respect to optimized figures such as rated discharge, 
number of sets and their diameter, storage volume, 
hydraulic radius of the water way and dimensions 
of the electric transmission line 

4.1. Introduction 

The layout of a hydro power plant has to start from its character whcther i t  is a 
run-of-river and a base load plant o r  a storage and peak load plant, o r  of mixed character. 
It has to be based, as the case may be, on  h~ldrological data such as  the flo\v duration line 
of a river, the catastrophic high water, the topography of the site, the width of the river 
bed, the head and hence the machine type, the eventual length of diversion by channel 
or pipe o r  both, the electricity rate, amount and structure of demand and the distance of 
the next consumer from the site and the geology of the site. 

In developing countries with large rivers the exploitation has to  start with the erection of the barrage 
and spil!way, hugc constructions compared with the orignal small energy demand. Hence the main 
problem then arising is the qucstion, how to  develop in smaller stages, e.g., by using side valleys to 
by-pass the main river in stcps. If this is not feasible. the river must be diverted temporarily during 
the erectioli period of the barrage, the spillway and the power hotrse. 

Contrary to this in the following chapter the layout is discussed under the assumption 
that the demand exists. Then from the econon~ical point of view the question arises how 
to set tlie operating data of the plant and  the dimensions of its structural members so as 
to make a maximum the surplus of revenue over initial cost mainly due to  the sale of 
electricity during the depreciation period of the plant. 

Assuming the site, its topography and  hydrology and hence also head and type of 
machines to be given, an attempt is here made, tc; ascertain the optimum value of a certain 
device, o r  an operating figure of a plant, so as to satisfy the requirement above mentioned. 

Such an optimization may be attained with respect to  rated discharge in a run-of-river 
hydro power plant, with respect to size and number of sets, with respect to  the coefficient 
of rotor blade speed, the hydraulic radius of the waterway (if there is one) such a s  channel 
or pipeline, the diameter of the electric conductor for power transmission and the distance 
between adjacent towers on  this line. 

This optimization includes many cost terms, e.g. fabrication, earth excavation, super- 
Structure and substructure of the power house and spillway costs and  accounting for the 
losses of the hydraulic machine, and, in case of a. reaction machine, for its ground 
excavation required due to ccvitaticn, as a function of the machine's size. 

For the layout of a storage plant on a river, the topography of the site, the target release 
due to the river and the power demand are  assumed as known values. Fo r  the case of a 



pu:npt.d storryc pl;int, which only consumcs clcctric energy. t!ie p~.ohlcm arises how to 
set the electricity rate during b:isc Ic.2d and pcnk loricl hours so as to make n surplus by 
s;ile of peak loat1 energy. 

The hrcnk down of a plnnt economy into lincarly intcrrclatcd coniponcllts is ntlmittcdly difficult and 
rem;iins often only all cstimatc. T o  obt;iin, c.g. thc spccific cost of the coniponcnts from a rcal schcnie, 
scale effects. often unknown due to size, position, inflation, degrec of devclol)nicnt, local state of the 
art. and impondcrabilitics such as tl\c political ambition of the plnnncr or owncr, Iiavc to bz 
scparatcd, to  obtain actual informatien [4. I ] .  

I n  this chapter the assignment of the electric machine and the hydraulic machine to eacli 
other with respect to thc limits of output and spccd (see chapter 11.4) is ignored. In any 
plant, it is expected that, at least for a sufficient and reasonable number of days in the 
average year, the plant operates with ratcd head and rated discharge at the bcp of the 
mzchines. 

It is important to know that thc opcratir~g point of a rnachinc results from the intersection of two 
curves. The one is tnz head as  function of the rivcr flow that results from the hydrograph, the 
topography of tlie site, and the gcomctry of the watcr way, which is often infliienccd by scdimen- 
tation. The other curve is the head as a function of the flow, which passes the machine at a certain 
speed and a certain gate opening. 

If the intersection point of both the curves misscs the bep of the machinc, then there may be litigation 
to seek for the person responsible. 7'he only thing a court can d o  in this case is to obtain the opinion 
of 3 consul ta~~t  on the base of careful research and field tests. 

O n  the one hand, the faulty construction may result from wrong surveying, or a faulty reading of 
the hydrograph by the planner. Also a wrong evaluaiion of the friction in the water ways, Qr an 
crioncous estimation of the depositing scdiments may have led the planner to wrong conclusions 
about back water effects etc. 

On the other hand thc maker of the machixie can make a mistake either in designing,machining, or  
controlling thc machine he has supplied. 

In general the maker has an  interest to meet the bcp, as a bad elTiciency would be a bad recorr~men- 
dation for his business. But also the user of the plant, which is usually also the planner, must be 
interested in a high revenue. O n  no  account can the maker be madc responsible for !laving adopted 
a \vrong hydrograph or  head since such measurements are too time-consuming, in this respect he ,- 
must trust the planner. This holds true especially for the manufacturer of the set. 

T11e plznnin? of a hydro power plant is also made difficult by the fact, that two random 
effects must coincide with the best efficiency point of the machine characteristics. 

One is the available annual output of the plafit, which can be predicted (especially in a 
run-of-river plant) only as a time-averaged value. This results from observations over 
many years. 

The other is the prediction of the annual output of the plant during its useful life. This 
car1 be only derived from the preceding development and may undergo unpreclictable 
variations in the future. The consequences of this uncertainty may be further complicated 
when the plani supplies a grid by itself or when its annual output is relatively large 
conipared to that of the interlinked grid. Finally the planning of a hydropovxr plant in 
the way described here is characterized by the fact that its rated capacity which equals 
the energy demaild, exists only at a certain moment during its useful life. 

T o  overcome this discrepancy, the plnnt may be developcd either in stages, o r  certain limiting 
working data, e.g.. the current density or  the velocity in the water way, are reached at the end of its 
useful life. In this chapter, the concept o i  thc capitalized cash value of energy loss is app!ied. Thir 
needs some comment, since this cost term is neither an asset nor a liability in the csual economic 



scncc. I! is an imaginary cost term, depending on thc loss of a component co~lsidered during its useful 
life. Thereby i t  is a function ofthe coinponcnts's s ix .  This facilitates a n  optimizntion of this sizc also 
depending 011 the investment, the income by salcs of eriergy, and other Dcncfits of the  plant. 

The above capitalized cash value of loss is a part-of what is here called resulting cost. It is here 
that thc latcr docs not contain the OMR cost (due to operation, mainternnce, ; ~ n t i  

The O M R  cost is dcemcd to be independent of the compcrncnt's size. and hence 
irrelevant for optimization. Strictly speaking, i t  depends also on this size. Thercforc the firs! cost 
(investment for planning, construction and erection of the plant) could be imagined to i ~ c l u d c  the 
oMR cost. Here the cash value is identical with the present value at starting power production. 

In the following text a "set" denotes a generating unit consisting of a turbine and its generator. 
Moreover the cost of electric energy is referred to .as electricity rate. Finally the initial investr~xxt 
cost of a plant is also referred to as first cost. 

4.2. Optimization of rated discharge of a run-of-river plant 

4.2.1. General remarks and assumptions 

An exploitable reach of a river with an  available head, that results from the river's d rop  
along this reach, is considered [4.2; 4.31. This available head All is assumed to equal the 
available drop of maximum permissible water levels in the reservoirs cxisting after the 
cornpletion of the development. 

The flow duration curve of the average hydraulic year may be known for this reach. The 
development is based on a plan according to which the river, without any flow regulation. 
is developcd in subsequent reaches having available head. From the topograplly of the 
river bed, ihe back water effect as  a function of the known hydrograph for the subsequent 
plant is also known and accounted for (Fig. 4.2.1 a). 

For this scheme the rated discharge as a function of turbine arrangement is to  be 
optimized with respect 10 a maxiinum surplus of earnings from the sale of energy over 
the initial cost of plant for the economic life of the facilities. Fo r  simplicity the net earnings 

- 
Fig. 4.2.1. Lay-out of a run-of-river plant. a) Available 
head Ah, and backwater effcct Ah,, yielding the net head 
H,, = H = Ah - Ah,  along the river section exploited. b) - 

\ '  
Flow duration curve Q ( t ) ,  head duration curve H (r), and 
power duration curve hence derived for the average year 

to t of a certain scheme. 



considcrcd are obtaincd by s~~b t r ac l ing  the OklR cost f ~ o ~ n  thc gross earnlllg. The 
clzcirici(y satc is';lssumcd constairt during thc period of dt.prcciation. - 

The live storagc voluiiie of thc reservoir is ;tss~r~nctl so sln:~ll, that i t  c;in bc neglected. 
klcnce thc plant consiclt:rcr.l always operntcs under its rnr~xi~num pcr~:iissible hc:~ci water 
Icvcl. TO 0ht;ii11 the net hcad 11 froni this, All has to bc diminislicd by thc flow-induced 
level drop di:c to the back watcr effect All (0). tlcrice the net liead I1 = All - ~111((2). For 
practical purposcs and in accordance with cxperiencc LIII (Q)  is assumed to  equal the head 
computed by a wcir formula dl1 (Q) = k Q'!" Q being the discharge and k an  cinpirical 
cons!ant parameter [4.4]. 

As the live storase volume is negligible, any river flow that passcs over the rated flow Q, 
of tht: turbines at rated gate has to  be spilled to  limit cavitation pitting. 

I t  is assumed that all the machines installed are available for operation, when the river 
offers this discharge. Moreover the electric grid is assumed to  be large enough to  consume 
the energy offered by the plant. The number of sets is assumed to be of a size so  as to allow 
(by switching on and off an  adequate number of sets) the sets to  operate a t  thcir bep under 
the available river flow. Hence q = q,, depends only on the net head H. 

Sirice the spillway is designed for the maximum flood discharge, it absorbs a constant 
amount of the initial cost and therefore does not affect the surplus. The  same holds for 
the cost of high voltage transmission - if required - with its outdoor switchyard. 

The  cost term for the barrage (if any a t  all) may be slightly affected by that of the power 
house, if thf latter forms a part of the damming device. However in ;1 run-of-river plant 
!ike the one considered, the main cost of the damming dcvice i.5 clut. to t!ie embankment 
along the developed reach of the river. Assuming this, the cost of clam may be considered 
as independent of rated discharge. In  the following chapter 4.3 an  attempt is made to 
account for the influence of capacity and hence of the power house on the cost of a dam 
that crosses a river of given width. 

The  cost term for the power house is split here into one term, K,, for its superstructure 
and  another term for its substructure, mainly owing t o  excavation for the draft tube and 
the spiral casing, K,,. 

The  remaining first cost of t3e sets consisting of turbines, alternators and a portion of the 
transformer K ,  are assumed to  vary with the rated discharge and hence with the size of 
machine which is assumed to determine the cost of fabrication. 
As opposed to Cap. 4.3., in this section the cost of the accessories per set arc assumed to be pro- 
portional to that of the set, and consequently can be included in the nforemcntioned cost term K,. 

The  net head is computed from the known available head Ah arid rhe backwater effect 
kQ2'3 as H = Ah - A-Q'I3, where clearly 11 is a function of the flowr (2. Since !he latter is 
given by the flow duration curve as  a function of time (here taken in hours ovcr a year 
with to  hours). a net head duration curve is also given H = H (Q) = 1-1 (Q (t)j = M ( t )  and 
hence i l  = q ( H )  = q ( t )  [.1.5] (Fig. 4.2.1 b), where q denotes the efficiency of the set. 

Fo r  a comparison with the initial cost, the present value of earnirigs during the ,I years 
of depreciation under a constant electricity rate k, and  interest rate p, denoted by K ,  is 
computed for the time, whcn energy production starts. 

The  optimization of rated discharge Q, relative to a surplus of earninrs K, over the initial 
cost terms K,, K, ,  and K ,  due t o  the power house, exc=lvation and fabrication of sets, 
depending on Q,,  is made vnder the following alternative cases. 



In the first case the nominal runner dianieter II might be given. Naturally this is doliz with 
consideration of the number of sets i, assumed large, and, of coursc, an inteser. 

111 the second case the number of sets, i, is given. This must be done, however, to conform 
\ v i t l ~  the feasibility imposed by the resulting runner diameter D. Turbines with vertical 
shafts are assumed. 

4.2.2. Specialization of the problem 

4.2.2.1. The case of a given runner diameter D and desired i 

Frorn the assumptions made, the flow duration curve Q(t), the net head duration curve 
H (t) and the efficiency duration curve 11 (t) are given (see Fig. 4.2.1 b). Hence the "power 
duration" curve is P ( t )  = g g  H(t)  Q ( t )  q(t) kW. During the t = t, days of a year 
(measured in hours from now on) the rated discharge required to make a ~nax imum 
surplus is Q, = Q (t,). Hence and from the assumption, the rated head H ,  due to Q, is j4.41 

The unknown quantity is t,. According to the assumptions, during the period t ,  the 
discharge exceeding Q, under H, must be spilled. During t, the turbines consume, aecord- 
illg to the similarity laws (Cap. 9.2) at  an arbitrary instant, the flow 

I 

The work done in the period t is W(t) = J P ( r ) d r  and the associated earnings 
0 

K ,  = k, W(t). Then the capitalized cash value of earnings at a constant electricity rate k ,  
and interest rate p during the z years of depreciation at the instant of starting energy 
production is obtained as 

(4.2 - 2) 
with to = 8760 annual hours and the factor a due to interest 

lim u = z .  
P-0 

The cost of the superstructure of the power house with i units of diameter i) is approxi- 
mately 

K p  = i k p k ,  ~ , D ' ( H ,  + k 6 D ) ~ ,  (4.2 - 5 )  

where k, is the cost per unit volurne of the power house superstructure, k, the streamwise 
extension of the superstructure related to D, H o  the height of the pit (usually of the order 
of(2 to 3 ) .  D), k ,  a design parameter for the power house, being about 0 for an  open air 
plant and reacliing about 3 for a tall hall design, containing the main crane in its interior, 
k ,  a parameter depending on the lateral size of the block of the set related to  D a n d  being 
k ,  = 2 for a TT, k, = 3 for a semi-spiral casing, k, = 4 for a spiral casing, x the ratio of 
'he average height of power house in relation to H o  + k,D (height due to  the crane 
rullway above the turbine pit), where < 1. 

The cost due to  excavation K, now considered requires the volume excavated of one set 



K, == ti,Lhs (sec Fig. 4.3.1 b). 7'11is is composed of the depth dl . ,  whicl~ follows from the 
figure above by 

where Dl is the runlier throat diametcr [D, - (D,/D2)D and D,/D, is roughly determined 
by the head and licnce thc type numberj, k, = 1,O to 1,5 or 2,6 to 3,2 for a straight or 
elbow drart tube, 11, is the suctiotl head (Fig. 4.3.1 b), (1, the original depth of river bed 
below the tailwiiter levcl (scc Fig. 4.3.1 G), $ < 1 accounts for the varying depth of 
excavation. 

The streamwisc length of the excavation is (Fig. 4.3.1 b) 

where k, = 5 to  6, or  7 to I3 for an elbow, or  horizontal straight draft tube. Finally the 
exctlv3tt.d volume consists of the width per set (see Fig. 4.3.l.c) 

where k, is from (4.2-5). 

The  suction head in (4.2-6) depends on the NPSH required (Cap. 8.2) by 
h, = B - NPSH, uhere E depeilds on the altitude h of the plant and its critical pressure 

According to cap. 8.2, N P S H  as function of the pressure number 1. of the critical point 
in the rotor aild the draft iube efficiency 17, for the bep (with c,, = 0) is 

where c,,,, is the meridiorlal speed and u ,  the peripheral rotor blade speed at station 1 
(rotor throat diameter 3). 

Tllc above relation can also be used for the general case, where the rated poirlt has a whirl 
c,, past the ruzner. Then under the assumptions leading to (4.2- lo), NPSH is given by 

2g;JPSH = i \ v :  + F,I,C;, \ I . ,  and c ,  being the relative and absolute speed at point 1. 
From the velocity triangle there, the following relations can bc obtained: c: = c:,, + ci,, 
with the whirl c,, = 1 1 ,  - c ,,,, cotfl, = z1,(1 - cp,cotP,), 41, = c,,/u,,c,, = Q,/(A,i)due 
to  the rated flow Q,, Dl being the runner vane angle at station 1 and A ,  the rotor's cross 
section there. Hence 

2 g iVPSH = (]./sin2 P ,  + r , ~ ~ )  clSll + qs(l - (P, cot u: . (4.2 - 1 1) 

It can be seen that the structure of relation (4.2- 10) corresponds to the more general case 
of (4.2- 1 I), if (;/sin2 D l  + qs) is substituted for I. + qs, and qs(l - 41, cot is substi- 
tuted for I.. Obviol~sly. i, in (4.2- 11) and (4.2- 10) are different. 

The peripheral blade speed 1 4 ,  = (o/2)(Dl/D,)D where D2/D1 is a design-conditioned 
value following from the type number n, as a non dimensional specific speed defined 
according to cap. 9.2 by n, = o(Q,/i)112/(g HJ31J. Hence w = n,(i/Q,)'I2 (g  H,)3"4, 
11,  = D (D,/D2) 11,  (g  HJ3I4 [i/(4 Qr)] 'I2. Inserting this, and c,, from continuity 
c,, = (4  Q / [ n i (  1 - N " ] )  ( D , / D , ) ~ / D ~  in (4.2- lo), putting NPSH in It ,  = B - NPSH, 
and this in d ,  (4.2- 6), thz cost due to  excavation of i sets wit11 rotor diameter D becomes 
with respect to submergence required and the cost per unit volume k,, 

') Strictiy speaking. rotor throat diameter (here and rlsewhcre) defines the largest diameter of the rotor exit edge 
in a turbine. 



K p ,  = $ i k,, k ,  k 3  DD1 { k 2  D ,  -- B - .A,  
+ 8 (1. + 4,) Q f / ( f j  [ i ( l  - Ar2)  n ( D l / D , ) 2 ] 2  D 4 )  
+ 1. TI: 9" i2  11;7i2 02. ('1 1'2)' i/(' Q r ) }  . (4.2 - 12) 

The cost of fabrication, transport and i~ssembly of the i units with the runner diameter 
D is assumed as [4.6] 

K, = i k , D n ,  (4.2- 1 3)  

where k ,  is an empirical cost factor, 11 = 2.3 to 2,5. For i sets with Q , ,  as unit discharge 
(Cap. 9.2), the rated discl~nrge of the station reads Qr = i Q , ,  D2 (g  Hr)'I2. Hence i becomes 
the followi~lg function i( t , )  of the unknown time t ,  by which also Q,= Q ( t , )  slid 
H ,  .= H (t,) are determined 

i = (Qr/1IfI2)  ( Q ,  , D2 g 1 1 2 )  - = i (t,) (4.2- 14) 

~nserting this in (4.2- 5) ,  (4.2- 12), (4.2- 13) the i~ldividual terms are obtained as functions 
of the unknown time t,, namely 

K,, = $ k,,  k l  k 3  Dl D { k 2  Dl - B - d R  

+ ( 8 ( L  + 11s) Q : l l [ n ( ]  - N2)(Dl /D2)212  
+'.11: (DlID2)21(S Q11))  HrJ i ( t r ) ,  

Expressing the suction head 1.1, in (4.2-6) according to cap. 8.2. by the cavitation indcx 
a as h, = B - G If, K,, (4.2-  15) yields 

K,, = $ k,,  k l  k3 ( D l / D z ) 0 2  [ k 2  ( D , / D ~ ) D  - B - d R  + o H,] i ( t r ) .  (4.2- 18) 

The earnings given in (4.2- 2)  are already expressed as functions of t ,  taking into account 
that H ,  and Q, are also such fur~ctions according to Q, = Q (t,) and (4.2-- 1). The  surplus 
of profit reads 

S = K ,  - K , -  K p -  Kc, . .  (4.2- 19) 

Its desired maximum folIows by putting its differential coefficient with respect to time t,, 
correlated to the rated discharge Q,, to zero. Accordingly dS(t ,) /dt ,  = 0.  

With the simplifications: dH,/dt, = li,, dQ,/dt, = Q,, then from the extremum condition, 
from (4.2- 19), (4.2-2), (4.2- 16) through (4.2- 18), the following equatioil is obtained 

- A, (o  + H, d a / d N )  ~ - j ,  H, Q,, (4.2 - 20) 

where the parameters A, read as follows 

A3 = k p k l  k 5  D 2 ( H o  + k6  D)):, 



-P!;r: c;~\;ir:~tioli  indcx rr :111tl Ilc~icc a l so  its clcrivati:.~ t l r r j r l i - i  a r c  kl iown ;IS f u n c t i o ~ i s  of head 
fror11 T : ~ b l c  0.2.1. T.'or (,4.2 -.:(I) this I I C ; I ~ I  is Soi111d by trial :i11d error. 

7'hc ~.cl;ttion (4.2 2 0 )  c;111 I-c c \ ; ~ l \ ~ a ~ c ~ l  ullly i f  (lie Cunc~it)ns I 1  (1) ;11it1 Q (1)  a ~ l d  subscqut.ntly I!,, Q,, . . 
11,. ti,. Q,. ; I I I L I  tIle11 1l1c ~ I ~ I C . ~ I ~ ; I I  i n  ( 4 . 2 - - 2 0 )  arc k110\v1i i111~l  :1pproxi111;11cd by polyno~ni;lls in 1 , .  111 

[his casc (-I.?-- 10) i!; an c q l ~ ; l ~ i o ~ l  I, ,  tlic s n l i ~ i i ~ l l s  of \vhicIi arc (he v;llucs making tlic surplus n 
r i ~ ; ! . i i ~ ~ l i ~ ~ i l .  I'llcy c;ln Ix I;>uncl by Nc\\tton's ;~l)proxirnation. 'I'lic sc~liitio~i of in:crcst is that Jlic to 
largest s~rrplus S. 7'hc ti11;c ;, Ic;~ds to thc ~.;ltcd Jisch;il.ge Q, = (I([,) of the pl;lnt's 110~ Juriltion line 
and hcncc by ( 4 . 2 - -  I )  ;tlso 11ic ~.atcJ  lie;ld li,. The rccli~ircd numhcr of scls i follows from (4.2- 14), 
and i n s  to l1c ;~d;~ptctI to ; i n  i~itcgcr [4.7]. For ~ h c  nd~~pta t ion  of the gcncrntor's spccd and output 
scc ch:~ptcr 11.4. Obviously the time 1, has :o b~: smaller than I,  cluc to  one year. 

4.2.2.2. 7'11~ cilsc of 3 g i ~ c n  liumbcr i of sets and runner dii~rneter D to be estimated 

Equation (3.3- 14) givcs :hc diamctcr D as a function of t , ,  namely 

Inserting this irito (4.2 -- S), (4 .2  - 13), ( 4 . 2 -  J 8), the optimum condition dSjtlr, = 0 for the 
surplus after 14.2 - 19) gives 

0 = k , , L , g ' 1 ( ~ r t 1 r - 1 1 2  Q , ~ ~ , H , - ' ~ ~ ) ~ I ~ ( c )  ( . i . ( ~ ) ~ / ~ d r  
0 

- i . [ k , ~ l D " - ' +  ~ ~ ( 3 k , , k , / < ~ k , % +  3 k L , , k , k 2 k 3 ( D , / ~ 2 ) 2 ~ I / )  
+ Z 1 ) [ k l , k l k 5 % I - I o  -- k,, k 1  k311/(E1/1D2)(B + dR) 
+ ~ ~ , r ~ i 1 k j ~ I / ( D , / D 2 ) a l ~ r ] )  D 
- i k , ,  k ,  k ,  + ( D , / D , )  I l 2  k1,(!1, t laldff  + o) ,  

nllete d = LID ( t r ) j d t r  and D = D ( t , )  depend on t,. 

4.2.3. Example of the estimation of runner diameter D 

Tlie flow durat ivl l  curve is assurncd to be linear, Q ( t )  = Q,, -- (Q,,, - Q o ) ( t ~ t , )  ivith Q ,  and 
(2,) as ~nnxi!li~.im ~ n d  n ~ i i ~ i i ~ u r n  flow rates. Hcnce with x = ! , / to as thc ur~krlown figure 

Q, = Q,,, -- c o n ,  - Q o ) x  9 

fir = dl! - k [Q,, - ( Q ,  - Qo) xI2I3.  

1,: 
h,lort.over the efficiency is assumed as  constant. Hence the integral in (4 .2 -20 )  J H3I2 dr 

0 
can be strictly solveci by the substitution k [Q,,, - (Q,, - Q,)  .rite] 2!3 = Ah sin2 11. This 
brings (1s  = -- (3  Ah3/' t,;'[(Q,, - Q,)  k 3 I 2 ] }  sin2 u cos ri du and 

1. 1, 

H3I2 dr = - 3 d h 3  t o / [ k 3 1 2  (Q,, - Q,)]  j cos4 11 sin2 11 du .  
0 0 

h'laking use of the abbreviations 

the integral in (4 .2-20)  has the solution 



From (4.2-28), (4.2- 29), (4.2- 30), (4.2- 31) the tr-dependent parameters in (4.2- 27) can 
be reduced to s, with s = t,/t,, which is also a t,-dependent parameter, as follows 

Hr = Ah(1 - sq); H ,  = - 2 dkq/(3 t , .~"~),  ' Q~ = - (Qn, - Qo)ito, 
5 114 

' = ( 2 ~ r ~ r - ~ r " r ) l [ 4 ( ' ~ l l Q r ) " ~ ( g H r )  I .  (4.2 - 33) 

Inserting (4.2-32) and (4.2-33) in the governing relation (4.2-27) yields an equation for 
s and hence also for t,, whose numerical solution makes the profit S a maximum. 
Ob\liously here the absolute maximum is desired under the side condition t r  < t o ,  accord- 
ing to the assumptions. Inserting this in (4.2-26) gives the required runner diameter D, 
which naturally has to be suitable for the facilities of machining and transpol-tation. 

4.2.4. Reasons for the r~umber of sets relatir~g to the turbines 

Disregarding the transportation and fabrication facilities and contrary to the introduc- 
tory assumptions, now attention is directed to  a plant with a lour number of sets i. With 
respect to eventual repair of the turbines, the lowest number of sets is i = 2. This also fits 
the usual run-of-river plant with its strongly varying flow and head, in consequence of the 
flow duration curve [4.5]. 

More generally, in a run-of-river plant with strongly varying head and flow, i must  lie 
above a certain minimum. This results froin the similarity laws and the type of turbine. 
In the following it is assumed that all the turbines are of the same size I). 

Under a head Hop corresponding to  the bep, lying between the maximum and minimum 
head Ii,,,, and H,,, of the flow duration curve, iop sets are assumed to take a flow Q,,. 
This lies between and Qmin of this curve. If the machine with its unit discharge Q,, op 

hep (Cap. 9.2) is to operate with Qop at its bep, its runner diameter foilows from 
similarity laws (Cap. 9.2.) as D = {Qop/[iop Q, , op (g H, , )~~ ' ] )"~  . 
The k~lown rated discharge Q, a t  the rated head Hr changes, at  maximum flow Q,,,, and 
corresponding head H,, (from the similarity laws), to the following flow: Qr(Hn,in/13r)1'2. 

I t  is assumed that the maximum number of sets installed i,,,., is provided for this case. 
Contrary to Qop the sets now operate with fully opened gates (corresponding to the 
Unit discharge Q,, or Q , ,  ,,,). Then the flow Qop/io, passing through a turbine 
at 'P under Qop and Hop now changes into the total flow passing the i,,, sets: 
~ ~ p ~ ~ m a x / i o , ) ( ~ m , n / ~ o , ) 1 1 2  (Q,, n,a,/Ql, ..). Equating both the flow rates last mentioned 
Yelds 



A ccrtnin Ilow and hcad dut-ation curvc has JI,,/ll,. = 2, Q,!(Z,, = 3. Using :I high specific 
spccd Francis ti~rhillc with (I,, ,,,,/Q,, ,!, = 1.1 tlic ];)st rcl;ttion sives i ,,!,,x Ii., - 3,k6 -- 4. 
The bep ((I,,, If,,,) may be conncctcd w ~ t h  an efficiency curve t s  Q such that one set can 
cover the rnngc bctween Q,, a i d  Qmi,. In this case only onc sct is ~icedcd for Q,,. The 
whole plant then rcquircs at least four sets. 

For the atse of Kaplnn turbines with Q,, ,,,/Q,, ,, = 2,5 the maximum number of sels 
i,,,, = 1,70 i,,. ~ e r c  for the same plant at least i,,,, = 2 sets are needed (4.7; 4.81. 

4.3. The optimum size ( D )  and number of sets for a river power plant with 
given rated discharge and rated head 

4.3.1. Introduction to the probleni and assumptio~~s 

The resulting rated discharge Q, and rated head H of a river power plant are assumed 
known, =.g., from a calculation as in the previous section. Also the load factor cp, the 
propot tion of hours per annum under rated load, is known. Now thc problem arises of 
f i ~ d i n g  either the ~iamber of sets i or their size, here represented by tiic runner diameter D. 

For this parpose a certain site with given topography of river bed, namely its width b (see 
Fig. 4.3.1 a) is considered. The widtn of spillway required, across the river, is assumed not 
to constrain placement of the power house also across the river either as a part of the 
dnrnming device or situated on the base of the dam. Subsequently the case of a forebay 
dam is also de'ilt with (see Fig. 4.3.1 d). 

Only reaction turbines are considered, needing some submergence and hence excavation 
of the ground. From the rated head H, the specific speed or  the nondimensional type t 

Fig. 4.3.1. Run-of-river power 
plant (hcrc wiih KTs). a) Plan, 
1 power house; 2 spillway; 3 
dam (if any), b width of the river 
valley required for the plant. 
b) Elevation, 4 surface of river 
bed at the instant of planning 
(---). C) Plan of adjacent sets 
(here with semi-spiral casing). 
d) An angular dam with fore- 
bay. a), b), c), d) to a different 
scale. 



is known (Cap. 9.2.) as: n, = o Q " ~ / ( ~  where Q = Q,ii is the flow of one set 
and o its a1:gular \zelocity. Once i is set, c o  follows mainly f1o111 H, )I , , ,  0,. leaving aside 
the adaptation of  co to the grid freqlrency (which is of minor iniporti~nce. whcn thz 
consideration is limited to large multipole generators) but leaving also aside the depen- 
dence of the unit output on the spccd. For lirniting generator design this dependence 
follows from the restrictions on the electric machine due to  the space for the conductor 
and pole shoes and due to the requirements of fly wheel moment and cooling, see 
Cap. 1 1.4. 

Now i or Dl alternatively required are set siich ns to  make thc surplus of revenues during 
the depreciation period a maximum compared with the initial cost of the plant. Hence 
the initial cost of fabrication and erection of the sets and thcir accessories, due t o  earth 
excavation (substructure of the power house), the superstructure of potver house, the 
spillway, the residual dam plus the monetary equivalent of the losses during the depreci- 
ation of plant at  the instant of starting power production are tilade a minimum. The 
calculation starts from the runner diameter as a fiinction of turbine type and workins 
data. 

4.3.2. The runner diameter as a function of working data 

4.3.2.1. Kaplan turbines (KTs) 

I. Assumptions: The flow downstream of the runner exit has zero whirl (c,,, = 0) st bep. 
For an arbitrary number of sets working under varyiilg head and flow this assunlption 
requires a K T  with at least adjustable runner vanes. 

11. Optim~im diameter with respect to  efficiency: According to  Cap. 10.2 after C. Kcllei- 
P.91 

D = Do?, = 1,155 {(I - T ~ , ) / ( K ~ ~ E ~ H ) } ' ! ' [ Q , ' ( ~  - N ~ ) ] ~ / ' ,  (4.3- 1) 

where Q is the rated flow, 11 the rated head, w the angular velocity, N the h u b  to tip 
diameter ratio, F. the glide angle of the runner blade, K O  = (2/3)(1 - N3)/(1 - I\"), r;l, the 
draft tube efficiency. 

111. Optimum diameter with respect to  NPSH and thereby ground excavation: According 
to Cap. 10.2 and reflecting the relation D - Q l i 3  first mentioned by Alllfors [4.10; 4.1 I ] :  

where is the pressure number of the critical rotor point with respect to cavitation. This 
is also valid for FTs at D = D l .  

I t  (nay be mentioned that contrary to expectation, especially in large low head sets with 
vertical shafts Dop,,,,, requires a larger earth excavation than Do,,(D,p,,sII > Do,,). 

4.3.2.2. Francis turtines (FTs) 

Here the calculatioll starts from an  economical optinlization of the runner t ip speed 
coeficient KuOp = L , , , / ( ~ ~ H ) ~ ~ ~  shown in Cap. 4.4. Hence the pzripheral blade speed 
U I  = u (D, ID) follows from the diameter ratio D, ID2 = D l  ID, which is known from H via 
the resulting type number n,, by the relation u ,  = (D,/D,) ~u , , 12  BH)'". 

Continuity in the runner throat with its hub to tip diameter ratio N, gives the constant 
aQumed mcridional speed by c,,, - 4 Q/[Z D: ( 1  - N:)]. As is vlell known from 
C.Pf l~ iderrr  [4.12] the runner vane anglc at the outlet at  the tip section /?, can be 



optimized with rcspcct to minimum susccplibility to c;:\itation. Flericc tai1 o p  

= { 1 / [ 2  ( 1 1 ~  + i ) ]  1 I:'. For tlic wl~irl-frce absolli tc flow assumcd : tan /Il ,, = c, , 1 1 1 , .  ticnce 
tlie oprin~iim ruiincr rip di;~inctcr I) =r D (w1icl.c from now o:i t!~e indcu 2 is olnittcd for 

Y P  
cotivcniclice) Lia D = (D,/D,) I), is obtaiiicrl as 

4.3.3. The r111lner dianietcr 2s a fi~nction of the number of sets 

The given rated discharge Q, of the plant and of one sct Q (and the number of sets i) are 
rel:~ted by Q = Q,/i.  T o  limit the submergence, the type number ti, = w Q"2/(gH)31J is 
mainly given by the rated head H.  I-lence according to the assumptions, the 
angular velocity for a plant with given rated flow Q, and i sets results from 

= ,, j' 1 j ) 3 ! - ' 0 -  1 2  i"2 
c l J  - I . Inserting this in the relations (4.3- I), (4.3-2) or inserting 

Q = Q,/i in (4.3-3) the respective throat diameter Dl (coinciding for a KT with 1)) as a 
function of !he number of sets reads 

where C reads as follows as a function of the turbine type or  advances in design: 

For a KT, designed on lines optimizing rl:  

C = C, = 1,155 {(I - q,)/[K, n, Z(~H) ' I~ ] )  'I7 ~i~~ ( I  - N ~ ) - ~ ~ ~  . (4.3-5) 

For a KT or FT (then N r- N,) designed on lines optimizing NPSH: 

C = C,* = 2 [2 ( t l s  + A)/l,] ' I 6  Q ? 2 / [ ~  tlq (gH)314 (1 - N2)] ' I 3 .  (4.3- 6) 

For a FT, but in general also for a KT, designed on lines optimizing as v~ell the overall 
economy by K I I , ,  and N P S H  

C = Cg" = 2 [(i + r1$li] 'I" {Q,(D2/D ,)3;[n (1 - N f )  k'li,, (2 tlH)'i2]) 'IZ 
(4.3 -- 7 a) 

With the unit flow Q,, ,  known by H, the similarity law from Cap. 9.2 gives another C: 

C,*** = (Dl/D2) Q;;l2 Qil' (IIH)--114. (4.3 -- 7 b) 

4.3.4. The NPSH as a function of the worlting data and type 

Inserting in NPSII according to (4.2-10) the peripheral blade speed at the throat diame- 
ter u1  = LL) D1/2, the meridional speed from continuity c,, = {4 Q,/[n(l - Ni)])i(i Df) and 
using the angular velccity m from the type number n,, mainly given by H, and the rated 
flow Q, of plant with i sets as o = t~,(i/Q,)"~ (gH)314, then NPSH results as a function of 
the type number ) I ,  (according to turbine type), the rated flow of plant Q,, the number cf 
sets i, the throat diameter D,, the design feature N1 and the parameters I. and Q, due to 
cavitational susceptibil~ty in the form 

Inserting Dl  from (4.3-4) reconfirms the well known fact that NPSH as a parameter of 
cavitational sensitivity of a certain machine cannot depend on the numbzr of sets i. 



4.3.5. The cost of ground excavation, power house and dam 

According to the assumptions. thc width of the river at  site h, and the width of spillway 
required for spillage of flood flow b,, diffcr by a figure b,, = b - b,,, corresponding to 
the maximum length of power house located across the river. The plant considered needs 
a power house of a length h, smallcr than b,,. Hence the calculation is based on  the 

bp,n = b - bSp (4.3 - 9) 

In the general case of a Francis turbine with a runner throat diameter Dl  (see Fig. 10.3.181, 
the excavation of ground for the substructure of the power house has a depth 
d , = k 2 D , -  h ,-dR,alength L =  k , D , a n d a w i d t h p e r s e t b =  k ,D  = k,(L>21L)1)Dl,kl 
being defined after (4.2- 5), h, being the suction head, d ,  the depth of river bed underneath 
the tail water level, (D2/D,) a figure given from the head H. With a factor rl/ < 1 ,  due  to 
the lateral variation of depth, the volume excavated of i sets beconles Ve = I) k k (D2/D ,) ! 3 - i D: (k, D l  - 11, - d,). Inserting here D l  from (4.3-4), with k, being the specific cost per 
volume excavated, the excavstion cost of i sets becomes 

K,, = k,, Ve = E(k2 C i - ' I 2  - h, - d ~ )  , (4.3- 1 1) 

Since the task of the spillway is not affected by the number i of sets, which is the \rariab!e 
of interest, the cost of the spillway is a constant, hence set aside. 

The cost of the power house superstructure from (4.2-5) may be reduced to the throat 
diameter Dl by D = (D,/I),) D l ,  where the diameter ratio D,il), is given by the head. 
Hence K p  = ik,k, k, (D,/D1)' D i  [ H ,  + k, (D2/11,) Dl ]  1; Putting here U ,  from (4.3-4) 
gives, K p  = :! k, k,!, (D,/D,)' C2  [ H ,  + k6(Dz/Dl) C i-"-]. From this only the cost term, 
that varies with i, IS taken from now on as  cost due to  the power house superstructure, 
namely, 

K ,  = I.',-- '12 
7 (4.3 - 1 3) 

The cost of the proper dam section (if any a t  all) K D  is valid for a dam of length h,, 
resulting from b, = b - b,, - b,, in which b is the width of the river valley, b,, that of 
spillway and b, that occupied by the length of the power house. According to (3.2-8) 
bp = ik ,  D. Reducing L) to the throat diarneter by the diameter ratio D21D, which is 
known from I-I and putting D, from (4.3-4) gives the length of the power house as 
b~ = kl(D2/D1) Ci1I2. 

Introducing the cross sectional area of the dam as x H2 with x as a forin factor, the 
volume of the proper dam section is VD = x H' bD = x H2 [ b  - bsy - kl (D2/D1) C ill2], H 
denoting the rated head. With the specific cost k, per m 3  of the proper dam section, the 
cost of this section becomes 



Strictly spcalting. the bnrr;tg;ce c , ~ t ~  be subdiviclcd into the proper barrage portion and into 
a p:lrt. whicll corrcspond~ in i l s  base to tl?c suhstructi~rc of tllc power hocsc (for heads 
bclow 20 to -10 m), or whicli contains tlic pourer housc (whcn i t  is within the d;~m), or 
fi~;nlly, is supported dowiistrcarn by t f x  povJcr housc, but also pcrfor'lted by the pen- 
stocks or prcssure shafts. Attributing these elcmcnts to thc upper part of the power house, 
for simplicity i t  is assumed here that the cost of this dam portion linked to the power 
house is chargcd to the cost of the powcr house. ' 

4.3.6. The cost of fabrication and erection of sets 

The cost for f;~brication, transport and assembly of one set contains a term which is 
proportional to Dn, where n = 2,3 to 2,5. This shows that part of this procedure is 
proportion~~l to the face to be machined ( D ~ )  and another part is proportional to  the 
vc;lunie of inaterial to be bought and transported ( D ~ ) .  Introducing an empirical cost 
factor k, .  the hcad-linkcd diameter ratio D2/Dl and the throat diameter D, from (4.3-4) 
give one cost term for i sets as I, = ks (D2 /Dl )"  C" i-"I2 [4.6]. 

To  this a tern: has to be added, proportional to thc number of units, namely 1,  = k , ,  i, 
where k , ,  again is nn empirical cost factor. This term accounts for the fact that at least 
;I portior? of thc cost due to the machincs increases in consequence of the number of 
accessories !i.e., piping, valves, bearings, control mechanism, c:lsin_gs needed to encase the 
pit, s c r ~ l l  casing 2nd dralt tube wall) and !he number of large picces to be transported 
and to be rnacllined on nlachine tools, e.g. large boring mills or  lathes, only av:iilable in 
!irnited number and due to each of the i sets. Therefore the cosi of fabrication a i d  crection 
of tile i scts is 

4.3.7. The cash value of energy loss during useful life. 

I; 1s assumed that thc dinier?sionless loss here is composed of a portion hb independent 
of the size D of the set and another portion decreasing according to the known fi~nctional 
dependence of loss and Reynolds number of the machine (see Ccp. 9.3) by n D -  ' I r n  with 
rising size D of set. Here 111 is about 5 and 'a' about 0,3 to 0,7 accordiilg to  tile type of 
machine. Reducing I, to the throat diameter D l  by thz head-!inked diameter ratio D,/D, 
and Dl to i by (4.3 -4) gives thz dimensionless loss 

The capitalized cash vlllue of energy loss during the period of z years, for depreciation at 
an  interest rate p, with the electricity rate k, per kWh for a hydro power station with an 
annual oi~tput Win k w h  at the instant when power production starts, is with the interest- 
linked h~;;rr.ction ct from (4.2-3) 



The annual work I.V produced follows from the rated discharge Q, and head H, the load 
factor q, as the share of annuai horlrs undcr rated load, the mean resulting ei7iciency of 
the generator and the grid cficicncy I I , ,  (the ratio of consunled to generated output) by 
1~ = 8776 o v 11 Qr g1-I Vgr . 

4.3.8. The resulting cost as a function of the nl~rnber of sets i 

For m = 5 and I I  = 2,4 the resulting first cost together with cash value of energy loss 
during depreciation K,,, = K,, + K p  + KD + Kb + 1 is as function of set number 

K,,, = E (k, Ci-'s5 - h, - d R )  + F i-'p5 + S i-lv2 + ksl i 
+ G (b - b,, - ~ i ' . ~ )  + J (hb + LiO.'). (4.3 - 23) 

From this it is seen that the resulting cost of a plant with given rated head and discharge 
decreases with a rising number of sets i in terms of: a) ground excavation due t o  depth 
of the draft tube k ,  CE, b) the upper part of the power house (I;), c) the fabrication, 
transportation and assembly of the sets ( S ) ,  d) the dam part due to the power house (G). 

Contrary to the above the resulting cost increases with a rising number of sets i: e) i11 

consequence of the accessories and the processing due to each set (k,,), f) in consequence 
of the then higher cash value of energy loss (JL). The optimum number of sets corre- 
sponds to the minimum of K,,,, determined graphically or analytically and expressed in 
integers. The usually observed predominance of the term due to e) makes i t  advisable to 
set the nr~mber of sets as small as possible. This has to  be done within the frame of given 
facilities due to the transportation and machining of the largest parts everltually on site. 
Cost estimates are discussed in [4.13]. 

4.3.9. Reasons for setting i.knit size as large as possible 

In some cases the assumption (4.3- 10) of sufficient space at site for the required pourer 
house is not satisfied. With regard to growing peak load demand in future and the profit 
to be made by rising electricity rate for peak load, the power installed should often be as 
large as possible. This raises the question of maximum power capacity that could be 
installed under a given rated head 11 within a power house of a certain length b,, in a 
valley of given width at a certain site. 

According to (4.2-8) the length of a power house with i sets of the same diameter becomes 
b,, = ik,  D. With P,, as the head-linked unit power, i can he expressed by yH, D, and 
the resulting power installed P,,, as follows i = P,,,/(P,, D~ ( L J H ) ~ ' ~ ) .  Hence the resulting 
power as function of the runner diameter: 

From this it is seen that for a given width of valley and hence given length of power house 
across it b,,,, the installed capacity increases with the runner diameter. Escaping this 
constraint in the case of given D and b,,, consists in splitting the power house into 
underground locations of the valley slopes, provided the geology and topography allow 
this (Cabora Bassa). 

Another solution is to arrange thc power house a t  the foot of a forebay dam (Fig. 4.3.1 d). 
This has been done, e.g. in Grand Coulee 111 [4.14]. 



TIIC spccific cost of cxc;~vation per unit o~ltput:  The cost of eucn-;.?tins the power house 
with h,, - h,,,. using illc I~c:ttl-li~lkc~.l di:~meter ratio I l , /D,  nntl the consiclerations 
yicltiillg (4.3- 1 I) K e y  = I )  kt., k,(Dl/!12) Dh,,,,[k, (Dl/D2) 1) - It, - d R ] .  Substitilting here 
h,,,, D from (4.3-24) the specific cost of excavation per unit output is 

Obviously K: rises with the runner diameter. 
- The spccific cost of sets due to fabric:\tion and erection per ui~it  output: According to 
the considerations leading to (4.3- 19), the cost for the L~brication and ercction of i sets 
is I = (k , /k , ) ik ,  D D Dm-'  + (ksl /k,) ik,  DDD-' .  Substituting now from (4.2-8) 
i k ,  D = b,, and then expressing this from (4.3-24) gives the following specific cost per 
urli t power 

Sincc 11 - 2,3 to 2,5 and since the second term in the numerator us~l:illy is much bigger 
than the first, it is seen that the specific cost of fabrication and erection per unit power 
installed falls with a rising runner diameter and decreasing number of sets i. 

The rexson for this results from the rising number of accessories, plankings and large parts, to be 
ni;tchir!:d on mackinc tools, available in limited number, and the more complicuted risscmbly, repair 
2nd inrpcc~ion duc to a rising number of sets. Here thc feasibility of mass production vanishes. 

In the important <peed range, a limiting alternator design shows a drop  of output Pa vs speed o 
(Cap. 11.4) about Pa - Using o, - D-' and assumin2 the spiral casing to determine the lateral 
disrun.:~ ef adjacent $et:, the capacity of a power house of length b,, bccomcs c,, - D b,,. Hence 
fcr a mnvimum capacity the alternator also requires a maxi~num possiblc diameter D. 

Ob\ iott:;ly the size of a set should be set with respect to the power instclled in tltc grid. The arguments 
iil fi~vour of 3 mi~ imum nurntcr of sets i r e  also limited by the load gauge of access roads to  the site, 
by the cu?aci:y of c r~r lcs  on site and in the workshop and by the load cap:~city of bridges to be 
passcti. Such obstacles rvist niainly in rcmote and ;nountainous areas. They can be ovcrcolnc to a 
certain degrce by applying fabrication of large pieces on site by mcdern welding toct~niqucs (2.21). 

4.4. The optimum coefficient of peripheral blade speed Ku 

4.4.1. Illtroduction to the problem 

From the similarity laws (Cap. 9.2) it is known that the type number n, (here used in its 
nondimensional form n, = to Q112/(gH)314) rises ro~ighly with the 1,5th power of the blade 
speed coefficient K u  = Z I ; ( Z ~ H ) ' ' ~  at the runner tip diameter D of s reaction turbine. To 
lixnit the submereence n, depends on the rated head H according to Tables 9.2.1 o r  10.3.1. 

It is known, that different vr?lues of Ku may be assigned t o  a certain type number n,. This 
depends on the purpose of the machine (pump, pump turbine or turbine) but also on the 
rotor blade form choscn. For  example backward curved vanes also applied in turbines 
sive a higher Ku. Thcrefore the problem will b;c reflected by the following question: What 
value of K I ~  would yield the lowest resuliing cost when the rated head H iind discharge 
of the turbine are known and the rated point coincides with the bep with vanishing whirl 
c,, - 0 past the runner? Strictly speaking the answer should be given so as to minimize 



tile initial cost and the capitalized cash value of the loss during thc useful lifc of the 
turbine, where the loss is split into its components. 

This problem was treated by the author for a FT [4.15]. In the following an attenipt is 
to determine Ku by limiting the economic aspect to the following items: a) cost K ,  

due to fabrication, crection and assembly of the turbine, see (4.2-13); b) cost due  to 
superstructure of power house K, ,  see (4.2-5) of one set; c) the same due to excavation, 
see (4.2- 18); d) cost due to capitalized loss, see (4.3-20-22). 

- Simplifications in the cost terms: Assuming the term H ,  + k ,  D in (4.2-5) t o  be 
proportional to D, the cost of the power house superstructure per set is now 

k,, being a specific cost factor per unit volume. 

The volume excavated per turbine has, (Fig. 4.3.1 b) and (10.3.18), the streamwise length 
k, D l ,  see (4.2-7), the depth underneath the bed of tailwater, see (4.2-6), d, = 
(k, Dl - h, - d,)  $, ( d ,  being the depth of tailwater bed below the lowest tailwater level, 
11,'the suction head) and a width b, = bl D, see (4.2-8). Using the head-linked diameter . 

ratio Dl/D2 and cf, = $ k ,  k, D2/Dl,  this value may be expressed by the rotor tip dial~leter 
D (D = D,) as  follows I/, = @ D2 [k, (Dl/D2) D - h, - d,], D l  being the throat diameter. 

Expressing the suction head (Cap. 8.2.) by h, = B - NPSH with B from (4.2-9), and 
splitting NPSH according to  (4.2-10) (see also Cap. 8.2), the excavation cost reads 

where Kc,,  = c l 1 , , / ~ ,  Ku, = 1i1 /J2SH,  and ke ,  is a specific cost factor per znit 
volume. 

- Steps, to reduce the runner diameter D to  the coeficient Ktc: 
a) Rated head H and rated discharge Q are given a t  the bep. 
b) The nondimensional type number n, results from the working data  H and Q in a) 
according to  the state of the art, Cap. 10.3, especially with respect to  n,(H) (see 
Table 9.2.1). 
c) With n, known, the geometry of the runner and distributor with their essential features 
is also known, i.e.: b,/D,, D,/D, in which D, is the runner tip diameter at  inlet (see 
Table 9.2.1), b, the inlct breadth of the runner, Dl the runner throat diameter. In the 
following for convenience D, = D (without ifidex). 
d) With the reservations made in Cap. 4.3.1, the angular velocity o of the set results from 
the type number n,, the head H and the rated flow by w = n , ( y ~ ) ~ / ~ / Q " ~ .  

With o known, the diameter D as a function of Ku follows via the relation D = 2 u / o  as 

e) From the known relation between n,, Ku and Kc,,,, (Cap. 9.2) at b,/D given 
I1,= 2'14 n1I2 (h2/D2)lI2 K U  KC:,'; it is also possible to  exprcss Kc,, in terms of the non- 
dimensional runner inlet breadth b,!D,, given according t o  c) and hence 



as ii function of the type number n, and the speed coeflicient Ktr 

Kc,, - ( r 1 , / l 2 ) ~  K u m 2 .  . (4.4 - 6)  

By means of continuity and assuming constant mcridional velocity rcross the flow 
passages at runner entrance and exit and introducing the figure ;C defined below ar,d also 
known from c), the coeflicient of mericlional velocity at the runner exit Kc,, may be 
expressed in terms of that at the runner inlet Kc, ,  as ( b ,  = rotor exit breadth) 

Kc,, = x Kcm2,  

x = 4 (D2lDl) (b2/b,)  - 

4.4.3. Expressing the cost terms as a function of Ku 

- The fabrication and erection cost of one set: They are with respect to (4.2-13) and 
(4.4-3) and (4.4-4) 

The cost of the power house superstructure of one set is according to (4.4-1) and (4.4-3) 
and (4.4-4) 

The cost of excavation of one set becomes from (4.4- 2) with Kc, ,  from (4.4- 6), (4.4- 7), 
(4.4-3) and K u ,  = ( D l / D 2 )  Ku  

K,, = I;,, @ J 2  Ku2 [k, ( D 1 / D 2 )  S Ku + E ,  Ku-' + E2 Ku2 - B - d R ] ,  

where 
(4.4 - 1 1 )  

- The cost cf capitalized loss during the depreciation period: Following the consider- 
ations leading to (4.3-20), the cash value of loss during the depreciation period at the 
instant of starting energy production becomes with respect to (4.3-4) and with D from 

- (4.4-3) 
K', = J(hb + a 6 - 1 1 m ~ u - ' / m ) .  (4.4- 14) 

4.4.4. The resulting cost of the turbine during its useful life 

Adding the cost terms Kc  K, ,  Kex  and K:, the resulting cost of a set during its depreci- 
ation becomes as a function of Ku = x 

K , , , = J ~ ~ + C , X ~ + C , X ~ + - C ~ ~ " - C , X ~ + C - , ~ - ~ + C  -,,, ,x- 'Im,  * 

where (4.4- 15) 
2 



The cost K,,  has a constant term due to a portion of the capitalized loss J h t .  It contains 
the term C, due to excavation, C, due to fabrication and erection. both rising with Klr, 
cn due to fabrication and erection all rising with Ku. Then K,, contni~ls the terms C; and 
C-2 both due to excavation and C-,,, due to  capitalized loss all decreasing with Kir. 
Hence 

dK,,,/dx = 0. (4.4 - 22) 

From this follows an optimum of the speed coeficicnt s = x,, or  Ktr = Ku,, . 

According to experience this can be obtained rather easily after a first estimate by 
Newton's approximation, e.g. for a FT with a head of 300 m this is about K u  = 0,72. 

More details are given in reference I4.151. 

4.5. Problems due to the layout of the reservoir 

4.5.1. Basic considerations concerning a reservoir 

4.5.1.1. Introduction 

A reservoir or  basin as a water storing device is the necessary counterpart of a dam o r  
other damming devices such as dikes. I t  is the prerequisite of any peak load and  11er.c~ 
storage or pumped storage plant, but i t  is also necessary for any run-of-river plant. As 
such it may be arranged in a chain of river power p!ants and thus be used simultaneously 
as head and tailwater basin. 

In the following a reservoir in a narrover sense is understood a s  a basin used as  head 
water with a large, live storage volume and hence a considerable change in levcl usually 
generating a head in a range of a t  least 20 m. 

Excluding the rare cases of reservoirs in natural caves or  in abandoned mines, the 
reservoir considered is located in a valley, usually that of a river. Its erection depends on 
the tcpography and the geology of the neighbourhood, the water tightness of the ground, 
the economic facility of building dams as  an  enclosure. 

Excluding a pump storage plant, any reservoir also needs a catchment area with an 
adcquate precipitation rate. 

The bcnefits of a reservoir in its widest sense can be briefly listed as ~OIIOWS: 
a) Prevention of floods espccislly in mountainous and monsoon areas. 
b) Irrigation especially in rural areas with irregular precipitation. 
c) Power generation especially for peak load demand or in a pumped storage plant. 

Eqrlalizatiorl and regulation of run-off into a certain river. 
Improvemcnt of navigation. 

r) Tourism. 
t)  Fisheries. 
?) climatic bencfits through damping temperature fluctuations. 
'1 Social and cultural changes by enlarging social communications. 



4.5.1.2. ~ss11111j):ioris f o r  basic relations of iilyout 

In 111e followit;$ ;I rcservoir is co~~bidcrctl fillcd by a rivcr wit11 ;I 1;irgc c;~lcii!ne~ll i1rt.a aiid 
i1 know11 hydrc>grnl;Ii Q ( r )  Ibr the averagc year, which i b  considcrccl as lhc opcrnti:~nal 
cycle of the reservoir. Cilins by prcciyit;ltion on thc surhccs of thc rcservoir and losses 
by seepage act1 evaporation are neglected. 

TIie cycle for thc operation is given by thc fact, that thc altitude 11 of its level returns to 
its initial value /I, after the period considercd. This value coincides with the deacl storage 
of the reservoir iletcrmining the minimum head of the turbines supplied by it. Thc turbine 
type depends also on the maximum of this level, due to the ~ n a x i ~ n u m  head. This results 
from tile topography of the site, the crest height of the bnrrrtfc and the flcjod storage 
capacity eventually needed at the instant of :I,,, . The topogray;hy of thc reservoir also 
gives its surface area A as a function of the altitude It of its level. Thus A -7 A (11). 

F a r  irrigatioli znd oiher purposes a minimum flow target releasc Q,, = Q,(t)  must be 
delivered as a function of time t into the river downstreatn o f  the reservoir. Also 
adequately timed, with respect, to power demands P( t )  (especially for peak load), to the 
target release Q, (r), to thc hydrograph Q (t), and to the basin's geometry A (II), a flow rate 
for power gencration has to be delivered by thc reservoir: Q,. = Qp(t).  

Downstream of the reservoir a gauging station monitors the rivcr for permissible lebel. 
This may be reached by appropriate regulating devices. TvIeasui-in? any altitude from this 
level, specifically the tail water level of the barrage can be assumed to follow a "head on 
weir" flow relation 

in whicl~ k, is a constant. 

A power station may he at the base of the barrage, receiving its discharge Qp(t) by a duct 
separate from that for Q R  (t). This power sclpply rnay have a head lobs k ,  Qi(r). Then the 
1;ct head is obtained from the instantaneous altitude h(t)  of the reservoir as a function of 

H ( t )  = h ( t )  - k2 (Qp  (t) + QR (t))2'3 - Q; (t) 

4.5.1.3. I'ile basic relation for the layout and its problems 

LJnder the assumptions made, h (t) results from continuity 

Counting the time t from the instant at which h = ]I,, it follows that 

The turbine output required may be given as a function of time a s  P = P (I).  P (I) depends 
on the net head H (rj, the power-linked flow rate Q p ( t )  and tile effiuretlcy 11 of the turbines. 
Joint regulation of all the sets may facilitate operation of all the sets around their bep. 
Thus efficiency depends only on  the head according to ?I  = r ;  (H). Hence the power-linked 
flow 

QP ( t )  = P (?)I [Q 6' H (t) 11 (H (t))l, . (4.5 - 5) 

where H(r) results from (4.5-2) and (4.5-4). One problem consists in fixing the live 
hm,, 

storage volume according t o  AV = 1 A(h)dl l .  If flood storage is also needed and the 
ho 



flood is considered, as usual, as a random elTect not belonging to  the average year, the 
level /I,,, , ,  rnust also allow for additional flood storage whose volume then may be added 
as a benefit to Q ,  or (and) Qp. 

The so!utioil of d 1' for a given geometric parameter A (11)  of the valley, a given hydro- 
Q (t), kz and k , ,  can be reached only by trial and error. 

The inverse problem of setting Qn (t) and P (t) or  Qp(t) for a given live storage volume d V 
can also be reached only by trial and error. 

Therefore in the following section an  approximate treatment of the problem will be 
discussed. In this treatment the figure Q (r) - Qn ( t )  is replaced by a power flow duration 
curve Qp(t) of simple form. The function A(h)  is replaced by a mean surface area of the 
reservoir, H by a mean head H,, and the power requirement P (r )  by a simple sinusoidal 
power duration curve of daily peak load demand. 

The optimization and adaptation of a reservoir has been treated in detail by Serls [4.16; 
4.171. 

4.5.2. An approach to the layout of a peak load storage plant 

4.5.2.1. Basic relations of the'reservoir and the river feeding i t  

Instead of the compatibility of the momcntasy level of reservoir h ( t ) ,  and the power- 
linked flow rate Qp(t) within the permissible limits of the level and the momentarily 
available head, it is now assumed that at  constant efiiciency, the stored electric potential 
energy within one storing cycle equals the electric energy demand, which is generated 
during this time interval. 

The live storage volume is approximated by the minimum and the maximum head Hmin 
and H,,,,, respectively, during the storing cycle and the average surface area of the 
reservoir A ,  by 

The electric energy of the stored volume is approximately with a n  overall efficiency q, 
and a mean head H, = (H ,,,,, + Hmin)/2 

E,, = Q A VgH, ' lm = (112) q,, 8 e A,, Hi., (1 - x 2 ) .  (4.5 - 8) 

I t  is assumed that the reservoir has t o  supply this energy during a definite time interval 
1 1 .  e.g. one year. 

A river used to fill the reservoir may have the following flow duration curve for the 
average year 

in which Qm and Q, are the maximum and minimum "flow remaining" respectively within 
'he average year. The "flow remaining" means here the surplus of flow over the legally 
Prescribed minimum flow-off, the so called minimum target release. 

The live storage volume d V of the reservoir has to  be released into the river during the 
"me illterval t ,  (now one year). Expressing the surplus of seepage and evaporation over 



' ! 
rainfall (see 14.18; 4.191) by the tcrm E:, continuity gives 3 Q d t  = V,. -I- d V. Inserting 
(4 .5- -9)  arid (4 .5-6)  results in o 

t ( Q m  + 2 Q0) i3  = ' + A,,, H,,,, (1 - X I .  (4.5- lo) 

4.5.2.2. Load demand ;ind its balance wit11 energy stored 

The demand of the consumer may be approximated by the following periodical function 
over the daily time intzrvnl T and with P,,, as peak load: P = P,,, [ I  - cos ( 2 n  t / T ) ] / 2 .  
Hence the ilaily energy consumption Ed = P, T / 2 .  Imagine this is needed during 11 days 
of the average year then the annual power demand becomes 

Coiltrary to a run-of-river plant, delivering base load, the power capacity P,, is indepen- 
dent of the "flow remaining" offered by the river. The energy E,,, from (4.5-8) stored 
during the period t ,  has to be equated to the simultaneous energy deinand E, (4.5-11). 
Hence 

e LI A, H i a x  (1 - x 2 )  = h Pm T. (4.5- 12) 

The elimination of the mean area A, from (4.5- 10) results in the peak load as a f~~nction 
of the river parameters Q,,, Q,, the max head H,,,,, the head ratio X ,  the time parameters 
i , ,  h and the surplus V, of seepage and evaporation over precipitation: 

H,,,,, is eiven by the topography, Q,,, Q, by the flow duration curve of thz river, while q ,  
and 1 = H,,,i,~H,,,, depend mainly on the design of the turbine. Hence a given Hn,i, /Hmx 
indicates the type of turbine to be installed. 

When the annual consu~nption period h T and the peak load are prescribed by the 
consumers then only the turbine design conditioned by the head ratio ;( may help to 
satisfy the last relation. 

4.5.2.3. Storage volume required, also for pumped storage 

Squaring (4.5--13) and substituting H&, from (4.5- 12) gives the peak load as a function 
of the hydrological dzta Q,, Q,, the time parameters h, t,, the head ratio 2 and the 
surface A,, of reservoir required: 

Pm = e s vm [ ( Q m  + 2 QO)  t1 /3  - K12 (1 + ~ ) / [ ( 1  - X ) ~ ~ , ~ T I .  (4.5- 14) 

Changing the places of Pm and A, and then multiplying by the head range Hma, ( l  - X) 
yields the live storage volume AV 

4 The lasi relation could also be applied to  a mere pumped storage scheme, whose livei 
storage volume circulates e.g., daily. Her.e the values Qo and Qm may vanish, as only a 
srnall water source is needed to  fill the system and cover seepage and evaporatio 
Remember that 'V, in the above relation was the surplus of seepage and evaporation ov 
rainfall. Hence V;. Can be replaced by a negative live storage volume, if the latter 
imagined to be filled by precipitation only. Hence A V = - V,. 



Illserting this into the right h213d side of (4.5- 15) and then redllcing 10 31' yields thc live 
volun~c of  n pumpcd sturage plant to covcr a certain peak load I:, 

1' = {P,,, ( 1  - 2 )  A,,, !I T/[(l  + 2) i l , , , ]  1 ' I 2  . 

4.5.2.4. Econon~ical aspects of the layout of a yllrnpcd storage plant 

The econon~ical background of  a pumped storage plant is based on the fact that peak 
load can bc sold at a higher electricity ratc and hcnce a higher earning than the generation 
of the ~ u r n p e d  storage needed for this peak load would cost at the low electricity rate of 
base load. 

During the period t ,  the flow Qp is pumped into an upper reservoir. Durinz the period 
I ,  the flow QT passes the turbine from the head water to the tailwater reservoir. 

I n  the following , target release, rainfall, seepage and evaporation are neglected. Hence 
f P 

the volume pumped into the upper basin during the working cycle Vp = 5 Qpdt has to  
1 I' 0 

be equal to  the \~olume VT = Q T d t  passing through the turbines during this cycle. 
0 

The instantaneous output or input power with respect to head H, discharge Q snd  
q whilst turbining ( T )  and whilst pumping (P) respectively, is 

Pr = e 9 V T N T  Q T ,  PP = e g H P  Qplllp. (4.5- 17) 

With kc, and li,.,. as the electricity rates during turbining (T) and pumping (P) respec- 
tively, the net balance per jvorking cycle is obtained as 

1 .,- I P  

S = J pTkeTd t  - J pPkepd t .  (4.5- 18) 
0 0 

This surplus should be above a limit, which has to cover the OMR cost of the plant and 
its annuity due to its initial cost. Including in the efficiencies also those of the penstock, 
the motor-generator and the grid (as the domestic consumer often pays the lion's share), 
the surplus now reads ( A V =  1/, = V,,) 

where the efficiencies with the prime are supposed to include all the losses within the 
corresponding operating mode. From this it is seen, that the economy of a pumped 
storage plant rises with 

3) Rising storage volu~nc A b! 
b) Rising efficiency due to turbining 1 7 ; .  

c) Rising head clue to turbining H,. Usually the head is given with the topography in the 
ncighbourhocd of the plant. As a rough rule it can be said that the product of herid and 
volume in simple storage plants does not vary as much in nature as the head itself does. 
d) Rising ratio of electricity rate due to  turbining to  that due to pumping, ranging always 
above "onew. 

The positive values rvitllin the bracket of (4.5- 19) lead to  the essential criterion for  the 
economical feasibility of a pumped storage scheme: ke,/keT < t1;q;. Example: q; = 0,91, 
1; = 0,865. This gives kc,/kc, < 0,787. 

.vGlllcn,ann treats the economic details of machines used in pumped storage systems (4.201, Ponicelli 
IJ.?ll their planning. 

lisu.llly whcn making, as in thc above, profit the guide line of planning. the capitalist econorny 
to the power of given conditions. However, in many pumped storage plants these conditions 
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!\I I c ; I , > ~  in cfcvc.lo1~ctl colitl~ l . i (-; rhc bcncfi~s ;i1\\1 possibility vr pi~rr~ping by ~ncaris of chc:~]? ;lnd 
cxct.ssi\.c b;:sc In;lil S,CL'III to ( l is ; i l )~ci~r  marc atid marc. This 11i.1y hc ;I coliscqucnco of tlic rising 
applii.;~tion c:f clcctricity to ~i isht  lic;~ting, to opcratc chcmica! pl;~nts :iround tllc clock ctc. 

Those pl:ints i n  Lvhich punipcd storoyzc sets (binary or  ternary ones) have beeti installed as supple. 
mentary c(evices. ,~pply thcir sets ncarly cxclt~r;ivcly t o  turbining. 

Countries like thc ljSSK \\.llich prob;ibly for ic!cological rc:!sons don't have diffcrcnt electricity rntcs 
bccwec!i basc and  peak lo;~tl strpply, ncvcrthclcss now install pumpcd storrlgc plants, probably as a 
quick substitute for dcficicnt thcrmal.powcr plant. ' 

4.6. 'The problems of optimizing the cross section of water ways 

4.6. I .  General remarks 

Wdtcr n iay  mcnns here the structural mcrnber of a tiiversion or channel power plant, 
rcql~irecl  to con?,ey ihe water from the upper reservoir or  the intake structure to the power 
house and from the latter to the tail water of the river. 

Strictly speaking tbe surgc tank rnust also be included into this consideration. Its main designs are: 
a )  t i i t  do~tb lc  ch:!niDcr design (Fig. 3.1.2), 5) thc diffcrcntial surge tank wit11 tlirottlc (Fig. 3.1.2), c) the 
surge tii~tk \\it11 ii~ro:tlc (Fig. 3.1.3). the lattcr now mainly applied in r\ustri;i in the form ofThoma's 
rcturn !low ihrottii: [J.27!, ;11ic! the Jol i~ison design (Fig. 3.1.2), which brings together the advantages 
and dciiccs of tile diffcrcntiai a ~ l d  throttle clesigns, namely cut t i~ig and damping thc arnplitildcs of 
lcvel oscill;:tions In thc \l.ir_re tank. I n  remote arcas according to Rrekke (3.171 air chambers ex- 
ca::;tted in the rock arc used to an incrcnsing degree. 

The d~mcnsiol~lng sf the crabs sectional arc3 of such R surge rclicf dcvicc clocs 1101 follow that of the 
c o m ~ n o n  \later \ \a?  but re5ults from cot~sideration of dynamic stability in tlic utmost critical cases 
of 1c~u1:i:ion. St21 ring \i 1111 tllc c;li I /  \\fork of Tlrottlrr. \\ h o  mudc the first s1:lternent of the minimum 
cross sectional area of a simple sllrge tank [I .50]. much research \\ ork ;inti thcoretical considerations 
have becn published ir? this respect. from which the papers of Serbrr [4.23]. Tnglr.c~.l<c,r (4.241, Brekke 
[3.17]. and tho book of E. .Closorlj.i ahout high head plants [1.54] rnny be mentioned. For  calculating 
surge tiink fiiotion, see Cap. 11.3.8. 

However, in the following. consideration exclusively concentrntes on the dimensioning of 
the cross sectional area of the channel, penstocks (or pressure shafts), tunnel or  tailwater 
gallery at stationary rated flow. 

To approxinlate real conditions, a differencr: is made bct\vcen full running closed ducts 
such as pens:ocks, psessure shafts o r  tunnels and partly filled, unpressurized ducts such 
3s c11atlnt.l~ or tail \\later galleries. 

The basic pl inciplc nov, ;ipplicc! to i h ~  opt imum dimensioning of cross sectional are21 runs as follows: 
I rnq ine  ,i g ~ \ e n  rated fl~nl through the ba t c r  v:lp For 3 ver) slnall available cross sectional area 
the first cbst of thc nr,ltcr \\.iIv rchulting from rnatcrinls used, construction and ground acquisition 
(if  needcd at all). is s rn~ l l .  As then the velocity and the loss linked to it are high, the capitalized cost 
due t c  i t  durinp :he deprecintioi~ period is also high. O n  the other hand the initial cost iucreases witb 
cross sectional area and the loss dependent cost dccreascs with incrcnscd cross sectional area. 

Hence the resulting cost must have rt minimum, which yields the optimum size of the water way, aJ 
cilculated bclow. d 



4.6.2. The optimization of tllc channel sectiorl 

4.6.2.1. Thc rectangular channcl section a s  a model and the resulting loss 

The real unpressurized tunnel o: open channel considered now may be trapezoidal, 
horse-shoe-shaped or rectangular with real wetted cross section A,, and a real wetted 

U,, 14.251. Hence the real hydraulic diameter is: d,,, = 4 Are/Ure. T h e  real 
is now replaced by a rectangular channel with the same wetted cross sectio1131 

area A = A,, and hence the same mean flow velocity c = Q/A for the given ratcd flow Q 
and with the same hydraulic diameter d, = dhr,, as the real channel. 

 he imaginary rectangular channel now servinz as a model has a width b and a wetted 
depth d. Hence the hydraulic diameter d, of the rectangular channel is d, = 4 bd / (2  d + b). 
Inserting h = -4/d gives d, = 4 A/{2 d + Aid). Making this equal the hydraulic diameter of 
the real channel d,,. = 4 Ar,/Ur,, and with A = A,,, the following relation is obtained for 
the wetted circumference Ure of the real channel as a function of the rectangular channel's 
depth d: Ur, = 2 d  + Aid. Usually A = Are is fixed for a given rated flow Q via continuity 
A = Qlc, using a certain mean velocity c, which limits sedimentation or  erosion. Once the 
optimum depth of the rectangular model channel has been found as do, the above gives 
the optimum of the real cllannel's wetted periphery (perimeter) 

Finding do, will be the following task. According to the above the hydraulic diameter of 
the rectangular channe! becomes, if the width is reduced to d by O = A/d 

in which d is the depth and A thc cross section of the channel. 

4.6.2.2. The cash value of energy loss 

Jn general the drop in level 11,. of a channel resl~lts from 

h ,  = 1. Lc2/(2 g d,), (4.6- 3) 

in which c is the mean velocity in the channel, L its length, and 1. its resistance coefficient. 
The latter depznds, according to Bazin, on the wall roughness k ,  and the hydra~t l ic  
diameter d, as follows: 

in which the wall roughness, k,, has the following values as a function of the wall material 
after Kutter- [3.18]; 0,06 for planed wooden planks; 0.16 for unplaned wocden planks o r  
hewn stones (asher masonry); 0,47 for rock masonry wails; 1,3 for pure earthen mascjnry 
of regular structure; 1,75 for boulders. 

For a hydro power plant the head loss from (4.6-3) must be treated like a head loss of 
a machine, having efficiency q. Then the power loss results from the given rated flow Q 
as P = 1 0 - 3 ~ Q g h L , r l  kW. 

The cash value of energy loss during the depreciation period of z years at the instant when 
Operation starts becomes 



in \\ tiich I;,, is thc clcctrici ty ratc, r -= I I L I  " the  reciprocal of the capitill recovt:ry factor 
a ' (see (2.2 - 5) and (4.2- 3)). cp the lu;id factor ;IS the shnrc of n!lnunl hocrs u~ider  rated 
load, y thc dcnsity, a~i i l  11 the overall efiicicncy of plant and grid. 

inserting \I,, from (4.6- 3) with the hydraulic dianlctcr from (4.6-2) illto (4.6.- 5) gives the 
capitaliircd energy loss 

4.6.2.3. The initial cost of the ch;~nncl 

The initial cost of a channel is assumed to consist of the follov~ing terms: a) K , ,  the cost 
due to the wall materiai, excavation and construction, b) K,, the cost for ground acquisi- 
tion and indernriities. 

K, is assumed to be proportional to thc volume of the chiinnel material. Hence with 
respect to b = Ald:  K ,  = k ;  (2 d + A14 Lt, where t is the mean wall thic!<ness of the 
channel and k; the specific cost of the ~ ; \ 1 1  material per unit volume including the 
construction of an excavaiion for the channel. The thickness t of channel wall is trtken 
as a mean value. Assuming the channel wall acts as a gravity dam, the stability condition 
bet ween the dam-weigh t-induced- and the water-pressure-indilced tilting moment yields 
t - d ( ~ i ~ ~ ) " ' ,  Q, being the dam's density. Hence 

The cost K g  for the ground is assumed to be proportional to  the channel's ground surface. 
Thus 

K , =  k 2 L b  = kzLA/d.  (4.6- 8) 

Strictly spellking k, is split into a groiind rate and an indemnity rate. 

1 
4.6.2.4. T h c  resulting cost and the optimum depth J,, 

1 The resilltinp cost of a channel from (4.6-6) thro~rgh (4.6-8) is 
I 

K,,,=C,+ C , / d + C , d + C , d 2 ,  
where 

Co = k A ~ L ( Q / @ ~ ) ~ ' ~ ,  

I - C ,  = k l  LA + (8,7618) I. Q cp rl c Lk, Q3/nZ,  (4.6- 12) 

The condition c7K,,,jiY = 0, gives the following third degree cquation for the optirnurn 
depth do, = d: 

I f 4 

Introducing d = x - e/3, this reduces to  x3 + 3 p x  + 2 q  = 0, where 
I 2 

Obviously equation (4.6- 14) has only one real root. Hence the original case of Cllrdano's 
solution is given [1.26]. With the discriminant 

A = q z  + p 3 ,  

160 



tilt: solution of (4.6- 14) reads 
112 113 . d o p = ( - q + d  ) + ( - q - ~ ~ 1 ~ ) ~ / ~ - e / 3 .  

Because of the topography, this proposcd optimization may be limited by site conditions, 
e.g. a given limitation of the chailnel width b. 

4.6.3. Tire opti~llization of the diameter of a pressurized duct 

4.6.3.1. Tlie duct with cylindrical cross section as a model 

For closed pressurized ducts, a pipe with a cylindrical cross section may serve as a model. 
~ollo\ i~ing the directions in Cap. 4.6.2.1, the model is assumed to have the same cross 
sectional area A as the real duct with A,, and the same hydraulic diameter d, = d as  the 
real dilct with d,,,. Hence the optimized wetted periphery of the real duct may be 
&tained by the relation (4.6- 1). 

4.6.3.2. The loss, its cash value, initial cost 

Consider a developed turbulent pipe flow in a straight pipe of length L and diameter d. 
M'ith the mean velocity c depending on the given rated discharge (2 and the pipe's cross 
section A, the pressure drop along this pipe reads (4.261 (with I. as the loss coefficient 
mainly depending on the Reynolds number and the roughness, but occasionally also on 
the fluid [4.27; 4.28; 4.301) 

following the considerations which lead to (4.6-5), the cash value of energy loss during 
the depreciation period in the instant the plant starts operating reads now per unit Iengtll 

with the meanings of symbols corresponding to  those due to (4.6-5), except that d now 
is the pipe diameter. 

The first cost is proportional to the mass of pipe per unit length namely, m = n g,ds, s 
being the wall thickness, assumed as small compared to d. s results as follows from the 
admissible tensile stress a,, in the longitudinal pipe section s = ptil(2 a,,). A certain 
minimum pipe wall thickness s is advisable [4.31]. By experiment, Surber [4.32] deter- 
mined s for a lining of a pressure shaft. Matt [4.33] considered prestressed walls of 
concrete. In the above, p is the maximum internal pressure inclusive water hammer. 

With a specific cost factor k, that includes also transportation and erection, the pipe ccst 
is k , ~ ~ 7 1 d ~ ~ / ( 2 a ~ , ) ,  Q, being the density of the pipe wall material. The excavation of a 
Pressure shaft or a tunnel but also that of a penstock within a ditch along a slope is 
expressed by the volulnc of a cylinder larger in diameter than the pipe @(n/4) d2 and a 
Specific cost factor k3. Thus the initial cost of the pipe's unit length 

4.6.3.3. The resulting cost and optimum diameter 

From (4.6-19) and (4.6-20), the resulting cost of pipe is 

K,,,,= ~ , d ~  + ~ ~ d - ' ,  



I : ,  = (S,70:'2) (4, r)' )I rp 2 k , ,  Q3 1,. (4.6 - 23)  

The n~ininium cost rcsults from i t h ' , , , , / c 1 l l  = 0. Hence the optiniilm pipe diameter 
do, = [ ( 5 j 2 )  E , / l ; , ]  ' ' o r  

11 ,,,, = 1,414 { i . c p ~ ] ; ( r ,  Q' k t , / [ @  k 3 / 2  + Q, k ,  p / ~ , , , ] } 1 1 7 ,  (4.6 - 24) 

wilere cp is the load factor as the share of annual hours under rated load, rl the overall 
efficieilcy of the set and g i d  up to the terriiinals of the consumer, .A the factor due to 
interest ra:c 17 over tlie J years ol'dt.prcci;ltiorl, see (4.2 - 3), 1. the loss coefficient of the pipe 
a s  a fiinction of Reynolds nuniber. preliminarily fised as  a ftinction of  d. and relative pipe 
wall roughness (see Fig. 4.6.11, A,, tlie electricity rate, k ,  the cost per m 3  of excavated 
vo1111nc due to tlie pipe, k ,  the specific pipe cost per k_g incli~sivc of t r an~por t  and erection 
but without escavatinli, cD the ratio of excavated cross sectional area to that of the pipe 
n t12/J, and 19 the maxiniu~n internal pressure. 
From thc lsst rclatiori is wen. thilt the u p t i m t ~ m  pipe diamctcr decreases with iucrcasing internal 
pressure p. Hence for heads abovu about 500 rn the penstock diameter is staged according to the 
requirements of the last relation. 



TIIC economic dinnietcr of a pipc is also treated by Sarkarin [4.34]. A survey of pc!lstocks, already 
in usc, is presentcd by ~\fuhlentnnn [4.35]. 

1;or peak load plants, with frcqucnt water hammer-induccd stress changcs in thc pens:ock walls. 
riltig~ic cffccts have to be accounted for, before determining the wall thickness. Any resonailce of 
nl:lchinc-induced pressure fluctuations with thc natural frequency of the pcnstock should be avoidcd. 
This holds good espcci;llly in the case of an outdoor penstock. Here resonance may cause consider- 
a b l ~  noise, undesirnble in a mountain rccrention area. A rather extreme remedy against this consists 
in wrapping a sound-proof blanket around the penstock. Another rcmedy could be avoiding reso- 
nance by means of a change in the penstock support. 

4.7. Problems of optimization of electric power transmission 

4.7.1. Historical survey 

Long range power transmission has proved the most reliable rneans for nearly one 
century of harnessing hydro power in sites far from the consumer. Thus electric power 
transmission is one of the most essential prerequisites for developing the potential in 
remote areas especially in developillg countries. 

Ilistorically, hydroelectricity started with a hydroelectric plant in Wisconsin in 1883. By generating 
DC this could only supply its immediate neighbourhood. Power supply to consulners in places fa r  
from the plant started with high voltage AC power transmission in 1891. This was for a 3-phase AC 

Table 4.7.1. Survey of actual high voltage transmissions. 

Plant year Power Next Distance Voltage in kV System 
River supplied consumer In km (between poles 
Country in M W  Town in case of DC, 
Continent (final Country delta voltage 

value) in case of AC) 

Cabora Bassa 
Sambesi 
Mozambique 
Africa 

Churchill 
Falls 
Labrador 
Canada 
North America 

LG 2, 
La Grandc 
Quebcc 
Canada 
North America 

Itaipu 
Parani 
Paraguay 
Brazil 
South America 

Pretoria 
Union 
of South 
Africa 

Hpdro- 
Quebec 
Montreal 
Canada 

Hydro- 
Quebec 
Montreal 
Canada 

S5o Paulo 
Brazil 

High tension 
DC transmission. 
Converted by 
thyristor 

AC transformed 
1 51220 
and 2201735 



trans~nission of 220 kW aricl 15 !<V over a distancc c j f  175 k ~ n  bctweci~ :Icilbrunn upon Ncckar and 
I'r;in!;ft~rt on blain in Wcsi Gcrmany. 

Mcanwhilc for reasons discussed later, also DC high voltagc transmission by 1ne;ins of thyristor 
converters has proved to bc succcssfi~l for distances up to 1500 kni, using voltages up to 1200 kv 
[4.36 to 4.381. 

The Table 4.7.1 shows the recent development in this scope. 

4.7.2. The cost of 1 % loss in relation. to that of power trar~slr~issio~i 

Aswme the power ~ t a t i o n  operates h hours annually during z years of depreciation. 
Without interest and with an electricity rate of k,, the monetary equivalent of 1% of 1 kW 
installed is It z k,. P.ssume the initial cost per installed kW to be k ,  and the cost of 
electric power transnlission in proportion to  k ,  to be y k , .  Hence the cost ratio 
of 1 % output (lost or  gained) io the initial cost of the power transmission is 
K,. = 10-2 h z kc,,'(? k , ) .  The compilation of terms duc to  initial cost in 2.2.2 shows that y 
may reach the order 0,l. i n  a special example: k .  = 0,05 U S  S/kWh; k ,  = 500 USS/kW; 
3' = 0,l; z = 40 years; I t  = 5000 hours of annual operation. Hence K T  = 2. Accounting 
for interest wo!!ld yield a somewhat lower figure. 

The ex;in?ple ciemonstratcs, that the monetary equivalent of 1 O/o loss may correspond to the initial 
cost of power transmission. Hencs in the foliowi~ig, the design of any componcn: of the power 
transmission line sho:;ld be subjected to thc direction, that thc initial or first cost plus the monetary 
equivalent of the loss duc to this element are made a minimum. 

3.7.3. The optimization of the conductor 

In the following the overall cost of the transmission line treated in the above sense is 
assumed to be proportional to that of the conductor by itself. The real condl-~ctor, usually 
a multitude of cables, each a bundle of distinct wires, ]laving different functions e.g., as 
carriers or  conductors, is assumed to be equivalent to one conductor of a certain material 
with a circular cross sectional area (see Fig. 4.7.1.3 a). Its conductivity may be distributed 
unitormly over the whole cross sectional area (no skin effectj. Moreover DC is assumed 
io  pass through the line. Hence only the ohmic resistance is accounted for, when losses 
are considered. 

Fig. 4.7.1. Means of power transmission. 1 Schematic design 
conductor, 2 insulator: a, vertical; b, diagonal, 3 conductor 

of adjacent towers in plane 
: a, idealized; b, implemen 



~ h c  material cost of such a conductor with a length L, diameter d, consisting ofn ltlaterial 
,.ith a density Q and a price k ,  per unit mass amounts to  

Assuming an admitted voltage drop AU, a current I, an  electricity rate k,, a load factor 
as the share of annual hours at  rated load. a factor a from (4.2-3) due to interest rate 

and z years of depreciation, the cash value of loss at the instant the operation starts, is 

K, = 8,76 AU I a cp k,. (3.7 - 2) 

TO account for the rise of power transmitted during the life of the plant, a mean power 
p transmitted is presumed the following consideration. 

The power P kW transmitted by the line with its voltage available U -- AU, needs a 
current 1 = lo3 P/[U (1 - u ) ]  to transmit the power P under a n  admitted relative voltase 
drop tr = AU/U, set preliminarily. According t o  Ohm's law for a conductor of length L 
in m, a diameter d in mm and a specific resistance e0 in Rmm2/m,  the drop in voltage 
becomes as function of the current I: AU = I go L / [ ( T c / ~ ) ~ ' ] .  

Inserting I = 103 P/[U (1 - ~ i ) ]  and then AU into (4.7-2) yields 

\Vith the abbreviations A = (n/4) Q Lk,  ; B = 8,76(4/n) lo6 p2 Leo cp 3 k, / [Uyl  - u)'] the 
resulting cost of cable from (4.7- 1) and (4.7-3) takes the form K = K ,  + K ,  = A d 2  
+ ~ d - ~ .  Obviously the diameter minimizing the cost is obtained from dKl2d  = 0, giving 
an optimum 

do, = (8,76 - 106)1/4(4/7r)112 [,'q a k,/(e k1)]'l4 {P/ [U (1 - tr)])lI2. (4.7-4) 

Strictly speaking the relative voltage drop 14 in the above relation AU = 1iU = (4!nj 
- lo3 P e o  L/[U d2 (1 - u)] follows from' the quadratic equation with the solution 
(d now do,) 

u = (1/2)(1 - (1 - 4fl1I2) zf, (4.7 - 5) 

where f = (4/n) - lo3  P e0 L / ( u ~  d:,). Hence (4.7-4) and (4.7- 5) have to be used for the  
determination of and do,. Example: U = 10' V; P = lo6 kW; t l  = 0,015; (p = 0,457, 
z = 25 years, p = 0; a = 25; material: Copper with e0 = 0,016 lo- '  R m ;  L = 1,5 

10Gm; k ,  = 1,5 US $/kg; e = 8300 kg/m3; electricity rate: k, = 0,025 US S/k\Vh. From 
(4.7-4): do, = 0,048 m G 48 mm. (For  its rather large breaking length, the usual real 
a b l e  has a core of steel wires and a conductor of a lumi~lum wires.) From t i  = 0,015 the 
voltage drop AU = 15 000 V. With the resistance R = 13,3 R the power loss becomes 
A P  = (AU2/R) = 17 . 103 kW. The  cash value of loss is K 2  = 34,2. l ob  US S. The 
initial cost is K ,  = 33,8 - lo6 US %. Note that K 2  and K ,  are of same order! Halving the 
cable diameter would reduce the initial cost to  25%. The  cost of capitalized loss then 
Would increase to K ,  = 136,8 - 10' US $. 

B . J ~  in this case the current density would attain a value which would heat and lengthen 
the conductor in an inadmissible manner, since the cable then might lower its prescribed 
minimum distance from the ground t o  a dangerously slnall value. Therefore any layout 
has 10 be based on a maximum permissible electric current density, which is reached at 
'he end of the depreciation period. 

According to Cnusse the above optimization is also practised in the layout'of underground cables 
i 4 . 3 g ~ T ~ o  t y p a  of cconolnic current densities are to be considered, one with cables being continu- 



nuhly loaded during 111c z yc:lrs of tlcp~.cciatior~, t11c o~licr  w ~ t h  mblcs witl~ .I li?c;i~.Iy rising current 
dcnsity In thc lirst cast 1,7 t t i  2.1 A'rnm2 arc atl~t~ittcd, in :hc .,cconJ casc !hc finill dcllsitizs ;Ire 5,1 
to 6.3 ~ / n i m '  dc\!encl~ng on thc cxtrclnc iluctu;~tions of the pricc of cvppcr. 

Thus the econonlic use of underground concepts requircs th;lt, thc mnxinlunl temper;lture of the 
conductor renchcs tlic upper limit psrmissiblc from the thcrcial point of iriew at thc cnd of the 
depreciation pcriod. 

4.7.4. Tl~e distance of adjacent to~vers and cable geometry 

If the cable does not transmit any bending moment and if its centre line always makes 
a small angle with the horizontal (see Fig. 4.7.1.1), equilibrium in the vertical y-direction 
requires tlzy/dx2 = q / H ,  where q is the load per unit length of cable, H the horizontal puU 
in the cable. 

With a,, denoting the permissible tensile stress in the latter, an admissible breaking length 
of cable may be defined by A,, = o,,/(~ g). Thereby the above simplified differential 
eqaation (dy1tl.u zz 0) reads 

Integration with respect to the coordinate system (Fig. 4.7.1) and the vertex of the cable 
ctlrvc in the mid point of adjacent towers, whose suspension points have the same 
altitude, yields the well known parabola as an approximation to the catenary [4.44]: 
y = x2/(2 .A,,). The sagging of the conductor with the chord between its suspension points 
(Fig. 4.7.1.1) due to the two following towers having a distance '(1' results as 

t-Issuming towers with a vertical distance h, of the suspension points underneath the top 
(Fig. 4.7.1.1) and a vertical length hi of insulators, the height It,,, of the towers is obtained 
as a function of the minimum distance b of the conductor from the ground: 
h,,, = a2i(8 A,,) + b + hi + h,. 

The distance b (Fig. 4.7.1) depends on vegetation, climate and the fact, that people may work for a 
longer pei-iod underneath a cable of a definite voltage. Hencc b may be prescribed by legislation. In 
some regions it must be taken into account that the spark-over distance between conductor and 
ground may be diminished by fires, made regularily e.g., during the harvest, within fields of sugar 
cane to expel rats and snakes but also to facilitate the harvesting. 

From the last mentioned relation, the distance between neighbouring towers 'a', when 
h,,,, b, A,,, h, and hi are given: follows as 

a = [8 (h,, - b - h, - hi) A,,] ' I 2 .  

1 Obviously 'a' increases with breaking length A,,. This figure usually is enlarged by stee, 
inlay (st) within the proper conducior from aluminum (al). The admissible breaking 
length of such a cable resl~lts from the admissible tensile strengthes a,,,, and a,,, O$ 

aluminum and steel respectively with densities Q,, and Q,, respectively by means of relatioak 
Aad = 099 (muad a, + st)/ [g !)near + e,,) I, (4.7 - 8 

where m is the ratio of cross sectional areas of the aluminum part A,, and the steel pa 
A,,, 0,9 is a safety factor see [4.45]. For  m = 6, a,,,, = 7 - lo7 Pa, a,,,, = 45 - lo7 P 
ear = 2,75 lo3 kgjrn3, Q,, = 7,8 lo3 kg/m3. Moreover h,,,, - h, - hi = 40 m 
b = 10 m. Hence from (3.7-8 a): ,dad = 3285 m, and from (4.7-8): a = 888 m. 



The distance It, is always positive and depends on the ground rnainly as a lightning 
protection. The length hi of the insulator depends mainly on the maximum voltage Ir,,,, 
between its ends, on climatic conditions (air moistness, rainfall, rime) and on the air 

and is much larger than the spark-over distance under the conditions above 
rnentioncd. The order of magnitude is very roughly given as (Fig. 4.7.1.2 a) 

For DC transmission, U,,, equals the nominal voltage of the insulator against carth. For  
3-phase AC transmission, U,,,,, equals the crest star voltage. Since the norginal voltage 
then is defined by the effective delta voltage U,,, U,,,, becomes U,,,, = J 2 / 3  U,,. 

Example: 3-phase AC transmission by Uej = 735 kV, e.g. Churchill Falls-Montreal. 
Then Iti(nl) = 7,2m! Naturally the latter is a very rough approximation. 

Differentiating the relation (4.7-7) between sagging yo and admissible stress o,,, after 
A,, = o,,/(ge), and keeping Q and the distance 'a' of adjacent towers constant, 

gives the following relation between stress increment da,, and increment of sagging d y ,  

Hence a ncgative sagging of the cable, caused by its shrinkage under low temperatures in winter 
creates additional stress. Further loads in winter by snow, ice and rime also have to be accounted 
for, when deciding the distance and height of t he  towers. Moreover the fixing of the distance 'a' has  
to account for a given length of a cable in consequence of its manufacturing method. This finite 
length of ally conductor requires "dead end towers" in certain distances from each other. Also 
additional strcsscs have to be accounted for in the case of a failure of the cable, or a sudden removal 
of its ice load, see [4.44] and [4.45]., 

The cost of the towers follo\vs from the voltage Uej and the distance 'a' of adjacent towers: 

For Uel = 20, 110, 220, 380 kV 
cost = 7'7; 32,5; 50; 60 103US$/km 
at a = 140; 300; 350; 400 m .  

4.7.5. The optimum distance of adjacent towers 

From (4.7-8) i t  is recognized for the general case of suspension by an  inclinded insulator 
(Fig. 4.7.1.1) 

h,, = a2/(8 A,,) + b + hi cos o! + h,, (4.7 - 10) 

where a is the angle the insulator makes with the vertical (Fig. 4.7.1.2 b). This angle 
shortens on the one hand the height of the tower, and on the other hand it prevents lateral 
motions of the line under wind force. Simplifying, a design parameter 5 given by 
lhi = hi cos o! + h, + b may be introduced, taking into account that b is porportional to  
the insulator length and so also generally 11,. 

According to (4.7-9) terms may also be reduced to the voltage by h,cosa + h, + h - - k, U,,,,, where k ,  is a design-linked parameter and U,,, the crest voltage in V.  T h e  first 
cost of a tower may be expressed by the relation . 

K 3 P  = k5 jln,',,, (4.7- 1 1) 

where k, and n are empirical parameters, n is in the range of n = 2 to  3. For  a very long 
line of length L, the tower number i, now assumed as a continuously varying value follows 



from i = Llo. Thc resulting cost of a line is K ,  ,,, = i K , , .  Inserting horc i = Llcr, K 3 ,  
from (4.7-- 11) and It,,,,,, from (4.7- lo), the resulting cost as function of thc distance 'a' 
becomes 

K3 r6-s = ' 5  L Urnox 
a - l / n  + a 2  - I / )#  /(8 Aod)ln - (4.7- 12) 

Under the assumption that the ( 1 1  - 1)st power of the square bracket does not clisappear 
and putting tlK,,,,Jdu = 0, a distance crop is obtained, which mit~imizcs the first cost of 
the transmission line as 

It is seen from this that the optimum distance between adjacent towers increases with the 
square root of U,,,, A,, . This result does not consider separately the cost of the insulators. 
A somewhat more refined expression may be obtained with Ki as the first cost of 
insulators per tower for the resulting first cost of the line (always without cable) K;,, 
= K ,  Lln + K,,,,. From this by putting dK;,,,/tla = 0, an improved version for the 
optimum distance a,, is found 

This relation can be solved by trial and error, starting from (4.7-13) Example: 
U,,, = lo6 V; ./lo, = 3320 m (aluminum, steel), k ,  = 36 - l o F 6  m/V; n = 2,35. Hence 
from (4.7 - 13): a,, = 505 m. 

4.7.6. Future developments 

There is an increasinz tendency to  use high voltage direct current (HVDC) transmission, 
i:l the c a e  of distances of about 700 km and more, between power station and the next 
consumer centre (4.36 to 4.391. 

Contrary to the common three phase AC transmission with its three cables, D C  transmis- 
sion needs only two cables. The cost of a high voltage transmission line d e p e ~ ~ d s  first on 
the cod of  he towers resulting rrom their area and height. Both factors are influenced 
favoi~rably by shortening the number and length of insulators. Each additional 100 kV 
in effective 3-phase AC delta voltage UeJ needs roughly 1 m more in insulator length. 
Obviously the latter results from a crest voltage. Since this is 2'12 times the effective 
voltage, 30% of the insulator length (usually corresponding to  an additional height of 
tower) is saved by DC transmission of the same effective voltage of one pole to earth. 
Moreover in DC transmission, one conductor may be charged positively to earth and the 
other of the same voltage negatively to  earth. Thus for a given insulator length, the 
effective voltage in DC transmission is 2 2'12 times that of a single phase AC transmis- 
sion. 

At an admissible relative power loss hi along the line, the losses d P,, APAF of the DC 
and AC line, respectively, and the powers P,,, PAC transmitted along these I~nes, respec- 
tively, are related by f 

11; = A PAC/ PAC = A PDc/ P,, . (4.7- 16) 

Expressing the loss in the AC System by 3 lzf A ,  R, in the DC System by 2 If, R (both, 
systems having the same cross sectional areas of their cables and hence the same ohmi2 



H of thenl), and introducing the power transmitted in the AC systcrn ris 

3 I,, Url ,,, and in the DC Systcm as 2 I,, U,,, tilc above relation is reduccd to 

where I,JAc is the effective current in each phase of the AC line, I,, the current in the 
DC line, Uef the effective star voltage in each pllase of the AC line and U,, the volta_re 
of each pole to tlie earth in the DC line. Applying the same length of insulators in both 
the systems, the voltages are related by 

Putting this in (4.7-17) gives 

Hence the ratio of the power transmitted in both the lines 

Thus the DC line transmits 33 % more power than the AC line. If the conductors of both 
the lines have the same length and the cables of both the lincs have the samc cross 
sectional area (as expressed by R = const), the required mass of material for conductors 
and insulators of the DC line is 66% of that used for the AC line. 

In favour of the AC line, the DC line requires the additional cost of the conysrter s i a t i ~ n s  
at the ends of the line, also the cost of the measures required to  eliminate t h e  hig1,c.r 
harmonics in the DC line after conversion of the DC into AC. A further reduction of cob! 
by DC results from the more uniform distribution of the current over the crnss  secticn 
of the conductor and from the absence of any loss due to  skin effect. 

The nccessily to transport greater amounts of electric energy and simultaneously, the ever increasing 
difficulties of obtaining the rights-of-way for the transmission line, make it  necessary, to in1,estifate 
new possibilities of elcctric power transmission. In the following only methods are considered, wl;ich 
do not convert the electric energy into other forms of energy, e.g. chernical energy, cspcciallj 
hydrogen by electrolysis. As for the latter, see the respective chapter of Sirneon's book o n  hydro 
power [1.55 a]. 

Thc change over to even highzr ratcd voltages does not ideally solve this problem. as this ~cquires  
larger cross sectional areas and land areas for the line (see Fig. 4.7.2). In the following the transmis- 
sion by electric means only will be considered. 

Transmission by compressed-gas-inzula~ed cables wou1.l overcome these diflicu!ties, since at a i v c ~  
voltase, 4 to 6 times rnorc energy can be transported than with an overhead linc and the correspond- 
ing land requirements are only one tenth [4.40]. 

Also the preservation of landscape is helped by underground cables. Single phase gas-insulated 
cables nlith a full sheath current have a surge impedance of approximately 69 R [4:10], frorii which 
e.g. 4500 hlW eurgc impedance load can be ottained at 550 kV. The surge impedance load without 
sbcath current would be 60% and for 3 phases SO% of the above mentioned values. 

One pcssibility of technical realization is t11e so  called "wcllmantel" as a sheath for conventional 
cables. It combincs stability with good bending characteristics. Cables with an outer diamcter up to 
250 mm can be wound on reels up  to a length of 200 m. and they still can be transported by available 
Qrriers. The "wellmantel" has been proved as a constr~~ction elt-me~t for thermally insulttted tubes. 
Different expansions of the tubes need no  balancing elen~~,nts.  Gue to  the corrugation there are only 
small longitudinhl forces, which can be compensated easily. 

Thus the therrnal insulation of cryogenic and superconductive cables is possible. Such cables will be 
applied in future to eliminate the losscs or  to reduce the cross sectional arcn of a cable for a certain 



Fig. 4.7.2. rransrni:sion tower cear Quebec of high voltage 735 A C  transmission line fronl Churchill 
1-311s t~ Q~lebec (;..bout 1203 km) for the continuous transmission of 10000 PVIW; ir.sul,?tor length 
about 7 n-I. Strong insulators, required, for the crossing of the St. Lawrence River. (Photograph 
CGilrtCSy professor Netsch, Lava1 University, Quebec). 

lozd. The cooling may be effccted by pressurized gas flow in the interspace betwecn cable and sheath. 
l'he distant: between the inner cocductor and sheath is retained by adequate spacers [4.41]. 

Other a\ailab!e cable types for 3-phase hish voltage transmissiun are low pressure oil-filled cables 
of the single conductor type. and oil pressure cables in steel pipes. Upper l!mits of the tral~smission 
voltzgc for cables with multilayer insulation are given by paper-impregnated or plastics- : 
imprcg!i;~tt.d components, and for cables with homogeneous insulation arc given by extruded 
plastics. Influencing variables are the cable type, cable design. layout arrangcment, soil condition, f 
and the 1d:id hctor. Possibilities of increasing the current carrying capacity are, larger cross sections, i 
l a y i : ~ ~  in s?ecial back-filling materials, parallel systems, and forced cooling by oil or water. Future j 
possiblc va r i a~~ts  for anderground bulk power tralismission can be espected from SF,-insulated pipc ' 
line cables. cryogenic. and supcr-conducting cablzs 14.421. 

One of the most immediate ecollolnic objections to underground trai~smission is the obvi 
di!ficulty of inspection. Non-destructive test procedures for underground power cables nzre 
scribed and proven by lioriner et a1 [4.43]. 



5. Survey of basic hydrodynamics, with special reference 
to hydro power 

The project and design of hydro power has to be based on  the principles of 
hydrodynamics. Starting from the early contributions of D. Berno~rilli and L. Elllet. [5.1], 
this must include first thc kinematics of ideal fluid flow due to mass conservation 
(continuity), rotation and irrotational flow in stationary or rotating frames of reference 
and the components of strain rate tensor. Velocity triangles and relative ii~hirl must be 
considered. 

The dynamics of fluids follows from these, when applying the equation of motion and  the 
energy theorem derived from this for stationary and rotating frames of reference. The 
usual lack of dctailed information about the flow field also requires the introduction of 
the momentum theorem. The mcaning of unsteady flow in relation to energy conversion 
has to be discussed. 

The dynamics of real fluids in t ~ l r b o  machinery has to start from liquid properties such 
as compressibility arid viscosity together with turbulence-linked eddy viscosity. T h e  rela- 
tion between stress and strain rate yields the Navier-Stokes' equations. 

Consideration of the boundary laycr concept and fluid behaviour related to  a flat plat:: 
and a pipe leads to the laminar and turbulent flow regimes. Turbulence and its con- 
nected apparent shear stresses have to be considered as  the sources of dissipative energy 
loss. For ducts the influence of wall roughness and wall vibration on dissipation has to 
be accounted for. 

The flow in stationary and rotating ducts requires a knowledge of stall and secondary 
flow as loss mechanisms. The significance of turbulence, wall curvature and duct rotation 
i n  the generation of secondary flow have to be understood. The rotor of reaction 
machines needs a consideration of leakage and disk friction losses as a function of the 
gcometry of the component parts. 

Windage loss and secondary flow in curved buckets are required for the understanding 
of the performance of impulse turbines. 

A knowledge of different flow regimes in diffuser channel may show remedies for lowering 
loss in this element which is essential for the high efficiency of low head turbines and 
impeller pumps. 

The concepts of circulation in connection with Joukovsky's theorem and simple aerofoil 
lheory may increase the understanding of flow and loss mechanism in axial turbo- 
machines. The appreciation of relative whirl, the link between the velocity triangle and 
circulation and slip factor, may Cdcilitate the understanding of effects in semi axial and 
radial machinery. A general survey and detailed trcatment of certain problems is found 
in the references [5.2 to 5.81. 



5.2. T h e  kincnratics cf an itlcal flow 

5.2.1. M~ISS conservation (Continuity) 

In steady flow the mass flow through an arbitrary cross sectional area 1.i of a stream tube 
has to bc constant. Whcn 11 is very smail, density e and fluid velocity c, nonnal to A, can 
be assumed as constant over A .  Hence (see Fig. 5.2.la) ril = ~ c / l  = constant. For an 
incompressible ideal liquid this is simplified to a constant volume flow along the tube 

Q r V =  c A  = constant. (5.2 - 1) 

For an unsteady flow the stream tbbe does not exist. Here mass conservation for the 
general case of a compressible fluid can be formulated at a certain instant and volume 
element assuming the fluid as a continuum. 

" ; r/*5i~ y =  dQ 4 

@ = const. 

I 
As Fig. 5.2.1. Illustrations of 

kinerna:ic facts: a) stream 

f ,  EIf$ ties J) tubc; stream due b) cor~tinuity; to fucction rotation 'P c) veloci- in (curl); axi- 

symmetric flow; e) axisym- 
metric potential flow, and 
graphical method; f )  velocity 
triangle of turbine. 

The velocity components in the x,  y  and z-direction at a point with Cartesian coordinates 
X, y, z are c,, c,, c,. An elementary parallel epiped with d x ,  d y ,  ciz as its edge lengths is 
considered. The mass flow through the cross sectional area ' d y d z '  at the point x is 
c, q d y  d z .  At the point x + d x  i t  has increased by [a(~cJiax]  dx d y  dz. Similar increments 
of mass flow occur in the other two directions (Fig. 5.2.1 b). 

In the time interval dr during which the surplus of mass flow hence obtained [a(c,p)/dx + 
?(e,.~)/dy + ? ( C , Q ) / ~ Z ]  d x d y  dz  crosses the surface of the volume element, the rate of 
incx-ease of density t ? p / 2 ~  causes an increment of mass within the ~ o l u m e  c lxdydz :  
( d g l d t )  J t d - ~ d y d z .  Mass conservation requires a compensation of both the terms last 
mentioned. Thus 

div(ec) + i ? ~ / a t  = 0. 

Hence the one dimensional flow in a pipe requires q(dc /dx )  it c(dg /dx )  + d@/d t  = 0. Obvio 
? ~ / 3 x  = ( i - ~ / 2 r ) / ( d s i ? r ) .  In the unsteady flow of a real compressible fluid the density rate i 3 ~  
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mainlv from a density w v e  will1 density gradient dplds .  which p;isses rc ' I~t i \e  to  the fluid 
in the x -d i rec t io~~  with the ~ p ~ c d  of sound '(1'(nlbo callcd celerity). Thus (7~1'21 = - ' J .  C'onsccll~cnti! 
collti~luity reads now ~ d c 1 3 . x  + ( S ~ l d l )  ( I  - c,'(i) = 0. In a hydl-;iliiic machinc anti its compol:cnt>. 
the ratio c/a is usually much less than unity. 

~ h c r e f o r e  in general the term c/a can be neglected. Thereby continuity becomes in thc one 
dime~lsional case approximately, ~ ( a c l a x )  + d o l d t  = 0, or in the general case 

div c = - ( a e / ~ ) / a t .  (5.2 - 3) 

The relative increase in density ?Q/Q depends on the pressure increment S p  and the bulk 
E,, (which is assumed here to be c.onstant property of the liquid) giving 

Hence the simplified continuity equation for a slightly compressible liquid reads 

dive = - (1/EJ dplat.  (5.2 - 5) 

5.2.2. Potential flow and the curl (vorticity) 

In the case of a potential flow, the velocity vector c is a gradient of a scalar function Q, 

called the velocity potential or  hence brief the potential, according to  

Inserting this into the continuity (5.2-5) of an ideal inconlpressiblz flow with EL+ K 

(from 5.2-4), the so called potential cquation results 

Since the sequence of partial derivatives of Q, can be changed, it results from (5.2-6) that 

Obviously (Fig. 5.2.1 c) a mean angular velocity 0 of the fluid about :i certain ax is  is 
defined by the arithmetic mean value of angular velocities, that two adjacent liquid line 
elements have, both normal to  each other and in a plane normal to the axis. Hence the 
components of o are 

ox = ( a ~ , / a , ~  - acYlaz)/2; oy = (ac,laz - a c , / a ~ ) / 2  etc. (5.2 - 9) 

The normal convention is, to omit the factor '/2 by introducing the rot c or from now on 
(after C. Maxweil) the curl c as twice the angular velocity as a scalc of vorticity. Thus 

curl c - rot c = 2 0 ,  (5.2- 10) 

For example a rotating solid body has a constant curl, as has a forced vor!e.u. Compr-iring 
(5.2-8), (5.2-lo), it is seen, that a flow with a velocity potential, a 'potential flow' has a 
vanishing curl c. 

Nevertheless there exists also an  example of a potential flow, where the flow circulates 
around a n  axis. This kind of circulating flow usually exists in the absence o f  viscous 
effects, where at a distance r from its axis the whirl velocity coinponent c, (here equal to 
the resultant velocity) follows the rule of constant moment of momentum along the 
circular streamlines about this axis 



According to (5.2-61, its potential obeys tile law c.,, = ( l / r )  c?cl,/?rp. with ;Icp i1s tile 

ii2crcmcnt of the pcriphcral angle (azi~nuth). 1iitcgr:ition yields tilt. potcnti,ll 

(P = const cp -I-/(.u, r) ,  (5.2 - 12) 

at which x and rare  thc coordinates ~lormal  to the pcripherill velocity c,, .  l ' h o  last re!ation 
and the linearity of the potential equation (5.2-7) lead to the conclusioii that any free 
vortex about an x-axis can be superimposed by a flow within the mcridian of this axis 
and with potential /(x, r). 

In most of thc hydro turbiiics. the moment of momcntum oiflow ilpstrcam of the runner is ncnrly 
constant. This follows from the intention, to  cxtract from any strcam tubc the snmc availnblc spccrfic 
energy, namely head by means of the theorem of momcnt of niornentitm irndcr the as:utnption cf  
a whirl-free outlet (c , ,  = 0) which usually occurs at least at the bep. 

In such a turbomachine the rotary flow, given by the free vortex c , r  = const can be scperin?poscd 
o n  an axial symmetric potential flow represented by a potential flow in a meridian. 

5.2.3. The potential flow in the meridian, stream function 

In mzny cases of steady !low the flow energy pcr unit mass ( Y =  p / ~  + c2/2 + ylt (Cup. 5.3.1)) is 
constant a.ld the same in the who!e Cow field (except the boundary layers). This casc may bc consid- 
ered as natural, since no  reason exists v/hy the energies of adjacent strcamtubcs, usi~aily originating 
from the same potential energy in a huge reservoir, ditTer from cacli other. Thc cq t l~ t i t j~ i  01 motioll 
(5.3- I )  shows, that in this case of grad Y = 0 and dc/dr = 0 the flow is also a potclltial flow with 
curl c .= 0. 

Now such a n  axially symmetric potential flow, e.g.? upstream of the rotor of a turbine is 
considered. It is represented by a potential flow in the meridian (Fig. 5.2.1 d). The velocity 
c has the components c, and c, in the axial and radial directions. A potential flow requires 
after (5.2 - 8) 

We assign t o  eacli streamline in the meridian a streamfunction Y ,  as a scalar due to a 
ceriain flow Q, that passes betveen this streamline and the axis. Hence and fgr formal 
co!ivenience: Y = (2;(3n). Any streamline in the meridian is described by Y ( r ,  .uj = const. 
Nest  two neighbouring streamlines Y and Y + d Y  are considered. The flow between 
these streamlines is d Q  = 2 n d Y .  

Consider the flow past the area described by the rotation of the distance dr between these 
srrearnlines. Here this flow passes through an  annular section of area 2 n r d r  with velocity ' 
c,. Thus continuity gives (Fig. 5.2.1 d) 1 

Next consider a movement a x  t o  the adjacent streamline. Now the flow passes with c, 
through the cylinder Z n r a x .  Hcnce 

c, = - ( l l r )  dYji3x.  (5.2 - 15) 

Inserting (5.2 - 14) and (5.2- 15) in (5.2- 13) gives 

d' Y/3x2 - ( : / I - )  aul/i?r + d 2  'Y/ar2 = 0. (5.2 - 16) 

O n e  s o l u t i o ~ ~ ,  cited by Lamb [5.5] has the fonn 
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Y = r 2 ( x n -  - { ( n  - 1 )  ( 1 1  - 2 ) / [ 2 ( 2 n  - I ) ] )  ( r 2  + x2) xn-' 

+ { (n  - I )  ( n  - 2)  ( n  - 3)  ( 1 1  - 4) /[2  ; 4 ( 2 n  - 1) (211 - 3 1 )  

in which n  is a positive integer. Another solution given by the products of harmonic 
functions in x with Bessel or Neumann functions in r was cSled by J. Ranhe [4.11]. 

Owing t o  the linearity of the differential equa!ion (5.2- 16) due to the streamfiinction. 
these solutions can be superimposed after multiplication by constants, so  a s  to br: 

to the given boundary conditions Y = const. Graphical method: Let A n  be thz 
tlormal distance between adjacent streamlines, between whicl~ a discharge A Q  flows. At 
a sclected point (Fig. 5.2.1 e), distance r from the axis, the flow through the truncated 

of area 2 n r  A n  normal to  the velocity c becomes A  Q = 2x1-c Ai l .  When the 
betwecn adjacent equipotcntinl lines normal to the streamlines, has the 

difference A @  along a distance A s  in the strcamwise direction: the velocity is c = d @ / A  s. 

A combination of the last two relations gives, assuming A Q  = constant a n d  A @  = 

constant, the following condition for the design of the grid formed by streamlines and 
equipoten tial lines 

A s / A n  = const r.  (5.2- 18) 

Within a cylindrical distributor of a fluid machine, the flow is nearly normal to  the axis. Therefore 
along the equipotcntial lines in this cornponcnt r = const. Thus A s  = const An. A n  is obtained by 
dividing the given span I ) ,  of the distributor vane into just as Inany equal sections as elementary 
turbines are required (usually 3 to 5). 

At the draft tube inlct of thc turbine the distance A s  of two adjaccnt equipotential lines can be 
assiimcd as nearly constant. Therefore now the relation r Arl = conslafit holds good. An exper- 
imental ;ncthod is sho\vn in [5.9]. 

5.2.4. Velocity triangle and relative eddy 

A stationary obscrver sees the absolute flow with its absolute vclocity c from a stationary 
or absolute frame of reference. (Strictly speaking, according to  the equation of absolute 
motion used, this frame should be an  inertial frame with a rectilinear and  uniform 
motion.) 

In a rotor turning with local peripheral velocity ' u '  about its axis, an observer a t  station 
r  rotating with the rotor at angular velocity o, observes the relative flow with its relative 
velocity tv. From the theorem of the triangle of velocities (Fig. 5.2.1 f) 

Assunle the absolute flow as a potenrial flow. Hence curl c = 0. Therefore rrom (5.2--20) 
curl lo = - curl (o x r). From the well-known identity curl (o x r) = 2 o, it follows 

This curl is called the "relative whirl" o r  "relative eddy". That means in an absolute 
Potential flow, an observer, rotating in the rotor at  its angular velocity, sees always a 
rotational flow with a curl parallel to the axis of rotation, in the negative sense of the real 
rotation. 



Assunic thc flow t t ~ r o u g h  tlie rotor is on axial synlnlctric stre:lrn surL~ccs (Fig. 5.2.2a). 
0b :~ iou~ly  thc governing vortici~y due to the rclativc wllit-l i l l  such a strcanl face is 
~ r i c n t e d  normal to t f~c  I;~tfer and is giken b y  thc colnponcllt - ? ( I )  cos 1 1 ,  11 being the 
angle, thc streanl.;urklcc makes wit11 a plnnc nornlal to the axis. J-Ietlce (curl w), = 
- 2w cos jl where ,I indicates a direction normal to thc strean1 surface. 

For  the computation of the relative flow field in such an axial sylnnletric s&re;~msurface 
thc cur1 ,P may be expressed in terms of the velocity components w ,  and w, in the 
meridional and peripheral directions (Fig. 5.2.2a) by virtue of Stokcs' theorem, after 
which (curl w), = lim 4 w t ls/A [5.3]. Thus 

A - 0  

where s now is the meridional direction and cp the azimuth. Inserting here (curl IV), = 
- 2 0 cos j l  yields 

dw,/ds + cos p w,/r + 81v,~,/(r dcp) = - 2w cos p .  (5.2 -- 22) 

-. 1.1g. 5.2.2. Illustration of further kinematic facts. a) Relative eddy in axisymmetric relative flow. 
b) Velocity i~crements due to rotation. 

Assuming axial symmetric flow laminae of varying thickness b and linking the relative 
straimline to a strenmfunction Y = const (along the streamline), continuity enables a . 

reduction of the velocity components to Y analogous to (5.2-14) and (5.2-15) 

rv, = (l lb) Z\Y/as. (5.2- 24) 

Inserting these rcla tions in (5.2-22) results in 

a2 Ylas" (COS ji/r.- (lib) a b / d ~ )  a Y/as + (l/r2) d 2  'Y/dp2 = - 2 0 b  cos p. 
(5.2 -25) 

Any graphical or  analytical solution has to  start from preliminary givcn relations p(s), r(s) 
and b(s). Moreover it r.eeds the vane traces of the suction and pressure faces given as 
Y',(s, rp) = 0 and Yb(s, rpj = AQ/z ,  where A Q is the flow due to the flow lamina considered 
and z the vane number of the rotor. 

The author has shown an analytical solution [5.10] and has presentecl the conversion of the 
differential equation into a difference equation and thus into a system of inhomc~gcncous linear equa- 
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tions, in which thc Y value in thc middle of a certain area element is expressed as a linear function 
of the Y values at points along the boundary of this arca. . 

Schilling [6.17] also presentcd some examples for the solution of this mcthod. It must be kept in mind 
that thc nlcthod gives infornlation only about the flow within thc mcan stream surf:icc of thc flow . 
lamina considcrcd. The subdivision of the flow in a rotor of givcn geometry into flow laminae or 
elementary turbines is considcrcd in Cap. 6.5. 

The deviation of real flow from an axially symmetric one is considered in Cnp. 10.6. The objection, 
that the method is wrong as it does not account for the vorticity in the absolute flow is weakened 
by the fact that the absolute vorticity in the free flow outside the boundary Iaycr and the wakes from 
a cascade upstream in general is small and has a prevailing component in thc streamwisc direction. 
This only twists somewhat the streamface within the rotor channel, Cap. 10.6. 

Problems due to unsteady flow, vortices passing a cascade, boundary layer, wakes, and flow about 
the inlet edge arc dealt with in the chaptcrs 6.4; 7.2; 7.3 respectively. 

Naturally the method presumcs an attached flow. Any stall, e.g. past the inlet edge, 3s reported by 
Betz [5.11], which may be attributed to a wrong estimate of thc inflow controlled by the guide vane 
is predictable by continuity, niomentum and energy theorem. . 

5.2.5. The rate'of strain tensor 

Consider a certain flow with velocity components c,, c, and c, a t  a certain point P. These 
velocities vary at a distance dn = d x  + d y  + d z  from the first point by the following 
amount here given for the component c ,  only 

Due to  the local curl and the rcsulting angular velocities a,, ox of the flow, the fluid gets 
an additional induced velocity in the x-direction, for example at the neighbourizlg point 
P, (Fig. 5.2.2b) d c , ,  = w , d z  - o , d y .  

Substraction of dc,,  from dc ,  yields the velocity increment in the x-direction due  to "de- 
formation" 

Obviously: dxldn = cos ( x ,  n); dy ldn  = cos (y, n);  dzldrz = cos ( z ,  n). Dividing d c ,  ,,, by 
dn and respecting the last relations yield the x-component of "strain rate" as a function 
of the direction the strain rate exists, a t  which the direction is given by its unit vector 
nO(cos(x, n), cos(y, n), cos(z, n)): 

This relation shows that the derivative of thc "deformation velocity " in a certain direction 
depends linearly on the components of the directional vector no. Therefore the derivative 
of the deformation velocity is a tensor of the unit vector no according to d c d e f / d n  = Kno,  
with T,  as the following rate of strain tensor 



7.1:~ coniponcrlts of 7; are large in rcgions where the curl is also Inr-go, e.g. in b01111dar~ 
I:tycrs. On thc  oilier Iiand, it solid body vortcs has n curl but no x, whcrens the free vortex 
has. 

5.2.6. The circulation and its relation to curl 

The circulation f about the contour of a rotor vane in a turbo machine is an important 
feature, iieeded to obtain the forces acting on it .  In general r is dofined by a line integral 
along a line I, which usually is closed, by 

In a plane and steady potential flow about an aerofoil but also about a cylindrical vane 
section of an axial turbo machine, r originates from a physical angle of attack S o ,  the 
undisturbed flow makes with !he zero lif t  direction due to the profile. 

More generally the curl from (5.2-8), (5.2- 10) is defined by ( A 0  being unit vector) 

curl c = lim (§cds / t l~)  AO. 
d A  -0 

(5.2 - 30) 

I-Ience Stokes' theoreni, which relates the circulation along an arbitrary spatial closed line 
to the flux of vorticity curl c through a surface, that ends on this line [4.26]: 

In mixed flow turbo machines the circulatiorl about a rotor vane, and the velocity dif- 
ference IV, - \tp, bet~veen the suction and pressure faces of rotor vane hence dzrived, 
depends ~n;~inly on the relative eddy curl w. The link between curl tv and bv, - rv, in such 
a niachine can be found as follows by (5.2-31). 

Consider a n  ele~nentary quasi-parallelogram (Fig. 5.2.3 a) on the axisymrnetric streamface 
of a rotor vane channel. limited by a streamline element d s  along the suctioli and pressure " 
faces of the rotor vane and the unobstructed pitch arcs along two adjacent parallel circles - 
t ~ i t h  tlie radii r and I .  + tlr- respectively. 

For an irso tational absolute flow curl c = 0, Cap. 5.2.4, the relevant component of rela- 
tive eddy riorrnal to the strezmface, making an angle p with a plane normal to the rotor 
axis, beconles ( L U ~ I  H'), = - 2 0  cos p. The unobstructed pitch between the z rotor vanes 
due to a contraction factor @ in consequence of the boundary layer and vane thickness 
is Lnr @/z. 

The relative flow is along the vane and has, according to the local velocity triangle, a 
pitch-averaged relative whirl colnponent ~ v ,  (Fig. 5.2.3a). With respect to the obvious 
relation J r  = tis cos 11 sin p, P being the angle the vane makes with the circumference, 
St0kr.s' theorem (5.2-31), now applied to the quasi-parallelogran~, gives the di 
relative velocities between suction ( S )  and pressure (P) face, at cf, = const, as 

\r., - lr., = 2 n @ cos ,u sin P (20 r  - d(lv, r)/dr)/z. 

Here for pump turbines and pumps with backward curved rotor vanes, the following 
relation holds good: \rl, = tor, = const. Hence d(lv,r)ltlr z wrl. For high head  ranc cis 
turbines ivith pronounced foreward curved rotor vanes, wur is approxin~ately constan 
Hence d(lr,r)/llr = 0. 
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1-ig. 5.2.3. Circolation and 
its applic;ttions a) Stokes' 
thcorcni in nn inipcllcr 

for irrotationsl ab- 
solute flow T = velocity tri- 
angle. b) Circulation f, 
around a rotor blade in an 
axispmnletric stream face, 
and whirl components c,, , 
c,,,, for irrotntional absolute 
flow and finite vane thick- 
,less, V vane trace in stream 
face. c) Lift on an aerofoil by 
a circulation I' around it; 
b zero lift direction; sv start- 
ing vortex; --- control line 
at infinity, S suction face, 
P pressure face. 

According to Stanitz, up to a certain radius within a rotor channel, the distribution of 
relative velocity in the tangential direction across the channel is linear [5.12]. Hence with 
A w =  w , -  W, 

w, = w, + A rv/2 (5.2- 33) 

in which w, = (w, + wp)/2 is the mean relative speed at the channel centre line. 

By means of A M J  = w, - w, from (5.2-32) and thc energy theorem (5.2-3 or 7) for the 
rotating frame of reference, the pressure difrercnce, Ay = p, - p, between tlie pressure 
and suction faces of a rotor vane, results from 

5.2.7. Vane circulation and lift 

The vane circulation is desired for a rotor of known geometry and given velocity triangles 
(see Fig. 5.2.3 b). The Figure sllows the runner vane traces in an axisymmetric streamface. 



Tht: ;ibsolutc flow ir irrc)tation;~l. From (5.2-31). thz circuliitinn I- aroiind the nrc:i A 
w ~ t h ~ n  the >rrcnlnf~cc, ~11;lt s r~rroi~nds thc vane trace A ,  2nd cstct~cls pcriplicr;llly over one 
pi:cli (Fig. 5.2.3 b). obcys the relation 

$ (1s + $, br ds  + $ ,vds + ,u 11s + 4 I\$ cls -t $ Ir 11s t $ ) V ~ S  -k 8 1~ (1s 
1 1  e 1 1  1 I z  n f I c 

= jJ curl )vc lA.  
A 

AS the axially oriented relr~tive whirl is the only existing vortex, then jj curl ~ v t i ~ i  = 
A 

curl bv t lA', v~.ith A' as the projection of A on a plane nornlal to the axis. With the 
-4 ' 
relative eddy - 2w, and respecting the vanishing vortex through the vane's projection A: 
oil a plane nurmal to the axis, then 

1.5 curl w d A '  = 2n(11(r,2 - r:)/z - 20A:, (5.2 - 35) 
.I ' 

with z as the number of blades. Obviously from the velocity triangles $ w d s  = tvUi2nr/z 
l i  

= 2;r (wrf - c,,r)/z (i being 1 or 2 at the rotor inlet or  outlet) the circulation about A 
reads 

2 2 f = -+ (2n/z) [0)(r2 - rl) - cu2r2 + c,,, r , ] .  (5.2 - 36) 

Equating P and 51,. curl w dA' according to Stokes' theorem, the circulation nbou t the 
rotor vane leads 

= (275/z)(cU2r2 - cU1rl) - 20A:. (5.2 - 37) 

The last term 2~:),4: appears only in mixed flow machines and increases with vane 
th~ckness compared with the radii r,  or  r,, respectively. It results from the absence of flux 
of rri;~ti\e eddy within the contcjur of the rotor vane. 

In axial rurborn~chines with coaxial cylicdrical stream surfaces thc area A: is zero. Hence 

Ctlr = (2nr/z)(c,, - c,,) = dc, t ,  (5.2 - 38) 

in which t is thc pitch, and Ac,, = c,, - c,, is the so-ca!led deflection [5.13]. 

Thc now in such a cylindrical surface shall be a steady potential flow, of unit depth. Let 
c, - cor:st be the undisturbed velocity. As is well-known [5.14], the lift on a vane with 
circuiation /; equal5 ihat on a bound vortex tube at its centre of pressure, strength 
curlc = Q, cross section rlsdn, J s  being along c,, drt normal to it. Henceforth: g = 0. 

'The equation of not ion  (5.3-2) yields a pressure on this vortex in the n-direction : 

dp = p lc ,  >: SZI tiit. Hence according to Krttra, Jotlkorsky [5.15; 5.161, with the circu- 
lztion P, about thc vane, bcing according to  Stoltes' theorem T; = R J s d c ,  and the unit ? 
1-ector on the flow plane 52' = Q/Q, the hydrodynamic lift on the vane becomes (see ' 
Fis. 5 .2 .3~)  

F,  = g ( c ,  x 52') <. (5.2 -39) 

5.3. Dynamics of ideal flaw 

5.3.1. Eqxation of motion and cnergy fo i  a st:rtionary frame of reference 

For  the absolute flow, observed from a stationary frame of reference, the equation 0 
motion of a unit mass reads 

1 SO 



grad@/@ + c2/2 + g h )  = c x curlc - acldt,  (5.3 - 1) 

in which p is thc pressure, Q the density, c thc absolr~te vclocity, I I  the elevation of the point 
considered. An clement of an ii~stantaneous streamline is parallel to the vslocity vectc-r 
c. An element of the instantaneous vortex line is parallel to the vector curl c. At any 
instant the vector c x curl c is normal to the surrdce element, formed by the instantaneous 
vortex and stream line element (see Fig. 5.3.1 a). 

From this it can clearly be seen, that any change of the absolute flour energy Y, = 
P/Q + c2/2 + ~ I I  in the direction of the streamline element can be caused only by an  
unsteady term dcldt of the flow. This unsteadiness occurs within a vaned rotor  for a 
stationary observer since the velocity distribution relative t c  the rotor is pitch periodic 
(Fig. 5.3.1 b). For steady absolute flow (5.3-1) converts to 

grad@/@ + c2/2 + g h )  = c x curl c .  (5.3 - 2) 

Fig. 5.3.1. Relative and abso- 
lute flow, their specific flow 
energies Y,, Yo: a) Surfaces of 
constant Y,, Y, in relation to 
vortex lines curl c and stream- 
line, parallel c, lv. b) Distribu- 
tion of relative velocity across 
the channel (left) of an ilnpcller 
with backward cursed vanes, 
and (right) of a runner with fore- 
ward curved vanes. 

Obviously now any energy gradient is oriented normal to  the surface, formed by the 
stream and vortex 1i:les. Hence in a steady absolute flow any change of the specific flow 
energy (referred to the unit of mass) 1; = p / ~  + c2/2 + g h  along a streamline vanishes, 
iBernouilli's theorem) namely 

Y, = p / ~  + c2/2 + g h  = constant. (5.3 - 3) 

In general the constant varies with the streamline. In the special case of a potential flow 
with curl c = 0, the right hand side in (5.3-2) vanishes. Here the relation (5.3-3) holds 
for the whole flow field with the same constant. 

The same is also valid for a steady flow lield, whose vortex and streamlines are parallel 
to each other (Beltrami flow). Since no  energy is extracted from the fluid within the 
distributor of a turbine and the flow loss there is modest, it can be concluded, that within 
the space between the distributor and the runner any possible vortex line (mainly origi- 



nating froin a change of circulaiion over the span  fa distriblltor vane) must bt. parallel 
to the strcarnlincs [5.10]. 

5.3.2. Equation of motion and energy for a rotating frame of refcrerlcc 

Relation (5.1 - I )  can be adapted to a rotating frame of reference, when the absolute vel- 
ocity c is replaced by the relative velocity tv and the centrifugal force on unit mass due 
to rotation - Erad(r.20)2/2) and the Coriolis forcc on unit muss - 2)v x w arc added to 
the left hacd side of (5.3 - 1). Hence 

grad(y/p + ,v2/2 - r2u2/2 + g l ~ )  - 2 w x o = IV x curl w - d)u jd t .  (5.3-4) 

VJith the trarlsformations curl u = curl w x r - 2 0 ;  u + i v  = c ;  and curl(u + w )  = curl c, 
the equation of motion now reads 

grad(p/,o + \v2/2 - r 2 m 2 / 2  + gh) = )v x curl c - a iv la t .  (5.3 - 5) 

Now instead of the absolute flow energy (5.3-3), a rothalpy appears without the term of 
internal energy, according to 

Y, EE P / Q  + \v2/2 - r2w2/2 + gh. (5.3 -6) 

O n  this occasion the individual terms of thc encrgy Y, and Y,, all having the dimensions of encrgies 
per unit mass, will be comparatively interpreted. p/p is a positive displaccmcnt work done by the unit 
mass of fluid, when shifted to a rcgion undcr zero prcssure. c 2 / 2  ant1 \v2/2 are thc kinetic energies 
due to the uriit mass o f  fluid and g h  the potential energy of it in the terrestrial gravity field. The term 
- r. 'o2/2 can be understood as the nesative work donc by thc prcssure, that balances the rotary 
systcm, to rnove a unit mass of fluid from the axis to a point o n  the radius r.  
I t  may be nlentionec! that any real machine has to  utilize the specific energy of a fluid within given 
surroundings (altitude. prssure ,  temperature and hence critical pressure) at inlet and outlet. More- 
over a fluid ilo~ving through a machine performs positive and ncgntive displacement work on the 
system, when entering or  leaving it. 

F u r t h x  a recl slightly com~ressible  liquid also performs expansion work within the machine. T o  this 
strictly speaking the chanze of internal energy of thc fluid, neglected herc has to  be accounted for. 
At last for esr?nomical reasons !he flow has to  pass through finite cross scctions, necding considerable 
s ~ e e d s  to ?:~ss. a source of losses or  strictly speaking of converting orderly motion into heat. 

The specific flow enerzy K, a l ~ d  the rothalpy (an expression used here against convention 
also wi tho~ t  the internal energy term) are linked to each other by tlie triangular relation 
Cz = ,,.2 - r '02 + 2cu1.(o. This gives in the case of steady Gow and absolute irrotational 
flow (curl c = 0) 

Y, = Y, + curto. (5.3-7) 

On many occasions the same equations and statements may be used for either a turbine 
or an impeller pump. However the components in turbines and impeller pumps (from 
no\v on referred to as pumps) have different names. When this occurs, the name for the 
component in a turbine is followed by that for a pump in parenthesis or vice versa. 

For the steady relative flow, which may be possible in a machine with suffiziznt distance 
between the rclnner (impeller) and distributor (diffuser) from (5.3-5): 

grad(p/p + w2/2 - r2w2/2 + gh) = w x curlc. (5.3 - 8) 

Hence the grad 2; is normal to the relative streamline and vanishes along it. Thw 
Y, = constant along the relative streamline in steady relative flow (Fig. 10.3.20). This 



constant is the same for any relative streamline if the absolute flow is irrotational 
c = 0). 

For the real flow with dissipation a,, along the relative stream tube of the rotor between 
the stations 2 and 1 due to the rotor's section of high and low pressure, the integrated 

(5.3-S) is converted into ( A  now difference) 

where e is the internal energy per unit mass of the fluid. According to energy theorem, 
alld assuming the heat flow into the rotor to equal @ , , ,  the difference of internal energy 

1 

follows as  e2 - e ,  = O,, + J p d u .  - 
2 

Thc tern1 d:plC) corresponds to thc surplus of displacement work, A: g h  of gravity work, A: r2 oJ2;2 
to that of centrifugal force due to rotation, A: w2/2 to that of kinetic energy, all referred to unit mass. 
The surplus is understood as the value at station 2 relative to 1. The measurements of Bur [5.17] and 
Srhlemmer [5.18] have reconfirmed relation (5.3.-9). 

5.3.3. The role of unsteadiness for energy transmission 

From the velocity triengle (Fig. 5.2.1) assuming the blade speed is constant: rlcidt = 
dat /dt .  Furthermore the followii~g relation holds between the peripheral angle cp, of a 
point on the rotor, measured from a stationary radius and  c p ,  rneasured from a radius 
rotating with angulal- velocity to, t as the time elapsed since the instant, when both radii 
coincided: q, = cp, + tor. Since d{p,/dt = o, d q , / d q r  = 1, w = ~ ( 4 9 , ~  1 )  yields d ~ v l d t  - 
(a,vli?q,) (8cyr /dq , )  rl q , / d t  + a w / a t .  Hence 

From this it is seen, that even when the relative flow is steady ( d ~ c , / d f  = 0), an unsteadiness 
of absolute flow is caused by the variation of relative velocity over the pitch of the rotor 
channel (dw/i?cp, + 0), (see Fig. 5.3.1 b). 

This variation of ~c gives from (5.3-6) for the case Y, = constant (i.e. absolute potential 
flow) the variation of pressure across the channel and with it the differential pressure on 
a blade element of the runner (impeller). This enables the conversion of shaft work into 
flow energy and vice versa. 

5.3.4. The momentum theorems 

I. Gcneral remarks: The application of the energy equation and the equation of motion 
requires a detailed knowledge of the flow field. In some cases, e.g., that of the jet oilto the 
bucket of an impulse turbine, the flow field on a definite face is known, e.g. on the jet cross 
section upstream of the bucket. From this starting point, the force which is exerted by the 
fluid on a particular body is required, e.g. the force the jet exerts on the runner. 
11. The momentum theorem: For  the solution of this task, an  inner control surface on 
a body (Fig. 5.3.2a) with unknown force i.' is surrounded by the fluid, that is enclosed by 
an outer control surface A, on which the pressure and the momentunl flow are known 
lheoretically o r  by measurement. 

Newton's equation of motion is applied to the fluid within this control space, see e.g. 
fiucketdrodt [5.3]. As this holds good for a certain fluid mass, special attention has to  be 



Fig. 5.3.2. The rnolnentum tlieorcm. a) Con- 
trot surfaces, o cxternal, i internal, for compu- 
tation of force I; on a n  aerofuil. b) Control 
S U ~ ~ C C  for tI,e co~nputarion of tile torque on a - rotor in elevation. c) Shock loss. 

paid to the fact that this mass now passes through the outer control surface, acting on 
it by its momentum, when entering the control volume a~:d reacting, whcn leaving it. 
Hence wit11 k as a force per unit volume the momentum theorem for the control vol~tme 
V and its outer control surface A, reads 

The  first term on the right hand side is due to the volume force within V ,  the second due 
t o  pressure on the outer control surkce A, tile third due to the flow of inomentun1 
tllrozgh A, and the fourth due to the rate of monientuni within the volurne V 

111. The Angular momentum theorem: This relates the unknown moment M on the sub- 
merged body (Fig. 5.3.2 b) to the known moments exerted oil the control vo!ume V and 
its outer control surface A by the force terms in (5.3- 11). Hcnce the theorem 

5.3.5. Problenis using the moralenturn and energy theorems 

5.3.5.1. Euler's equation 

F o r  an  ideal fluid ( e  = O), and a steady absolute potential flow following frcm an  infinitely 
high vane number in the rotor, the proof of Euler's equation is easy. Then with u = r o ,  ; 
g H  = Y,, - Y,, from (5.3-7) and (5.3-9) it follows 

F o r  the real unsteedy absolute flow through a runner the angular momentum theorem ' 

(5.3-12) has to be applied. First, the runner is surrounded by a control surface A 
(Fig. 5.3.2 b). This follows the internal, wetted surfaces of hub, shroud and vanes and is f 
closed before tile rotor inlet 2 and behind the rotor exit 1 by axisyrnmetric faces A,  and 3 
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A , ,  with a distance lrorn the inlet and outlet cdges of blades such as to  have whirl vel- 
ocities c,, and c , ,  uniform along the periphery. 

Leakage is neglected. Hcnce the mass flow through the rri~iner crosstx only through the 
fdces A z  and A , .  The disk friction on the outer faces of hub and shroud is disregarded. 

Because of the axisymmetrically assumed flow through the faces A? and A , ,  the surface 
forces there due to p d o  not exert a torque about the axis, and those due t o  o r  are 
negligibl~. The asisymmctric volume V excludes any torque by weight. 

The torque on the runner 121, is transmitted by wall pressure and shear stress on  the 
\vetted surfaces of vanes, hub and shroud mentioned above. 

Assuming either an elemenlary runner of small breadth b and axisymmetric streamfaces 
with the radii r,, r ,  and the whirl components c,,, c,, at 2 and 1, o r  a real runner of finite 
breadth b, in which r , ,  r,, c, ,, c,, are mean values over the spans") I ) ,  and b,, th: angular 
momentum theorem (5.3- 12), considering the ul~steady absolute flow in the runner 

(Cap. 5.3.3) gives the torquc as 

The disappearance of the unsteady term in the final solution of the torque nlay be realized as follo\vs. 
Consider a volume strip d V  of clc~nenlary breadth cib and elcmcntary llicridio~lal length ds, along 
the unobstructed pitch 2 n r @ / z  ( z  being the vane number, cfj the contraction coefficient due to the 
thickness of vane, and wall-attached stall). The relevant component of ( I .  x c) is r c , .  

The absolute whirl velocity c ,  along the pitch can be split into a timc-independent, pitch-averaged 

term c,,, and into a pitch-periodical tcrm el, whose pitch-averaged valuc vanishes according to 
2 n 9 / z  

0 = ( cidip, cp bcing the peripheral angle. 
0 

Hence, the only unsteady contribution of d V to the unsteady torquc term dil l:  in (5.3- 13) reads as 
2 x O/: 

e r 2 d s , d b  I (dc : /Z t )  dcp, and this term vanishes according to thc definition of c: and thc obvious 
0 

relation at = a q / w ,  in which w is the angular velocity with which the increment of azimuth dq is 
covered in the timc interval 21. 

Hence the torque of the runner 

Note that the whirl cUi here is in the sense of the runner's rotation with angular velocity 
o. Hence the so-called peripheral output P, = o M a .  In a real turbine with a peripheral 
cficiency q ,  (due to loss in the distributor, the runner the draft tube and due to exchange 
of momentum between rotary and stationary parts), this output is also given as 
P, = 1 n  g1-I q,.  El imi~~at ing  P, with rto = u yields Euler's equation, originally cited without 

5.3.5.2. The shock loss due to diffusion and deflection 

At  the inlet of vaned cascades, e.g. rotor, when a turbomachine operates away from the 
bep, its throughflow velocity is subjected to  a sudden change in magnitude and direction. 
2____ 

'1 Span (here and elsewhere, sometimes also denoted by breadth) defines an extension or a rotor normal 10  its 
meridional streamlines. 



'I'lic resulting sliocL-loss, espcciully in thc casc of dccclcrntion, is stildicd on the nlodcl of 
icle:~l c~~~c-Jirncnslo!i:~l, ste;lcly pipe flow (Fig. 5.3.2~). 

The shock loss d Y, appeilrs as ;I change of specific flow energy Y,, as in (5.3-3). between 
inlct and oiltlet of the hatched control face (Fig. 5.3.2~) due to the sucidcn cl~aiigc of 
cllan~lcl gcomctry. Hcnce 

T o  oliniinilte the pressure term, the inomenturn theorem ill the horizontal direction is 
appIicd on thc hatched control h c c  with rcspcct to the mass illflux ril = @C2Ar 

By means of continuity, c , A 2  = c , A o ,  the pressure term may be expressed by 
(pl - p ? ) ! ~  = c$ - ~ , . ~ c , .  This in (5.3- 17) 

2 A Y, - ( c ,  - 2 c l x c 2  + cf ) /2  = ( c ,  - c2) , /2  = c f / 2 .  (5.3- 18) 

In practice, a correction factor cp, < 1 is added to the right hand side. This is essential to 
distinguish between accelerating shock ( (ps -, 0) and decelerating shock ((p,+ I ) ,  see also 
I'eternrt~l~n i5.191. c ,  - c ,  = c, is denoted as shock velocity. 

5.3.5.3. The shock loss due to the action of turbo machines 

The main aim of this section is to express the shock loss in terms of the discharge Q and 
Q,, of an arbitral-j operating point and the bep. Hence thc influence of this essential loss 
on the characteristic is obtained (bep = best efficiency point). 

For this purpose the bep is assumed to be connected with 

a) a ivhirl-free flow at runner exit 1. Hence c , ,  = 0 and 

where t i ,  is the blade speed, c,,, , the meridional speed at the bep in 1, b, the angle the 
rclati\>e speed makzc with the periphery, (/?, nearly coitlcicies with the vane angle /?: and 
is reraincd under any flow Q, being always assumed along the fixed runfie vane), 
b) a shocklcss flow : ~ t  inlet 2 of the runner vane channel. Moreover the flow is assumed 4 
to behrtcc lib: that in a pipe. 

1 

Hence the anele pt the runner vane makes at 2  with the periphery, results from the inlet 
triangle of vt.locit&s and Euler's equation after a) as (Fig. 5.3.3) 

i 

where c,,,,, is the ~neridional speed at the bep at 2, qub the peripheral efficiency at the bep. 
Ob\.iously (Fig. 5.3.3) the shock velocity vector (taken in the sense of (5.3- 18)) at runner 
inlet reads 

C ,  = w,,? - w i 2 ,  (5.3-21) 

where \vL2 is the relative whirl due to overload (here considered as that load which causes 
a decelerating shock at runner inlet, especially loss-linked) and w,,  the shockless relative 
whir1 due to the ~nsridlonal speed c, ,  at 2 under overload (Q). 

Thc velutity trianele demonstrates, that 

\vu2 = 112 - Cu2, 
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Fig. 5.3.3. Velocity triangles of a turbine runner i t  inlet 2, outlet 1; operating at :  b bep; p part load; 
o overloatl. If the bep corresponds to c,, = 0 and shockless inlet (fl,,,, = P2,  = P(;), then the wake 
downstrcam of rhc inlct edge on thc pressure face 1' is due to overload o, and that on the suction 
face S due to part load p. 

where u,  is the blade speed at 2. The absolute whirl c , ~  at 2 under overload is obtained 
from Elder's equation together with the reduction of the absolute exit whirl c,, under 
overload due to c ,,,, , u ,  and /I, by c,, = u, - c,, cot 13,. Thus 

c,2 = (gfi11, + u: - UIC,,  c o t 8 1 ) / ~ 2 ,  (5.3 - 24) 

where q,, is the peripheral efficiency under overload. Here c,, turns against u , ,  since 
c,, cot/?, > u,. 

From now on the peripheral efficiency might be unvariable 

q, = q,, = const, (5.3 -25) 

which, in the usual working range, may include an  error u p  t o  10%. The continuity reads 
(henceforth subscript 011 instead of b at  bep) 

Iilserting (5.3 - 22) and (5.3 - 23) in (5.3 - 2 1) and  respecting (5.3 - 19), (5.3 - 20) and (5.3 - 24) 
through (5.3 - 26), the shock velocity reads 

c, = [(Qop - Q)/Q.,l(., - ~ H v , / u ~  - u:/u~)- (5.3 -27) 

Hence and with respect to  (5.3- 18) the shock loss a t  rotor inlet in a certain turbo machine 
Can be described by 

A Y, = const (Q,, - Q)2. (5.3-28) 



7'his holds cspcci;~ily for the ilccclcr;iting shuck. 111 .i turbine this occurs uitdcr nvcr!oiid ;ind i n  a 
piinlp undcr p;irt lo;irl. Strictly spc;iki~ig tlic Ci~scri l~fi~t i  of tlic bcIi;iviot~r 01 ;1 givci~ hydro turbo- 
m:ichine rcquircs tlil'fcrc:it va!iics of thc const;int in (5.3 2s) in thc part a n ~ l  ovcrlond rangc. TIlis 
is a conscqucnce of tlic tliflcrcnt tlissip;~licin by shock in accclcrt1tioli and ticcclcr;ltion. Thc validity 
of the above shock loss rel;ltion also for a pump can be provcd murc c:~sily th:ln ~ I ~ O V C  by means 
of the velocity tri31igles at tlic leading cdgc of a pump rotor thcn v;~lid for thc iliffcrcnt loads shown 
in Fig. 8.2.10. 

5.4. Theory of real fluid flow 

5. i . l .  Properties of real liquids 

I. Compressibility: Compressibility is defined by the relative change of density delg 
under a pressure increment d p  by (5.2--4) in which the bulk rnodulus EL for water at 
290 K: E ,  = 2.1 . lo9 Pa. Hence Q varies even under the acuinl highest head (ReiOeck, 
Austria w ~ t h  H = 1760 m) only by 0,83 %. 

Strictly speaking: the connpressibility converts the pressure term of the specific energy from p / ~  into 
J t f p i g  and requires the introduction of a change of internal energy e into thc head (1.6- 1). Neglecting 

I1 

any heat transfer i11 the machine, thcn ell - e, = - fpdo,  [4.26]. 
I 

Once the admissible error of results is prcscribed, compressibility bas to  .be accounted for e.g., in efli- 
ciency calculation from a certain head on (about 200 m). It is always required for water hammer cal- 
culations, Cap. 8.3. 

11. Surface tension: This is a force per unit length acti~ig on the section of the interface 
of a liquid with gas e.g.? water agaiilst air, a = 0,073 N/m. I t  rnay be understood as the 
resistance of the adjacent fluids to increase the contact face in consequence of niolecular 
attraction from the interior of the liquid [5.3]. 

a influences the bubble growth rate at the onset of cavitation, if the bubble radius is below 0.1 mm 
Ca?illarity effects influence the srnallcst diameter practicable of tappings and manonleter tubes [5.3]. 

111. The viscosity and resulting classifications of liquids: Liquids are classified by their 
shear behaviour. A shear stress r occurs between adjacent layers slipping against each 
other. r depends as follows on the strain rate ac jay :  

a)  Newtonian fluids: Here 7 = 11 dc/dy, in which c  is the velocity, y the coordinate normal 
to  i t  and r ]  the dynamic viscosity. For the usual liquid the viscosity drops as temperature 
rises. This ori9inatcs from the increasing distance between the molecules, since the viscous 
force is nlostly caused by molecular attraction. 

This "viscous shear stress" appears in a Newtonian fluid only, when the flow reginic is laminar. This 
occurs below a definite strain rate and the related Reynolds number (see later). Above this threshold, 
the stead! motion of the fluid has,turbulent velocity fluctuations in and across the main flow direc- 
tion superimposed. 

Usually the kinematic viscosity is used, defined by v = q / ~ .  1' also drops with rising terrl; 
perature, e.g., for water: a t  O°C, v = 1,s 10-6m2/s; at 20°C, v = m2/s; at 70°C 
r. = 0.4 - m'js. I; is therefore anderstandable, that as found by .Pieint.rschmidt's 
[5.20] tests. the decisive wall shear stress losses of a hydro turbine drop by 25% with 
temperature rise from O0 to 70°C. 

This is also true for the turbulent flow regime, since the velocity fluctuations there di 
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i,ppcar in the Inmiri;~r sublaycr, ncxt to thc wall. The wall shcar strcss is the main sourcc 
of loss. 

b) Nan-Ne\rtoni.~ri fluids: JJel-e r = r, -t k(2c/?j.)", i l l  which r,, is tllc yicld sllc:~r stress. 
e-g tooth pastc needs a definite pressure to ovcl-comc thc yield stress before i t  pops out 
of the tubc. k is thc "stiffness nun~bcr".  I t  depends on the amount of sl~spended matcrial 
i n  the liquid. 'Tlir~s tile above may also hold for "rc;ll \wter". Morcovcr thcse fluids havc 
a "memory". 

5.4.2. The stress tensor 

For the followillg imagine n small parallelepiped with its edees d:i, d j - ,  d z  in the directions 
of and its Ltces A , .  ,4,, A: normal to the direct;ons of the s-, y-, :-asis respectively. 0 1 1  

the face A ,  normal to the x-axis, the following strcss components exist (Fig. 5.4.1 a): a,, 
as a tensile stress, normal to the face '4, in the  r-direction, a,, as a shear stress in the 
)#-direction. (1st subscript: Direction of A, 2nd: Dircciion of oi j )  

' 

Fig. 5.4.1. Strcrscs. a )  Parallel epiped with strcsscs on its surfacc. b) Tetrahedron with an arbitrarily 
orientated surface, arc3 A ,  nonnal vcctor 11" and s!rcss s. 

Thc balance of moments acting around the ases gives for the case of varlistii~lg momcnts 
- proportional to the element's volunlc: a,,, = a,,.; a,, - a,,; a,, = a:,. This holds good 

in the following. 

In~agine now a tetrahedron (Fig. 5.4.1 b) formed by :he coordinate planes anti a plane 
fiiicc, whosc orizntation is given by its u n ~ t  nol-~nal vector rro = (cos(rto, x). cos(nO, J), 
cos(nO, 2)). On this facc acts the strcss s = (s,, ,., s,). The equilibrium of forces in the x-di- 
rection gives 

S ,  = cxx cos(nO, X) + 0, COS(IIO, yj + ox= cos(nO, z). (5.4- 1 )  

-That means, thc .Y-conlponent of stress s depends lincarily on all the components of  the 
normal vector no of  the face on which s acts. Hence s is a tensor T,  of no or, s = T,IZ' .  

Uccnusc of the linearity of this rclotion n spl~crical tcnsor T, dge to the hydrostatic 
Pressure - p may be superimposed. Hence 



u hl:rc \,, , i.; 11ic rc'hltlti~lg pt.cssiIrc 011 I I I C  [;KC. riorlii;1I to rtO, T, il11d .<, are dcfinccl by t l ~ c  
f(;~i!cv..i::g :cn.;or ma!rix 

!n rc-ility tl~s >tress components oij arc duc to viscosity and hence Lippear only in a moving fluid, 
- y :lets ::;so in a sr;itic fll~id in consequence of weig!lt and mainly of cxchangc of momcntiun due 
to th; Brc;\\ ni:i:l nioiccular motion. Hence in agrccn~e~~t  with cxperiencc and aftcr Pu.sccrl's theorem 
[5.3! at a ccr:ain point and on an arbitrarily orien~ed face large relative to the molcculcs, - p is 
constant. 

Accartli;;2 to a rule for synlmctric:il tensors [4.26] like T, and Tp the mean value of tile sum of normal 
stresses duc t o  rhc thrce coordinate planes, r~ormnl to each other, is independent of the orientation 
of those plsncs. Accordingly 

-This i~cliic;es also I J k r s ~ v r l ' s  tl~corcm of a n  ideal fluid with crij = 0 and hence - p = const. 

5.4.3. 7'ilc relation bctwcen stress and strain rate 

Fro[?i ( 5 . 4 - 3 ;  and (5.1-25) i t  is seen that the tensors of stress and strain rate are 
s r r : rn i .~r~cal  ro thcir r?~ain ciiagcjnal. Under the assumption that the principal axes ofboth 
rhc r ~ n s a i  c!ilpsoids co~r~cide ,  both the tensors are assumed to  be proportional to each 
orh2r according !o T,  = 211 T., rl being the dynamic viscosity. 

l.\B.ii!~ t!12 rc.!;~tion c f ~ , , . ~ , ( l n  = TII' derived from (5 .4-27)  and (5 .4-2)  the above 
pmpor:~o.:,li!t:\. cf T, and T,  gives 

I n  11.4 - 27)  compre3sibility was neglected. In a real compressible fluid the rate of 
str:!in \>risir,ating from pressure - p, being - (113) div c is imagined to occur as an  addi- 
tion21 str;iir? rate i r ~  the thrce coordinate directions due to  the linear extension rates aci/ai. 
Incorporati~lg this ini,) t~c , , , , . /dn  and using tensor notation gives the following tzlation 
bet\?-esn ibcous stress G,, and the strain rate, when neglecting a special term due to bulk 
viscosity [5.3]. and employing "the Xronecker hijW, 0 for j =# i and 1 for j = i ,  

c,, = ~ ; ( C c ~ , ? j  i- 2 c j / 8 i  - (213) dij div c) .  ( 5 . 4 - 3 1  

A r2latic.n of [his kind. without the Sij was first postulated by Nervier [5.21] and Sto 
[5 .22]  The hb:u toiii;\n relation between shear stress and  strain rate, a,, = q?c,/dg, m 
be ccjnsidersd us n forzrllnner. 

5.4.4. The Xavier Stokes equ a t' 1011 

Constituriri2 the equation of motiorl for unit mass of a real viscous fluid needs in additio 
to that of an ideal fluid, (5.3- I ) ,  the stress term Zp,/ax + i?p,li?y + dp,/i?z, wher 
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px = (gxxr Oxr ,  ax:). p,. = (c,,, o,,, a,,), p,  = (a,,, o,,, uIZ) are the stress vectors in thc 
1111-cc coordinate plancs. Hence thc equation of motion in tcnsorial nlnlltler is 

~ntroducing the stress ajj from (5.4-7) gives the Novier Stokes' equation for a slightly 
compressible fluid (divc + 0, from (5.2- 5)) 

grad Y, - c x curl c + &/at - v ( A c  + grad(div c)) = 0. (5.4 -- 9) 

5.4.5. Boundary layer theory 

In a plane, incompressible, steady flow without gravity, the x-component of (5.4 -9) reads 

It is known by experience, that the plane flow around a smoothly curved body shows 
viscous effects only in the so-called "boundary layer" close to the wall (Fig. 5.4.2aj. 
According to Prandrl [5.23] a flow in the x-direction is assumed along the face of this 
body. The y-axis is normal to this face. O n  the surface of the body the fluid comes to rest. 
Within the very thin boundary layer of thickness 6 the velocity reaches the constant value 
of the free flow C ( U  in Fig. 5.4.2a). 

The motion normal to the body nearly disappears. Therefore there is no pressure drop 
across the layer. The pressure from outside acts through the layer. Moreover the term 
with c, vanishes. In the case of a flow along a plate, now collsidered, the pressure gradiect 
of the free flow and hence the term d p l d x  vanishes. d x  should be of the order of the 
distance x from the leading edge of the plate. c, and dc, should be of the order C. Hence 
c,dc,/ax is of the order C2/x. 

The first viscous term in (5.4- 10) being of the order of vC/x2 can be neglected in com- 
parison with the second term which is of the order vC/b2. Hence only the second and lift11 
term in (5.4- 10) remain, being of thc order C2/x and 11C/d2 respectively. Introducing a 
Reynolds number Re = Cxlv, the boundary layer thickness grows along the plate 
according to 6 -- x Re-'I2. Strictly speaking for laminar flow [5.24] 

Example: Given x = 1 m, C = 30 m/s, v = m2/s: 5 = 0,32 . m. Hence the wall 
shear stress is of the order of 7 - qC/6. For water with q = Pas: t z 100 Pa. 

5.4.6. Flow in straight pipes 

5.4.6.1. General phenomena and laminar flow 

In the case of an internal flow along a straight pipe, the boundary layer grows from the 
inlet up t o  the point, at which the boundary layers of oppositely located walls merge. 
Downstream of this station, the whole pipe is filled with boundary layer. For laminar flow 
!his "inlet length" from the pipe inlet to  this station depends on the Reynolds number and 
IS of the order of 60 pipe diameters (see Fig. 5.4.2b). For the turbulent fiow regime, this 
length is shorter. 
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Downstream of this station, the pipe flow is said to be-fully developed. Hence on1 
developed pipe flow is considered. 

Faom theory the pressure gradient a p / d x  = A p / L  in the flow direction is corlsta 
the pipe radius r. The pressure drop dp  along the pipe length depends on t 
velocity c,,. For a n  axial flow in a pipe of radius R this is defined by 

R 
c.,, = ( 2 / R 2 )  j rc (r )  d r .  

0 - 
Hence the pressure in a pipe of diameter d = 2R 

Lip = i.(L/tl) gc&/2, 

where the friction coefficient 1. (Fig. 4.6.1) depends o n  the Reynolds number defined 
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Fig. 5.4.2. Boundary layer phenomena. a) Developlnent 
of boundary layer along a smoothly curved profile. 



Fro111 the origin of (5.4- I I )  i t  is realized, that in a frce laminar boundary layer with a 
ratio 0,'s at a definite station x the lieynolds l lumber niay be undcrstootl as thc 

of mom en tun^ flux into the boundary laycr, of thickness (5,  to the force due to viscous 
sllear stress, balancitig it. 

This may be extended to pipe flow, when 6 = d/2 and 7 on the periphery of a fluid cyl- 
inder, coaxial to the pipe axis, of radius r and length L, is replaced by the pressure drop, 
balancing this in the s-direction of the pipe axis, according to 

7 = - Aprl(2 L) .  (5.4 - 15) 

In the casc of laminar pipe flow \vith Re < 2300 and the shear stress a,, from (5.4-7), now , = - 11 dc/L;r, (5.4- 15) givcs a parabolic velocity distribution c = c,[l - (r./R)'] after 
Hagen and Poiselrille [5.25; 5.261, where c, is the velocity 011 the pipe centre line. Inserting 
this c in (5.4 - 12) yields c,, = c,/2, which is now linked to Ap and 17 by 

Inserting this Ap in (5.4- 13)  gives for the laminar flow regime the pipe loss coeflicicnt as 
a distinct function of Re, namely 1 = 64/Re. 

In the transition regime about Re = 2300, 1. depends also on the relative wall roughness and its 
character, c.g. sand roughness according to  hTik~iradse [5.27] technical roughness as defined by 
Slrscl teletzk~~ [5 .28] ,  but also, nftcr tests of E. Burka, Gdansk (Poland) on such eficcts as the arrrplitude 
and frequency of wall vibrations. Such tests demonstrate that with R E  increased the flow becomcs 
increasingly unstablc, especinll) through the layer close to  the wall, where strain rate is highest and 
hence also thc tendency to  turbulence. 

5.4.6.2. Turbulent flow and transitior~ 

Turbulent flow is defined by the fact, that on a time-averaged constant velocity 
component E ,  and pressurc p are superimposcd corresponding fluctuations c: and p', the 
time-avcraged value of each of wliich is zero. Thus: ci - ci + ci and y = p + p'. The 
intensity of turbulence is defined by 

Turbulence is created by the fact, that abovc a definite strain rate, i.e. dc/?r in the case 
of pipe flow, which always occurs first close to the wall, the fluid elements tlicre try to 
cscape to flow regions with lower strain rate, away from the wall. Mass conservation 
requires, that fluid particles 01 high velocity more distant from the wall migrate into the 
wall zone [5.28]. 

I)ue to the cross fluctuations, zdjacent flow laminae mix. Thus the flow is more uniform 
than a laminar one. This causes also an eschange of momentum, due to the main now, 
htween adjacent layers. Thus the so called "apparent shear stress" (after 0. Rcyr~olds 
15-29]) act between them. With c: and c: as  velocity fluctuations in the r-and x-directions, 
'he shear stress rTu due to turbulence on a coaxial fluid cylinder in a pipe reads 

Here the bar indicates .a time-averaged value. Since both thc velocity fluctuations are 
Pro~ortioilzl to  the mean pipe velocity c , ,  the shear stress is given by T,, = - e kc&, in 
which the parameter k depends on Re and the relative roughness. 



~ I f t c r  (5.3 15) and :!ccor.tling to tchts of Kc~icl111clr:lr (Fig. 5 . 4 . 2 ~ )  (5.361, the resulting shear 
, t r c b \  r oil a coaxl;:l fluid cylinticr i ~ :  ;i pipe grows lincilrly with the radirls r .  7 must bc 
split into T,, and c,,, duc to viscoi~s cffzcts. Reduction 01' T,.,, to 11 and strain rate dc/d,. 
n~:edb the veloc11\ distribution c.(r). 7 hc lattcr, useful for ca1cul:ition of wall shetir stress 
;n tlic w-c;~licd I;l~liiil;~r hi~blayer, is riot as simplc as ill  thc case of laii l ir~;~~. flow. 'This holds 
truc e\pcci:llly close to the wrill, wlit?re the flow field is strongly influenced by the rough, 
ncss structure of the latter. 

I lcncc in practice thc sal! shear strcss in the turbulent regime is expressed similar to rTU 
and accorcling to tcsts 

:vhcre according to tests of Blusilrs [5.31] for Re about lo5:  ko = 0,03955; n = 4. Inserting 
T,,. into (5.4-15) with r = R = J/2 yields the pressure drop as  dp = S k o K e - l l " e ( ~ / d )  
cf, 2. This shows that the general relatior? for the pressuce drop  (5.4-13) agrees with the 
I i~rbulence and equilibrium, when 

i = 8 ko R e -  'In. 

' f i~ is  is proved by the 1. vs Re plot in the turbulent regime for smooth-walled pipes 
(T-iz. 4.6.1). The infli~cnce of wall roughness on due to m;:g~litude and structure of 
obstructions. obc~ously predominating then, can be fourll only by careful investigations, 
a s  \?.a:, dnne bj; XI. Stt.schrletzky [5.25]. 

% 

XInny attempts h a w  been made to describe the distribution of the time-averaged velocity 
2 by one rc1'1tion. A simple one reads i 

1 

v..itil cC ;is the velocity along the pipe axis and nt as a figure depending on Re. For 
Rr? = 4 - lo3. . . .i,24 19" .m = 6 . . . 10. Inserting (5.4 - 21) in (5.4- 12) relates co to the 
rcean pipe vclocity 

T!.: apprcui~n!ion (5.4 -21) fni!> on the wall with dcidr  = oo. A detailed investigation shows that 
a gc'ncr.ti la\\ for the vclocity disrribution c ( r )  over the whole range 0 < r < R is not practicable. At 
least three zones wrth trans~tions between them must be distinguished [5.4], [5.32; 5-33]. 
- - 
I tic' innst essenl~al rntermcd~ate zone is characterized by the fact, tha t  the turbulence-induced shear 
stress z,, nitains its maximum. - Hence Prc~t~:irl has postulated T,, = const [5.32]. Further lie assumed 
t i c '  timc-avcrnged amount [c:']' ' of both the fluctrlation c; and c: in (5.4- 18) to bc pro 
to ;i rniult~g length I = zx, v beins the wall distance, and proportional to the cross gradient of 
ti, fly. Insertins the above into (5.4- 18) yields, in good agreement with tcsts, a logarithm 
dlsrirbution of kclocity vs wall distance y as 

?i'G = A + B In(c'; ylv), 

\\i;h A. B and (.", as empirical parameters, which must be adapted to the neighbouring regio 
[_c.?: 5.41. 

0. Rc~yrroitis aqsumed initially, that turbulence is created by instability. For this pur 
H. '4. L.oret~r: developed the so-called energy method 15.341. Since this did not agee with 
method oi snidll perturbations was developed for two dimensional flow. On this base 
[ 5 . 3  to 5.371 was the first to calculate thc instability point of a flat plate [5.37]. 

This was experimentally proved latsr on by wind tunnel tcsts of Scltubauer and Skran~stad [5.3 
Tolltt~irn found 3 strcnmfunction, which simultaneously satisfies the equation of mot 
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continuity due to the fluctuations. Then he calculated thc neutral linc for retained f luct~~nt inn 
i,mlditude as ;I function c f  Rcjnohis number due to the b o u ~ d a r y  Inycr and \irsve length of  distortion 
p.3; 5.4; 5-35]. 
Recent finding5 on boundary layer prediction and a n  exhaustive survey on this sirbjccl came  from 
~jrrck~nbrorl t  I5.391. An important pcrccption is the incrcasc or dccreasc of turbclcncc in thc bound- 
ary laycr by n strcamwise dccclcration or ncceleralion rcspectively of thc adjaccnt main flcw (see 
Cap. 9.7). 

5.5. Loss mechanism due to real flow in hydro tl~rbolnachines 

5.5.1. Some general ren~arks on loss in hydro turbo machinery 

Since all the phenomena in nature are connected with an increase of entropy, each uni- 
form motion has the tendency to convert itself by irreversible processes illto irregular 
molecular motion and thereby into waste heat. Thus, e.g. in a turbine, a portion of energy 
first available in a form convertible into shaft work, is lost for this purpose. 

This transformation occurs by dissipation mainly in boundary layers and wakes or zones 
of high vorticity. In certain sections of turbcniachines the fluid possesses a larger p o r t i o ~  
of its specific energy as kinetic energy, when compared with positive displacement en- 
gines. A certain portion of this orderly planned motion is converted into disordered lno- 
lecular motion of the fluid. I-lence the loss of the fluid engine is rzlatively large. 

This procedl~re: increases the temperature of the fluid and hence its intcrnal energy. It also 
increases somewhat the specific volume of ihe fluid and hence its expnnsicn work S p : l u  
in a turbine. In  closed loops and high head machines tllz loss results in a measurable rise 
of fluid temperature. 

5.5.2. Some loss mechanism of general character 

The dissipation cb as one of the essential loss mechanisms in real flow corresponds to  the 
work done per unit time by the stresses a,, in connection with the rate of strain c?Ci/?j. 
Thus E5.31 

@ = 1 aij(aci/dj) di  d j d k  
v 

7i j  is composed of viscous and apparent (Rey~zolds') stress as 

"here ti = time-averaged velocity, cf = velocity fluctuation. 

'or convenience the non-linear fluctuating term, only known (if any at all) from rnea- 
urcinents is replaced by q,,(aFi/dj + ac,/ai), in which q,, is the eddy viscosity. There are 
cveral exp;cssions for q,,, e.g. that of v a n ' ~ r i e s t  [5.40]. 

^llc second term of (5.5-2) prevails in the practically important turbulent regime. O n l y  
'1 the laminar sublayer close tc thp, wall is the viscous strcss of the same order as  the 
PParen t st rcss (5.28). 



5.5.3. lntcractiori of rn:~ln flow 2nd bot11~da1-y l;~jcr,  stnl l  

I : l l e l : . ~ ~ t i ~ i )  I> i t \ \ . t ' t r i  iil;li11 flo\v atid thc boundary I ~ J C I .  may GILISC ;I ~1.:111. This is iI flow 
scparatic)tl from 111c n;~ll, ;111d may occur Tor ex;ln~plc in  a difiuscr (draft tubc) (Fig. 5.5.1 a). 
Hcrc :i "tlend water rc~iot l"  or "wakc" pc~~etl-ates bctwccn tlic wall a11d llie ' '~nain flow". 
'The mecl1;lnism operates as follows: 

I t  can be seen from Fig. 5.5.1 n that at1 "inflection point" in the "bour~d:~ry layer profilen 
Inay caiisc a "flo:v ~cp;\iation". This yields d2c,/dy2 > 0 as a prereqi~isitc for "stall". For 
1amin:tr flow the equilibrium without inertia terms close to the wall requires d p / a x  = 
c r̂!6y, in which T is thc shear stress, x the streamwise coordinate atld y the coordirlate 
nortn,ll to the wail. Il~serting 7 = tjilc,/Jy gives at constant q :  

i-Iencc the above iinequality reveals a strcamwise pressure gradient 

as the proper prerequisite for stall together with r = 0. 

Fig. 5.5.1. Diffuser flow. a) d2cJ  
ayZ > 0 2s a colldition for stall. : 
b) Model of 2-dimeasional diffuser,', 
investigutcd by Rennu, Johnston,' 
Klinc [5.41]. c) Flow regimes in a 
2-dimensio~~al diffuser according 
b): a limit of any stall; a, line 
start of stnll; h line for inception 
one side stall; c upper limit of j 
flow; tl hysteresis zone; exampl 
also valid for 3-dimensional diffuser 
flow without swirl. d) Bell-shape 
difCuscr. 

1 1.5 2 3 1 6 8 10 15 20 30 40 60 
1 /A ,  

5.5.4. Diffuser (draft tube) flow, rotating stall 

A diffuser (draft tube) is a duct ivith a diverging cross section for the recuperation oft 
kinetic energy c2;;2 at i t  inlet. I-Iere a streamwise pressure gradient occurs due to  energ 
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~ n a s s  c o n s c r ~ a t i o n .  A c c o r d i ~ ~ g  to Renau, Jvhr~storr and  Klblc [5.41], the pllenomcnn. 
,,.hi& happen in :I s\virl-free, plane and  straight diffuser, can be c1;lssified as fol lo \~~s 
eu,,jcd by Fig. 5.5. l b, c: - 
~ 1 , ; ~  figure shows n plot of lines wit11 constant diverging arigle 2 0 in n coordinate system 

the length to inlet area ratio LIA, as abscissa and  the area ratio A , / A ,  a s  the 
ordinate. T h e  types of flow regi~ne arc  nearly indepcndcnt of the Rejnoltls number  and  ,,, be described as  follows. 

close to the line 2 @ = 0 there is a "steady" and "smooth flow regime". At larger divergence angles. 
apcciaIly in long diffusers thc flow becomes "unsteady without stall". Furtlicr increase in 2 O brillgs 
i n  I!~L' reginle of unsymmetrical stall (Fig. 5.5.1 b, c). The main flow here follo\trs one wall and i t  ma:, 

,ither wall. For very large values of 2 0  there is a jet flow regime. 

Bt.t\tfcen both of the last regimes a hysteresis may be observed. Thus the regime of a diffuser (draft 
,,,he) may depend also on the sequence of events. 

AS a remed~l  against stall due  to the streamwise pressure gradient the cone angle of a 
conical draft tube should not exceed a b o u t  7". This  holds true for a long diffuser with a 
flow which is not  swirling around the diffuser axis. Since the draft tube length stl-ongly 
illflirences the excavation cost of a water turbine, remedies a re  required to increase the 
vlilue of this threshold. 

One such a remedy is the "bell-shaped" draft tube (Fig. 5.5.1 d). Here in a conical diffuser. 
the cone angle of 7; is exceeded in the inlet zone. Th is  is possible, since the velocity profile 
there is not  so susceptible to stall as  i t  would be towards the outlet. Thereby dirf user 
length and hence excavation cost may  be econon~ized.  Fur ther  studies on digusers see 
15.42 t o  5.501. 

h stall in the draft tube, even at higher diffuser angle can be avoided, when the flow rotates slightly 
around the diffuser axis. Here the centrifugal force on the particle in the flow ou~side the boundary 
layer causes i t  to replace a stalling fluid eleinent on the wall. liowever a too Ytrong rotation of t!ic 
flow as i t  occurs under overload in rcaction turbines with fixed runner vanes, leads to a stalled region 
along the centre line (Cap. 8.2) (5.511. Hcrc the tcndency of the rotating fluid \vith nearly constant 
specific energy to form a free whirl with a high strain rate on the centre line favours the formation 
of a forced vortex there. 

Moreover the low pressure in the vortex core leads to cavitation and may result in a back flow from 
the draft tube outlet towards the hub (Cap. 8.2), [5.2; 5.521. 

Under part load the vortex core accepts a cork screw form (Cap. 8.2), 15.18; 5.53; 5.541 and precesses 
with a slip of about 70% against the speed of the runner. Stroboscopic observations by high speed 
camera demonstrate clearly that the origin of it may be within the runner channel on the hub. Hence 
the slip of this vortex relative to the runner against the sense of its rotational speed is an example 
of "rotating stall" (5.1 8; 5.551.' 

The laticr originates from a decrease of meridiocil velocity by local blockage of the flow due to the 
vortex: core. The absolute flow direction being retained from the gate yields via the velocity triangle 
a n  impact of the relative inflow onto the suction face of the vane. This causes stall on the pressure 
face, which sucks the vortcx: downstream by negative water hammer into the as yet unblocked 
cllannel against the sense of rotation. 

5.5.5. Secondary flow in curved and rotating clucts 

5-5.5.1. Due to turbulcncc, consequcnces on energy conversion 

Consider a planc flow through a straight channel, which rotates a round  an axis perpen- 
dicular to  thc  flow plane with angular velocity o. In an ideal steady flow the  relative 



velocity \v at ;I station n distallcc n from the pressure hcc would incrc:l.sc from thc \la\ue 
\I., on thc prcssurc Trice by thc rcl;\tivc whirl with \c. = 2(011 + In ;I rz:d flow a 
bo~rndary layer this increase of ,.olati\~c vclocily tow:~rcls the suction I'lcc of tllc channel 
would be enhanced across thc bound:~ry Iilyer on thc pressklrc face and then ~ ~ t ~ t i ~ ~ ~ ~ ~  
as before u p  to the outer edge of thc bottndary layer on the suction face of the chnnne. 
Consider now an element within the boundary layer of the pressure face, 011 a stream- 
line 1 with a time-averaged velocity w,. Thc elcmerit of volume t11tclA (dtt normal to the 
channel wall, d A  face normal to rlrl) dcvclops a Coriolis force in the + a direction, 
pointing from the pressure face towards the suction face = - 26),v, g d n d ~ ,  
(Fig. 5.5.2 a). 

Shroud 

r IL) - section A-A 

Fig. 5.5.2. Different types of secondary flow; 
a) Induced by turbulence and rotation of a 
chan~e l ,  w = angular velocity. Boundary T layer sdjaccnt to the pressure face P becomes 

R dcstabilizcd. b) lntluced by the interaction of 
the ma:n flow and boundary layer flow in the 
cylindrical cross section of a semi-axial or 
radial rotor. Transportation of higher velocity I fluid from the suction face to !he pressure face - -- 
a l o n ~  the channel centre line. c) Induced like b) 
in t l ~ c  cross section of a bend, when passing the 
bend, the streamwise velocity distribution of 
the main flow is changed by the secondary 
flow. S' = regions of stall. 

Let this element be displaced by a turbulent fluctuation across the main flow with th 
sar;le velocity rv, to a station 2, farther than 1 from the pressure face, where the tim 
averaged velocity is w, > w,. Thus its Coriolis force is retained. The pressure of the bul 
of the fluid acting at 2 due to the time-averaged Coriolis force there leads to a force 0 

the displaced fluid element in + n-direction 

dF, = 2oe \vzdndA.  

Hence the resulting force on this elenlent in its new position is given by dF,, 
2 w Q ~ I I  dA(wz - wl). As far as w ,  - w, > 0 (and this holds good for all points within t 
boundary Iayer on the pressure face and the adjacent free flow) this force continues t 
move the displaced element in the same direction as it was displaced before. Thus t 
boundary layer on the pressure face under the turbulence described here is unstable a 
will be accumulated in the boundary layer on the suction face. 

The same occurs also in a bend in consequence of the pressure drop across the maill fl 
due to curvature. In both cases, the turbulence of the type described causes a seconda 
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n,,~ by accumulating botlndary Izyer material from the pressure fncc of the channel i n  
,jl, boundary layer on the suction face. For basic considcrations on the gencrntion of  
secondary flow, set. also the report of J. D. Johnston 5 ) .  

In the channel of a rotor the cffccl due to Coriolis force i~sually prcdorninates. Hencc thc boundary 
I;lyel. fiuid from the pressure face is accu~nulatcd along the boundary layer of the suction face iow;lrds 
the outlet of this channel. This phenomenon was observed by colour injection. Iiigh speed calncrn. 
rotoscopc alld transparent shroud by Fischer and Thornn in 1930 15.561 in a pump impeller. 

11 was rcconfirmcd by means of hot wire anemometry in a str;tight rotating channcl wit11 rectangular 
cross section by hloort at MIT in 1962 [5.57]. The measurcmcnts of hfooi~  how also thc rctclltion 
of the logarithmic velocity distribution at the wall in the decisive loss-generating zones a t  pressure 

suction face. 

~l thotrgh the energy relation for ideal flow postulates the velocity maximum shall be at the suction 
race of the channel. the secondary flow induced by turbulence and othcr effects from the pressurc face 
towards the suction face shifts the velocity maximum in the main flow at the outlet of a rotor channel 
towards the pressure face. Sirnultancously the accumulation of bot~ndar? layer matcrial on thc 
suction face towards the outlet of the channel tends to  stall there at the rotor exit, rotating with blade 
speed. 

Will1 increasing streamwise channel length, this erect counteracts the energy conversion of a runner 
(impeller) channel. One remedy consists in the choice of a short charinel together with an  adcquate 
number of rotor vanes. For the usual runner channel of turbines with forivard curved vanes, the 
cffccts of curvature and Coriolis force are additive. For  backward curved vilnes, as are employed in 
purnps, pump-turbinzs and psrtially also in turbines, both effects act against each other. Howe\er, 
a balance is not possible, as i t  would annul the rotor's work. 

As was demonstrated by Sirscheletzky, also an ideal flow may have srailed zones in consequcnce of 
the principle of least action. In the rotor channel, the width of such a stalled zone could also ba pre- 
dicted by m a n s  of this principle [5.59]. A criterion for the lninilnum vane number, t\hicli prcvcnt 
stall, could be derived from this by the author [5.59]. 

5.5.5.2. Interaction of the boundary layer and the main flow 

Whereas the afcrementioned secondary flow may be spread over the main and boundary 
layer flow, the followi~lg flow superimposed on the first, is usually due to the boundary 
layer. This follows from the interaction of a pressure gradient across the main flow and 
the boundary layers of the walls, covering the main flow in the direction, in which the 
retained pressure acts. 

Owing t o  the relatively slow flow in the boundary layer, the pressure gradient from the 
main flow due to curvature and Coriolis force is not balanced by these velocity-linked 
forces withiil the layer. Therefore the fluid in the boundary layer is displaced from the 
pressure to the suction face of the duct. 

[Jsually this shift is balanced by a niotion of the main flow in the mean stream facc of the 
duct. Thus the secondary flow due to this effect usually consists of two loops turning 
against each other. This may occur in a rotor channel (Fig. 5.5.2b) or  in a Send 
{Fig. 5.5.2~). 

The return flow in the mean stream face transports fluid of the main flow from the sucticn 
to the pressure face, thus distorting the original velocity distribution across the channel 
as the fluid flows downstream by shifting the velocity maximum from the pressure to the 
Suction face. The consequence is essentially the same as that of turbulence-conditioned 
cross motion, described before. - 
$1 1 . h ~  erfccts of ro~ation o n  boundary layer in a turbomachine rotot. Rep. MD-24, Mech. Engg. Dept. Stanford 

University 1970. 



Additiorlal attention must be paid to the flow in n bend. Besides this "secondary floiv9v, 
a stalled region is observecl in  a i;cnd 011 tllc inner wall. near the outlet (Fig. 5.5.2~). This 
may considerably corltract thc main flow. This incrci~ses tlie vclocity and consequently 
also the loss. A small bilt unimportant "stalled region" can be also observed past the inlet 
on the outer wall of the bend. 

This effect can be explained as fo!lows: Usually the specific energy of flow entering the 
bend is constant across the section (with the exception of the region next to the wall): 
When the main flow streamlines are forced into the curvature, a free vortex is produced 
(Cap. 5.2). Thus the pressure along the inner wall decreases with the increasing velocity 
there. 

Ncar the outlet the flow again is straightened and hence the velocity distribution becomes 
more uniform over the cross section. The pressure on the inner wall then increases, in the 
flow direction causing a stall there past the bend's exit. In reality the aforementioned 
secondary flow changes the velocity distribution across the tnain flow from that of a "free 
vortex" at inlet to that of a forced one towards the outlet. 

Since the kinctic energy at draft tube inlet for low head Keplan turbines may be con- 
siderab!e (Kc:, up to 0,s) the draft tube bend has to be carefully designed. A remedy 
against stall is an acceleration of the main flow within the bend (see Fig. 5.5.3). Another 
remedy against the formation of secondary flow induced by the pressure drop across the ' 

width of bend is to "squeeze" this width by applying a laterally cxtended rectangular 
cross section in the bend (Fig. 5.5.3). i 

Shiftins the bend's bottom from the runner throat (diameter D,) at least by 2,5 D, 
downstream lowers the kinetic energy in the bend and hence the loss. It also prevents the $ 
cork screw part load vortex core in FTs to distort or block the flow at bend inlet. Another 
remedy co~sis ts  in smoothly lowering the curvature of the inner bend wall towards the 3 



o u t j c ~  (Fig. 5.5.3). Somctimcs also laterally extcnded guide plates n ~ a y  help. w11c~l tile 
me,,l flow is not swirli~lg. c.g. in runner blade ailjusted K.1-s. 

The kinetic energy of scco~liinry Row is more  or lcss lost. l 'his is the reason. why a l though 
,,lc loss in a bend dcpcnds n ~ n i t ~ l y  o n  ils curv:itu~-e. i t  dcpcuds  also t o  :I lesser extend on 
the &vialion 2n2lt  of  the bcnd [5.60]. Tlic gencrntctl secondary floiv depcrids also on  this 
,,gle and it prod~1ce.c tile lion's share of the bend loss (Figs. 3.4.12; 3.4.14: 3.4.45). 

5.5.5.3. Sccorldary flow in axial turbolnachincs 

I,, n~;ichines the leakage flow. especially rhrough the tip clear;lncc, which is greatly increased 
in a PUIIIP by shear flow close to the throat ring, may be the origin of a special type of secondar) 
flow. we [5.13]. Another type of secondary flow, first described in detail by IY Giihr~zl [9.60], (see 
c;,~. 9.6), is limited to thc boundary layer of rotor vane and is oriented either to \~ards  the hub or 
the tip and this, qonletlmcs i!i one and thc sanic boundary Inycr. 

n i s  depcnds on whether thc whirl-induccd radial pressure gradient ,oct/r ,  acting towards tlls hub 
frorll thc main flow on the l~oundary layer is larger or snlaller rhan t!~e centrifugal force due to the 
fluid prticle in the bound;lry Inycr. Hence the secondary f l o ~  towards the hub occurs, when the 
whirl component C, of thc main flow close to the boundary layer is oriented against the blade speed, 
,.g. at suction facc of runncr adjusted KTs. 

5.5.5.4. Secondary flow duc to relative whirl in an axial turbine 

In an axial tnachi~le  with i t 5  usually irrotat ional  absolute flow, the ro ta t ins  observer sees 
the relative whirl - 2to (Cap. 5.2). Consicier the secondary flow of a n  axial ro to r  in a 
plnlle normal to the axis betbyeen adjacent ]?early radially oriented vane traces, which 
movcs with constan! lncridional speed in the axial direction (Fig. 5.5.3). When the 
machine operates v:irh a certain floiv, the vorticity of a fluid shcet on this p lane  is 
Jcscribed by [5.6 1 ; 5.621 as - 2 i to a t  which 

whcre fi, is thc angle the rotor vane makes at the t ip with the periphery, A/? the deviation 
of /j from the amount ,  yielding a vanishing whirl (-, past the rotor.  

Fig. 5.5.4. Ring segment b~t \+~cen 
"rdial traces of adjacent blade ~ k ~ l -  
QOns of an axial machine in a plane 
normal to the machine axis, moving 
with an axial velocity c,. Secondary 
%W motion caused by the rela- 

eddy. Strcarnlinc parameter: 
wn dinlcnsional stream function 

P/ (wrf ) ,  ri hub radius. 



Ifitroducing a sirearn ftinction after Cap. 5.2, the planc and rotational flow in this circular 
ring scctor can be rcduced to a Poisso~i equation d Y = -- 2toC. Ri~crbc lias shown a 

co 

solution of the type 'P = BQ* + B, I ~ I Q  + B2 + Re s i n [ r ~ n ~ ~ r ( z / r ~ ) / ! n ~ , , ] ,  at which 
n =  l 

z = rei9, Q = r/ri, e, = ro/ri, ru is the tip radius, ri the hub radius, Re the rcnl part, By Bi, 
A,* are constants, [5.62]. 

The velocities v, and v, due to this secondary motion are linked to Y (sce Cap. 5.2) by 
v,  = JtYjZr, v, = - d4Y / ( rdq ) .  These velocities are connected with the compotlents of 
absolute velocity c, and c, by: c, = v, + [ o r ,  c, = or.  The kinetic energy of the secondary 
flow due to the etTect described is assumed as loss h:,. With z as vane number, 
K t i  = r, 0 / (2  g H)'I2, 

where 

An example with ( = 0,l; Ktr = 1,6; Q, = 2 gives for z = 3,4,6, 12 blades the loss 
It:,, - 0,0159; 0,01604; 0,01635; 0,01702. Since h:, is nearly independent of the blade 
number, it can be approximated by 

5.5.6. The prediction of component loss in fluid machines 

5.5.6.1. The rotor vane IGSS by rnrans of aerodynamics 

Assumc that the flow through an axial rotor occurs on coaxial cylinders. Hence imagine 
the unrolled cylindrical section of the runner (inlpellcr) bladc of an axial. turbine (pump) 
to  be an  aerofoil in a plane potential flow within a straight cascade (Fig. 5.5.5). The 
undisturbed velocity IV ,  is given by w,  = ( w ,  + 1v2)/2 from the velocity triangles, (see 
Fig. 5.5.5) [5.2]. 

The forces, exerted on ihe blade are: a) The drag FD in the direction of w?, b) the lift FA 
normal to  w,, see (5.2-29) and Fig. 5.5.5. The lost work by the drag is: w ,  FD. The 

Fig. 5.5.5. Lift FA, drag 
on an axial rotor blade 
plane flow, velocity 
in the case of a) pump 
peller, b) t~rbine run 
c) Cascade of the un 
cylindrical scction of a 
vane. d) Velocity trian 
at stations 1 and 2 
undisturbed velocity 
derived therefrom. 



effccti~e work done by the resulting peripheral conlponents of lift and drag with blade 
sllct'd u is: t r ( i ; ; ,  sin bz 9 & cos B,,) where pa, is the angle w,, makes with the periphery; 
the positi!~~ sign holds true for an  impeller, the negative for a runner. 

The dirncnsionless loss is the ratio of the work done by drag to the energy transformed 
this corresponds to the sum of the effective work done + the work done by drag. 

Hence 
h i R  = wco b;/[w, FD + tl(FA sin /I, T FD cos pa)]. (5.5 - 9) 

usually the drag is very small compared with the lift. Therefore the terms containing F, 
in the denominator may be omitted. Further the proportions of the csunl velocity tri- 
angle~  of an axial machine (Fig. 5.5.5) are  such that: \v,  = 1 1  [4.9]. Introducins the glide 
angle E ,  tan c = FD/FA zz E [4.9], from (5.5-9) approximately 

hi,, z +in p, z c II/C, = E/V, (5.5- 10) 

at which 47 = c,/u is the "local throughflow coefficient". 

The last relation, which gives the runner (impeller) loss due to  the main flo\v, shows that 
the meridional velocity component must not be too small in relation to the blade speed. 
Owing to this loss and especially due to  cavitation in a rotor with adjustablc blades and 
hence a nonswirling flow 011 its suction side 1, the ratio c,,/lr,, the "throughflow 
coefficient", is linked to the angle /I1, the rotor vane makes with the periphery at tip and 
suc t io~~  side, and must be in the range cp = c,,,/u, = tan /?, , = tan (15'. . . 25'). 

I,, being the blade tip speed. T o  save costs, u, should be as  high as possible. Usually t r ,  

is related to thc spouting velocity (2yH)'12 for the head 1-I. Thus the blade speed 
coefficient is defined by Kt4 = U , / ( ~ ~ N ) ' ~ ~ ,  ranging Ki1 = 1,3 . . . 1,s . . . 2,4 for 
H = 70 .. . 15 . .  . 2 m in the case of axial iurbines. 

5.5.6.2. The draft tube (diffuser) loss 

In an axial machine rp and Krr, last mentioned, yield the meridional velocity c,, a n d  hznce 
by ci,/(2 LJ H) the kinetic encrgy referred to  the head, e.g. at  runner outlct. For a Kaplan 
turbine under sated flow Kc: = c i l (2gH)  = 0,3 .. . 0,5 ... 0,8 for H = 70. .  . 1 5 . .  . 2 m. 

Thus without a draft tube as  a decelerating device past the rotor the efficiency of a Kaplan 
turbine would not reach even 50% in the low head range. Therefore the draft tube has 
to transform this high kinetic energy into pressure with the lowest possiblc loss h:,. 

I n  turbines with a whirl component c , ,  a t  runner exit 

Hcre all the velocities and. hence also the loss coefficients C,,,, iD, are flow-averaged 
quantities of the draft tube inlet section. cD, depends on  the draft tube geometry. 
iD,, = 0,09 for the best straight draft tubes, as are used in tubular turbines (Fig. 3.4.25). 
For the best elbow draft tubes a s  usaally installed in vertical turbines i,,, = 0,12 
(Fig. 5.5.3). 

Thc recovery of the whirl velocity r,, is comparatively smaller with an upper limit of 
iu, = 1. This is one of the main reasons for the application of adjustable runner blades 
in machines which must often operate under off-design conditions. Owing to a stream- 
wise increase of draft tube section (Fig. 5.5.3) and the nearly retained moment of 
nlomentu~n along any streamline, there is also a reduction of c,, towards the draft tube 
exit. Therefore C,, = 0,2.. . 0,4. 

In an impeller pump the velocity triangle for a radial flow rotor (Fig. 10.4.14) has cU2 = c, 



approxi~n;~tcly. Hcrc c i  must bc bcst cvnvertcd into prcssurc cncrgy. Sincc thc loss factor 
[, in an impcller diffuser is given, the diffuser loss = <,c5!(2!111) c:111 be kept low 
only, w1ie11 c, and hence c,, arc also low. For an impcllcr wit11 vanishing swirl at its eye 
(at least at the bep), Euler's equation yiclds 

cu2 = gHvu-1/u2. 

For a given pcriplicr;~l cficiency PI, and head H, c,,, the whirl at impeller exit, can be reduced ollly 
by increasing the bladc tip speed u, = o ) D / 2 ,  thus increasing either the impeller tip diameter D 
its angular velocity o. Since the last nleiisure would dccrcase, for reasons of optimum suction 
requirements, the diameter of the inipellcr eye by D ,  - ( ~ l c o ) " ~ ,  and hence increase the subnlcrgence 
and ground excavation, the only remedy for a reduction of diffuser loss in a pump is the increase 
of impellcr tip diameter D ,  comparcd with that of a turbine runner D T .  
This has to be done wit11 due consideration of disk friction loss, which yields D ,  1,4 DT for ma- 
chines with the same operating data H, Q, w. 

5.5.6.3. Disk' friction loss 
4 

1. Simple treatment by disk model without l e~kage  influence: il 
Consider a circular disk of external diameter D,, that of the wheel, and a thickness db, 
which equals the axial thickness of hub and shroud at diameter D, (Fig. 5.5.6a, b). A 
tangential shear stress r between the fluid and the disk is exerted. It is due to turbulent 
motion in the boundary layer flow adjacent to the disk wall. 

From (5.4- 19) with n = 4 and when substituting for the pipe radius R the boundary layer 
thickness 6 on the disk and for the pipe speed the peripheral speed r o ,  the shear stress 
a t  radius r becomes r -- er2 0 2 ( 6 r o / v ) -  'I4. A balance between the centrifugal force 
Q 6 r o 2  of a boundary layer element, base ' 1 ', at radius r, and its wall shear force r gives, 
according to Scl~lichtiilg [5.4] with k' as a constant 

~ ( r )  = k'er2m2(cor2/v)- ' I 5 .  (5.5- 12) 

Hence the power lost due to disk friction with R = Da/2, 

r r 2 d r  + 2 n ~ ~ d b r ( ~ )  = K l e o 3  1 
, and r(r)  = 7 

tion. b) Mixed flow 

the case. c) Leakage of 

and a multi-stage impell 

the shaft, clearance of 

outer gap. 



~ccord ing  to tcsts of F i j t f i ~ i g ~ r  [5.63], and from (5.5-- 12), K 1  depends also on  !lie axial 
j h c t t ~ ~ e e ~ i  thc casing and disk ils 

JJ. Detailed trcntment accounting for leakage: A more detailed in\lestigation shows. that 
the torque due to disk friction ,%I,,, depends on the radial \~ilrintion of mean angolor 
velocit~, the fluid between the caslng and shroud has (Fig. 3.5.6 b). This locril mean 
angi~lar velocity o(r) is also influcnccd by thc leakage flow Q, passing betwccn the 

and the casing. This follo\t~s from thc moment of rnornentunl and direction of  Q,,. 

~ ~ s u r n i n g  the torque on the "disk face", which rotates with angular velocity to as  

nfa = 7 I<(rJr4[w - co(r)j2 d r ,  knowlzdge of ~ ( r )  is required for evaluation. From [lie 
r ,  

,noment balance on an elenlentary liquid ring bet\vecn the casing and disk wall, due to 
the shear stress on the casing 2nd disk wall, duc LO slipp;l,gc of adjacent eleme11::iry fluid 
rings and due to the chancge of the moment of momentun-r by the leakage Qv, crossing 
the elementary ring, a differential equaticn of second order for o ( r )  was found b y  Rtrabe, 
j6.81. 

Neglecting the highest derivative gives a linear differential equation with the following 
solution for c9(r.) under thc ass~imption of a constant spacing f bctneen disk and  casing 
and with 11* ;IS a constant assulned eddy viscosity betwccn adjacent slipping fliiid rings 
according to Dotnnl [5.64] and k = 1,2.38 g (r: cc ) , ' ~ )  ' 1 5  

IIere thc leakage Q, 1s assumed in thc usual direction totilards the axis. The integretion 
constant ro, can be determrl~ed from a pven  anguiar veloclty of leakage at the entrancc 
of the gap be!n.een the casin_c and the rotor o~( i ; , )  = (o, given by the whirl component oi 
the flow efiteling the runner. 

Starting from (5.5- 12),  substituting there (3 by uj - ~ ( r . ) ,  on the model of (5.5- 13), but 
without [ I  + I,/l(f,'D, - 0,1)] and substituting the factor 0.256 on the rough base 
(ri/r,)23/5 <, 1 by 0,s . 0,256 - 223;5!2n  = 0,493 t11c function k( r )  under the above integral 
of M d f  (the disk friction torque of one shroud's face) becorncs 

Elimination of disk friction by aerating the inter spacc bct\\fcen casing and runner has been dcvclo- 
pcd by R. Sprotrle on Canadian turbines [5.66j. 7'he dish friction on a low specific speed Franc~s  
runner hzs bel-n in~cstigatcd b y  J. O.stc~rn.oicit.1- and Gcis [5.67]. In  tllr above. the loss due to disk 
f:iction and leakijgc ale considered to be linked to each other. On the other hand. in a pump. the 
lcakagc may also bc associated with thc hydraulic loss, since it has to be delivered by the peripheral 
blildc work. l'hc analogue holds for a turbine. Both considerations are assessments and in usage (see 
Cap. 9.3.). 

Coiisider 11;e runner of a F r i l~~c i s  turbine (Fig. 5.5.6b-c). The  labyrinths there are  located 
0" hub and shroud at nearly the same radial distance from the axis. Thus the axial thrust 



OII the 011tei faces of 11ul1 znd s1irot:d is b;~lanccd. For a minimum lenhagc. the seals are 
ncnrly on the rotor throat diameter. With n figure K* that accounts for the dcgree of 
reaction and the presssre drop betwccn rotor tip di;in~cter ;tnd !;ibyrinlli due to the rota- 
tion of fluid betwccn the casing and rotor, tlie prcssilrc drop within the seal is give11 by 
Ap r= R*(p, - p,). This pressure drop must overcome the following loss-conditioned 
pressure drops within the labyrinth: 

a) .Apf,, due to dissipation in the narrow gaps with small radial clearance s and a total 
meridional length i; 
b) 4pin,  due to dissipation at the gap inlet; 
c) Ap,,,, due to dissipation at the gap outlet. Hence 

Since by continuity, the leakage Q, ,  that passes the seal is linked to its mean rneridional 
speed c,,, the above loss terms are usually expressed in terms of c,,. Strictly speaking, the 
ne3n resdting relative flow within the gap, considered now as the relcvant one, makes 
a mean ansle /I,,, with the circumference, approximated by tan 8, = cs,/(wr/2) and hence 
ionnd only by trial and error. Hewever in the following, 0,  is assumed as preliminarily 
gi-.en. Thus the resulting flow has the mean speed c,,jsir~ P, and the mean real flow path 
has the icngth Llsin P,,, . 
Neglecting the inlet length of gap flow, Apf, can be expressed by the pipe loss formula 
(5.4-- 13), in which (i is replaced by the hydraulic diameter 2s of a s~nall gap. 

With as a gap flow loss coefficient, depending after Petel-n1a11n [5.19], Wagt~er [5.68], 
Kosy~la  [5.69], Ratrbe [5.70], Sturnpa [5.71], Keller [5.72], Eichler ant1 Wiet1eman;i [5.73] on 
the Reylzolds numbers Re, = cs,s/v due to gap flow, and Re, = s r c ~ ) / v  due to rotation 

A y, , = : @ (L / s )  cfp/(4 sin PiW): (5.5- 19) 

For an i~dividual gap Ap, and Ap,,,, can be reduced to c:,, by 

A pout = rout 9 cf,/2 (5.5-21) 

For a favourable gap inlet design (Fig. 5.5.6d) the lcss coenicient there can be assumed 
as ;, = 0,5. This design has successive gaps radially displaced. Thus the leakage jet from 
an upstream gzp is not in line with a downstream gap. Moreover a groove facilitates the 
formation of a ring vortex throttling the inlet, see Fig. 5.5.6d. 
The loss coefficient at gap outlet C,,, = 1, when successive gaps are radially displaced 
(Fig. 5.5.6d, e,) and when an axially extended expansion chamber proirides for complete 
dissipation of kinetic energy czp/2 of the leakage jet. Recently Chaix informed on (o,,+lh. 

For a rotor seal (labyrinth) with z equal gaps in series the last four relations yield the 
n~eridional gap velocity 

With a contraction coefficient cP the leakage through this seal 

Qv = @n DSpscSp. 
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Fig. 5.5.7. Windage loss in the wheel chamber of a vertical Pelton turbine, PT  Elcctra Masa S.A., 
Switzerland, H = 733 m; n = 375 rpm; P = 146 MW; 5 nozzles, built by Vcvey Engineering Works. 
Ekman layer, depth 6, on the wheel disc. Windage due to sprinkling and droplets reflected from 
tailwater. (Drawing courtesy Vevey Engineering Works, Switzerland) 

5.5.6.5. The windage loss of an impulse turbine 

Imagine the case of an impulse turbine with vertical shaft (Fig. 5.5.7). Here obviously due 
to windage, droplets from the tailrace level are lifted towlards the runner, which may have 
an elevation proportional to its diameter D above the tailrace level. Thus the specific head 
or the negative work done by droplet lift is - g D .  

Imagine the front face of wheel to  be covered with a fluid film with the thickness of an 
Ekrnan layer 6 - D Re; ' I 5 ;  where Re, = o D'/V [5.65] and w the angular velocity of the 
wheel. Therefore ihc liquid mass covering the whcel m:  m - ~6 D' - Q D ~  Re3  ' I 5 .  Since 
the time scale is o- ', the flow rate due to  windage -- m o -  ' -- e ~ 3  w Re; ' I 5 .  This gives 
the lost power due to windage, the "windage loss" as 

Hcnce with Q/OJ - D3 the windage loss referred to  g H Q Q(Q = flow) 



5.5.7. The loss duc to cross flow on a bucket of a YI' 

The loss factor [ of the individual specific losses may vary with the Rcyriolrls or Eketah 
number Re or it may not, e.g. draft tube loss. The former, correspoedi~ig to all elliciency 
scale eNect, usually rises with Re, e.g. loss due to pipe friction, disk friction, windage, but 
sometimes also decreases with rising Re. 

The loss due to cross flow on the bucket of a PT is an example of the latter. Let this 
motion have velocity v. Hence the specific loss hi,,, - V ~ / ( ~ I I ) .  This cross 110w is Caused 
by the pressure incrcase A p  across the jet normal to the bucket face. After Pascal's theo. 
rem A p  acts also tangential to the bucket face. Thus Aplg - u2.  See also Fig. 5.5.8. 

A p  is caused by the centrifugal force w 2 / R  of the relative flow with speed w in con. 
sequence of the curvature l / R  of the bucket face. Thus with do as the jet diameter 
3 p  -- Q W ~ ~ , / R .  Hence the loss due to the bucket cross flow with K w  = w/(2gH)'I2 

After Raabe [5.66] with 1 = Q/Q,, as load factor, continuity gives the following relation 
3etvreen the jet diameter do under arbitrary flow Q, and this diameter do, ,  under (I0, a1 
bep: do  = d,,,. An idealized velocity triangle formed by the velocity coefficient KH 
due to the relative flow, K tl due to wheel speed and K c ,  = ~ , / ( 2 ~  1 - 1 ) ' ~ ~  due to the jet vel- 
ocity at Q gives: K n9 = K c ,  - Ku.  Assuming the loss within the nozzle pipe to follow 
thdt of a straight pipe in turbulent flow, then 

2 112 K c  = ( 1  - k Re-''" K c,) , (5.5-27: 

in which k is the loss coeficient, K c ,  = C ~ / ( ~ ~ H ) ' ~ ~ ,  c, the speed within the ~ozz l e  pipe, 
diameter d,. At bep:  KC,^ Kc,,, and Re = c,d,/v -, Re,,. With the above load degree 
I, continuity gives Re = RRe,,. Hence from the above, the approximated loss 

Obviously under overload ( 1  > 1 )  and corresponding to tests, hicr increases with rising 
Re,,. 



6.  Prediction of internal flow in cascades and rotor 

6.1. Introduction 

The steady irrotational flow through a straight cascade of aerofoils can be cot~sidered as 
a simple model for the relative flow in axial turbomrtchines. Jt allo~vs the prediction of 
the steady flow outside the boundary layers, which passes such a cascade of _eiven 
gometry and given flow admission (indirect problem.) Jts solution is based on the 
singi~larity method, where bound vortices are continuously distributed along the contour 
of the profiles. 

TIlc resulling linear intcgral equation for the contour velocity can be solved by dividin: 
thc contour into a finite number of elements, which _gives a linear system for this velocity. 
The solution of the direct problem, as  the task to  design a ce,-tain cascade for given 
velocity triangles call be obtained from that of the indirect problem only by additional 
ccnditions. 

Neglecting the finite thickness of profiles the singularity method can be simplilicd for the 
case of small angles of attack and profiles with small chamber by distributing thc 
singularities on a straight line along the undisturbed velocity kno\vn from the vciocity 
triangles. 

The results of flow through straight cascades can be used also for the flojv through mixed 
flow gates and rotors by means of conformal mapping, if the flow is assumed to be 
axisymmetric with respect to the stream faces. The varying thickness of flow laminae 
requires the introduction of a bound ring vortex. 

The concept of axisymmetric elementary turbines requires information about the distri- 
bution of meridional velocity normal to them. A simplified estimate of the effects caused 
by finite vane number is given by introducing the slip factor. 

A general survey of the flow in cascades is givcrl by Scholz [5.13], fialcpel(6.11, and Raabe 
16.81. 

6.2. The straight cascade as a model for axial fluid machines 

6.2.1. Prediction of flow (indirect problem) by means of the method of singularities 

6.2.1.1. Introduction, description and theory of problem 

The steady ideal flow through an  axial rotor is desired. This flow is assulned t o  be on 
coaxial cylindrical stream faces. As the predominating relative whirl (Cap. 5.2) here is 
Parallel to  the rotor axis, the plane re!ative flow within the cylindrical face, now unrolled 
in a plane, is a plane potential flow. The known cylindrical sections of the rotor vane& are 



Fig. 6.2.1. St r;~igIi t C:iscn& 
i n  ;I pl;111c potcntinl flow. 
:i) AcccIcr;~ting c;~sc;ld~ 
( ~ u r b o  runncr) in  notations 
of absulu~c flow, with bou;ld 
vortcx clcmcnts tls on aria. 
loguous points ('; de1lcction 
triangle, Ac,, C, , C 2 ;  CLO zero 
l i f t  direction. b) Gcomctry of 
profile in c;lscadc, C dummy 
vari;tblc of thc bound vortex 
elcnlcnt l1 ds; 2 coordinate 
of the point, whcrc the kine- 
matic boundary condition 
is satisfied. c) Straight accel- 
erating cascade (turbine 
runner) in notations of rela- 
tivc flow; c l )  cascade with 
a circulation f about each 
profile; c,) cascade substi- 
tuted by a vortex row, circu- 
lation f; streamlines, and 
velocities in 1 ant1 2 result- 
ing from f and w,.  c,) How 
to get deflcction triangle 
from c,)? A c,,/2 = A w,, . 

now arrallged parallel to zach other and at a distance from eacll other equal to the pitch 
t in the peripllzral direction (Fig. 6.2.1 a). 
This arrangement of aerofoils is known as a straight cascade. The desired knowledge of 
tile distribution of contour velocity under a certain load and lie~lce a certain flow enables : 
tlic calculation oi the pressure distribution along the vane surface. This is required for the ? 
stress c:ilculation of the rotor vane and its neighbouring p?rts, e.g. the hub or the vane 
adjusting mechanism. Furthermore this enables a control of the susceptibility of the vane 
to cavitation under certain load conditions. 
Imagine a straight cascade (Fig. 6.2.1 a) with chord L and pitch t. Its stagger angle may 
be expressed by the angle a, the zero lift direction makes with the circumference. A 
Cnl-tesinn coordinate system is introduced. Its y-axis points in the circumferential direc- 
tion and its x-axis in the sense of the meridional speed, when pumping. Its origin is on 
the pointed trailing edge cf an arbitrary profile, the so called zero profile. 
Since all the profiles are congruent, and the assun~ed plane potential flow of an in 
pressible fluid is imagined to be steady, the streamline flow pattern is pitch-period 
Therefore the boundary conditions need only to be satisfied on this zero profile. 
The indirect problem now considered asks for the contour velocity on this profile for 
given cascade Seometry and under a certain velocity c ,  at inflow. 
An arbitrary point P on the contour of zero profile is deterl~iined by the arc 's', which 
assumed to be oriented in the counter clockwise sense, along the contour of the profil 
and to start from the origin 0. The complex coordinate of point P is [(s) = ((s) + i q (  
= [ + i q .  

The core of the singularity method: The contour of the profiles is assumed to 
streamline. Along this the contour velocity c(s), the unknown, exists. Usually in an id 
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flow highest speeds occur on the contour. The interior of the profiles is assumed to be 
filled with static fluid. lience proceeding tlorn~al to the contour the velocity makes a step 

on the contour. 

From l~ydrodynnmics i t  is known, that such a step is gener:itec! by means o f a  vortex layer. 
that is along thc contour. I'heicfore so-called "bound vortices" with strength :. (s), taken 
as circulation pzr unit l e ~ ~ g t h ,  and continuously varying are assumed to  be continuously 
distributed along the contour. Applying Stokes' theorem along an  infinitesimally small 

along the contour and surrounding it reveals the essential relation 

The vorlex distribution might rotate in the counter clockwise sense. Hence the ele~nellt 
ds of the contour has a circulation y (s) tls = y ds. A straight vortex row, consisting of 
elementary vortices, a distai~cc t from each other, having a circulation 7 ( i s  and  situated 
on analogous stations to the point [(s) on  the profiles (Fig. 6.2.1 a), induces, a t  a point 
with the complex coordinate z, the co~nplex velocity dE; (Fig. 6.2.1 b). 

dE, = dc,, - i dc,, = i [ y  (s)/2 t] ds  coth {(n/r) [z - [ (s)] ] , (6.3 - 3) 

where dc,, and dc, are the components of the induced velocity in the x and g-directions, 
respectively. Splittl~lg d f 7  into real and imaginary part yields [6.5] 

dc,, = (y/2 of, ds , (6.2 - 5 )  

f, = sin [2 7r (Y - rl)/tl/D , (6.2 - 6) 

j; = sinh[2n(x - <)/t]/D, (6.2 -- 7) 

D = cos [2 n ( y  - q)/t] - cosh [2 n (x  - <)It]. (6.2 - 8) 

Integrating around the contour of the zero profile gives 

c,, = (112 1) + Y (s)f, [x, Y, t (4, v (4 d-5 9 

c,, = (112 t )  $ 7  (s)f, 1x9 Y, r (s), 17 (41 ds .  

The components of the undisturbed throughflow velocity a re  

Cco x = C", , 
C,, , = Cm cot CI,, 

where u, is the angle between c, and  the y-axis (Fig. 6.2.1), c, the meridional speed 
component. In a potential flow the velocities can be superimposed. This gives the  result- 
ing velocity 

cx = C, + cy,, c,, = cm C O ~  arro + c,,. (6.2 - 1 3) 

The boundary condition of a flow along the contour of the profile at  an arbitrary point 
-4 ( 2 )  on it requires 

C ,  (z)/c, (2) = cot cr (z) , (6.2- 14) 

where cc (z) is the known angle between'the contour element and  the y-axis. Inserting the 
Velocity components from (6.2- 13) gives 



2 t c,,,[cot u(z) - cot a,] = jy (s) {f,[z, ((s)] - cot a(z)f,[, I;(.<)]} ds .  
(6.2- 15) 

'rom (5.2-35) Stokes' theorern yields the blad: circulatiotl 

r = 4 Y(S) ds = t(cY2 - c,,) = t c,,(cot a, - cot a,), (6.2 - 16) 

where u, and a,  are the angles between the resulting velocities and the y-axis (circurn- 
ference) on thc poinls 2 and 1, strictly speaking at the infinities downstream and upsirearn 
of the cascade. In 1 and 2 the function f, (6.2-6) tends to zero and the function fy (6.2-7) 
tends to f,, = + 1, f = - 1. This put in (6.2-C)), (6.2- 10) with respect to f = 4 (s) dS "t gives c,,; = 0, c,,; = + r/(2 t ) .  

Hence the cascade acts at the infinities as a vortex layer with n linear vortex density rIt. 
Better: Seen from infinity the cascade with its profiles of circulation T, distant t to each 
other, shrinks to a vortex layer of vortex density fit. Superimposing c, and c, at the 
points 1 and 2 changes only the peripheral component, namely c,, = c,, - f/(2t), 
c,, = c,, + r/(2 t) .  Subtracting both yields the circulation and hence reconfirms (6.2-16) 
(Fig. 6.2.1 c) . 
Adding c,, and c,, gives c,,. With respect to c,,, = c,,, = c, this Proves the rule of 
c, = (c, + c,)/2. Introducing the zngles a2 and a,  between c, and c, and the y-axis gives 
(Fig. 6.2.1 c) 

cot 3,  = (cot a, + cot or,)/2 

Eliminating cot r ,  from this and (6.2-16) reduces cot r,, usually not known, to 
f = $ y (s) ds and the angle u,  of the afflux, usually given, by 

cot I X ,  = [1/(2 t c,,)] 5) y (s) ds + cot a , .  (6.2 - 18) 

This in (6.2- 15) yields the following linear integral equation for the distribution of vortex 
strength ;.(s) or respecting (6.2- 1) also of contour velocity c(s) due to a cascade of known 
geometry ,r(z): t /L ,  under a given inflow angle a, and given meridional velocity c, 

This integral equation is of the Fredholm type. Numerous procedures were introduced for 
its solution. In this connection the publications of Martensen [6.2], Jacob [6.3], lsuy [6.4], 
Eti~rpel [6.5] and Birnbalun [6.hj may be mentioned. 

6.2.1.2. Practical solution of the indirect problem 1 
For a practical solution the integral in (6.2-19) is converted i n t ~  a sum. To this end the 
periphery of the profile has to be divided into a finite number of arc elements. For 
convenience the n + 1 elements might have the same length h. Thus the arc coordinate 
s for the mid points of these arc elements are s, = h, s, = 2 h . . . s, = v h . . . s, = n h. At 
each of these points the contopr velocity c(s,) is unknown. i 

Therefore the integral in (6.2- 19) is converted into a sum with c (s,) as the unknown. The 
complex coordinate of the dummy variable c(s) is now denoted by z,. The complex 
coordinate of the poirrt Piz) ,  on which the boundary condition (6.2-14) is satisfied, is- 
denoted by zi. Thus the equivalent of the integral equation (6.2- 19) takes the form 

{ 

n 

v =  1 
(6.2 - 2 



in which analoguous to (6.2-6) through (6.2-7), 

fx , zv) = sin [3 71 ( ~ i  -- yv)/t] !n , 
f, ( z i ,  2,) = sinh [2 n (xi - x,)!t]/D , 

D = cos [2 n (jvi - yv)jt] -. ~ o s h  [3 rt (xi - x , ) / t ] .  

The systeln of (6.2-20) is written down for n points zi. Hence 11 inhornogeneous linear 
equations are obtained for the unknown contour velocities ~ (s , ) .  enablins their solution. 
It must be mentioned, that the kinematic boundary condition (6.2- 14) loses its sensc or: 
the pointed rearward edge of the profile. Therefore in good agreement with experience !I:e 
Ktltta condition [5.15; 5.161 is introduced as  

6.2.1.3. Simplified method after Ackermann and Birnbaurn 

In this method [6.6; 6.71 the profile is simplified by. its skeleton. The  bound vortices are 
located along a straight line, which coincides with the undisturbed throughflow velocity 
w,  being now the x-axis (Fig. 6.2.2 a). As the rnethod is limited to  small angles of attack 
betwecn chord and w,, the bound vortices, now aside the skeleton, are on n stretc!~ of 
about chord length L. The continuously distributed vortices with a strength it(s) induce 
at  a point x' a velocity c,, with 

L/ 2 

c,.,, = (112 TC) y (x) ~ x / ( x '  - x) , cEYx = + y (xf),/2. (6.2 - 24) 
- L/2  

Analogous to (6.2-4), (6.2-5) for the components of induced speed of a row of elementary 
vortices of the circulation y ( x ) d x ,  now locatcd on analogous points of a lattice 

dc; = [y (x)/2 t] f,* dx; dc,*, = [ y  (x)/2 [IS,* dx . (6.2 - 25) 

Obviously, in consequence of a transformation from the x, 11-system, o r i g i i ~ a l l ~ ~  used, to 
the x*, y*-system, adoptcd now (Fig. 6.2.2 b), the following relations exist bctwcen the 
functions fx,f, fro111 (6.2-9), (6.2- 10) and  the now valid general functions f:,f,l": 

Further the coordinate differences x - t, y - q inf;, f,, obviously are now t r a n s f ~ r m e d  
(Fig. 6.2.2 b) according to 

x - < = (x*' - x*) sin p,, - Yl = (x*'  - x*) cos e,. (6.2- 27) 

Fig. 6.2.2. Profiles substi- 
luted by skeletons, bound 
vortices on a line parallel 
lo wm. a) Single skeleton. 
b) The coordinate transfor- 
mation from the x, y- to the 
x*. Y*-system. 



Iience for conienicncc thc star * is omitted. FUI-thcr from now on the dummy vari;lble 
is dcrio!cd by x' and t l ~ c  coordin;ite of the point considered by s. Tlic rcl:ltions (6.2-25) 
yield LI 2 

c7.x = 5 d ~ y . x r  cyy = L f  dc,, . (6.2 - 28) 
-LIZ - 1.12 

Station .u = s' mrikes it advisable to split c,  into the followi~ig two terms 1) c,, represent, 
ing the "self induction" of the individual skeleton, see (6.2-24), 2) c,, representing the 
velocity, induced by the residual cascade 

- - 
'71 - C~~~ + C ~ y x ,  - C ~ y y  + C ~ ~ y -  (6.2 - 29) 

Once c,,,, c,;, and c,,, c,, are given with (6.2-24) and (6.2-28), (star hence omitted!) 
'RYX, C ~ , y  result from (6.2-29). For  a strict solution of cEY: (6.2-24). Ackernlartn and 
Birnbaunl [6.6] proposed the following distribution of the strength y (x) of bound vortices 
(Fig. 6.2.3) 

'/(.u) = ~ , ~ , [ A Y A ( x )  + BYD(X) + C Y C ( X ) ~ ,  
2 112 i 

)JA (s) = [ ( I  - 2x/L)/(l + 2 x/L)]"~,  y,(x) = [l - 4 2  x/L) ] , f 
yc(.x) = (2 x/L) [l  - (2 x / L ) ~ ]  'I2 - YA (416 (6.2-30) i 

3 In the above A, B, C are coefficients, which have to be adapted to the bounclary condi- * 

tions. A11 these elementary vortex distributions satisfy the Kutta condition (6.2-23), 
namely with respect to (6.2-24): cEyx(x = L/2) = ?(x = L/2)/2 = 0. Inserting (6.2-30) in 
(6.2-24) gives the self-induced veloc~ties in the y-direction on the x-axis at the point x 
(Fig. 6.2.3) 

c ~ , ~ ~  = \v, , CEyYB = W, 2 x/L, CEyyC = wuo [(2 x / L ) ~  - 1/31 (6.2-31) 

The kinematic boundary condition of a sicgle profile is now satisfied approximately on 
the x-axis. This is admissible for small angles of attack and 011 profiles with small camber. 
Hence (Fig. 6.2.3) 

Ryldx = cEYy/~v,. 

Assuming the skeleton to intersect the origin of the coordinate system, the following 
skeletons result from (6.2- 31), (6.2- 32) 

y ,  = x ,  y,  = x2/L, yc = (413) x3/L2 - x/3. 

This corres?onds to the elementary skeletons and operating conditions: A) Flat pla 
with angle of attack. B) Circular arc (approxi~nated by a parabola) with zero angle 

c) 

61 

'mh, 
1 LTITfi Fig. 6.2.3. Results of simplified singula 

method. a) Form of skeleton due to 
strength y of bound vortex and 

2) Fvic~ L&JJ b) Velocity induced by y on a sin 
' . f  B skeleton normal to it. c) Distri 

y, with Kutta condition always sati 

" -77-  m 1 plate; 2 single cambered skel 
CY EC 3 double cambered skeleton. 
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attack against its chord. C) Double carnbered skcleton with zero angle of attack against 
c l l ~ ~ d ,  (Fig. 6.2.3). 

- ~etcrlninst ion of thc coefficients A, B, C after Pnt~tcl l  (4.101: 
,) Single aerofoil (E): Dividc the small assumed inclination and angle djlcls of the 
&eleton at an arbitrary point x = xi, into 1) (5 as tlie angle of  attack, the chord makes 
with M',, 2) as the angle, the chord makes with the skeleton (Fig. 6.2.4), according to 

1r!serting this and c,,, = ACE,,, + BcE,,, + Cc,,,,  from (6.2-31) into (6.2-32), gives 
with A = A,, B = BE, C = C,, 

Fig. 6.2.4. Gcornetry of skeleton s and its 
chord L, angles Si and 6. 

Writing down this relation for the three stations I, = - ~ f i / 4 ,  x, = 0, r, = ~ $ 1 4  
(so-called Rir~lbaum stations), where the angle 8, has the values 3 , ,  3,, 3,, this linear 
system gives 

A, = d + I(,; BE = K 2 ;  CE = K 3 ,  (6.2 - 36) 

After Kutta and Jotlkovsky, according to (5.2-29), the aerodynamic lift on an aerofoil, 
chord L, span 1, under the undisturbed velocity w,, depends on the circulation about 
the aerofoil r by: FA = Q lv ,  T.  Expressing FA through the lift coefficient C A  as 
FA = ([,/2) Q W: L and eliminating FA gives the general relation between circulation and 
lift coefficient 

With the circulation resulting from y (x) (6.2-36) 

the lift coefficient in gcneral is obtained from 

For the single skeleton (E) with its coeficients from (6.2-36) and (6.2-37), the last 
relation is converted into 



The :ingle betwcc.n zero l i f t  direction (<, = 0) i ~ n d  chord, the SO-called zero angle of attack 
follows rrorn this as 

Obviously (Fig. 6.2.4) tlie so-called physical angle of attack S o ,  between zero lift direction 
(due to the aerofoil's geometry), and the undisturbed velocity kv, results fro111 

Inserting this into (6.2 --41) gives 

The exact theory would yield 2 n sin do, which makes nearly no difference for the small 
angles of attack 6, ( < 15") considered 11c1-e. In rcality the constant is smaller than 2 
namely 4,8 for slim profiles and up to 5,5 for thicker ones. The reason, discussed in [5.2] 
is given by the fact, that the real profile is accompanied by boundary layers and wakes, 
the displacement thickness of which has to be added to the solid aerofoil. 

b) The aerofoil in cascade (G): Here an aerofoil with the geometry of the above single one % 
is arrangcd in a cascade. The following three problems arise from this: a 

1) How does the lift coeflicient (important for dimensioning a rotor vane) depend now ? 
on the physical angle of attack So? 
2) What is the ratio between lift coefficient of aerofoils in cascade to that of the single 
aerofoil, ivhen the physical angle of attack is retained (so-called cascade factor)? 
3) Ilov; docs the zero angle of attack depend on the geometry of the aerofoil and the 
cascade? 

Assuming relatively small induced velocities c,, of the residual cascade as compared with 
those c,? due to self induction and as compared with irv,, compatible with the basic 

1 assumpt~o~i  of small angles of attack, the kinematic boundary condition corresponding 
I to (6.2-32) map be approximated with the y-component of induced velocity c,. Accord' 

l ing to (6.2 - 29) this is composed of c,,, and c,,,. 
1 

With c,,,.~ = bv, ( A G  cRl li.+ BG.cRY Bi + CC cIY ,-,), i denoting the point considered, th 
kinematic boundary cond~tion is now dylds - (c,, + c,,,)/~v, and beco~rles with cE 
from (6.2-31) and dy1d.x from (6.2-34) for the point x = xi 

6 + 9, = A, (1 i- c,, ,,) + B, (2 xi/L + c,, ,i) 

+ CG [(2 x ~ / L ) ~  - 113 + c~~ ci] - 
If the profile with its angles 3, in the cascade is the same as the single one and if also t 
angle of attack 6, the undisturbed speed w,  makes with the chord, is the same in bot 
the cases, then the left hand sides of both the relations (6.2-35) and (6.2-45) are the Sam 
and hence can be eliminated. 

Applying tlie remaining system at the three points x, = - L d / 4 ,  x, = 0, x, = L 
three linear equa!ions arc obtained for the coefftcients A,, BG, C ,  (due to the aero 
cascade) as a function of the coefficients A,, 13,, C, (due to the single aerofoil) accordi 
to (6.2-36), (6.2-37). Hence A,  = f (A,, BE, CE) etc. 

Introducing now the coefficients A,, B,, C, into (6.2-40) gives the lift coeflicient 
cascade of a certain aerofoil with the angles yi  and hence certain figures K i  from (6.2- 
as 

i A C  = (C11C4)J + (C1 K 1  + CZ KZ + C3 K3)lC4, 
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,,~llcre C, through C4 are functions of the parameters of the cascade, nan~ely 111,: pitch to 
chord ratio t / L  and thc angle 13, the straight carrier of bound vortices 111;lkes u r i t l l  t l ~ e  

p, stands for the untlisturbed flow direction, the ircro l i f t  direction. Uncisr 
the assunlption of  3 small angle of attack do, the angle 13, the zero lift direction nlakcs 

the circumference can be substituted for Pa, .  Table 6.2.1 cont'lins the vi\lucs C ,  
C4 as functions of the so-called cascade paranleters r/L and 13,. 

Table 6.2.1. The cascade parameters C , ,  C,, C,, C, as a function of /3, and r/L. 

Analogous to  (6.2-42) from (,, the zero angle of attack is obtained for a certain skeleton 
having the parzmeters Si and hence K,  according to (6.2 - 37) and being within a cascade, 
having the parameters t / L  and /3, and consequently the coeficients C , ,  C,, C, 

Similar to (6.2-43) the physical angle of attack 6, is introduced. This yields the lift 
cocficient of the profile in the cascade with the features C , ,  C4 as a function of the 
~hysical angle of attack as 

A retrospective view of the achievements with respect t o  the probleins of cascades (b) 
shows that problcms 1) and 3) arc solved by (6.2-48) and (6.2-47). Problem 2) is solved 



by (lividins (6.2 -45) in {,, froln (6.2 - 44) with the assu~nptioti (j,, = O,,,;. This results i n  
the cascade fiictor 

x = i,,/~,,(J,, - So,) = (C,lC,)l(2 n) 
Hcnce 

C,, = 2 n x 3 , .  

It is seen from the z (tlL, /?,)-plot (Fig. 6.2.5), that the cascade factor x deviates strongly 
from unity in the rangc of pitch chord ratios about 1. But this corresponds to the 
range mostly used in axial machines (6.81. 

The large x at the rotor vane tip section (/I, here about 1 8") makes the lift coeficient and 
with it the susceptibility to  cavitation there rather sensitive to smr~ll errors of vane 
position. 

Fig. 6.2.5. Graph of thc cascade factor x of a straight 
cascade as a function of its pitch to chord ratio t / L  and 
the angle Do of its zcro lift direction. . 

The Kutta condition (6.2-23) at the rearward edge of a rotor vane requires a compensa- 
tion c.f any flow induced by the residual cascade and tending to circulate about this edge 
by means of a change in circulation of the blade considered. This effect mainly dictates 
the lift coefficient and herewith x. 3, 

4 

An approaching singularity method, similar to that of Birnbnunt, but also valid for profiles o( 
relatively small thickness, has been given by Schlickting [6.10]. Rnobe [6.11] shows that the finite 
thickness of a profile mainly changes the zero lift direction of the cascade. I 

I 

X rigorous method for an ideal flow through a cascade has been developed by F. Weinig [6.9].  hi?; 
method uses conformal mapping to transform the contours of a straight cascade of straight skeletom 
into a circular contour. By means of conforlnal  napp ping, the domain, which corresporids to the florv" 
about one skeleton, is expanded into a plane. Simultaneously the internal domain between the twq 
stasnation points on the skeleton is tralisforn~ed .into a circular contour. Thus a treatment of the, 
plane potential flow through the cascade is reduced to that around a circular cylinder. This is done< 
by making the imaginary pzrt of a regular function of a complex variable z a streamline and the rd3 
part of this func:ion an eqi~ipotential line. h'ence any conformal mapping must result in the same 
solution as the plane singulality nicthod, since both methods assume a plane potential flow. d 

f 



6.3. Some prohlcms of steady flow through cascades 

6.3.1. The circular cascade with axisymmetric stream surfaces 

jmagine a stationary cascade (e.g., wicket gates) passed by 3 potential flow on 
axisymnletri~ and equidistant stream faces (Fig. 6.3.1 a). The. solution of the illdirect 

(Cap. 6.2) can be reduced to the above treated flow through a straight cascade 
by conformal transformation of the axisymmetric stream face onto a plane. 

First the real stream face is conformally mapped on  a coaxial circular cylinder 
(Fig. 6.3.1 b). The unrolling of the cylinder into a plane converts the circular cascade inlo 
a straight cascade. 

Fig. 6.3.1. Reduction of an axisyn~metric cascade flow in a 
X, Y-surface to the flow around a straight cascade in the 
x-, y-plane. a) Axisymnietric flow in a layer of constant depth 
h through a circular cascade in the X, Y-surface. b) Con- 
formal mapping of an  elementary trianglc in thc X, Y-surface 
to one in the cyliridrical x, y-surface, developable onto a 
x, y-plane. 

The conlormal mapping is carried out  such that the corresponding peripheral 
components of an elementary extension on the real face, having a variable radius I., and 
on the cylirldrical image face, having a constant radius r , ,  are enclosed between adjacent 
meridians, making an azimuth dcp to each other. Hence the real peripheral component 
rdcp is represented by an  image r, d q  and the azimuth of a real point equals that of its 
image. 

Denoting the corresponding meridional components of this length by ds and d X  on the 
image face and the real face, the similarity of elementary triangles o n  both the faces 
requires dx/(r, dq)  = dX/(r dq) .  Thus the meridional arc  X of a point in the real fzce is 

X 

represented by a length of x = r, I dX/r. The  above yields the local length scale of the 
mapping o 

Assume both the hces to  be covered with a layer of the same depth passed by the same 
flow. Hence the local velocity scale 
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w:l~crc c and C ;Ire thc velocities duc to ~ h c  image ant1 real face. Obviciusly the scale of 

circlllation being hf,  1W, is constant. See also [6.12; 6.131, [5.2]. 

6.3.2. The direct problem of a cascade in potential flow 

This problem concerns the layout of a cascade including its profiles for given velocity 
triang!cs at its inlet and outlet. With respect to lift  coefficient and cavitation sensitivity, 
the contour velocity of this cascade is usually somewhat restricted. The problem is 
considered in the simpler and better known case of a plane steady potential flow through 
a straight cascade. 

Thereby full use call be made of tile findings of Cap. 6.2 concerning the indirect problem 
duc to  the straight cascade. The governing integral equation (6.2- 19), in its summed 
version (6.2-20) is the starting point, to solve the direct problenl, which strictly speaking 
can be rnzde only by means of relaxation methods and some additional conditions. 
In the case of the direct problem the so-called deflection trainglc is given (Fig. 6.2.1 a). It 
consists of the velocities c,  and c, upstream and downstream of the cascade and hence 
the so called defleclion dc, = cY2 - c,, (in the case of a pump). Note that c in these 
considerations is always the velocity relative to the cascade. 
For the design of an axial runner, g H ,  Q, and hence also the type number 
1 1 ,  = (11 Q1j2,/(C! H ) ~ ~ ~  are known. This gives the angular velocity a. The vane number z 
follows from the head fj. Expressing Euler's equation (see Cap. 5.3) for axial turbines in 
terias of runiler vane circulation gives r = 2 n y H q, / (z  el). With dc,, r (6.2- 15), also the 
pitch r is known and then by 

n 

r = A C , ~  = $ c ( s ) ~ s  = c(sV)h (6.3-3) 
v =  1 

- - -  

n 

also C c(sv)h is given. Here the symbois are used in context with (6.2-20). There with 
... = 1 

c, = constant, the above sum appears in connection with the last term on the right hand 
side. 

It appears that in an axial rotor of a hydro turbo machine the lift coeflicient CA, is 
prescribed. On its innermost cylindrical section close to the hub (,, becomes highest. 
This is n consequence of the so-called "cascade dimensioning relation" of Bnlrursfeld [6.14] 
following from (6.3-3) in (6.2-35) as  

CAG = (2 t/L) AC,/W, - (6.3-4) 

Hence in the innermost cylindrical section of a rotor vane, an upper lirnit of LA,, has to 
be set, to prevent stall. The outermost cylindrical section is most likely to  cavitatc; 
Because of a rise of the cavitation-linked factor 1, (Cap. 8.2) with CA,, formulated by Raabe 
[:.I I] also a limit of CA, must be fixed in this vane section. .4 
Hence at dc,, rvl known from the deflection triangle (containing also w, as the geometric 
meal? value of )v; and w,), at L, prescribed, the pitch to  chord ratio t jL  yields from 
(6.3-3). From the velocity triangles also the ang!e a, of the influx is known. @ 

2 
Consider now again the governing equation (6.2-20). The direct problern consists in tb 

n 

determination of the angle a(ri) of the vane contour at given a, ,  cm, r = 1 c(sJ h. wid b 
the contour unknown, also the points zi and hence the functions 1, and xgccording td 



(6.2- 21) to (6.2- 22) arc not given. Obviously thc problem must be solved by trial and 
cssor- 
TO introduce also the known t / L  in the relation ((2-20), the following ratio k is used 

k corresponds to the ratio of contour length n h to  twice the chord L. Ob\riously this 
depends on the profile thickness and is about k = 1,Ol for thin PI-ofilzs at the outermost 
cy]ind~-ical vane section and about k = 1,l for the thickest innermost cylindrical vane 
section (thick for reasons of solidity). 
Fro111 this it is realized, that k may bc fixed prefiminarily. Introducing now from the last 
relation 12 = 2 k L/n into the basic equation (6.2-20) this then contains the known and 

pitch to chord ratio. Reducing this relation to the contour angle and accountin2 
for (6.3- 3) gives 

i cot a (zi) = dc,/(2 c,,) + cot a, + (Llt) (kln) 
v =  1 

11 (6.3 6) 
N = 1 + ('1') C [c (sv)lcn,l fx ( ~ i ,  z,). 

v =  1 

The condition for the closure of the polygon formed by the elements of the contour reads 
11 

C It cos a(zi) = 0 
v =  l 

To solve the direct problcm, Inouc et 31. use cascade data [6.15]. 

6.3.3. The indirect problem of  the flow through a mixed flow rotor 
on axisy~nrnetric stream faccs of constant depth 

Here again the solution may be facilitated by a coi~forrnal mapping of the circular cascade 
in the real axisymnietric flo~v plane into a straight cascade within the image plane. A rotor 
is considered (Fig. 6.3.2), which rotates with the angular velocity w in the y-direction. Let 
11 be the angle, a normal to the flow plane makes with the rotor axis. The  absolute flow 
shall be irrotational. IIence for an observer on the roating frame of reference, at a station 
of radius r, the fluid seems to move in the circumferential direction with a whirl lrelocity 
- r a. At a velocity scale from (6.3-2), this corresponds to a peripheral vclocit)r - w r2,'r, 
in the image plane. Note in Fig. 6.3.2 w is negative. 

The absence of relative eddy -t 2 o cos j ! ,  within the vane contour of the flow plane and 
its image plane, induces the velocities \u,,(z) and why (2 )  in the throughflow and peripheral 
direction respectively at a point z(x, y) of the image plane. 

They are function of 2co cos [ r  and the vane's cross sectional area A, in the flow plane 
(Fig. 6.3.2). Accounting for this deficit of relative eddy 2 o cos p, which is retained under 
conformal mapping, and recalling the circulation around a surface element d A ,  to  be 
2 o cos jr dA,, the velocities w,,, ( z )  and w,,, ( 2 )  can be approximately calculated by relations 
similar to (6.2-9), (6.2- lo), where y ( s )  and s have to  be changed a little. 'To this, imagine 
dA,  = h (is, where 11 is the local thickness of the profile in the flow plane, and ds its length 
dong the vane skeleton, with the arc coordinate s. Now the line integrals in (6.2-9), 
(6.2- 10) are transformed into integrals along the skeleton s, in which cos p and h are 
known functions of s. 
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P1g. 6.3.2. Roti~ting c i rc~~ l ;~r  cascade in an axi. 
.;y:nirictric flo\\f s u ~ f i i ~ c :  ( I  rc;ll /low plant- b 
flow pl;~ne i n  thc im;lpc i;~ce :~ftcr ~ ~ l i f o ~ & ~ ~  
mapping. Deficit of c~rcul;ltion d r  = 20A;  
d11c to the ;~bscnce of flow within i1 projjlc is 
rct;lincci aftcr conlbrm;ll 1lltlppiIIg. At illfinity 

in thc image planc, /If- induces the poriphcral 
I vclocitics T wA:/r. t pilcli. Notc: A T  appean 

2w in thc tcxt with the oppositc sense of rotation. 
In this figure, the rotor turns in a sense 
opposite to that in the text. 

'. 
O W  -- 
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Tile conservation of ci:culation in conformal n~app ing  gives 4 1, (S) rlS = $ ;r (s )  cis, where 
S denotes the arc of the contour in the flow plane and  s  that in the itnage plane. 
The  velocities ~nduccd by the bound vortex element 7 ( s ) d s  in the image plane result from 
(6.2-- 9) and (6.2- 10). With respect to  the velocity components MJ,, ( z ) ,  \V,,~(Z) due to the 
deficit of r-t.lnti;s eddy within the contour, the whirl velocity - wri /r ,  due to rotation, 
anti  the ut!disturhcd velocity components IV,, and 11% cot fim in the x and y-direction, the 
componeilts of thz rclativc velocity in  the itnage plane become 

Tilt. I:ir.etn:itic. boundary condition at a station z, on the contour, which makes there an 
angle //, ..vi~i: t l x  ?-coordinate, rearis 

The angle /I7 of th.: untlisturbed relative flow with the circumference is rather 
irnprac?icab!e and can be expressed by the more convenient known angle /3, of relative 
intlux vvith the negative y-axis, a s  follows . 

1 o A :  or ,  
c o t p x = c o t f i l  + - § y ( s ) d s - -  +-. 

2 t lV," t \Vm M',,, 

This relation results froin the known limit of the velocity con~ponents  in the station 1 at 
rc!nr Inlet, wh=n this is imagined to  be at infinity before the rotor cascade (w,, = w,,,), 

1 . o A: 
= w,,~ cot pm - - (p y ( s )  (1s + -- - o r , ,  

. 2 t  t 

anc! rc;, = jr;,, cot /{, . With the abbreviation , 

and ~11th repard tc (6.3- 1 I) ,  inserting the velocity components (6.3-8), (6.3-9) into the: 
kinematic boundary condition (6.3- lo), yields the following linear integral equation for; 
the contour velocity \ t v ( s )  of the image plane t - 
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i to A' w,, ( zp )  
2 t  + cot l j (z, . )  - cot p ,  + w r l  [(t)' - I] + ;;;; - -- 

2 w,,, ")nl I 
The term o A: contains in A: the projection of the vane trace in the real flow face onto , plane normal to the axis. See also (5.2-37). It follows from the absence of vortex flux 
due to the relative eddy in the interior of the vane and inay be understood as the 
eripherally orientated velocity induced a t  infinity before and behind the cascade by a P .  

strg~ght row of such "eddy-deficit-vortices" each having circulation 2 co :1: (Fig. 6.3.2). 

After the solution of (6.3-13) e.g., by means of the conversion of the integr-1 a into ' a sum 
and hence a conversion into a system of linear equations for the determination of :he 

velocity w(s )  (Cap. 6.2.1.2), the obtained velocities have to be divided by the 
scale factor from (6.3-2) to obtain the real contour velocity. 

6.3.4. Cascade in an axisymmetric flcw lamina of variable depth 

Consider an axisymmetric flow lamina of variable depth h (Fig. 6.3.3 a) passing a circular 
cascade. Here the mean streamface with its vane traces call be transformed into a straight 
cascade by conformal mapping (Cap. 6.3.1). The velocity scale after (6.3-2) postulates 
retaining the layer's dept!i due to corresponding points in the real and the image face. 
Hence the gradient of the depth h in the meridional direction appears as a new parameters 
of the im:~ge plane: dbldx = b'. 

In such a wedged-formed flow lamina the individual bound vortex may be irnazined to 
be normal to the mean stream face. On  the faces, covering this lamina, the flow, due to  
a straight elementary vortex partly penetrates these faces and thus is n o  longer 
compatible with the kinematic boundary condition. 
Therefore instead of straight elementary vortices the elementary bound vortex now has 
to be a ring vortex, that penetrates normal through the c o ~ e r i n g  faces (Fi:. 6.3.3 b). 

Since the flow field induced by a ring vortex differs greatly from that of a straight one, 
the influence functions I;, fy (6.2-6), (6.2-7) due to the straight vortex rovi must be 
replaced by corresponding functions due to  a row of ring vortices [5.5]. 

I 

I 

f' 

Fig. 6.3.3. Cascade flow in a layer of varying depth. a) Axi- 
symmetric flow lamina of varying depth b in a real X, Y-flow 
plane and its image in a cylindrical x, y-plane, developable 
Onto a plane. b) Substitution of a straight bound elc~nentary 
vortex by an elementary ring vortex. V =  flow within the 
layer. 
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Fig. 6.3.4. Schcniatic perspective vicw of an 
elementary ring vortex with its element, length 
r d 9 ,  in W, inducing in A the velocity dc,,. 

, n :  
The flow induced by an individual ring vortex is composed of that induced by its vortex' 
elements. The latter follows from the law of Biot Savart [5.5], (Fig. 6.3.4), f 

C ,  

d2c,, = [d r/(4 n R ~ ) ]  (Js x R) , (6.3 - 14) 3 
d 

where ds is the vector of a vortex element, dT its circulation, R the distance of a point A 
from the vortex element. 
For the computation of the induced velocity components in the axial and radial 
directions (both with respect to the axis of the ring vortex) dc,,,. and dc,.,,. the ring vortex 
is located in the x', z-plane of a right hand Cartesian coordinate system (Fig. 6.3.4). The 
centre of the ring vortex is the origin of this system. An arbitrary point A has the 
coordinates y; and x; in the directions y' and x', thus A (y;, x;, 0). An arbitrary vortex 
clement of the ring of radius r, on the point of azimuth 9 has the coordinates 
JV(0, + r cos 3, + r sin 3). Hence the vector R pointing from W to A:  R (y;, x: - r cos 9, 
- r sin 3). The vortex element ds has the components (0, r sin 9d3, - r cos .9 d9). Since 
the flow field induced by the ring vortex is axisymmetiic, the components induced in the 
y', x'-plane are representative. With the above components and (6.3- 14), (see Fig 6.3.4) 

R 

dc,,,,. = - (dr r2 /2n)  j R-3( l  - x, cos 9/r)d9, (6.3-15 
0 

R 

dcYbx.  = - (d f  ryX/2n) R - 3  sos 9d9.  
0 

Next consider the ring vortex within the x, y-system of the image plane (Fig. 6.3.5). Her 
the field point A on the contour has the coordinates .u, y and the singularity point W t 
coordinates (, q. The axis of the ring vortex is in x,, q. The depth of lamina b vari 
according to db/d.u = b'. Hence obviously 

Fig. 6.3.5. Relations between the coor- 
dinates (i, 11) or ((, q.) of a ring vortex 
ti: or Wn (of profile zero o, or n), those 
of its ccntre BIx,, rl)  and the point con- 
! 

. ". .. 
ridercd A (xl,, y;). 
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ob\liously (Fig. 6.3.5) the coordinates x',, y> of the point A in the system \\lit11 origin in 
the centre of the ring vortex can be related to the coordinates .Y, y or the point f in ths 
image plane and to the corresponding coordinates 5 ,  of the bound elementary vortex 
1V by 

, x'" = x - x0 = x - + bib', (6.3- 19) 

placing the origin of the x, y-system at the sharp rearward edge of the zero profile. the 
co~rdinates t,,, 11, of a point IIV, on the nth profile, which is shifted in y-direction by 11 r . 

the analogous point W ( t ,  11) on the zero profile are assigned to <, 11 by t n  = 5 and 

'1. = q + n t. J-Ience for the nth profile 

x'"" = x',, , 
y>,, = y - q - n t .  

Like (6.2-4), (6.2'-5) the components of the velocity induced by a straizht row of 
elementary ring vortices with circulation dl' = y ( s )ds  may be expressed by influence 
~ u n c t i o n s ~ , ,  f by  accordi!lg to 

With the simplifications 

by means of the complete elliptic integrals E(n/2 ,  k )  and F ( n / 2 ,  k )  of the first and seccnd 
order [6.16], defined by 

I 

and using the elliptic integrals I, (n) = j ( a  - f cos 9)-312 d g ,  
0 

x 

I ,  ( n )  = I ( 1  - cos 9 )  (a - f cos 9 ) -  ' I 2  d9,  
0 

depending on E(n/2 ,  k )  and F(n /2 ,  k)  by 

11 (n) = s E (n/2 ,  k ) ;  I3  (n) = 1 [F (nj2,  k )  - E (n /2 ,  k ) ]  , (6.3 - 26) 
the influence functions fb,,fb, can be expressed by 



ll'hcn c;llcr~l;ltirl~ the sirrns, allc~ltioll 113s to bc ~xlid 1 0  iIIc klc.!. 1;1;11 ( I I C  illlcger I I  cxiStS 
in the term / I ,  tvhich thcr~ inllucrlccs ;11so 11:c cllip~ic il~tcgrals. I!su;llly h' = tlh/J.\: < 0- 
Cor~cIi~ditlg rc111;1rk ;~hoi~t  stc;~dy no\\. i l l  C; ISC:I ;~~S:  In  11:c foregoing .scc.tit~~~s the hound vorliccs llnvc 
bccn assumed to hc oricntatcd t lornl :~l  to the stream I;ICC. Whcn t l~c hori!~il vnrlcx (;111tl hence 
tile cdgc of ;I v;lnc) ~ll;tkcs a11 ;II-bitrary angle with ;I yct ;~~isyrnrnc~ric;lll!: ;~ssunicd strcalnbcc, the 
vortex car1 bc split into a component nor~n;ll to thc s1rc;lrn face :111d ;tllothcr t;~ngcntial to it.  

The tangential component again c;ln be split in lo  n nlcriclic)ll;~l ;lnd ,I pcripher,ll onc. !low field 
due to the lnttcr corresponds to that of vortc\ r i n p  CO;IXI : I~  10 the n~;icl~i~lc. -The field of the me- 
ridion:~l comporlcnt twists thc axisynlmclric strc;lm !':ice within tllc \:lnc clia~~ncls, sec ;~lso Cap. 10.6. 

The axisyrnmctric flow through a rcitor clui bc obtitincd ,~lsc, by other nicthotls. S~~/iilling uses a 
streamfunction for a laycr of varyirlg tlcpth [6.17]. similnr Cap. 5.7. 1;orc.l (6. IS] applizs potential 
theory to calculate the flow through gi~idc vanes and rotor in a misctl Ilow machine. Hirsch [6.1g] 
uses the finiic clcrnent method for axisynlrnetric flow in turbo~nuchines. k~*c.L [6.20], tl01lc.r [6.21], 
and Pfoertrter (6.221. apply this method for a quasi 3 dimensional flow \i it11 tllc :lit1 of mcasurcments, 

.21(1rtrl!i [6.23] uses the finite element method for thc bl:~r.tc to bl:tde flo\v c:~lcr~lntion. iZf~rrcri [6.24] 
limits his consideration on a mcan llow plane. Dui,yt!ii [6.25] consicicrs o n l y  upstream effects. 
and 11llber.g present n simplified flow calculation for thc cntrancc of radial arid lnixecl flow impellers 
[6.26]. 

5.4. The unsteady flow throug!~ straight cascades in tandem arrangement, 
moving relative to each othcr 6,  

6.4.1. Introduction , . 

The flow past a cascade is pitch periodical and hence that through :t c:lscittle past another. 
alld moving re!ative to another is ul~ste:icly. This case esists nsually in hydro ' 
turbomachines ivith a vaned stationary gate nil:{ the runner do\snstream. Hence vane P 
~ s c i l l a t i ~ n s ,  :heir fatipue problems, energy loss tluc to unstrady circulation and trailing : 
vortex sheet due to  it, falsified measurements of non-dynamicill probes, are the conse- 
quences the engineer is confronted with. 

6.4.2. hlodel of cascade and assumptiorls 

The  flow in hydraulic turbomachiacs with its casc:tdes of blrtdcs in  series moving relati 
t o  anothe: (as represented by wicket gates and runner blades) is u11ste:tdy. This holds als 
for the plane potential flow of an  ideal fluid. As a model consider the phenonlena withi 
two straight cascades moving relative to each other as shown in Fig. 6.4.1 a. As shown i 
Fig. 6.4.1 b assume the active cascade 'a' as !ocated :~lterna!i\cly upstream or downstre 
of the passive cascade 'p'. The active cascade is the onc which acts on the passive casca 
'p'. Following M. Lot= these assumptions are made (see also [6.27; 6.281): 

1. Steady flow throush the active cascade. 
2. Location of bound vortices for the profiles of the passive cascade alor,g ihe sectio 
- 1 < x, < + 1 on a blade cf iengtii 2 according to Fig. 6.4.1 b. The  direction of 
coincides with the undisturbed tliroughflow veloci:;~ \r., . (Possihlc in consequence oft  
srnrill angle of attack.) 

b ,  Some srctlons of t h t b  bubc'liapter ~ : I V C  bccn published In thc proceed~ngs of the ASML'., see [6.27]. 
publishers nrz th.~~~hc.d I'or grnnting perrnisslon lo use them here. 
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I;~E, 6.4.1. Survey of cascades, investigated. a) Active cascade (a ) ;  passive cascade ( p ) ;  thcir distance 
b thcir pitches I , ,  I , .  b) Cascade arrangements invcstigated; case (a), active cascade upstream, 
a s e  (b), active cascade downstream. 

3. Infinitely long vortex sheets, swimming in the x,-direction from the trailins edse 
- 1) of all thc passive profiles with the undisturbed throughflow \,elocity M ,  parallel 

( " P  - 
I,, the line, charged with bound vortices. The variation with time of the vortex distribu- 
tion of these vortex sheets obeys the theorem of Thomson with respect to the circulation 
around each bladc of the passive cascade. 
4. Plane potential flow of an incompressible nonviscous fluid, in which the sheers. 

from the trailing edge of the passive cascade, are located d o n 9  a stre,ln~linc. 
5. The temporal arbitrary form of the flow is assumed as deconlposable in its 11:trmonic 
portions. One  of these is considered here. This one has a basic frequency giben by the 
geometry of the active cascade. 
6. The cascades have blades of one and the same length L, = L, (index 'a' mean5 active, 
~ndex 'p' means passive). Thickness of the profile, its camber and angle of attack are 
~nfinitesimnlly small. p - - p p - - - - - - - -  

6.4.3. Basic idea of the procedure 
- 

The vortex distribution of the passive cascade y, is assumed as a temporal harmonic 
function with unknown amplitude, which varies with the coordinate of the locus of the 
considered station of the passive "zero" profile. This is the profile, which carries in its mid 
chord the origin of the passive Cartesian coordinate system. The  spatial vortt-x 
distribution along the chord of the passive zero profile results from the fact. that a t  any 
\tiition of the passive profile the sum of all induced downwash velocities at  an!. instant 
inus! be zero. This sum is composed of the fol lowi~g components: 

A)  Downwash velocity from the instantaneous vortex distribution of the passive profile 
considered. 
b) Downwash velocity from all the neigl~bouring passive profiles, the vortex distribution 
of which oscillates between homologously located points of adjacent profiles with a 
.jcfinite phase shift. 
-') Downwash velocity from all the free vortices of the vortex sheets, running from the 
'railing edge of the blades of the passive cascade, which also oscillates in homologously 
-led points against the adjacent sheet with a definite phase shift, and the amplitudes 
'f which vary due to Tbomson's theorem with respect to  the blade circulatio~i of the 
'assive blade, from which they start. 
I )  The downwash velocity of thc active cascade. This moves against the passive cascade 
'ith a constant velocity U in the peripheral direction. Therefore also U must be added 
O this downwash velocity. 



6.4.4. Rcalizr~tion of the procedure 

The vortex distribution of the steadily operating active cascade is assumed to be 
coniposcd by the first two terms of a Glntrert series 

y, = A, (1 + cos @/sin 9 - 2 A ,  sin 2 8 .  (6.4 - 1) 

Herein 9 dcperlds on the coordinate <,, which is numbered from the mid-chord of the 
active cascades' zero profile as follows 

( , = - c o s s ,  0 5 9 5 ~ .  (6-4 - 2) 

That means t,, = I coincides with the trailing edge of the bladc. With the circulation I 
around the active blade , 

+ 1 

J ~a (<a)d<a 
- 1 

follows the instantaneous downwash uelmitgoftheactiv c x c d e a  t t h d ~ c t l s  ~ f *  
zero blade of the passive cascade as 

G ,  exp ( A  x,) exp (j h v 
h= 1 

ihv, t ui (x, , t)a = Ui (x,)~ e . 
The values herein have the foilowing meaning 

V, = 2 n U/ta, 

L p  'P *iap A = T h n - - - e  , 
tp ta 

M, = x H h ( x  = 1) + (x - 1) H,(x = O), 

x = A,/(& - A,), 

H h = ) = J o [ i h n ( ) a e i a a ] + J l [ i h ( ) a e i a a ] ,  (6.4-1 

H,(x=O)=T-- - e r i a a ~ ,  + i h n  - 
a [ h n  L 

with J ,  and J ,  as Bessel functions of order zero and one. Generally the Bessel funct 
of order p is defined by 

U) (- 1' (y"'2k 
= C 9 J p  1=0n(k)Z7(p+k)  2 

with 
n(k) = k n ( k  - 1). 
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I n  lhc relntiol~s :rbove, the upper sign is valid if the active cascade lies upstrean1 from the 

Pi 
,,,;,1e cascade. 

6.4.5 List of used symbols 

U: velocity of the active cascade in the peripheral direction against the pr~ssive cascade. 
~ c :  real part 
: pitch 
: stagger angle 
L :  length of profile chord 
h :  order of the harmonic 
: distance of the two cascades, normal to  its axis 
,,,: imaginary units 
jndcx a: active cascade 
index p:  passive cascade 
index i: value, which depcnds only on  the instantaneous motion, in contrary to  the 
transient value, depending also on its history. 

6.4.6. Derivation of governing linear integral equation 

Thc velocity field of a row of homologously located passive vortex elements is defined by 
[he fact, that two neighbouring vortices are oscillating with a phase shik of 

The induced do\vnwash velocity of all the blades of the passive cascade and its vortex 
sheets is compensated by thc dournwash velocity ui(xp). eihV'' of the active cascrtde. 

This passive downwash velocity of the whole passive cascade; with its blades of length 
L,  = 2 together with the infinitcly loilg vortex sheets swimming from the trailin3 edge of 
each blade at its rear end becomes 

03 

fii (x, t ) ,  = 5 7i ( 5 )  &vt K (x, 4 )  d4 
< = - I  

with 

integer number belonging to the individual passive blade, and 



The equ;ilization of u,(.\-~),, and L I ~ ( - K  ) Icilds t o  lhc f i ~ i I o \ \ . i i l ~  ;nlc$r;~l cclrl;~tion Tor th 
P P 

vl>rtcx dist ribt~tii)~l ?,,(<) 

Herein t~~( .u , ) ,  is defined by equation (,6.4 -5). Furtheron we Itave 

k = v ,  L p l ( 2  w,) 

as redaced frequency. 

6.4.7. Solution of integral equation by polynomials following Lotz 3 
: $ 

Lot; has solved the basic linear integral equation - - )  by iotroduction of 11 58 trigonometric auxiliary variable and a substitution proposed by Scllrtieidler. ThiiQ 
reduces the integral equation of our  

. . 

problem into a l:rellholrt! integral 
of the first order. For  a numerical comput;ltion the Kerncl K,Ix  - c) ior ti,, 
neigi~bouri~lg blades of the passive cascade is approxi~ni~tcd by a polynominl 9 

3 K,(x - () = j co  + c , r  + j c 2 r 2  + c j r  + j c 4 r J ,  
with 

r = x - ( .  

c, is chosen so, that I<,(r) has its exact value in the collsidered point. The other constan1 
will be conlputed so, that the integral of its scluarcd error witlli11 - 2 < r- 5 + 2 becorn, 
a minitnuri~. Thus i t  results 

with 

L 

T2 = 1111 ( K R )  r2 d r ,  
0 

2 

T, = 1 Re (S,) r 3 d r ,  
n 



6.4.8. Lift and moment on the passive cascade 

\Vith ~ ~ ( 5 ,  I )  = ;l(t, t )  a n d  the  circulation a r o u n d  the passive b lade  
+ 1 

r, = r =  5 y ( t t  t ) d < ,  (6.4- 34) 
- 1 

we get lift a n d  m o m e n t  related to the  mid-chord of the  considered profile as 

E; and M A  a re  relatcd t o  a blade of width "one". Obvious ly  t h e  lift as given by  Ktrtrn a n d  
~orrkovsky ho lds  o11ly for s teady flow. 

6.4.9. Discussions of evaluated results 

The aforenientioncd theory has been ev;iluated for the case b = 0,l L,, a relation, which rnay be 
realized at the outcr parts of a tubillar turbine with a fully opened runner. Furthermore it has bccn 
assurned that t ,  = t , ,  a, = 45", (tiL), = 1 .  Computation has been carried 01.11 for case a) with the 
activc cascade upbtrcam of the passive one and case b) with the active cascade downstream of the 
p;issive one. Furthermore the computation has been made for the case x = 1 ant1 z = 0. F o r  ./: = 0 
111c angle of attack of the active cascadc bccomes zero. In this case thc profile consists of a circular 
arc wlth the flow along its chord, duc to A, = 0. For x = 1 the active cascade consists of plane plates 
with a finite ar~glc of attack duc to A ,  = 0.  

A first computation shows that only the first harmonic need be considered. In Fig. 6.4.2 wc see t;:e 
rcl;itivc lift amplitude of the first harmonic for the case a) and b) and i: = 1, z = 0. 

The result shows relative l i f t  amplitudes up to 20% for stagger angles between 0" and 40" of the 
passive cascade, if  the active cascade is arranged downstrcam and operates ni th an angle of attack 
against a plate as profile (x = 1). This case may be realized under fully opened runner blades in the 
cylilldrical section of a tubular turbine near !he throat ring. Even if the actual problem is not exactly 
a phne one, one can reduce it approximately by conformal mapping of the outer strcamsurface into 
a plane. 

The same can be done with a Kaplan turbine of cylindrical wickct gates. Here the distance is usually 
@cater between wickct gates and runner blades. 

6.4.3 demonstrates for the case a, = a. = 4S0, that the relatire lift amplitude of the first 
hamlonic increases with decreasing ratio t,,/t,. That means: The higher the blade number of the 
"imulating active cascade the higher the 11ft amplitude. Similar results are obtained for the 
'mplitudes of the moments about the mid-chord of tee blade. 

n i s  holds Inore for an active cascadc upstream. In the actual case of the downstream runner as the 
wive cascade we have usually very low values of I Jt. as the runner has z = 4 to 5 blades and the 
distributor has 12 to 24 wickct gates. Therefore in this case the wicket gates are not seriously 
uimulated by vibrations. 



I so- f5, P/ 

msr  a 
casr b 
Kemps and Sears 

Fig. 6.4.2. Cornplcx amplitudes of the unsteady lift as a h~nction of the stagger angle a, on the 
passive cascade, for the case a, = 45", t,/t, ;. 1, and Lp/tp = 1; ordcr of harmonics h = 1. 

4 
Fig. 6.43. Complex ampli- .i 
tudes of the unsteady lift $ 
moment as a function of the 
pitch/chord ratio t,lLP on 
the passive cascade, for the 4 
casr a, = a, = 45", tdt, = 1, a 
Ir = 1. i ~ 

When the machine operates with a reversed flow as a pump or a tidal turbine, then the :tction of th 
fluc:r(~tions of downsiream located wicket gates, now acting as diffusers, on the impeller or runne 
blades may be dangerous. This danger is enlarged by wakes. 

- 
6.4.10. Conclusion of practical results, effect of wakes 

As measurements, carried out by Castorph [6.29], at Tecllnical University, Munich. have shown, 
wakes are relevant also in the c:se of a vertical Kaplan turbine, when they act from the upstr 
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loc;,t~d wicket gatcs on 111e outer section of the runner bladc. llerc indecd thc slrciln~uisc d i s t ; ~ ~ ~ . ~  
belw~,c~i the cxit of a cyli~idrical gate and thc runner vane nlay be rather short. 

 TI,^ mcastlrcnlcnts Ii;~\.c bccn carried out with n spccial six port micrc;simiconductor ~ec tor iu l  
probe of quick rcsponsc which enables vibrations up to 5000 cyclcs to  be 111dic;lted. Such ;I prob;. 
(Cap. 9.5) indiclltcs bchind the runner likewise the w;~kes produccd by the runner blndcs, :itso. thc 

~ roduced  by tllc picket gatcs, which have been cut into pieces by the runner blades. Thc 
of the measu~cd unsteadiness causcd by a wake can bc predicted duc to the nleasurelnenrs 

by the foliowing method. 

~ ~ ~ o r d i l l g  to I(et??p and Sears 16.301, the dowriwash velocity of an active cascade on n 
p s i v e  cascade downstream can be described by 

IIerc u, is the deviation of the velocity from the average of the adjacent \/elocities within 
the middle of the wake. G is given by 

G = L, Y sin (2, + ct.1 cxp {- (---) J I ; ~  L, I t \ '  
t ,  cos a, 2 cos 2, I ,  (6.4 - 38) 

(sin ct, + cos r ,  tail r,) . 
cos 2" I 

2 ]'is the measured breadth of thc wakc. For centrifugal impeller-s h:L, can be 1.er-y srnall. 
Therefore the action of the relatively large impeller wakes on a bladcd difTuser must be 
raken into accocnt. The aforementioned results stro!lgly decrease wi rh thx  distance b cf 
the two cascades. 'rliis influences strongly ~ h c  do~rnwa>h velocity. 

From Fig. 6.4.4 we recognize, that the amplitudes of unhtcady I ~ f t  d rop  ~ t r o l l g l ~  ~ i t h  thc growir?? 

Fig. 6.4.4. Complcr amplitudes of the un- 
steady l i f t  moment as a function of the order Ii 

~f h;lrmonic, for ihe case I., = on = 45'. fa//, - .-~041 - 1, L,/l, = 1. 



orclcr tltc I i ; ~ r ~ i i o ~ ~ ~ c  ' I ! ' .  I 111.1-cI;)rc tllc first I~;~rliionic nl':ll~y I I I I S I C ; I ~ ~ ~ I ~ ~ S S  is us11:1IIy s~lllicicnt witl, 
rc\pccl to I l;c cfft'ct of I ~ I I \ I C ; I ( ~ I I ~ C \ S .  

An u~lstca~lilics.; of rhc rcl;~tivc 1101v in tllc rurlllcr or impcllcr rcsi~lts also froni no11 uxisymrnetry of 
rhc n o \ v  in  tllc spirill c;tsit~:. i:spcci;~lIy 11ic rcgion nc;lr the tongue of tile spiral casing may show 10 
to 15'% dcv~;~rinn Troni ;tvcr;igc ilow  long the pcriphcry. Sucli a deviation may disappear ;tt some 
working points. 

Unfort t~nat~ly i t  c;1111101 disappe;lr within thc wlioli opcr;~tion:il range of a ti~rbinc. This unsteadiness 
acts 011 the runner bl;tclc as a very big wukc. I t  attacks one runncr blade ;IS a wholc. Such n fluctuating 
force may C;~LI?;C strorig ovcrstrcss i n  ~ I I C  bl;idc root scction of iI  K:lplnn runner ncar the hub 
cspecii~lly in connection with fiitig~le ~ i i ~ c t s  uf C'llromium steel blatles. Accortling to thc geometry 
of the bl;lc!t.lcss spi~cc bctv:ccn the wicker p t c s  ;lnd thc runncr and due to the IISLI;II distribution 
the Inorncnt of monicntum before thc I-unncr. any perturbation I'rorn thc distributor in a Kaplan 
turbine acts much stroi~gc~. i l t  tile o~l tcr  p;~rts of a blndc. 

fIcrc thcse hydrodynamic forccs have a largc monicnt arm :\gainst the root section of the blade near 
the hub. A similar strong vibrating force acting on a long lnorncnt am1 exists also in a Francis turbine 
~ h c n  the shroud is oniittccl. Hcrc the runncr hladcs clnmpcd cn thc one sick may be badly 
o\.erstrcsscd at thc inner hlade cross scction. Thc eifcc! in a Kaplan turbine is more serious as it 
opcrntes ubuully ti i t h  a semi-spira! casing a5 distributor. This element produces more deviation from 
the axial syrnrnctrq of the inflow of the runner thxn the usual hpiral casing would do. 

Thc aboi e procedure from h l .  Lotz is based on cascades of skclztons and the assumption of a steady 
flow through thc activc cnscadc. LI~RIIIILITI [6.31; 6.321 has dcvclopcd a rigorous nicthorl by a time step 
proccdarc. th;t t  sciount.; for arbitrarily s!iapcd profiles with unstcacly flow in both the cascades. 

This method h:ts bccn partly expcrimcntnlly reconfirrncd by tcsts of Lahrn and Ccrstorpli [6.33; 6.341 
bith the aid of quickly responding semi-conductor probes. Tcsts of Casrorpl~ [6.35] reveal also the 
influence of shock waves on the unsteii.dy bchaviour. 

Th; influencc of wakes has bccn recently invcsti_gatctl by L~rhrn [6.33]. The effects resulting from 
cascactes upstream and do\vnstream of n considered cascade have been recently trsated and 
t:ieasured by D. Cusrorplt :1nd H~lb~~~~stc i r rcr  [(i.36]. The influencc of wakes on an unsteady flow 
tllrough casc;ldss in t,indcm arrangement moving rclative tc each other has bcen investigated by 
Kr!lntnrer [6.37] on the base of I-iettl~trrt'~ rigcrous i l l c ~ ~ y .  Fa~tclli and Siccai.Oi [6.38] have treated the 
rcsponsc of turbornachinc~ with cascadcs to the oscillations in the penstock. 

6.5. Distribution of meridional velocity normal to stream face 

6.5.1. Introduction 

In  the foregoing section the f l ~ w  within axisymmetric stream fzces or  flow laminae 
beet? invcstisated under the assumption of a given flow-linked meridiona! velocity. 
mixed flow rotors with a larper span in the vaned par: the problem arises how t 
meridional component of velocity is distributed over the span b between the outer a 
inner sh roud  (hub). 

For  simplification of the problem a practical approach is made by assurning a uni 
distribution of the meridional and whirl component c,, and c, of the absolute flow i 
peripheral direction. To obtain the influence of vane geometry, the angle P between 
relative flow and periphery. is ;ljsumed to bc given. This angle depends according 
(6.5- 13) on the given pattern sections and radial sections of the vane, and the geome 
cf an  asisymrnetric streamface, also determined by that of the inner and outer shro 
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~ ~ s u m i n g  a flow along the vane, the influence of vane geometry is :~ccourited for \\.ithin 
tllc fl-amc of simplc assumptions. The following consider;ltion deals only u.ith velocities 

pressure ;is they really occur within the fluid. 

In an ideal fluid here assumed, according to Poscal's theorem, the pressure at  a certain 
s t a t i ~ ~ ~  is independe~lt of the orientation of a face. The idea sonletinles used o i  all 
inlaginary force, normal to the vane, but uniformly distributed over the pitch [6.1; 6.391 
is left aside. 

6.5.2. Special assumptions 

a) Infinite numbcr of vanes reduced to their skeletons, 
b) steady absolute flow on axisymmetric stream faces, 
c) relative flow along the vane, vane angle P given, 
d) gravity neglected as not contributing to the velocity distribution, 
e) runner loss linked to individual flow lan~ina,  like that of developed flow in a 
straight pipe, 
f)  vane skeleton given by its radial and pattern sections, hence the angles O betwesn 
radial vane section and radius and 8' between pattern vane section and  periphery known 
(Fig. 6.5.1 a and b), 
I) contours of hub and shroud with their angle p with the radius given, 
h) flow through a turbine runner, 
i) constant spccific flow energy on the runner exit, 
j) hydraulic (lia~netcr of a flow lamina, spanwise depth An, equals that of a small 
rectangular cross section 2 A n ,  
k) contraction factor Q) given. 

Fig. 6.5.1. Determination of 
a spatial rotor vane surface. 
a) Elevation of the \lane 
skeleton with a pattern scc- 
tion b", and a radial section 
a" (the latter is in circular 
projection). b) Plan of the 
vane skeleton with a pattcrn 
scction b' and a radial sec- 
tion a'. c) Infinitesimal cle- 
mcnt of the vane surface and 
its traces AB = a" in meri- 
dian, A% = b' in a plane 
normal to the rotor axis, and - 
BD (=  rclativc streamline), 
in a n  axisymmetric stream 
surface. 

6.5.3. Equation of motion, Euler's relation, loss'formulation 

The equation of motion normal t o  the streamface in the direction of n (Fig. 6.5.2) reads 

- (11~) dpldrt + c:,/R - c i  sin p/r = 0, (6.5 - 1) 



Fig. 6.5.2. Unit fluid mass between adjacent 
axisymn~ctric stream faces in a meridian. a) ring 
vortex. possiblc at part load. b) relation between 
dl[, i?r. d p .  Thc location L1.~:, of  !he outer edge of 
the ring vortex a) results from (6.5-10) with 
A y = - y ( ~ = 0 ) = - 1 : A ~ , =  1/C/,M-f2A,), 
where f,,, f,,, are mean values of f,,f, within 
Ax,. 

where c, is the meridional velocity, c, the absolute whirl velocity, R the radius of 
streamline curvature in the meridian, p the angle between the streamline and radius in 
the meridian, r the distance from the rotor axis. 

The application of Euler's equation bctween the station under consideration and station 
1 at rlinrler outlet, with respect to a draft tube loss, expresscd by C,c:,/2 and a streamline- 
bound runner loss, between the poinr considered and the runner exit dpi/e, gives 

where p, is the pressure on the tailwater level. 

According to assumptions e) and j) and with respect to the relations from the velocity 
:riang!e \v = c,/sin p and the relative streamline element (is, 0s = dr/(cos ,u sin /3), with a 
constant loss coefficient I ,  the ruriner loss is formulated by means of 

r I 

[C c i / ( ~ n  sin3 B cos p)] (lr - 1 [I c i , / (~n  sin' /3 cus a)] dr .J 

const cons1 I 
6.5.4. c i  as a function of monient of momentum c, r 

The pressure term - (11~)  dp/dn in (6.5- 1) is eliminated by inserting i t  from the relatio 
(6.5-2), differentiated with respect to n accounting for assumption i), and f ~ r  (6.5-3). 0 
this occasion, dyi/e has to be differentiated with respect to the upper boundary of th 
respective, definite integrals in (6.5-3). 

For this renscn also the obvious relations drlcln = - sin p, and continuity c,rA 
= c,, r, All,  have to be taken into account. With the last but one relation the expressio 
d(ct/2)idn - c,Z sin plr, can be reduced finally to (c,/r) d(c,r)/dn. Hence 

dcrldn + (2/R + [C/(2 An)] {tan p/sin3 P - [r Ani(r, An ,)] tan /sin3 PI}) C 
= 2 [(o r - c,)/r] d (c, r)/dn . 

- 
This linear differential equation for c: is also valid for vanishing c, = 0 (stalled regio 
as shown in Fig. 6.5.2). I t  offers the opportunity to design a runner as a function of an 
desired distribution of the moment of momentum c, r by means of a step by step pro 
dure. For the start C might be put to zero. 
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6.5.5. Lir~car differentia! cq~~ation for Ihc c, distribution 

lnilially (6.5--4) is reduccd to c,,, w r  and /1', by applying the relation 

from the velocity triangle. In addition the identity I + cot2 /j = 1/sin2 /? is employed. 
under thc assulnption of a non vanishing meridional vclocity c,,, (6.5--4) is di\.ided b\- 
,m/sin2 /l. Finally the varinblcs are made dimensionless by 

y = c,/c,, (with c,, = c,,, ( , I  = 0)) , x = n/b , (6.5 - 6 )  

b being the local span (breadth) of the runner in the n-direction. Hence the 2n\.erning 
differential e.quation for the y (x) distribution 

j2 (x) = (h o/cn,,) sin 2 f l  sin 11, (6.5- S)  

fl (x) = (h/R) sin2 P - ( b / r )  cos2 P sin 11 4- (112) sin 2 Pd(cot  P)/ds 
+ [C hl(4 AII)] {tan p/sin f l  - tan p1 (sin2 P/sin3 p,) [r A ~ l i ( r . ,  .4?1, ) I 2 :  . 

(6.5-9) 

A related proble~n is the influence of a meridional profile of a mixed flow machifie on its 
characteristics, see [6.40]. 

6.5.6. Step by step soiotic~n for the design task 

Transforming (6.5- 7) into a difference equation and puttins fl (s) - f l  and ji (s) - .f, 
yields the increment A y ,  j9 experiences, when a step Ax is made in the .Y-cliscction. b>z 
means of 

AY = - Ax(S, Y +f2) .  i6.5- 10) 

On the shroud, i.e., y = I ,  due to c , (n  = 0) = c,,, the value c ,,,, is set with respect to a 
limit of susceptibility to cavitation. This holds especially for points close to the exit I .  

In a design usually the flow rate Q is prescribed. Hcnce this procedure is finished, when 
according to continuity, with a mean contraction coeficient (I, 

at the station x = 1, with c,,, h prelinlinarily chosen, Q reaches the set value. C'suall!., 
because b is unknown in a design, the latter value of Q will be attained by an  x differing 
from 1. This then gives the breadth b required for the flow Q. 

6.5.7. Calctllating c ,  (n) or y ( x )  for a runner of given geonletry 
under a given flow rate Q 

The origin;llly posed task asks for the cn,(n) o r  y(x) distribution in a runner with knoivn 
hand geornctry (hence /?, p, are known as  functions of x). For  this purpose a prelimirlary 
plot of streamlines has to be made, with provisionally plotted 2;-lines normal to them. 
Thus 8, R, r, are known preliminarily as function of x 2nd tllrn also Jl and  j2 are 
Provisionally known and then stepwisely improved. 
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I-lcrc also t!ic procctiurc' of Cap. 6.5.6 may bc nppliccl with the cliffcrencc, that now by tr ia l  
a n d  error (a,,, Iias to hc set so as lo satisfy continuity (5.5- 11). 

Whcn the f~~nctiolis /', and J, arc grapliicr~ily givcn or expressed in terms of s, then 
gr:!pliical or n~i~iic~-ic;~l  i~itegratio~i niay facilitate obtaining y by nleans of the following 
strict solution of (6.5-7) given by thc author [5.39] 

6.5.8. Computation of P as a function of vanc georrietry 

The inclination f i  of relative flow with respect to the circumference follows from the angle 
/?' bctwcen the pattern section of the vane and the periphery, the angle O of the radial 
vane section with the radius and the incliliation p of the meridion~ll streamline with the 
radius as  

tan f i  = tan pl sin @/sin (O + ~i) .  (6.5- 13) 

Ttlis results from an infinitesimally small tetrahedron (Fig. 6.5.1 c). It is formed by two 
rectangular triangles, one parallel to the plan and another in the axisymmetric stream- 
face, aild by two common triangles, one located in the vane k c e  and the other in the 
meridian. The peripherally oriented leg, which is common to both rectangular triangles, 
rrtight has.e un i t  lr:ngth. From this the length of the meridional streamline element is 
obtained us ta:l and that of the radial oriented edge as tan pl. It is realized from the 
~r i r~ngle  within the rneridirtn, that the angles rc - (O  + p) and O are opposite the legs 
hacing the length tan /j' and tan b. F s - m  this a basic trigonometric relation yields 
(6.5- 13j. 

.i 
6 

6.6. The siip effect in the flow past a rotor a 

6.6.1. Introduction 

For  the blading of a certain fluid machine, specific head gH, flow Q, speed u and henc 
also size D being known, an estimate of efficiency rl,  (resulting from internal flow) and th 
change of whirl cui by the rotor, between the stations 1 and 2 (see 5.3) from Euler's relatio 
are of importance. 

As the v:hirl cUi due to rotor's influx is either physically give11 e.g., c , ,  = 0 in pumps, 
adjustable e.g., b:; gates of turbines, special attention merits the whirl past the rotor exi 
Hence the problem is limited to impellers. They have a low vane number z and thus 
relalive nlr~in floiv. disordered by secondary flow (Cap. 5-51, and hence no longer fo 
ins  thz vane. At exit 2 the latter makes an angle /?; with the periphery. Now the pro 
ariscs, :o set /3; so as to generate the whiri, required for the head from c,, = yH/(q, rz 
and thereby also needed for a desired flow Q (Fig. 6.6.1 a). 

Ob\iously (Fig. 6.6.1 a) there is a discrepancy between the velocity triangles at station 
one of which is due to the pitch-averaged flow and thus also due to E:tler9s relation 
the other of which, denoted by a star *, is due to a relative flow along the impeller v 
plotted for the same rneridional velocity c,, = c:, . 
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Fig. 6.6.1. Causes of slip at thc impeller outlet. a) Definition of slip factor p*, slip 1 1 ,  deviation angle 
- /Iz. b) Slip due to the rc-lative cddy b,)  streamlines due to relarive cddy at 7ero flow h,) triangle 

ARC to calculate A W , ~ , .  c) Slip due to the thickness of rotor vanc and its wake. d)  S l ~ p  tiuc to the 
varying span of rotor. ,Of is angle bctwecn rotor vanc skeleton and the circurnfercnce. 

Both the triangles differ from each other by thcir respective angles /I,, /?: the relative flow 
makes with thc pcriphcry, and by their respcctive whirl componerits c,,, c:,. Ixclating the 
difference c,*, - cU2 to c,,,, by a so-callcd "reduced output factor", after P'1eidrrc~1- [6.41]. 
hcnce denotcd as "slip factor" and defined by 

the whirl c$, needed to obtain f iT  by thc triangular relation cot P t  = ( w r ,  - c,*,)lc,,, 
(Fig. 6.6.1 a), and at the ratcd point (c, ,  = 0) results from the following version of the 
Euler relation 

c,*2 = (1 + P*) gH/(Vu r2 (4 - (6.6 -- 2) 

Thus, oncc p* is known, c 2  and hcnce the blading at least a t  the decisive impeller outlet 
2 is obtained. Based on the model of a flow along the vane (a concept due to Euler) the 
slip factor p* is a correction, that iniplies the discrepancy between such a flow a n d  the 
pitch-averaged real flow past a rotor. Instead of p*, also the value I( = 1 - p* is used a s  
slip. 

In the sequel, the assumption is made that thc individual effects influencing the slip factor 
P* can be superimposed, even if strictly speaking the differcntial equation governing the 
real rotational flow is nonlinear [6.42]. Thus 



Thc followiu_c four cffccts arc highlighted as tlic most inflttcntial orics on the slip factor: 
:I) I-': f r o ~ i  rot a!iu~i, b) 11; from w;lkcs and finite v;irlc thickness, c) ;lz0 from cascadc flow, 
J) p,* frorn vnr> ing  brcadtll l? of thc rotor. 

6.6.2. Slip p: in consequence of tlic rclativc eddy 

After Cap. 5.2 the steady relative flow of an ideal fluid on axisymmetric strean1 faces under 
irrotational a b s o l ~ ~ t c  flow, can be split into one due to throughflow (Q) and another due 
to the component 2 (11 cos 11 of the relative eddy normal to the stream face. 

Obviously in Fig. 6.6.1 b, ,  the relative eddy alone at zero flow (Q = 0) reduces the whirl 
C" ,, to c,,,. Hence the pitch-averaged differential whirl component Alv,,, = c,*, - cu2 can 

be used to predict p:. 

T o  obtain d~r.,,,. by which then p z  is gained from (6.6- 1) and c,,, = gH/(qUr2 m), Stokes' 
theorem (Cap. 5.2) is applied to the triangular-like area ABC (Fig. 6.6.1 b,). The circula- 
tion, then needed, along the unobstructed pitch arc @, t2 (@,-contraction coefficient due 
l o  vane thickness and boundary layer in 2) reads: $ tu ds = f', = dw,, t, @, . Obviously -- 

DL 

along the line B A  the circulation vanishes. Hence TEA = 0. With the hint (Cap. 5.2) 
applied to an impeller where approximately MI, = o r , ,  the velocity at station A in  
consequence of the relative eddy alone becomes 

w, = t, @, (11 sin /?T cos p, [l - r,/(2 r2)]. (6.6 - 4) 

When the passage of the channel is assumed to be closed, for the case of vanishing flow 
(2, the flow then induced by the relative eddy on the outstanding corner C has to vanish. 
Assume that the relative flow drops from A to C, distance t, Q2 cos /?T, so as to make the 
circulation along C A :  T,, = (w,/2) t ,  @, cos 1;. 
The vortex flux due to the relative eddy, passing the triangular arca, becomes Jl rot wdA - CJ cos pz 4; t: cos /I; sin /IT. Making this equal to the circulation about the triangle 
'1BC: r,, + I i ,  i- c,, Stokes' theorem (Cap. 5.2) thus yields [6.45] 

Aw,, = 7t @, o r ,  sin 2PT cos p 2  [l + r1/(2r2)]/(2z). (6.6 - 5) 

tlence from (6.6- 1) with c,, = gH/(qur20) and applying the blade tip speed coefficient 
Klr (Cap. 9.2j, p: reads 

p z  = (n Kz12/z) q ,  @, sin 2 PT cos p2[1 + r1/(2 r,)]  . 

6.6.3. Slip p l  as a consequence of wakes 
L 

A wake usanlly exists past an impeller vane. This contracts the main relative flow by the-, 
contraction coefficient ~ 5 ~ .  Assume that the wake is extinct a t  a station 2 (Fig. 6.6.1 c). 
downstream of the exit. Assuming straight and plane flow, continuity requires between 
the real meridionai components cm2 ., at station 2 and czZre a t  station 2* (exit) 3 

8 

Irnazine between 2 and 2* vanishing peripheral forces on the flow, then the momentum;/ 
theorem requires bv, , ,, = ~ y : ~  ,, for the straight cascade now considered. The subscript 
re holds for the real flow at 2 and 2*. By definition (6.6.- 1) the slip factor p* results fromT: 

d 



,he comparison of the velccity trianglcs 31 2 and 2*, having the same n~eridional com- 

P onc~l t .  ?'his gives the slip (Fig. 6.6.1 c) 

c,*, - cU2 = c,, (I/@, - 1) C O ~  Pf , (6.6 - 8) 

and by mcans of (6.6- 1 j the desired slip factor 

pl  = 2 cp2 Ku2 q,cot PZ (1/Q2 - I), (6.6 - 9) 

,&ere 9, = c,,/u, is the flow coefficient (Cap. 9.2). 

6.6.4. Slip p 4  as a consequence of cascade flow 

The special influence the cascade of a mixed flow rotor has on the slip is that due to  the 
eddy, as treated above. Under the assumption that the individual slip ef?-ects can 

be superimposed, the remaining effects due to a cascade will be studied at a stationary 
cascade with plane potential flow on axisymmetric stream faces. After Cap. 6.2.1 this can 
be transformed into a straight cascade at angles retained by conformal mapping. 

Therefore imagine the cascade of the impeller considered to  be thus transformed into a 
cascade. Retaining the angles /IT, /I2 under this procedure means also retailling 

the so-called "deviation angle" ,!IT - /I2 (Fig. 6.6.1 a) due to the s!ip c,*, - c,, ar?d linked 
to it by the obvious relation 

Hence the slip factor from (6.6- I )  is linked to the deviation anglc (remember alvays in 
the case of pumps) by means of 

A s  will be seen in the following, the deviation angle /J; - /3, can be easily obtai!~ed for 
a cascade of given geometry and within a certain undisturbed flow lv, ( a ~ d  the conse- 
quent physical angle of attack 6,) by mcans of cascade theory according to Cap. 6.2. 

The conformal mapping of a usual radial or mixed flow impeller with its small vane angles 
results in a straight cascade, having a pitch to chord ratio t / L  smaller than "one" ( t jL < 1). 

- Consideration of the deviation angle /If - /I, at the outlet of a straight cascade lvith 
tlL< 1, vane angle /IT at exit 2 known: For this purpose some findings of the cascade flow 
in Cap. 6.2 and Cap. 6.3 must be reviewed. 

First the lift coefficient c,, of an aerofoil within a cascade is linked to its pitch to chord 
ratio t /L,  the so-called "deflection" Ac, = c,, - c,,, and the undisturbed throughflow 
velocity wco by the relation (6.3--4) 

Obviously as in Fig. 5.5.5 d, the so-called "deflection triangle", extracted from both the 
velocity trianglcs, and consisting of Ac,, w,, w ,  and hence also w,  = ( w ,  + N*,);Z, yields 

Acy = c,(cot P1 - cot P2).  (6.6 - 13) 

On the othcr hand the same lift coeflicient follows, according to cascade theory frorn 
(6.2-50). Substituting there for thc physical angle of attack 6, the difference of the i~nele 
PO, between zero Lift direction and the circumference, and the angle 8,, the undisturbed 



velocity w r  11l;lLcs will1 ihc circumft~r~nce. ; ~ c r o r d i n ~  to d, = /I, - 11,. and substituting 
for 0, the 11101-c L',Y;IC~ cxprt:ssio~l sin do,  the relation (6.2-50) rcads 

[ A  = 2 n ;r sin (11, - /I,,), (6.6 - 14) 

where ir tlic casc:~dc factor, after (6.2-45), is n ~nerc  fi~nction of  ihe cascade paranlcters 
t / L  and 11,. Elimiiinting c,,, from (6.6.- 14) and (6.6-13), ncccunting for the relation 
sin p, = c,,,/w, from thc vclocity trianglc and iogethcr with the known theorern 
sin (Po - /I(,,) = sin /I, cos /II, - cos lJO sin ,!I,, brings 

2q(cot /I, - cot /I,) = (cot 8, - cot p,), (6.6- 15) 

where q is the so-called "kVri~liy factor" [6.9], defined by the figure (Fig. 5.6.2) 

(1 = (n/2) (Llt) x (Llt, Do) sin Po.  (6.6- 16) 

l a5  

9 0" 

Fig. 6.6.2. Graph ~f Wcinig's q-factor as a , 
2 3 function of the pitch/chord ratio f/L, and the " 
I /L -- stagger angle (here /3, is zero lift directioq). 

The angle /I,, the undisiurbed velocity tv, makes with the periphery, can be reduced to . 
thc  corr3sponding angles P , ,  I,', of the relative velocities rv,, w ,  ar ~ u t l e t  2 and illlet 1 of 
the rotor by t!~e fact that w ,  = (w, + 1v2)/2. Hence J 

i 

cot p, = (cot p ,  -t cot p2)/2. (6.6- 17) * 
f 

I~~se r t inp  cot 8, in (6.6- 15) gives the angle /?, due to the relatike flow pzst the impeller, 
as a function of the c~rrespollding anglc P, upstream of the impeller, the angle Po of the 
zero lift direction and the figure q, depending on Po and t/L as 

From the qit/L, P,j-plot (Fig. 6.6.2) it is seen that for the cascades considered here, with 
r/L < 1, independent or bO, the value q tends to "1''. Strictly speaking, 

lim p2 = Po.  (6.6- 19) 
t,L--0 

That  inealls, the flow past the cascade follows the direction of the zero lift direction, 
independcnt of tht. inclination of the inflow velocity. This reduces the task- to  that of 
calcillating t1:e mgle Po of the zero lift direction 8,. For the given cascade with its known 
angle PC, thc chord of the skeleton makes with the periphery, and the known zero angle 
of attack bztween the chord and the zero lift direction, after (6.2-47) being r- function of 
the cascade parameters Ci and the valie geometry (K! , K,, K ,  (6.2-37)), !he desired 
deviation angle becomes ,!?: - P2 -h B: - PC - 8 (FA = O),. Hence from (6.6- 11) 



6.6.5 Slip p t  3s a consequelice of varying the breadth of the rotor 

I\ conical strea~nktce is considered (Fig. 6.6.1 dl, touching the nlcan stresm face of the flow 
lamina considered in the middle of the impeller. Imagine this conical L:ce to be the mean 
face of a flow lamina with the same depth 'b' of the actual lamina at stations. whose 
distance, from the point of contact x within the meridian (Fig. 6.6.1 d)  is the same along 
the straight generatrix of the COile as along the curved line on  the original mean stream 
face of the flour lamina considered. 

depth b is assumed as small compared with the distance r from the axis. Using the 
nleridional coordiliate s, along the generatrix and the azimuth cp', normal to  the meridian 
(Fig. 6.6.1 d), cont i~~ui ty  due to an  axisymmetrical flow within the flow lamina can be 
\\fitten down as (<p' being the angle between generatrices with in the cone plane) 

awn,ic7srn + w,/s, + (1 IS,) ~ w , I c ~ ~ ~  = - (~ , , /b )  db!nsm, (6.6-21) 

IV, is the meridional component, w, the whirl component of flow. Hence the effect 
of varying depth b = b(s,) of the flow lamina can be interpreted as that of a source- 
distribution - (\v,/b)(db/ris,,) due to  a plane flow within the s,, cpl-face. 

~ s s u m i n g  for simplicity w,, on the right hand side to be constant over the pitch and to  
match the pitch-avcraged mc'ridional speed due to the given flow Q, an additional whirl 
component is generated at impeller exit 2 as  compared with that, due to a rotor with 
constant breadth b (Fig. 6.6.1 d) 

b, and h2 being the breadths at  station I and 2 of the real ele~ncntary pump o r  \ ~ ~ h o l c  
pump (as the case may be). Making A w , ,  = Ac,, = c,r2 - cU2, this implies a slip kctor 

The slip factor has been ge~~erally treated by Adler [6.4], and in connection with pump-turbixs by 
Arttot1 [6.43]. Recently 3-dimensional mcasurcments of the relntivc flow field in the channcls and past 

Fig. 6.6.3. Values of slip 
factor p = I - p* obtained 
by several authors. 
a) - K orcian [6.44], 
- - -  Raabe [6.45], 
--- Siehrechr [6.47], 
1 / 1 / v c i d e r e r  [6.4 I ] ,  
._ .  Stephanofl [6.48], 
-.- Stodola [6.49], 
-. . ._ Pfoertner [6.22], 
.. . . Busenznnn [6,50], o Eck 
16.511, x x Noorbakhslt 
16.521, b) - Korcian 
16.44], - - - Murokanli [6.53], 
.- - OslerwalJer, E ~ t i g  (6.541. 



2 
I 
9- 

4, a r;ldi;~I pump inipcllcr. cnrr~cci out by J .  Korcltrrr at tlic Lch~stuhl i:nd Labor fur I lyilraulische , 
b l u s c h ~ ~ ~ c n  und Anlagen dcr l'!;hl Ih.JJ] agrcc \tcil \ v i ~ h  thc slip f:~ctc>rs prcdlctcd by Rctrlhc. [6.js1 
Thcsc results \\crc ; I I \ o  comp.~rcd \vitli rchulib obt:l~ncrl either Krurn tI:corct~c;~I prcdic t i~~ls  or test; 
carricd out or c;llcill;~tcd by Sic.hrt,rlr/ (6.371, Stc>i~tri~r!g (6 4S). S/otloltr [h.49]. Brr\cnrtrtln [6.50], ~~k 
16.511. Noo:-h~rA\l~ [6 .52] ,  Al~rr t~ l i r l~~r i .  h'ili~rytrt?rtl and ~lstrkrrro [6.53] ;~nd  0.srer~rcrltlc~r and Ettig [ 6 . q  
In general, agrccrr~clit was more or less good at the dcsign point but failcd in some cases at part load 
and ovcrlond, see Fig. 6.6.3. 4 
Fig. 6.6.4 shows the rotor with the electrically adjusted 6-port probe used by Korcian by which 
pressure anti the spatial rclativc velocity vector wcre mcasi~red simultaneously. 

Y 

At the moment the pump works under developed cavitation, c.g. ;IS an inducer, any prediction ofthe 
slip factor fails, since this is based on the assumption of a fully wall-attached and non cavitatine flow, 
The cavitating flow through a cascade has bcen treated by Furlrya [6.46]. 

probe adjustment by turning the probe about its shaft and by shifting its shaft in axial directi 
4) mass foi balancing the centrifugal force of the probe and its adjustment device, 5) covcriilg pl 
for the slide ring of the seal, 6) radial extension of the shroud, 7) 6-hole probe, 8) scale ring 
indication of the azimuth, 9) runner, 10) flange. 



7. Losses due to vorticity and boundary layers 

7.1. Introduction 

An)' real flow in fluid machinery is linked to the formation of vortices, boundary layers. 
and \vakes as vortex sheets \vhich are the origin of dissipation and energy waste. 

Vortices normal to the main flow may contribute to the circt~lation about a vane, vortices 
in the main flow dircction stimulate the generation of secondary flow. Hence 
understanding the production of strealnwise vorticity at the outlet of structural members 
of fluid machines, like no7zles, bends, rotors, cascades may help to influence this loss 
mechanism. 
Once the longitudinal iforticity in the main flow direction is known, the secondary flow 
and resulting loss can be predicted. 

In mixed-flow fluid machines the rotor may be the main source of loss. Therefore an 
attcmpt is 11ladc to predict the dissipation in its vortex layers such as the boundary layer 
;ind wake. 

The latter requires the knowledge both of boundary layer growth in the main flow 
direction along a double curved vanc and ;ilso the secontiary flow accompanying i t .  A n  
estimation of this grou;th is obtained from the momentum equation, continuity and  wall 
shear stress as functions of tl:e flow regime of the boundary layer and its transition points. 
I t  ~ncludes the influer~cc of Cor.iolis force and the body force due to thc curvature of 
stream1il;es aiong the vane in the directions of the main and secondary flow in planes 
tangential atid 11orrnal to the vane. 

I t  needs the introduction of a reasonable velocity profile in thc direction of the rnain and 
secondary flow. It also has to account for the flow about the leading edge of the rotor vane 
and the effects due to the formation of the wake. 

7.2. Yroblcms due to kinematics of vortices in fluid machines 

7.2.1. Fundamentals of vortices 

The forced vortices here considered may have their origin in the core of a free vortex 
Generated by the curvature of guide walls. Vortices are mainly caused by means of visco- 
sity in wall-attached boundary layers or  wakes with a flow having a large strain rate 
across the main flow. According to the findings of Oseen [7.1] vortices fade by converting 
'heir rotational kinetic energy into waste heat. 

In the following, idealized vortex tubes are imagined to  be floating within the main flow 
neither subjected to fieat transfer iior generating heat. 



1-'ig. i.?. 1 .  a)  \'orlox tubo, its dirnc~is;nns. I ) )  CJcncration ,f 
I ~ ~ i ~ ! i ~ t ~ c l i ~ i ; ~ I  ( S I ~ L : ; I I I I ~ V ~ S C )  vorficity R, i ~ i  (!lo nozzlc : a ''1 \fcrtic;il j>cl~on tt~rbil~o by I I I C ~ \ I I S  01 llie mon,ciIt of momen- 

. - 
t u l l l  of f l t v v  111 thc pcnstock 2. c) Amplification of thc kinctjc 
cncrgy of t hc vortex with vorticity S2, by :~ccclcration. 

Consider a straight vostcx tube of length 1 with the momentary constant circular cross 
section of diameter D. I t  rotates with constani angular velocity 0 about its axis, corre- 
spondifig to the vortex intensity curl c - l2 = 2 0  (Fig. 7.2.1 a). 

According to Me1n:holtz or Kelvin [7.2; 7.31, the vortex tube consists always or the same 
matter. 

Assuming constant dcnsity of fluid Q ,  rnass conservation requires 

m = Q ( Z / ~ ) D * I  = const, or D ~ I =  const. (7.2- 1) 

Accorcling to Stolies' theorem (Cap. 5.2), 
i 

r = ( 4 4 )  D'Q = const, or 0 2 Q  = const. (7.2-211 

Jn an ideal fluid the theorern of the moment of momentum requires 

I = ( ~ 1 3 2 )  gD4 !to = const, or D4 1 0  = const. 

Dividing (7.2. - 2) by (7.2 - 1) gives 

Qjl = 20/1 = Q r/nl = const. 

With (7.2-2') the kinetic energy of the vortex tube results in 

E = (l j2) (02(rr/32)  QD'I = gT21j(16rc) = const. 

Hence E ir~creases by lengthening of a vortex tube. 

7.2.2. Energy loss due to lengthening of a vortex tube 

7.2.2.1. Lengthening of a vortex tube parallel to the main flow 

This effcct occurs, z.g., in the nozzle pipe of an impulse turbine (Fig. 7.2.1 a) w 
main flow has a streamwise vorticity. This originates from a free vortex about the a 
of :he pipe in connection with the fluid viscosity and a large strain rate there. 

Such a whirl usually is effected by two bends in series upstream of the nozzles, both bei 
in planes that are inclined to each other. 

For example a multi-nozzle in~pulse turbine with a vertical shaft (Fig. 7.2.1 b) has one of these be 
in the elevtation, which connects the penstock with the distributing pipe. The other bend is tha 
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tllc I ~ ~ t ~ a l  spiral-formed main and its nozzle pipes. Thcn a component of penstock vclocity has a 
nlorncnt abo111 the nozzle pipc axis and hcncc tcnds to gencrntc a strc:rnl\irisc VOI-ttcity thcrc. 

sjncc in the no7zle the whole nct hcad of thc turbine is convertccl into ki~ictic encrgy. the largtst 
str;,in raie of the main flow and hcncc also of vortices in the main flow direction occur.; [!]ere. Thus 
according to (7.3--5) the kinetic energy of thcsc vortices is increased and then lost to en;tblc work 

bc done (Fig. 7.2.1~). After Krause, strcamwise vorticity may disappear by streamwise 
a,cclerntion- 

From this it cal: be secn that acceleration of main flow is not always a means of lowering losses. 

7.2.2.2. Dislocation and lengthening of a vortex within a bend 

consider a plane potential flow in a channel of rectangular cross section (Fig. 7.2.2). It 
flows fro:n a straight channel into a bend of curvature l / R ,  R being largc compared wit13 . 
the wicltl~ l l .  Ilnagine that a vortex, vorticity a , ,  enters the bend, norma! to the stream- 
lines. Consisting always of the same fluid particles, it is surrounded by a free vortex where 
the mean angular velocity of fluid elements, normal to  each other. vanishes. 

~ h u s  at the bend's inlet the vortex is along a fluid region, of length I, (Fis. 7.2.2), normal 
to n fluid element l2  in the main flow direction. Within the bend, at  a station where the 
streanlwiss oriented element 1, makes now an  angle dr: with its initial directioil, the 
elcment 1, norrnal to i t  inust turn by - dc from its initiai position. Hence this element 
and consequently also the vortex tube make an  angle 2 tlc with the cross section, that is 
inclined by d c  to the inlet of bend. This follows from the free vortex enclosing the vortcx. 

Fig 7.2.2. Disloca~ion of a vortex tubc, strength R , ,  length 
I , ,  at inlet of a bend while passing a bend and thus generating 
strcamwise vorticity by bending the vortcx tube towards the 
main flow. -- 

Obviously a streamwise vorticity now appears (Fig. 7.2.2) 

d n ,  = 2de x SZ,  z 2de x St .  (7.2-6) 

In steady flow the growth rate of streamwise vorticity follows from tlR,/di = c grad Q,. 
With the obvious relation dcldt = c/R, this growth rate yields (7.2-6), 

c grad Q, = 2(c x f2)/R. (7.2 - 7) 

According tc Cap. 5.3, the equation of motion reads grad Y, = c x St. Inserting this in the 
last relation brings 

grad QS = [2/(c R)] grad Y,. (7.2 - 8) 

This is a general relation also valid for the case, when the vortcx floats to  a cross section of t hc  bcnd, 
making an angle E with its jnlet. At this station the vortex also has been col~sidcrably lengthened from 
1 ,  to 1 and changed its vorticity from R ,  to Q, according to (7.2-4) (Fig. 7.2.2). 

is seen from (7.2-8) that the faces of constant absolute flow energy Y,, the so called ~ e r n o u l l i  faces, 
mincide with those, in which the streamwise vorticity Q, does not change. The phcnomcnon is con- 
lrolletl by the figure c / (R  R) which is comparable to  thc Rossby number. See also Howrhorne and 
O~Ilcrs [7.4; 7-51. 



7.2.2.3. Tllc Irngtl~cning of 3 vortes tube within 3 rotor 

Considcr the s tudy  pl:l!i~ ~clntive Oow of :lo idc:ll f l i ~ i ~ l  i l l  il striiigllt rccteilyulilr chanllel, 
rotr~ting with constant ;ingular vclocity (I) (Fig. 7.2.3). 7'11~ normnl to tile plane of the main 
flow makcs an angle 11 wit11 the  xis of rotation. Under an :issunled irrot;~tional ;lbsolute 
flow, the relative eddy has the relevant componct~t 2cr, cos 11 rlor~nal to the flow plane. 

The r:~eridio~~rtl comporle~lt of relntivc eddy 2 to sir1 11 obviously has a component 2" 
sin 11 sin in  the direction of the main flow, which n1;lkes a constant allgle /I with the 
pcriphcry. Considcr a vortex tube c:f vorticity SZ,  and lciigth !, , norrnal to the main flow 
at cl~antlzl inlet (Fig. 7.2.3a). At an arbitrary instant later this vortex tube of length I 
makcs an angle E with the chaaricl width and an angle n/2 - c with w, the relative velocity. 
Suppose it has a vorticity Q in t l ~ c  stationary frame of reference. 

- - 

Fig. 7.2.3. Disloc:~tion of a 
vortex tube passing a rectangu- 
lar channcl of a semi-axial rotor. 
a) Plan of channel, I tangential 
direction. b) lnfinitcsimal dis- 
location of the vertcx tube. c) 
View of the spatial orientation 
of the vortex tube in the 
channcl. 

In the rotating frame of reference the vortioity then reads 

h o w ,  relation (7.2-3) ra!id for thc stationary frame of reference givss for the rotating one 1 
(note at inlct- c = C), r i 
Tkc grvwtli rate of relative streamwise vorticity reads formally 

fl'Qrs,!'J: := \v (grad Qr,l. (7.2- 1 I)% 

The obvious relations S2,, = Q, sins, I ,  = 1 sin s (7.2- lo), and cos(p + E) cosc 
sin (0 4- s) sin E - cos (fi + 2 ~ )  give (i = d~/dr ,  is = dl,/dt) 

d9r!,,/cir = (/,/I,) (I?,, f 2 0  sin11 cosp) T 2 0  sinp cos(P + 2 ~ )  6. (?.2-12) 

With the obvious relations (Fig. 7.2.3 b, c) is = 2 o cos 11 I,, I = l,/cos E ,  6 = cos &f,/l 
20) cos' C: cos 11, usage of (7.2- 1 l), (7.2 -- 10) and (7.2- 9), the relation (7.2 - 12) is reduce 
to 

~Igradf2,,1 = 2mQcosp coss T 2m2 s in2p cos2scos(p + 28). (7.2-13 

By energy theorem for the rothalpy Y, (Cap. 5.3). the relation coss = sin(~v, SZ), (s 
Fig. 7-23), and hence wS2 cos E = 1 w x 52 1, (7.2- 13) can be converted into 

- 
lgrad QrSi = ( 2 ~  cosp/w2) [grad Y,I T (2w2/w) sin 2 p  cos2& cos(p + 2 4 .  'i 

(7.2- 
For  the simple case C( = 0 where the axis of rotation is normal to  the channel's flow pla 
the last relation is simplified to 
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grad Q,, = (2w/w2) grad 1;. 

(o/Q appears as the decisive number. From this it is sci::~. that now the strea:n\\.ise 
relative vorlicity remains constant on faces of constiin: "rc.tl~;ilpy" 1; = p ! ~  + g h  + 
,,2/2 - r2m2/2 [7.6; 7.71. The latter taken witho\it internal cner;:)f term. 

7.2.2.4. Generation of secorldary flow past ;1 cascade 

consider a straight cascade (Fig. 7.2.4) passed by a plane poterrtirtl flo\v. At st ntion 1, 
,ptrearn of the cascade. at a certain instant, a vortex line. 1cng:ll I ,  is normal to the maill 
flow and between two streamli~ies, which pass thc stagnation poit~:., (IT ;uro r.r.ieh bourinz 

At station 1 this vortex has intensity a,. dow~istrearn o! t:i- .c:issadc. at sta-  
tion 2 it has length I ,  and intensity Q,, with a streamwise cornpo1:eni ! j 2 , .  -l'lle latter is 
a source of sccondlily Ilow generated by the rnai~i flow, when passing tlirough the cascade. 

Fig. 7.2.4. Dislocation of a vortex tube and the gencra- 
lion o l s t ~ ~ ~ l w i s e  vorticity if passing through a straight 
cascade. CC, and A,A,  are straight lines infinitesimally 
long. 

The velocities w,,  w, with their angles /I,, /I, with the circumference at stations 1 and  2 
are known from the velocity triangles. Consider a strip enclosed in the stream lines. 
touching the suction and pressure faces of two neighbouring profiles of the cascade. The  
one streamline A A,A, A, B along the pressure face (P) of the upper profile, and the other 
streamline C C ,  C2  C, D along the suction face (S) of the lower profile. 

The points A, C in front of the cascade and B, D past the cascade mark the pocitions of 
the vortex line's ends when it passes through stations 1 and 2, in front of and downstream 
of the cascade. The sections A,  A, and C C ,  as also A, B and C, C, for congruity are 
covered in the same time intervals. Furthermore the fluid covers the stretch A A ,  = 

! cosp, (Fig. 7.2.4) with the velocity w, and the distance C3  D = x with the velocity rv,. 

The time intervals, the fluid necds to  cover the suction face ( S )  and pressure face (P), rzsult 
from the respective contour velocities (known for example from cascade theory) by 

The time intervals, to  cover the distances AA,  and'^,^, are 



The obvious cquality T, , - ,  = T ~ - , ,  gives . . 

Obviously tllc angle E the \lortex makes with a normi11 to the strearnlilie p:tst the Cascade 
follo\vs from 

sin c =: (s - t cos /?,)/l,. (7.2 - 20) 

With the relation I, = r sin fl, , the relation R2 = Q, 1,/1, frorn (7.2-4), the desired stream- 
wise vorticity past the cascade SZ, ,  = S Z ,  sin E follows from (7.2-20) as 

Q,, = (x - t cos P2) Q,/(r sin PI). (7.2- 21) 

Introducing a ,  = t ,  sin /I,, assuming the depth of flow layer to be ' l ' ,  Stokes' theorem 
(Cap. 5.2) gives the circulation due to secondary flow about the cross section of the strip 
considered past the cascade as 

G,  = n, (sin /?,/sin fl,) [w2(TP - 7,) -I- t(w2 co~/?, /w, - Cos P2)]. (7.2-22) 

Sec also Ha\rlthorne (7.41, and Squire [7.5]. 

7.2.2.5. The streamwise vorticity past a radial flow impeller 

Many reasons may exist for the streamwise vorticity past a radial flow impeller. The one 
considered here is the peripheral oriented vorticity entering the impeller eye from the 
boulidary layer of the suction line, dcrioted by R,. 

Consider a vortex line covering the pitch at impeller inlet, length I,, vorticity 8, 
(Fig. 7.2.5). Downstream of the impeller it has length I, and absolute vorticity Q, and 
makes an angle E with the width a, of a strip that extends over one pitch. I n  the following ' 
the absolute velocity dow~istream of the impeller is assumed to be steady. ..$ 

The absolute flow there makes an angle a, with the periphery known 
triangles. Hence the streamwise vorticity of the absolute flow there as 

frorn 
a ful 

streamwise vorticity R,, arid that norrnal to it a,, due to relative flow (Fig. 7.2.5) is give 

Fig. 7.2.5. Generation of a streamwise vorticity Q,,, in an absolute flow of the diffuser inlet by 
tangential vorticity of the boundary layer in thc suction pipe of a radial impeller. 



To c:~lci~l;ite R2,  and Q,,. thc re!ation (7.2- 4) in the form R, = R ,  I,!:, . and thc lollo\ving 
,pproxin~;itivs geotnetrical rclatio~is (Fig. 7.2.5) are used: 

R2, = Q2 sin c, Q,, = Q2 cosc, sinf: = (x - t ,  cos/3,)/12, 
2 1 / 2 1  12- 2 c o s E = [ I ; - ( x - f 2 c o s p 2 ) ]  1 ,  2 - t 2 + x 2 - 2 t 2 ~ ~ ~ ~ P 2 ,  

x = 1v2 T ~ ,  -E. (7.2 - 24) 

The time intervals 7, and r ,  from (7.2- 16), needed to cover thc suction and thc pressure 
face of the impeller vane (known from cascade theory o r  measurement) yield the time 
interval T , ; , - E ,  to  cover the lcngth x by means of 

Ijence fro111 the above the streamwise vorticity at  diffuser inlet is 

Q2., = (Q,/l,) [sitl(a, + /I,) t, sin b2 - cos(a2 + P,)(s - t 2  cos [j,)]. (7.2-26) 

7.3. The boundary layer and its dissipation at the rotor walls 

7.3.1. Introduction 

,IS the real fluid adheres to  a solid, the velocity close t o  such a face drops from a ncarly 
frictionless value in the external flow across the thin boundary layer to zero at the wall. 
Hence the strain rate and conscqucntly also the dissipation as the pon.er lost due lo strain 
rate and stress induced by turbulence and viscosity is greatest there. T o  ca lcu l~ tc  the loss 
in a machine, the thickness of the boundary layer and its velocity distribution must be 
known. Therefore it is show11 in the following, how the boundary layer thickncsc can  be 
conlputed for the general case of a relative flow along a double curved rotor vane, if the 
main fiow outside the boundary layer is known. Hence by means of the energy thcorc~n 
of the boundary layer the esscntial loss due to  dissipation can be predicted also with 
respect to secondary flow and the flow regime within the boundary layer. Since a wake 
originating mainly from the boundary layer of a vane has also a high dissipation, this also 
will be considered. 

7.3.2. Assumptions 

3) Sleady, unstalled, wall-attachcd flow of an  incompressible Newtonian fluid along a 
double curved inelastic wall face rotating with constar~t speed. 
h) According to Prandtl [7.23] the pressure at  the outer edge of the boundary layer from 

adjacent external flow remains constant across this layer. This external flow is known. 
C) Vanishing velocity normal to the wall surface. 

The following body forces are accounted for within the boundary layer: 1 )  Coriolis 
2) Centrifugal force due l o  the c u r v a t ~ i e  of streamlines, 2a) 1/R, in a face normal 

' 0  [hc wall in the main flow direction and 1/R, in the direction of the secondary flow, 2 b) 
IIR1 in 3 face tangential to tlle wall in the main flow direction and 1/R, in the direction 

the secondary flow (see Fig. 7.3.1). 



Fig. 7.3.1. I'crspcctivc vicw of the boundary layer 
thickness 6, along ;I d011blc curhcd rotor vane 
Curvilir1c;ir coordinates: s main now direction 

, )  normal to w:lll, z secondary flow direction, e outer 
edge of tlic boundary laycr, R , ,  R t  radii 01 
strcamlinc's curv;lturc in .x, z-dircct~on, tn a plane 
tangential to vanc surface. R , ,  H z  radii of streamiinevs 
curvsturc in x, z-direction, in a plane normal to vanc 
surracc. .u', z': axes of 3 Cortesiat~ coordinate system i, 
the point considered. 

4 e) Small thickness of the boundary layer relative to the r a d i ~ s  of curvature of tb r 4  

streamline. 
f) Vanishing secondary flow outside the boundary layer with its thickness 6, who 
amount has to be computed. 
2) Thc angle z, the velocity close to the wall makes with the main flow direction (x) ( 
Fig. 7.3.2) is known from observation (e.g. small grooves in a tinge) or by estimate. 
h) The specific energy of relative flow ("rothalpy") contains a term e due to a loss link 
to the streamline, that depends only on the coordinate z nornlal to the main !I 
Jircciion. This ".rothalpy7' is taken without the term of internal energy. 
i) Only wall shear stresses are accounted for. 
j) Smooth wall. 
'n) Weigh! (y) and centrifiigal force due to the rotating frame of reference ( ro2)  b 
acting on unit mass arc omitted, since both are balanced by an increment of pressure 
1) Rec;r~ise of the smallness of the boundary layer thickness 6 in relation to the radiu 
the point considered d[cos(i, Z) ] / dy  = 0, where i is either the x or the z axis, and 
rotor axis. 

Fig. 7.3.2. Triangular diagram usu 
the flow in the boundary layer, 
x, z-plane, and its features. e outer 
the boundary layer; c,,, resulting vel 



S l r l c t l ~  speaking. tile velocity within tlic boundary laycr as a function of d i ~ t ~ ~ n c c  j. t'ronl the \\all 
ot,cys difTcrcnt Irtivs due to 3 zoncs. Closc to thc \\,all in a so-callcd lnniinar sublajcr. ;i laminar shc3r 
flow exists, that ndhorcs to the wall. l'hcn a vclocity distribution follows, which obcgs a log;lrithn?ic 
la,v according to ir.'ir, = A + B In(yujv), where u,  is thc vclocity at the bound,rl-y of this zone. v the 

viscosity and A and I3 constants, y the wall distance (see Cap. 5.4). 

I n  the following third zone ndjaccnt to the external flow close to tllc boundnry layer a so-cnllcd 
,,ternal law prevails. This depcnds in i1 manner. not completely cliirified tod;~tc. on thc prcssuie 
gradient o i  the adjaccnt flow outside thc boundary laycr. Using thcsc three lu\vs rc\cals a l w  thc 
problem of the location of its transitiorl7.onc, thus aggravating the prediction of thc boundriry la!cr. 

~inlitillg the considerations to the rotor vane also requircs accounting for the role of hub and shroud. 
\v;rh~n the bou~ldary layer of s rotor vane, the sccondary flow mainly origin;ttes from thc: boundar! 
I;lyer flow on hub and shroud (so-c;illcd interference of the boundary layer wit11 those of its end \;.I\; 
f ;~~cs) .  Strictly speaking, along the corners fornlcd by these end walls and thc rotor vane fi~ce. 
continuity, momcntum and cncrgy equation havc to be satisfied by the flow passing from one 
boundary layer to thc adjacent layer. 

For the sake of silnplicity and in tolerable agreement with experience of turbulent pipe 
flow and secondary flow [7.8; 7.91 the velocity distribution within the boundary layer of 
thickness 6 is described as follows (Fig. 7.3.2). 

- in the main flow direction 

- in the secondary flow direction: 

M' = tan E U (y/b)" [ 1  - (y/6)"11, (7.3 - 2) 

where y is the coordinate normal to  the wall, n an exponent, which lies within the tur- 
bulent flow regime of the ordcr of 1/6 to 1/10 according to the Xej.11olr1s number of the 
boundary layer of Re = 2 - lo3 to 1,6 - lo6, Re being U S / v  with U the \lelocity at the orlter 
edge of the boundary layer ( y  = Oj in the main flow (x) direction. In thc laminar flow 
rcgime (7.3-1) has to be replaccd by u - U(2y13) [ I  - yj(2h)J or :ipproximaled by 
u = 2 Uy/6 .  In the above, E is the angle, the velocity close to the wall (:,! = 0) makes ~vi th 
the main flow direction (x-axis). The exponent 1 in (7.3-2) can be assulned as 'one '  in  a 
first order approximation. T o  adapt (7.3-2) to a known triangular diagram (7.81 (sce 
Fig. 7.3.2) with its ratio, 

o! = u,/U (7.3 - 3)  

due to ihe top of triangle, 1 must be chosen 

This arives from i?\v/d~c = 0 at the top of triangle with the aid of (7.3- 1) and (7.3-2). 
According to experience (7.3-1) and (7.3-2) show, that:  u(y = 0 )  = 0; ~ l ( ) l  = 6) = U ;  
W(-V = Oj  = 0 ;  ~ ' ( y  = 8) = 0 and 

lim ( \v/tr) = tan E .  
Y - 0  

- Coordinates: Curvilinear orthogonal coordinates are used. Their origin is at an 
3rbitrary point of the wail. In the case of a vane face it is a t  the stagnzition point near the 
leading inlet edge. The  x-axis points in the direction of the main flow, ); normal to  the 
Wall, z in the direction of secondary flow. The  x- and the z-axis are always in a plane 
langential to the wall surface. 



- Wall slicnr st 1 . c ~ ~ :  Sincc tlic dircction of thc shear st rcss : ~ n d  velocity coirlcidc close to 4 
the wall, tlic rollowing rc1:ilioli holt!s bctwccn !hc r:omponcnls (.f wall shcar s!rcss r W l  and ; 
r,, rcspcc~i~cly dilc to thc directions of tllc rnnin and sccon~lary flows respcctivcly 

.! 

Jn general thc wall shear stress in the main flow direction follows Q 

where c,  is 2 coefficient. For laminar flow within the boundary layer c, results, after ' 
11. Schliclttiilg [5.4], from the Reynolds number Re = U ~ I v  and the pressllrc gradient of 
the main flow dP/ax as 

c,, = 2 Re-'[2 - (aP/dx) ( S / U 3 )  H e / 6 ~ ] .  (7.3-8fl 

In the turbulent flow regime c, depends on the momentum thickness 
J 

311 = 5 (ll/U) (1 - u/U) dy  
0 

as follows 

where after L. Prundtl [5.3]: 11, = 4; u = 0,0064 or  after Falk~ter [7.10]: n, = 6; 
cx = 0,00325. 

Strictly speaking c,, follows from 

I/& = (11%) l n ( ~ 6 & / v )  + B + 21T/x, 

where x = 0,4, B a constant parameter and I7 a paran~eter that depends mainly ;I 
to CoIes [7.11] on the pressure gradient of the external flow, namely: For dP/ax < 
0 < I7 < 0,5; for dPlc7x = 0: I7 = 0,5; for aP/dx > 0: I7 > 0,5. 

As thc wall shear stress influences the growth of the boundary layer thickness S 
of foreign excitation, it is important to know whether the boundary layer flow is lami 
or turbulent. In general the boundary layer starts at the stagnation poir,t heading 
profile contour (ill  the case of a rotor vane) in the laminar regime. The transit 
77 lies, according to tests on turbine cascades carried ollt by Fn~tlders [?.12], 
mately at a distance Ax,, downstream of the minimum pressure point, usually locat 
on the suction face. AxTr dtpends as follows on the velczity U,, at tile outer edge oft  
boundary layer due to the point Tr and the corresponding displacement thickness 6, 
of the boundary layer 

61 xTr = 90(A xTr U - ~ - , / V ) - ~ " ~ ~ ,  

where 8 ,  is defined by 
b 

dl = (1 - u/U) dy .  
0 

According to Schlicltting [5.4] for a rough calculation the transition point can be locat 
at the minimum pressclre point. 

Strictly speaking the point of instability has to be distinguished from that of t 
The first is a prerequisite for the transition and is always upstream of the lotte 
is the point of instability which can be predicted by the method of srnall disturbances 
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I-lelice according to assumption k) 

Inserting this in  (7.3-14) and integrating stepwise, first from y = O to 6 and then from 
y = 5 to 6 + ( ? S / ~ . U )  rlx or 6 + (a6/dz) dz respectively, gives with respect to ~ ( 6 )  = U and 
w ( 6 )  = O after dividing by dxtlz 

Adding and substracting ~ ~ i l U / a x  and watY/az respectively, taking into account Leib- 
nirz's rule t (~U) /d .u  = U2tl/i?,u + trdU/dx etc., and the following identities [as a con- 
sequence of u(5) = U and ~ ( 6 )  = 01 

a * d a  
- u(U - 11) dy = f - [u(U - u)] rly 
ax o a x  

and int;oducing the boundary layer parameters 8, from (7.3-9), 5, from (7.3- 13) and 

equation (7.3- 17) yields the following form of the momentum equation in the main flow j 
direction .4 

a 2 a rr a au --(U 9, 1) + U - 6 ,  - -(U2 6,) + - U 6 ,  + Fc0,, + Fc, - ax- ax az az 

Using the further boundary layer parameter 

and employing a procedure similar to that for the main flow, resuIts-in the followin 
nlomentum equation in the direction of the secondary flow 

a a au ae 
--(U263)--'(U264)+ U-6--6 + Fcor, + F c , -  az a x  az az 

in which e is defined by (7.3- 15) as a streamline-linked loss. Fcor is the Coriolis force, 
the body force due to the curvature of the streamline both acting on a boundary la 
element of cross sectional area dsdz  = 1 and density Q = 1. 

Under assumptions b), e), and l), the body forces FCwi, Fci read: 

a) The Coriolis forces in the x and z-direction respectively are 
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a 
U [d cos (y, Z) - b1 cos ()I, Z)] - b - { U [b2 COS(X, Z) az 

- 6 COS(Z, Z )  + 6, cos(z, Z)]) (7.3 - 26) 

,+!here w is thc angular velocity, and Z the axis of the rotor. [The derivatives in (7.3-251, 
(7.3-26) follow iron1 tlle incremcilt of pressure I' in the external flow adjacent to the 
boundarg laycr 3s a consequence of the Coriolis force of the boundary layer.] 
b) The body Corccs due to the curvature of the streamline in the x and z-direction 
respe~ti\ .~ly are 

d 
FcZ = (U2/R 1) 6 - (U2/R1) 6, + (u2/R,) 64 - 6 - az [U2 (b5!Rx + d3/Rz)], 

where A (7.3 - 28) 
6, .= 5 (u/ U)' d y .  

0 

7.3.4. Differential equation for the growth of the boundary layer 

Inserting (7.3 I ) ,  (7.3 - - I )  and y/6 = s in (7.3-9), (7.3- 13), (7.3-20), (7.3--2l), (7.3- 23), 
(7.3-29), the boundary layer parameter 9,, and bi read 

1 

6, = 6 j ( l  - sn)ds = Bb,  
0 

1 

b2 = 6 t an&Ssn(1  - sn)'ds = t a n & D b ,  
0 

1 

b3 = 6 tan2 c 5 s2" ( l  - s " ) ~ '  d s  = tan2 E Eb,  
0 

The above integrals without the exponent 1 in their integrand can be solved easily, those 
, . 

W l 1 h  this expo~lerlt only, if I is an integer. Otherwise the respective terms in the integrands 
must bc conver:cd into binomial series, usually converging, which can bc integrated term 

term. Thc pawmeters A through H depend only on 1 and n and are therefore assumed 
lo bc constant witllin a certain section of the boundary layer considered. 



When the vclocity ciistribution wiihin the houndary Iaycr is known from 171easurement s, such ;IS hitvc hccn carriccl by I'urttrer [9.7] on thc runncr vanes of Kaplan ancl Francis 
turbines, tile ;~bovc buirndary layer p:irameters can also be computcd on the base of 
i~itcgrals d,:Iining t h a n  :iftcr (7.3 - 9), (7.3 - 13), (7.3 - 70), (7.3 - 2 I ) ,  (7.3 - 24)- (7.3-29). This 
can be done nun~eric:~lly and would lead to  continuously varying figures A to fI. In the 
following thesc figurcs are assun>cci to vary to such a low degree, t ha t  their derivatives 
are vanishing small. (According to Mosonyi, the most questionable parameter is a 
constant.) 

Inserting thc boundary layer parameters 3,,  and 6,. now expressed after (7.3- 30) through 
(7.3- 35) by the boundary layer thickness 6 and the values A througl~ H, into (7.3-22) 
into F,,,, after (7.3-25) and F,, after (7.3-27), and putting both the latter in (7.3-22i 
then the momentum theorem of the boundary layer in the main flow direction (7.3-22) 
reads 

(a0 - a, 6) a6/dx + a 2 6  + a3S2 + a,dd/dz - z,,/@ = 0, (7.3-36) 

where 
a, = U2 A, 

a, = U2 E tan3 E, 

Ir, a similar 
a s  

where 

a ,  = - 2/oU[(l - B) cos(z, 2) + D tan& cos(x, Z)] + U2 

au au 
a , =  U - ( 2 A + B ) +  U---(D-2Eta11~)tall.s ax a z 

F t a n &  E t an2& 2 E t a n ~  a& 
- 2co U D  cos(y, Z)  tan E + U2 

R2 

o [(I - B) cos(z, Z )  - D tan E COS(X, Z)]  + 
a cos (z, Z )  a COS(X, Z )  

- D  tan^ ax ax 
2 E t a n ~ a ~  E a R ,  

R ,  cosZE az R: ax R: ax 
manner the momentum theorem in the secondary flow di 

(b, + b, 6)  36/32 + b2 6 + b3d2 - b4 a6lax  - r , , ! ~  tan E = 0, (7.3-4 

t), = - U2 tan2&, 

b, = U 2 F  tan&, 

a COS(Z, Z )  I t a n ~ c o s ( x , Z )  - (1 - B) a z 

H E t a n 2 e  



au au 
b 2 =  U-(1 - 2 E t a n 2 c ) - - 2 U - F t a n c  az ax- 

D a& a cos (.x, Z )  i) cos (z,  z) 
- 2, u [, - cos(x, - . tan, - (1 - B) 

cos E az a z  az -1 
~ssumillg b1 6  4 b,,  which is usually satisfied, the relation (7.3-42) can be transformed 
into 86/82 = - (1 - b ,  6/bo)  (b26  + h,d2 - b486/ax  - T,,, tan c/e) /b, .  (7.3-48) 

putting this in equation (7.3-36) gives the following partial differential equation for the 
of the bountlary layer thickness 6  in the main flow (= x )  direction 

where 
C o  = a0 + a4b4lb0, 

After converting equation (7.3-49) into a difference equation and then dividing the 
kiiown streampath of the external flow adjacent to the boundary layer into finite sections 
of finite length Ax, the increment of boundary layer thickness Adi + , , at the end of i + 1 s t  
stretch A x i + , ,  can be computed to a first approximation stepwise from the boundary 
layer thickness hi of the preceding stretch by 

For this calculation the parameters r ,  through c,, c and T,, for the i + 1 st section A s i + ,  have to 
be known as rncan values, from estirnatcs of t he anglc c (e.g. indicated by paint), the given vane geom- 
c i r ~ ,  and the known flow along the outer edge of the boundary layer according to assumption b). 
Strictly speaking (7.3-49) would be converted into an equation of the 3rd degree, somewhat more 



conlplicated to solvc th;ln (7.3- 57). Howcvcr, in gcncral(7.3- 57) may hc sulfisicntly accurate, exce 
P' , for thc first stcps past the stagnation point, whcrc t l ~ c  calculation starts in thc casc of ;I vane. - 

*$ 
Close to the stagnation point the boundary layer flow is laminar. Hence r,, after (7.3-7) 
and (7.3-8) is proportional to Re-  ' u2 and therefore also to U 5 -  '. Thus the wall shear . 
stress tends to become indefinite a t  the stagnation point, since 5 and U vanish there. This 
requires a more exact treatment of the stress term at the first step downstream of the stag. -1 
nation point. This yields A 3 

ASl = 2 [U ,  A x ,  v/co, 

where the subscript 1 indicates the first step. -i 
From the growth of the boundary layer thickness along several main streamlines, also the I 
course of b in the secondary flow direction is obtained. k 

Fo r  a given initial value of 6 ,  the above calculation can also be made for the boundary layer on 
shroud and hub. Strictly speaking the ~econda ry  flow causes also an irlterfcrence of the boundary 
layers along a corner formed e.g., by shroud and rotor vane. This is neglected here. 

An analysis of the 3-dimensional boundary layer in fluid machinery was made by 
Arakawa, Tagori and Shirakura [7.14]. 

7.3.5. Computati~n of the wake past a rotor vane 

According to the introductory remark also the wake past a rotor vane is a zone of high 
energy dissipation. Hence any loss prediction requires also the velocity distribution of a 
wake and its width b as  a function of the distance from its origin. 

In ths following the observations on a wake past a single profile in plane flow are used 
as a model. They may be extended also to  wakes past an airfoil in a straight cascade., 

In this case, as is well known, the dragl;,, its corresponding drag coefficient c,, the 
urdisturbed velocity U,,, the streamwise length Land the depth t ,  of the body submerged 
are related to each other by [7.3] 

As is well-known the momentum theorern together wit11 continuity yield the following 
relation between drag and velocity deficit Uo - u in a wake of width 2b, normal to Uo [5.4] 

+ b 1 
FD = ebb J (V, - U) d y ,  

- b 

where y is the coordinate norma! to the velocity u in the main flow direction. This relatio 
holds also for a profile in a straight cascade in plane flow. 

By means of similarity considerations and the equations (7.3 - 59), (7.3 -GO), H. Schlichti 
[5.4] has derived the following relation between b, L, I S D  and the length of the 

b = f i  j?(xco L)'", -- 

in which P is the ratio: mixing length to  half the breadth b of the wake. By tests o 
cylinders Reicltard j7.151 found 

/3 = 0,18. 



bss~rn i ing  cons tan t  pressure aprnss  t h e  w a k e  n ~ ~ d  only  Rr~rrolrls s l~e i l r  strcss in the no\,- 
dircctiOn, expressed by the nniuing Icns th  af ier  L. Pr-rrrlcttl [5.32]. 11. Sc,l:llr./tri~~g h a s  dc- 
rived froin t he  e q u ; ~ t i o n  o f  mo t ion  the fo l lowi~ lg  d is t r ibu t ion  of velocity in the sym-  
n,et;ical wake within p lane  flo~il (5.41 

&ere x is t he  dis tance of the cross sec t ion  of  t h e  wake considered froill t he  or ig in  of t h e  
t aken  in the  flow dircct ion of 1,  a n d  Uo. 

Contrary to this model the wake past a rotor vanc may show also a secondary flow. This will hc 
,c_c~ected in the following. An adoption of thc above \vilkc model instead of the rcal onc at a rotcr 
vane requires the clarification of the folloc~ing fivc problems: 

1) How docs the width 2 b  of the wake depend on  the thickncss of the vane's trailing cdge and on 
its boundary laycr thicknesses on t hc suction and pressurc faczs, respectively? 
11) LVhat is the distancc s, in the streamwise direction of the trailing edge of the vane from ths 
imagiliary origin of the wake:' 
111) HOW docs the undisturbed velocity U, of thc model depend on the velocities U,,, and U s ,  
respc~t i~eIy  at the outcr edges of the boundary layer 011 ihe suction and pressure faces respective!? 

the trailing ed9e of the rotor vane? 
IV) How does the drag coefficient of the model i, or  its corresponding drag (7.3-59) dcpcnd on the 
drag of the rotor vane? 
V) What happcns to the flow field, \$.hen thc wakc lies within a laycr, the thickness t of which varies 
in the strcaniwisc dircction? 

Before entering in dctail the fo1lov:ing assumptions are made: The flov: around the rotor vane is 
~xisymnietric. Secondary f l~ ; \ v  in thc wakc is neglected. The normal of the vanc surface makes an  
angle ;. with a planc tnngcntinl to the strcam surfncc. Then obviously any length 11 ncrlnnl to  thc vanc 
(i.e., its thickness h or the thickness elf its bolindary layer 6) appears as a thickness rijcos;. nithin thc 
stream surface. 

The angle y can be found by the relation 

cosy = l/[sin p(1 + cot2 p/s in2 0)"2] 

where/I1is the angle the pattern making section of thc vane 1nakc5 with the circurniercnce, /j thc anglc 
the rclat~ve flow along the vane makes with the circumference, 0 thc angle the radial vallc scction 
makes with the radius (Fig. 6.5.1). 

To I) and 11): Both the problems belong to each other as the half width of witkc b and its length \ 
are linked to each othcr by rclation (7.3 -61). .4t a trailing edgc the vane thickness ic / I ,  and the thick- 
ncss of its boundary layers on the suction and pressure faces S,, and 6,, respecti~ely. Sincc the wake 
originates from the boundary layers at the trailing edge 

2 b ,  = 2b(x1) = (b, ,  + h ,  + G,,)/cosy. (7.3 - 64) 

Hence from (7.3-61) the desired distance x, of the wake's origin from the trailing edge 

x, = {[(6,, + 11, + 6, ,)/cos 111/(2 J%/%J~/(CDL). (7.3- 65)  

To II!): Illsert~ng x = s, into (7.3-71), then the velocity u ,  = U,, - u  at station .u,, y of thc wake 
model depends on the llndisturbcd velocity U,,. T o  express this figure as a function of the known 
vciocities 11, slid I,,, on the suction and pressure face respectively at the vane's trailing cdge, it is 
'Ssurned that the flow of kinetic energy through this section of the wake model equals the flow of 
lrinetic energy through both the real boundary layers at station I of the trailing edge for a flow layer 

unit thickness. Accordingly 



whcre Uyl and Up, arc thc known velocities at the outer cdgc of thc boundary Iaycr of the vane*s 
suction and prcssurc faces at station I respectively and 0, and S,, are the known boundary layer 
thicknesses on the suction and pressurc faces also at station 1 7). 

Putting (7.3-67.68) in (7.3-66) yiclds the undisturbed velocity U, of the model as a function 
of the ktlown figures U S , ,  U p , ,  ds , , SP L (chord of the vane), X I ,  P (see (7-3-62)) and CD 

i 

uo = ( (6 ,  U,3, + B p  u:1)/[(3 n + I) NI) 'I3, (7.3 -69) 
where 

N = 2hl  ( 1  - (0,075 ,,%/B) (i,, L / X , ) ' ~ ~  + (0,0S25/PZ) (I,, Llx,) 

+ (0,039/P3) (t;, L / .X~)~/*} .  (7.3-70) 

IV):  T o  express the drag coefficient o r  the corresponding drag FD of the real vane part considered, 
the axisymmetrioally assumed flow layer around the vane part considcred with its thickness t ( ~ )  
mrying as a function of the relativc streampath coordinate x is rcduccd to an imaginary layer of 
constsnt rnzan thickness by 

L 

t , ,  = j t (.K) dx/L. 
0 

I 

In thc following the vane within the flow layer considcred is assur~lcd to be straight. From the 
computation of the boundary laycr thickness, the wall shcar stresses in thc laminar and tubulent flow 
rcgirne r,,.. , and I,,., , respectively are known along the pressure and suction face. They are assumed 
to yicld the malu part of the drag. Since the drag is now oriented in the sarne direction as the wall' 
s h c x  sir-sses, i t  is approxirnatcd by integrating the tangential wall furccs due to the wall shear, 
;[I-csscs In a llow Id)er o i  varying thickness t ( x ~ .  This drag is equal to that in a plane flow layer of", 
thickness t,, from (7.3-59). Hence the desired drag coefficient of the plane wake model is obtained 
by irltcgrnticg alons the suctiorl and pressure faces from the stagnation point x = 0 via the transition 
po:nt laminar turbulent (.Y = x,,) to the trailing edge (.K = L). ! 

3 

(.!sing b,  frvln (7.3-64) and x ,  from (7.3-65), Uo follows from (7.3-69). 
\'I: For 3 flow l v c r  limited by axisymmetric stream surfaces, continuity requires that the lo 
thickness t of t h i ~  flow lamina at  a station with radius r depends on r according to a prev 
fi~tlction to).  Morcovcr it requires, that the real velocity at this station ur, follows from the 
u from (7.3-63) due to rhe plane wake model with a layer of constant dcptli t ,  by means o 

5 
nrliere r, is thc radius of the station at the wake's origin (x = 0). 

OIICL' the mean ang!e P the velocity makes with the circumference and tllc mean angle p the stre 
suri;~ce makes with a plane normal to the axis are known, r  depends approximately on the distan 
y thc point considered has irorn the wake's centre line with its length x 

r = r o  - (xsinp -ycos/3)cosp.  

- 1  According to K~hirrrtr's theorem, velocities U,, and Up,  at the outer edge of the boundary layer and the bla 
t r ~ i l r n g  ccige u\u.~l:! are assumed to be equal. However, the lnsasurenlents of Alol!errk(>p/!l'[9.46], sllown 
Fig. 9.8.2a. ~ndlc.~tc that this assumptioil is not always valid. 
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7 3.6. Tlie energy theorem of the boundary Inycr and loss prediction 

ollcc thc size and form of  the velocity ficld of the boundary layer or  wake are kno~vn .  the 
,,,crgy thcorern gives the loss in tlie layer in consequence of dissipalion. In the f o l l o ~ v i n ~  
,he energy theor-cm is derived for- a boundary lapcr clement of thickness d on the area 
dx J Z  and its secondary flow cl~araclerized by the angle E the velocity close LO the wall 

with main flow direction. The procedurc can be adopted also to half a wake of 
, id th  b instead of  6,  when the loss thus obtained is doubled and the terms due  to 
Secondary flow containing tan f: are cancelled. 

4n element of boundary layer shown in Fig. 7.3.3 of cross sectional area d x d ;  is 
considered. Here the following inflow of kinetic energy I?i can be distinguished: 

6 

Through the area a d z :  d E i ,  = ( ~ 1 2 )  ( 2 r 3  + I I M ~ ~ )  d y d z .  
y = O  

6 

Through the area 6rl.x: d i i z  = (~/2) 5 (w3+  wu2) dj'dx. 
y = o  

~ h r o u g h  the outer limiting area of the element d x d z  flows wit!l respect to continuity: 

The outflow of kinetic energy Eo leaving this boundary layer eleinent reads: 

Through the area [6 + (ahlax) dx]  d z :  

Through the area [6 + (a6 /8z)  dz] d-u: 

a + ( 3 s / a r ) d z  

0 = ( 2  { j ( w 3  + (dw3 /dz )  d z  + n u 2  + [ i ( l iu2 ) /d ; ]  d z )  
)' = 0 

The above yields the following rcsulting inflow of kinetic energy into the boundary layer 
clement : 

d B  = dl?,, + d E i ,  / d E i ,  - d d 0 ,  - d E o , .  (7.3 - 75)  

The work done by the increment of the pressure P from the adjacent external flow per 
unit time becomes with assumption k )  

Assuming the absence of any heat transfer o n  this element, and  neglecting the expansion 
work J P d v  of the fluid within the clement, the dissipation d @  as the negative work dope 
P r  time unit of the internal stresses in conncection with strain rate, follows from the 

theorem due to  the element as 



Finally the dissipr~ti~n,  as a heat transfcr on thc fluid, increases !hc iriternal cnergy of e 
fluicl by increasing its tenipcrature and hencc usually also thc \olutnc o f  tflc fluid. ~ h i i  
also influences the expansion work I p d v  of the fluid, neglected here. . 
The pressure gradients in (7.3 -76) can be eliminntetl by dirferentiating thc rothalpy, usin* 
(7.3- 15) and accounting for thc assumption 1). g 

Inserting (7.3 - 75) in (7.3-76) and (7.3- 77), integrating from y = 0 to d and then over d6 
in the x and z-directions respectively, accounting for Lrib~titz's rule and the following 
identities [as a consequence of 4 6 )  = U and w(S) = 0) 

convert the energy theorem (7.3-77) into the form 
'.I 

where 6, is defined by (7.3-21) and 9, and 9,, by 

a 
8, = ~ ( I I / u )  [ l  - ( I I /U)~  - (w/U)~] dy, 

0 

The parameters 3,, 3, are so-called energy thicknesses of the boundary layer. They 
be determined by boundary layer measurements, such as have been carried out by F 
114r [9.6]. 

Using (7.3- 1) and (7.3-2) with the substitution y/6 = s gives the boundary la 
parameters as  1 

9, = 6 l s n [ l  - s2"- t a n 2 ~ s 2 n ( 1  - s' ' )~ ' ]  ds  = S(M - o tan2&), (7.3- 
0 

1 

3, = 5 isn t a n ~ ( 1  - s")l [ s ~ ~  + sZn tan2&(1 - s")~'] ds  
0 

= S(T tan E + V tan3&). 

T; evaluate these integrals and thus t o  obtain M ,  0, T and V ,  see remarks on 
boundary layer parameters (7.3-30) t o  (7.3-35). Putting these relations in (7.3- 
results in the dissipation @ as the power lost in the boundary layer by generation of h 
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d h u 3  IS u 3 ( T +  3 lftan'c) ? c  
- (T tan r: + V lan3c) - - - 

d z cos2 c 82 

l n  practice thc integrals ovcr the rotor surface (s:) arc converted into sums. In a rotor for exnmp!~. 
this doublc i11tegr;ll implies the faces of thc rotor vanes and the faces of hub and shroud. Both t ! ~ r  
laltcr rcquire a n  initial value fur rhe boundary layes thickness at the entrance. Strictly spzaking also 

*>lkes should be included in the loss calculation. 

~ ~ ~ l c c t i n g  heat expansion, thc nondimensio~sl  loss in a hydro turbo machine, specific head qp. 
discharge Q ,  becomcs 

h; = @ / ( g H @ Q ) .  

In cxact terms, @ as heat also expands the spccific volume of the fluid by d v. 111 a high head turbinc 
with a pressure head roughly y,,, this gives a surplus of expansion work p,, .3 r/2. 

,lo results from the tcmpcrat~lrc rise AT by heat transfer and the coefficie~~t of  cubical expansion /I 
(note that p for watcr is alivays positiv, whcn thc temperature is above 4°C) by 

Since the dissipation Q, hcats the discharge Q, of a fluid with spccific heat c ,  the temperature increase 
becomes A T =  @/(_oQc).  

Ilcnce the spccific head Y experiences a relative increase by cxpansion work of approximatciy 
( A Y z  g H A v / 2 )  

A Y/Y= p g I I h ; / ( 2 c ) .  

For watcr of203C, specific hcnt c = 4200 J,'(kg K), a head of 1800 m, a nondimensional loss h; .=, 0.1 
and a coefficient of cubical cxpansion /I = 1,8 . K - ' ,  thc relativc head gain bc.comcs negllgrbl) 
small, namely 

A Y / Y Z  3 , 8 .  I O - ~ .  

Since this holds good for thz largest head implemented in turbines of I1 = 1800 m, i t  can be 
concluded that according to  the assumption of the preceding calculation, any expansion by heating 
the water through the losscs in a turbine can be practically neglected. 

Loss prediction was also givcn by Uedu et al. [7.16] and Ranbe [7.17; 7.181. Kellcr (7.191 calculates 
lhc loss due to fluctuating circulatioil about the rotor vane. As a requirement for loss prediction 
Nakkns~un 17.201 calculates the 3-dimensional boundary layer using isotropic and anisotropic tur- 
bt~lcllt viscosities. 

Srrictly speaking the energy theorem has to start from turbulent flow [5.7]. In tensoria! 
n@menclature used by I-lurtner [8.136], the energy theorem of turbulent flow reads 

- 
, ~ h c r e  tri  is the turbulent fluctuation in the xidirection,pl the fluctuating pressure, q z  = uiZ the kinctic 
rncrgy due t o  turbulent velocity fluctuation, and U, the time-averaged velocily in the xi-direction. 
In the above, I is the substantial rate of kinetic turbulence encrgy. I1 is the energy production tcrm 

"orrcsponds to the power produccd by the gradicnt of time-averaged flow and the ripparcnt 
' h ~ r  stress q.. 111 is a diffusion term, that correspol~ds to  the dillusion of total turbulent energy 



To simplify the prohletn. i l l  the cosc of striiight pipc flow, tllc appilrent shear stress, 
according to a propo5al oi ~ ~ ~ L I . S . S ; I T ~ . S ~  [5.41, is rctl~!ced to an eddy viscosity c: by 

The  mixing Iensth l., introduced by Proti$rl, is expressed. ;iccording to Nili~lrodse [7.211, 
in terms (;f the distance from the pipe axis, in a pipe of radius R by 

LiR = k ,  + k , ( r / ~ ) ~  + k , ( r / R ) j .  (7.3 - 90) 

PI-un(lt1 introduced a Reyl~olds number duc to turbulence as 

Re, = ( q 2 ) 1 i 2  L/v. (7.3-91) 

To predict the loss coefficient of a channel in unsteady flow, Wisiliev and K v o ~  [7.22] 
postu1;ited the eddy viscosity to  be the following function of Re,, and the empirical con- " 

stants k i ,  
c,'v = k, Re, ( l  - e-k3Re: + k4 I?e,?l2 e-ksXe:). (7.3-92) 

1 

According to a proposal of Pra~ztltl [7.23] and Kolnzogort?ff[7.24] the relevant diffusion - 
term with thu  radial fliictiic?tion t.' can be sin~plified as follows: a 

f 

t 
where k,  is :In empirical constant. F o r  thc dissipation t c rn~ ,  Vnsiliev and Kvon used thc'! 
expression [7.22] s3 

- 
0 = - k , ( v  + k , ~ )  L q 2 / 2 .  

A comparison of this thcory with real effects can be rnade o ~ ~ l y ,  if the apparent shear stresses 
arc mertsurctl. In a gcneral :~nstt.ady flo\\; this is rather troublesome. On the basis of experirnen 
a turbulent pulsnting pipe flow carried out by Kil-r~lse I8.1351, Hrirtnrr recently succeeded in co 
paring the ccidy 1-ircosit;:; mcasurcd by using a laser system with two beams at YO' inclined plan 
\\.it11 ihc eddy \.iscosity from Zk.silirl*'s and Kvott's theory [8.136]. 

As a resuit. he states that agrecnlcnt exists only st weak pulsation arrlplitudes (compared with t 
time-averaged flow). and at Rrj.t~oltls numbers larger than 10"better lo6). In an example calculat 
bj H~rtnrI-  for the radiils range I - /R  = 0,6 to ?,87, the calculatec! value of E is about 25% below t 
~neiisured one. Towards the axis this increases up to 30%. Towards the pipe wall the dcviati 
beccmcs yet largcr. 

E g .  7.3.4 shows the instzntaneous distribution of the apparent shear stress u'u' in a pulsating pi 
flow ~neasurcd by E. Hclrtr~er [%I 361. 

- r/R 

Fig. 7.3.4. Rcynolds shcar stress - rr' vs pipe radius in a pulsat 
turbulent pipe Sow. Reynolds numbcr of time-averaged thro 
flow about lo5. Pulsation period I s. hlcasured by means of 

0.5 bcarns. From Htrrttri*r [5.136]. Deviation from the non i 
curvature of the corresponding graph in steady flow, see Fig 
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7.3.7. The flow about the inlet edge 

~ ~ , , ; , ~ l y  a stall o r  cavitation a t  o r  near the inlct edgc of a vane occurs. if the flow s h o ~ . s  

3 n a n g l ~  of  attack or incidence o n  thc vanc, whence i t  s t reams about the usually roundcd  

no ,, of thc inlet. As sr;lll results from the vclocity distributiotl in tlie boundary layer. 3 

St,,dy ofsiich a flow rcquires knowledge of ~lndis turbcd potetitial flow abou t  such a rol111d 
,,ntour. In the following a practical approach is tried on the base of a plane potential  
n,-,\v tllrough a straight cascade with a nose having the form of a parabola  of tlie second 

mls is treated approximately by considering sepnratclp the flow in the region st close to the 
,I;,g~;~tion point Sf (Fig. 7.3.5a) and thc section c around the point of largest cur\,alure C (SCC 
kle 7.3.5b) which coincides with the vcrrex of the parabola, and then combining both the types of 
,lo,v by a simple function. 

1:ig 7.3.5. Flow around the leading 
,nlcl ccigc of a vanc. a) Stagnation 
point St distant from the vane's 
Illlet C. b) Equilateral hypcrbola as 
;I strcamline close to Sr. c) Approxi- 
,nation of the profile's head by a 
p;lriibola of the 2nd degrcc. d)  Point 
l', by 11 level with the centre of prrs- 
rurc M, where the velocity, induced 
h) circulation approximately 
ccluals the value r/21. 

- ?'he flow in sf close to the stagnation point: This flow can be described by the complex potential 
a, = u,,z2/2 (5.31. z = x + iy bcing the con~plex coordilrate in a Gairssiun plane. Splitting this illto 
real and imaginary parts yields thc streamlines YJ = .\-y = const as the imaginary part. For vanishing 
Y this degcnerates to the axes of coordinates. 

The complex velocity \G = dm, , /dz  = n,,z yiclds the velocity cornponcnts on the streamline to the 
stngnatioil point and then from it along the contour by w, = - a,,y and w, - u,,s. 

Assitniing now the varlc contour past thc stagnation point St as the x-axis, the relatiire velocity along 
Ihc contour past the stagnation point reads approximately as function of the distance x from the 
slagnation point 

- ' h e  flow in thc scction arourld the vertex C of a parabola: Now the complex potential reads m, = 
2dcz112. In polar coordinates (Fig. 7 .3 .5~)  the contour strcamline as the imaginary part, squarcd, 
leads Y j 2  = ZaJr(1 - cos rp)  = const. where r is thc radius from the focus (Fig. 7 .3 .5~)  to a point on 
'hc contour, cp the angle r makcs with thc 1'-axis. 

Pulling r coscp = x', r = + y'2)1/2 and introducing the parameter p = 'P2/(2aj) ,  yields the \\~cll- 
linon.n equation of a parabola, y'2 = 2p(x8 + p/2), whose vcrtcx is shifted from the origin of thc 
&)ordinate system by ,112. Now thc cornplrx velocity is E = c~, /z ' /~ ,  whence the velocity components: 

-. - uc cos (p/r112, \vy ;= a, sin cp/r112 and 



- Ccrnibining tllc vclocitics Us, ;llld Uc of both tllc sc~:tioris SI and c: Thc contour vcloclty bctwccn 
st and c is 

u =f, Y, +.f* vc - 1 1  n,,x +f2a,lr'12 (7.3-95) 

whcrc f, and f2  arc arbitr:~ry stccldy functions along thc contour with thc property of Converging 
to f, - 1 and /; = 0 at tlie point St ancl convcrgirig to f, - 0 and f, -- 1 at thc point C. Flcnce u 
rcprcscnts an exact solution only at the points St and C .  The following functio!is satisfy thcse con- 
ditions. n r - r ,  . n r , , - r  

f, = sin - - , f2-s~n--. 
2 ru - rc 2 r.,t - rc 

To  express r in (7.3-95) in tcrnls of the contour coordinate x (takcn from tlie stagnation point st), * 

r j x )  has to bc known. Assurning a point on thc contour, distancc 5 from the vertex (Fig. 7.3.5), then 3 
by Pyih'rgoros's thcorcm, r ( y )  follows from tlie local thickness 2y of thc profile. Hence r (s )  can be f 
reduced to y(.r). 

Approximating the vane between the p3ints C (leading inlct edge) and St (st:lgnation point) by a 
parabola, the ir~vcrsion x(y) can be expressed as an arc length of a parabola between an arbitrary 

' poi31 with profile thickness 2 y and the stagnation point with profile thickncss 2y.,,. For a parabola 
of equation y2 = ?PC. ~ ( y )  follows by 

x = WZ) U~<[Y,.IP + JGGZFII[YIP + ,/l+(yi;;jiij 

ilcncc also y(x) and r(x) = ,/- = Jm for an arbitrary polnt a distance C from the 
leading edge, taken in the direction of. the vane skcleton. 

- Determinntion of the parameter p: Since the profile has at the stagnation point at c,, the local 
th ick~ i~ss  t,, = 2y,, the parameter p of the parabola bccomcs 

P = t:,l(S;,,). 

- Determination of the parameters a, and a, in (7.3-95): The flow in the section st 
appsoxinrltcd velocity U,, has also a vclocity that rises linearly with the distar~ce from the st 
point d o n g  that stagnation streamline which is orientated upstream of St. This fcatur 
extended a l s ~  to thecurved part ofthis streamline. At a known distancc yo from St, the vclocity a 
the stagnation streamline is assurncd to have attained the rclative vclocity U, before the entrance 
the rotor. Hcnce 

a, = U,/Y,. 

To obtain an idea how lnrgc a yo to choose, the rotor cascade is approximated by a latt 
(Fig. 7.3.5d) whose plates are inclined by an angle P, to the circumference and have a chord L. 
is well known, such a la!ticc can be approximated by a row of straight vortices each locate 
chord of a plate at a distance L/4 from the inlet edge [5.3]. 

The vclociry field of such a vcrtex row is known: Hence the ratio. of the velocity Q(q) induced 
distance q froin the circumference of the vortex row, level with a vortex, to the velocity Ui, at infinit 
befcre the cascade, 

L((l1j/Ui, = coth(nq/t). 

Approximating now coth(nq/t) 2 t/(nq), the quotient U-JU,, tends to unity, if r,~ tends to q ,  giv 
by q m  = t/n. 

That means: In a lateral distance: t/n from the vortex row, which represents the cascade, and I 
with vortex. the relative velocity attains nearly- the value uniformly distributed along tlie circ 
ference. 

As will be shown below, the distance of the stagnation point from the profile's head (vertex o 
parabola) dcpends as b:lows on the physical angle of attack b,, the undisturbed flo*:~, velocity 
makes with the plate o l  the lattice 
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&, = s; I + (5;). (7.3- loo) 

A,,"lllC lhal the stre;~mlinc towards the stagnation point starts tnngcntirll to (inclined at pz to 
t l l c  ~~~~crirnfercnce)) at a distancc q from thc vortcx row, which models the c:lrc;ldc. then m;tkes a 
q,,ilrtcr of :i circlc (011 bcliiilf of the srnallncs\ of (5, relative to /i,) ; t~id ends normal to the plate ;it 

x t ,  the :ire lcngth of this circle yiclds 

yo = ( t / 2 )  [tiin P21(l + tan P2)] [Ilcos P2 - ( ~ 1 4 )  (L/I) + n(<, , / t ) ] .  

lnscr!ing this with respect to (7.3-99) and (7.3- 100) in (7.3-95) givcs the dcsircd parameter 

(2 I12/L) ( I  + tan /I,)/tan p, 
asr = - -- 

l/sin /12 - (LIt) [(n/4) - niii/(l + 831' 

1-he p ~ a n e t e r  a, in (7.3--95) rcst~lts from the known velocity Uc (in relation to the undisturbed veloc- 
i t v )  ;it the leading inlct edge as 

tIcre r, is thc distancc of 11ic focus of the parabola from its vertex. Usually the radius of curvature 
R .  is known for the lending cdgc of the vanc. According to a theoren1 of geometry for a parabolz-like 

In Cap. 8.2.3, the velocity Uc (there denotcd by iv,,,) is reduced to the blade velocity u (Kaplan tur- 
bine) by mcans of k .= L',llr (8.2.3- 19). (8.2.3-21) shows k as a function of the cascade parameters 
r!L, z and thc curvature 1/X the vanc contour has at its leading edge. 

*she distance <,, of thc stagnation point from the inlet: As a simple approach to the effects under a 
strong angle of attack. thc profilc is motlcllcd by a plate of chord L. After Bir-nbarrtt~ [6.6] the density 
;,(<) of bound vortices uridcr an angle of attack h, bctwcen undistarbcd velocity U ,  and thc plate 
reads a t  stations clow to the leading edge (sec (6.2-30)) 

y(<j  = 2b, U ,  [(I, - (7.3- 103) 

As the contvur vclocity givcn by U = U ,  - ?(;)I2 vanishes at thc stagnation point s t ( c  = <,,) 
according to 

0 = (1% t 1 - 80 [ ( I -  -- ~s,)/~.,,]1'2 1, (7.3 -- 104) 

this gives t1,e clist:~ncc (:,, of the stxgnation point from the Icading cdgc of the vane according to 
( 7 . 3  100). 

Eflects of clustic walls: Hitherto the wall has been assumed to  be inelastic. \Vith machine 
size increased, any wall bccomes elastic. Then the flow along the wall depends mainly on 
its lateral vibrations, and not so much on  the boundary layer development. These vibra- 
tions are either excited by unstcady flow or  by flutter. E.g., a t  a trailing edge, the latter 
may originate from the formation of a Knrntarz vortex street. 



8. Cavitation armd water hammer as detrimental effects 

8.1. Introduction 

F o r  given site conditions, cavitation and water hammer i~lfluence the design and opera- 
tion o f  a hydro po\ver plant. They a!so affect the economy and  reliability, because wear, 
efficiency drop, possiblz loss of control, and wall thicknesses are to be kcpt within 
reasonable limits. 90 th  are unsteady flow phenomena. 

Generally both effects are  related to each other, since water hammer may cause water 
column separation, the worst form of cavitation, which in turn may lead to reversed water " 

l ianln~cr  as  its worst consequence, whilst any cavitation also causes watcr hammer. 
Cavitation results from the fact that real water with its impurities evaporritcs, when the 3 

pressure frtI!s short of a critical value. S i~ icc  the density of  cold water is 10' timzs that of i 
stcam at the same przssure and temperature, the sudden condensa t io~~  of a vapour cavity r 

f o:l a solid \\all causes a severe droplet impact there with the consequence of pitting and + 

rndtel i , ~ l  dcstruct~on. 9 

T11erefm-e the fur,d;:nientals for the onset of cavity for~nat ion and  collapse and its final 
impact OII matcrial, hrive to  be studied with respect to different effccts on various 
materials. 

Cavity t'ormrction and pittings, their i~f luence  on characteristics in reaction machines, as 
ivel! as remedies to encounter them, have to be considered with respect to operational 
limits. 

\lTater hanl~ncr  rcsults from the elasticity of pipe walls and the compressibility of real 
Lvater as a consequence of speed control a t  load regulation, under transients like starting 
o r  sudden load rejection of a set. The  real phenomena with sets o n  different pipe systems, 
their prediction by the method of characteristics and rernedies are  given in this chapter. 

Thcs various aspccts of cavitation and water hammcr are reflccted by numerous refercnccs. Concern- 
ing cavi;ation. general sur\;eys are given in [8.1 to 8.71, from which the lirst four refecs:lces deal with 
turbornacl~ines. The follo\\,ins references treat special problems in ~nachinery, and (8.8 to 8.121 
~iutncl: in pillnps, [S.13: S.141 in Francis turbines, [8.15] in pump-turbines, [8.16: 3.171 in Kaplan 
turbines, and [8.1S] in Pclton turbines. In the latter it  is mainly a kind of droplet erosion. The 
pu;>lications fS.19: S.'rS] deal with the problem of the existrncc of nuclei. [8.21 to 8.301 treat the 
problcms of  their rncn~i~rt.mcnts and their influence, e.g., by ndditiws. The ~011tribuii0il.s [8.31 to 
S.461 dznl \\-it11 gro\rth and coll;lpse of bubbles. The following rcfcrences treat scale effects: (8.471 
i~1tlucnc.c. of turbtllence. [S . IS  to 8.501 rou~hncss effects, [8.23] influence of bubble history, [S.3 I ]  added 
mass. [S.35; S.363 ens diffusion, [S.51] pressure pulsntion, [S.52] c:~vitation type, [S.53] second 
v~rticity, [Q.15; S.541 tc'::silc stress, [S.Sj] boundary layer turbclencc, (8.42; 8-56] viscosity, [8.34; 8. 
S.??: 8.531 hc.;it transfer iS.591 other effccts observed, (8.601 hysteresis, [S.13] head. [8.40] bu 
conlcscence, [S.61] cavity sizc proportional to that of apparatus. 
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F,,rtll,:r ~?ublicntions are dcdic:ctcd to cvvitntinn erosion and cnvi!y coll;lpsc. n:imely ;I) prediction 
g b 2  1,' 8.641. h) c:ivitation rcsi.;t:~ncc [8.h5]; c) tcsting of the lattcr [S.60 to 8.691; d) jc ' t  f o r n ~ a t i o ~ ~  

C) ~ m c d i r s  :~g;iinst crosinn [X.Z5; 8.71; 8.721: f )  scale effcrts due to eraion IS.73: S.?J]: 
;l,cchanism of erosion (8.751; h )  its connccrion with hydrody11:lmic c;~vit;~tion [X.7(;]; il detection 

;rcritic;~l poil:t by isotopes [8.77]; j) prediction ofcclcriry ~vith respect to partial conrlcnsntion u~?dcr 
p rc r s i~ r~  ~ L I I S C S  [S.64] (Notc LIlat 1111: spced of sound il l  u fluid, which rurrouadr :i coll~psiog bubble, 
is l l ceJ~d  for the picdiction of the pressure pulse duc to implosion using Joukovsky's water hammer 
h,rmul:l); k )  cavitation in spool valvcs [8.78]; 1)  collective bubblc collapse [8.79]. 

Fin;,lly solne authors Ilave considered the phenomena on large, quasi fixed, partly vantcd cavities 
ly.80 to 8.831. 

Concerning transients and Mrntcr hammer, a survey is given i n  thc books of C. J a ~ g c r  [5.84; 8.851. 
nlc ~:;~rious characteristics of controlled and cavitating fluid mrichines with their surging draft tube 
,,,,rt~x and thc different modes as the origin of transients or pulsations arc trcatcd in [8.56 to 5.97j. 
,rncdics for preventing or optimizing certain sources of excitztion in [8.93 to 8.961, the predictior~ 
Jnd mcasurcrncnt of speed of sound in different types of flow ill [S.64; 8.97; 8.981. prcdictio~l and 
mcl~urements of penstock rnsponses in [S.99 to 8.1051. The influence of air is given in jS.1061. 
dnlnpillg nlechanism in [8.107], water colum1.1 separation in [8.108 to 8.1 101, accidents by reversed 
,+;,ter hammer in [8.109], and needs for improvements in [S.lli]. 

8.2. Cavitation 

8.2.1. Sur~ey of the fundarlientals of cavitation and resulting erosion 

8.2.1.1. I~ltroduction to the various p!~cnornena and aspec!s 

C;l\litation is evaporation of a liquid, caused by lowering its pressure. I t  occurs in  liquids 
with free and dissolved 23s a t  stations, where the pressure falls shor t  of a certain critical 
v;llue, roughly corresponding to  the vapour  pressure. Before the proper  cavitation, the 
liquid diffuses dissolved gas in the gaseous nuclei, when under lowered pressure, e.g. when 
passing the critical zone. 

The following phenomena can be divided in to  two parts: 
a )  Formati011 of bubble-, patch-, hose-, bubble ring- o r  sheet-like maitily vapourous  
cavities, that  rest on walls o r  float within the  liquid, in areas of lowest pressure. These  a re  
located o n  high points of closcd ducts, o n  the centre of streamline curvature, on low 
pressure (suction) faces, o n  convex o r  vibrating wetted walls, a n d  slightly downstream of 
waks of wall roughnesscs. 
b) Implosive, irreversible collapse of the vapourous  par t  of  the cavity in areas of rising 
Pressure by sudden condensation, which is favoured in thc case o f  "cold water" by a liquid 
lo steam dcnsity ra!io of lo'. Simultaneously, this leaves the residual gas in smaller  
cavities, slowly reabsorbed aftel-wards. 

- Dctr imen~al  effects: Change of machine characteristics, efficiency drop,  water co lumn 
separation; generation of  sonic a n d  ultrasonic noise, water hammer,  flow dissipation. 
quick sponge-like erosion of walls by pitting. F o r  the engineer the most  essential effects 
ofcavitation, which he has  to control  are,  material  erosion, efficiency a n d  head d r o p ,  a n d  

' loss of colltrol over the machinc o r  device. 

- A~pearance in practice and consequences: Excepting highest heads. any hydr;iuIic apparatus or 
'""hinu, which has a longer uscful life, cspcciillly when it works away from its bcp, due to economic 
cOnlpulsions, usually opcr;~tcs under limited cavitation. As extreme examples are ~nentioned: Super- 



c;lvit;itin_c, ship propcllcrs ;tnd inducer pumps, cnvitating.v;~lvcs or bri trrr i  norzlcs. Due to this 
liq~iicl is cc)nvcrtctl luc:~lly into n two-ph;~sc mixturc with predominant vapourous cavities. 

subscclucnt "rcvc~.scd wnlcr hammer". Thus thc water colunin in a condcnscr loop, c.g. m 
scpar;~tcd undcr sliut~lowl~ of pump drive. Ql~ickly closing gatcs may cause water column scparatio 
past them, follo\i.cd by tlangcrous collapsc oftliis cavity u~idcr rcvcrscd W ; I ~ C T  hamnicr. Dcstro 
head covcrs, broken runners, power drop, power swi:ig, loss of control or at Icast noise, vibra 
and material erosion on cavitatillg hydro turbines make evident the ~ffc'ct of cavitation. 

- Cavitation a high speed phenomenon: Cavitation is always combinccl with press" 
and vclocity fluctuations of high and highest frequency. Any observation of elementa 
effects like bubble collapsc requires light exposure time intervals down to 10- %. Cavit 
tion in the words of Ile~-lnanrt Fiittinger is a phenomenon, which limits the transmissio 
of any observaiion m:de on  gaseous fluids to liquid fluids [8.114]. 

8.2.1.2. Nuciei as origin 

I. General remarks: Cavitation has its origin in the existence of gaseous nuclei, especial 
in  cold water. Such nuclei may be also within crevices of floating particles o r  station 
~valls (Fig. 8.2.1 a). They constitute the so-called "free gas content", decisively responsi 
for the onset of cavitation. In cold water (290K) this amounts to only about voi 
fraction of the total gas content. 

Fig. 8.2.1. Nuclei. a) Ilarvey's model of the gas 
remaining in a liquiclo-phobe crevice of a suspended 
solid body. b) Forces on a bubble wall. c) External 
excess pressure p ,  - p ,  vs bubble radius R. The lin 
of the critical bubble radius R , ( - - - - )  divides th 
stable range (left) from the illlstable range (righ 
d) Mass conservation for the motion of a spheri 
bubble in an inconipressible fluid, if accounting 
evaporation (R > r r  (R)). 

As a model consider a stationary spherical bubble, radius R, resting within the surround- 
i n s  liquid. uniformly and rectilinearily moved, (Fig. 8.3.1 b). T h e  equilibrium between 
surface tension G, internal pressure pi and external pressure p ,  requires: p ,  = pi + 2 o/R 

11. Vapolrr bubbles: In a vapour bubble, the pressure pi equals the constant steam pressure p, of th 
liquid. An accidental growth of bubble radius R diminishes the term 2 a/R.  

Equilibrium now needs a smaller pressure pi than the retained stcarn pressure. Hence an unlimite 
growth of bubble. Similarily an accidental dccrcase of bubble radius R leads to a bubble collaps 
Thus a vapour bubSle is unstable. 

I l l .  Gi~~t~ol is  blrbhle within a ~trs-yomeable bubble wall: Here the pressure pi of gas within the bubbl 
increases with accidental decrease of bubble radius H. Consequently all the gas diffuses into th 
liquid. Any accidental increase of radius R would be continued by diffusion of gas into the bubbl 
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In  Illis contcut a bubblc model aftcr H o r v c v  may be mcntioncd (8.201. Hcrc the ga5 is ; issun~cd to 
bc jnclu~icd in crcviccs of suspcntlcd bodics with liquido-phobc witlls ( t  ig. S.2.1 a). Now thc tc1.1~1 due 

surf;~cc lcnsion reverscs its sign. I Icnce p ,  = p, - 2 a/K. Now gas diff~~ses from thc liquid inlo the 
11nti1 thc crcvicz is filled \h8 i t l l  gas. Thcn such a cavity n:ay supply free g3S. \vhcu the prcssure 

in the liquid is lowered at  tllc cntrancc into thc cavitation zone. 
PI 
1~ ,:~oseolrs on0 voporolrs ~~t tc le i  with \ualls inll~errneahleJor gcrs: Now if the gas follo\vs 
p r e c t  gas law: pi = NT/II' + p,. Hence 

~ v l ~ c n  the bubble radius R grows accidentally within the branch, fnlli~lg vs R (Fig. 8.2.1 c), 
the external pressure required p, for a vapour.pressure p,, to be retained, falls short of  
the actually existing pressure 11,. This shrinks the bubble into its o r i~ innl  size. \Vhen the 
bubble accidentally shrinks under retained vapour pressure, the external pl.essul-e re- 
quired grobfs above the actl~ally existingp,. Thus the bubble expands at last to its initial 
r;ldiu~ R. Hence this falling branch of the p,(li) graph is stable. 

On the branch (Fig. 8.2.1 c) of the p,  (R) graph, that rises vs R, the bubble: accidentally 
disturbed, grows either to infinity or shrinks to the radius R*. at the minimum of the 
p p h .  Hence the largest stable bubble radius, possible, the so-called "critical bubble 

fo l lo \~s  from d ( p ,  -'p,)/dR = 0 as 

Thus the critical pressure due to R* [S.6] 

I! The critical pressure as ajtnctiori ofjlorv velocity: After tests of Pnrkir~ et crl [8.112], the 
critical pressure for the onset of cavitation past the station of minimum pressurg i~wr?te_r 
dcpends strongly on t h ~ f l m  Telociiyclv, (Fig.8.22)- ~ h e f o l o i i i l y ~  relation can be 
cxtracted from these tests 

where p = 3,3 and C, = 0,0137 kg rn-"-' sp-* 

Negative values ofp,, hint at tensile stress in the water between the nuclei such as was 
found by tests of Knrrpp in real water, when this has been pressurized before, o r  also ill 
pure water (8.61. 

Fig. 8.2.2. P~lrkin's tcst [8.112] showing the critical 
Pressure on  a hcmisplicrical body vs velocity. P probe 
station. 



8.2.1.3. 3Iqustion of n~otiori of a bubble rcbting i~ tl:c I l t : i t l  

The dvn;~mics of sphcr-ical bt~bblc, r a d i ~ ~ s  K ,  rcsting I\ it l i i r i  ; I I I  inli:ii t c . . \ i ~ ~ i a l l ~  

incompressiblt: liquid is bnscd on the niotlcl of R r r ~ . l ( , i ~ l ~  (S:lO]. ~ t ~ p ~ ~ l ~ 1 1 1 1 1  ]atcr ol 
Scri~vri [8.43], and Pori t zky  (8.441. Continuity rciluircs, t ha t  lllc vc'locl~y 1 1  of t l lc  1. 
due to sphcrosymmctric wall n ~ o t i o ~ l  of a bubblc. raclit~s I\', ilcpcncls as follows on 
velocity u (R), the liquid has at the bubble wnll (I.'ig. 5.2.1 (1) 

u = l i  (I<) ~ ' l r ' .  

- Relation betweeii the velocity t i  ( R )  and growth rate I< of bubble d11c L O  its cvaporati 
The mass growth rate of the vapour bubble, density Q ,  . l i t ,  = 4 nc,. 1 ~ '  R mus 
with the mass flow of liquid, density Q,, passing the bubble wall lil, = 4 n R '  
- u ( R ) ] .  (By evaporation, the bubble is "eating tlirough" the licl~lid.) Introdacing t 
figure 

E = 1 - gv/QL 

(being nearly "cne" for cold water with e,/eL = 1C'-5, and bcing "~ero"  at the criti 
point), the above mass flow balance gives 

u(R) = E R .  

Inserting this in (5.2-5) results in the velocity of the licluid due to bubble growth at 
arbitrary station r as u = R~ d c / r 2 .  For  E = constant, the flow is ir-rotational. Hence t 
equatio;l of motion of the spherosymnletric field 

d ~ / 2 t  + du/dr = - (lie,-) C7plJr. 

Inserting u = R"c/I-' and integrating this from r = R (bubble wnll) to infinity r = 
(where ir vanishes) at E = constant yields 

[ ~ / ( E Q ~ ) ] ( P ~ , , .  - p:) - R R  + d 2 ( 2  - & / 2 ) ,  

at which p*, is t l ~ e  pressure at infinity of the bubble, y,,,. = p ( K )  the presbui-e in th 
at station r  = K. For a real Newtonian liquid, now assumed, with kinenlatic vis 
by means of the equilibrium normal t~ the bubble surfrice, the pressure y,,, can 
decluczd from the surface terision a, the vapour pressure y,., the prcssurep, of a perman 
t13s wi~hin  the 'subble and the radial viscous tellsile stress, induced by the radial str 
L 

rate close to  the bubble wall, being according to Il'clvi~r and Sr01;~s (Eq.  (5.4-6)) [5.2 
5.22j, [8.44], and with respect to (8.2- 5) 2 ti o7u/c7r,=, = - 4 v Q, c, RIR: 

pbw = p i  + p v -  2 a / R  - ~ E v Q ~ ~ ~ / R .  

Putting this in (5.2-9) results in 

[l/(e,, E ) ]  ( p ,  + pi - p z  - 2 a / R )  = R R + R *  (2 - E / ? )  + 4 Y R / R .  

For  cold water the surface tension term 2 a / R  is relevant only in the lnm range of R. F 
radii greater than 1 mm aiso the viscous tertn 3 1, R ~ R  vanishes. bloreover in con 
of c,.!,o, = lo-', E = 1. .Also pi can be neglected for larger radii R. tlence, aft 
(8.421, the last relation may be written 

( l / ~ , ) ( p ,  - p z )  = R R  + 3  ~ ~ 1 2  = t l ( ~ ~  ~ ' ) j ( 2  R2 R tlt). 

The upper limit of growth rate R yields from R = 0 as 

rim = [ ( 2 / 3  e,) (P, - ~ 3 1  ' I 2  . 
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FroIll this i t  is sccn. that thc growth of a bubble is mainly induced by tcnsile stress. n:imely 
n ,g : l~ ;~~c  r:ilucs of pf. This acts i l l  tllc pure liql~id, between thc bubblcs. 

8-2.1.4. Somc cstimalcs on ca\if:ltion scale effccls at onset 

The onset of cavitation requires y*, = p,,. Inserting p,, from (8.2--4) in (5.2- 13)  brinss 

,rnafine the critical zonc to have a length yol, with I as a typicill dinlension of tile body 
considered and yo as a figure due to a certain geometry of the body and its streamline 

Pi ,~rcr-n. Thc bubble passes this zone with velocity \v,,,, = k1 w , ,  in wllicl~ w, denotes the 
LIIldisturbed flow velocity in front of the body. As shown in Cap. 5.2.2.3, k l  = \v,,,,,/\\~, 
jcpc~lds on the cavitation indcx r r , ,  due to  the critical zone considered (ith omitted) by 

During the time period t = I y,/(k,~o,), in which the bubble covcrs the critical zone, the 
bubble sadills increases from its initial value R ,  to  its final value R ,  = R ,  + t R,,, . Hence 

For cornparins siniilar phenomena at cavitation inception on similar bodies and under 
flow (same yo) the incrcase of the bubble R j  - R ,  in the critical zone is assumed 

to be proportional to the length yol of this zone. Accordingly 

( R j  - R,)/(y ,  I )  = x = constant.  

Putting this into (8.2- 16) and squaring the result brings z2 = ( 2  C 2 / 3  Q,) \vk- ' l k f .  Insert- 
ing k ,  from (8.2-15)  and making p = 3,3 after POI-kilt [8.112], gives the real cavitation 
index for the onset of cavitation due to  a certain body 

From this i t  is seen, that at a certain proportional bubble growth l, the cavitation index rr increases 
\villi the vclocity iv, the fluid flo\\,s against the cavitnting body. This tendency is reconfirmed by tcsts 
(I.'& 8.2.3 a). Also the i~lcrcasc of a \ritli Io\vered density p, of thc fluid around the bubble i3 rcflccred 
by thc increasing of a with rising frce air contents, also found in tcsts of incipient cavitation 
(Fig. 8.2.8). 
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Fig. 8.2.3. a) Scale effects at incipient cavitation. Cavitat io~~ indcx ai vs frce stream velocity at 
dinerent diameters d of an ogival body after J. F. Ripilken and J. M. Killen: Gas bubbles, their 
mcasurerncnt and influellce i n  cavitation tcsting. Proc. IAHK Symp. Scndai 1962 p. 37. b) 1-0rm.s of 

bubblcs. 



.To untlcrstrlnd tlic I;lltcr dl-cct, in1:lginc th:ll lhc volume of thc free illr colltunl ccp:~nds ~ O n s i d ~ ~ , ~ b ~  ' 
Y uithin the critic;11 LOIIC of  low prcssurc. 'The grc;~tcr i~~tlii'fcrcncc ofn  vs risillg 1(,1;11 air content shows 

;I ccrtain inilcpc~ltlcncc of thc rclcv:int frcc air contcnt from thc toti11 ;lir  contcnl. Note t h i ~ t  tI ic mass 
of the free air contcnt usu;~IIy i s  only about one t1iot1s;lntlth of thc tot;ll. A n y  C X C ~ ~ ; I I I ~ ~  o f r ~ l l b s ~ ~ b ~ ~  
and free air by mass diffusion i n  thc critical zone nccds timc, usu;llly not rlv;til:rble during the quick 
passage of nuclei across the critical zonc. 

8.2.1.5. Transfer of energy under cavitation 

The kinetic energy communicated to the ambient liquid by a sudden expanding bubble, 
radius R,  growth rate 6, amounts from (8.2-5) with 11 (R) = d according to R(iyleigh , 
[5.46] * 

rn a 

E = (112) 1 1r2 dl71 = 2 n Q, R' R 3 .  (8.2- 18) # 9 
r = R  I 

It originates partly from positive displacement work j pdc  of the differential pressure 
between the ambient fluid and the bubble but is partly due to the lieat transfer from the 
liquid into the bubble. This accompanics the evaporation of thc liquid into the bubble, 
The lattcr originates from the superheating of the liquid, when crossing the critical zone, 
whose pressure falls short of the steam pressure due t o  the liquid's temperature T,. 

Il.loreover an additional temperature drop of the gaseous content in the bubble, that 
favours heat transfer, may be caused by the sudden expansion, when the bubble pene- 
trates quickly into the low pressure zone. Limiting the heat transfer to heat conduction, 
thc gcvernin? differential equation for a spherosymmetricril temperature field with 'a' as 
thermal diffusivity reads 

11 beins the radial velocity according to (8.2-5). a 
For larger bubbler the surface availriblc usually limits the bubble growth by heat transfer. In this c a d  
tlic bubble _pro\vth i s  dcscribcd by the simple rclntion R = 2/3(ur)'! ' ,  in which depends, afte 
Scr l~e t l  18.431, on the density ratio of hapour to liquid e, /pL,  on thc l a t e ~ ~ t  hcat 11, the specific heat 
of kapour and liquid c,, c, and thc superheating To - T,. 

8.2.1.6. Gas diffusion under cavitation 

A strict computation of cavity growth must also account for gas diffusion from thc liquid into th 
cak ity. El cn if diffusion in general needs much more time than evaporation, i t  may become irn 
tant in the case. whcn the liquid entering the critical zone has passed before a longer low pres 
zocc, e-g. a suction line in case of an impeller. 

The bubble gronth by diffusion is controlled by Fick's law. Hcnce the governing differential equatio 
is of the t} pc (8.2- 19). But now the concentration of dissolved gas C(kg!m3) appears instead of t  
temperature 7: and the mass diffusivity ~ ( m ' l s )  instead of the thermal diffusivity n(m2/s). For 
relativclq large bubblc this converts to R -- (D t ) ' I 2 .  

A special case of diffusion is the rectified diffusion of an oscillating bubble within a surging press 
field. During one oscillation the _eas contcnt ofthe bubble is altcrnatingly compressed and expand 
I n  the compressed phase gas diffuses from the bubble into the liquid. In the expanded phase fr 
the l~quid into thc bubble. Since the area for diffusing ib larger in the expanded bubblc than in 
conlpresscd bubblc, the gas content grows by this so-called "rectified diffusion". 

Any diffusion is favoured, when the pressure falls short of the saturation pressure, which is requi 
to prevent a certain air quantity absorbed to diffuse. According to Henry's law this saturati 
quantity grows with the pressure. 
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_ s l i l ? ~ i n g  btlhblc: .Any real bubblc slips, wl~cn i t  passcs a znnc w i t h  a prc-<stl~-c 91.;1dicnt. .\ s l i l > p i : ~ ~  
bllhl,lc has a n  a d d d  liquid niass proportional to its volunlc. This may iilcrc;~sc citn.sidcr;lbly irs 
, l o l l l c n ~ ~ ~ m - i ~ ~ d ~ ~ ~ ~ d  impact 011 a wall by rhc so-callcd "rockct cffccl" ;iftcr C'lrirrc.l;oll~~ IS. I ! 31 

5.2.1.7. B ~ b b l c  collapse, impact prcssure and rclatcd cffccts 

when a vapour bubble, radius I ( , ,  growth rate R~ = 0, enters n zone whcre the pressure 
rises suddenly bp 311 against the critical one. i t  suddenly coil;lpses by condcnr.;ltion lo ;I 

with the vanishingly small radius R,- of the re~nain i~ lg  gas. Tlic~i according to 
pllYlvigh (8.461. the positive displacement work done by ,411: (413) rr ( I < :  - I(:) .,lp can  be 
found in the kinetic energy 2 n Q, df R: (see 8.2- IS) of 111c collapsing bulk of liquid. 
~ ~ 1 1 ; l f i n g  both yields the bubble i~nplosion rate 

freating the bubble impact pressure pi due to  the sudde~i  destruction of R ,. 2s watcr 
hammer (8.3 - 54), and imagine 'a' to be the velocity of sound (ce!erity) of t l ~  liyllid, then 

pi = @ a  R j .  

Contrary to a gro\ving bubblc a collapsing bubble usiially buckles [S.6], (Fig. 8.2.3 b). .4 sl,hcrical 
bubble, collapsing ncar a wall, is transformed into 3 toroidal surface. 7'Iicn :I l iquid ji.1 penctr;itcs 
th:ough its inncr orifice. Whcn a bubblc collnpscs close to a solid wall. its st~rf:tcc may  bucklc so a?  
to focus a multiplicity of liquid jets on il, where thcy impingc like droplcts. This m;tj he the reason. 
\vhy cavitation erosio~: looks as thctigh caused by droplct impact. 

Bccause of thc suddcri collapse of a vapourous bubblc its gaccous rernnazit I \  \ t rcingl? compre\r.c,i 
~ n d  heated. 1'111s creates pressures up to some lo4 bar lasting only for niicio second5 111: I C I > I ~ ~ I . I -  

lure rise is ind~cated by luniinesccnce of the imploding bubble [8 61 

5.2.1.8. Cavitatio)i crosicn, cause, test dcviccs, results 

l'he causes of cavi tat io~al  erosion at cavity collapse are of different na~ure .  

3) Chemical causes: Chemical reactions result as a coj!sequencz of high local : ~ i i i f  suddc:? 
pressure and temperature rise in conncction with the larger oxygen conrent of thc cavirich 
than that of air. They may be accelerated by corrosi\.e qualities of the Irqu~d. ,I tempora I 
corrosion also originates fronl turbulence and hence a high exchange of matter within tllc 
cavitating boulidary layer. I he very brief collapse damps the rclati\lcly smiill o v e ~ a l l  
Influence of chernical phenomena, \vhich generally require some timc to react. 
b) Electrolyiic causcs: Galvanic elements arc formed in the acid, l m e ,  or salt liquid I I I  

c~nnection with inhomogencities in :he structure of the wall surface rilld in connzction 
with local temperature rise due to bubble collapse [8.1 141. 
C) Mechanical causes: With notch-tough material having sufficierlt glidc d~rec t io~ i \  and 
planes, the impact of a bubble collapsing on a wall is absorbed easier than by n nia te~ia l  
kith glide capacity reduced (brittle material). By hard second phase5 and rcduceJ glidc 
planes and directions, the plasticity of the material is diminished. 

If the plasticity is exhausted, micro cracks are  generated and n i l  p:lrticles arc 
=Parated from the surface which is aidcd by flushing of the turbulent flow. Ncnce 
Qvitation pitting is influenced mainly by the structure and the mechan~cal and cheiniciil 
Properties of the material [5.65]. 

d, Other causes: The sudden growth of liquid-gas intcrfaccs and the shcar stress on them intl~rccd 
slip betwcen the  pha;cs, may release there clcctric charges of high potcnti;l!. (Rcmcnibcr, that  a 



!;t:*:trn I)oilcr slipi>ort~tl or1 insirlators, is ht:.onfly clcctric:~llc c:li;~rccci \l!l{lcr ' : l i t $ \ \  t i , $ \ \  n of its s;lfctY 

v:~lvc. an 1.ffcct \\:hicl~, bv 11:c \B!;~y, was u:;cd i n  11rrns11-(ing's clccrrosi~~lic~ !ii:!l~ \oll;ryc gcllcr;l!,,r,) 

e) Further cotiseqilcnccs oi' n~ccli;~nic;il tlcs:ruction: 

Vapour cavities in the bottom nf thc crotlcd cratcr then collnpsc 1111cIcr I J I . C ! + L I ~ ~  

tions. This causes water hammer blow focussed on  the crntcr bottom. I-atigi~e cr;lcks :1nd 
ruptures due  to  the notch effect tnay origitlatc from this sharp-cdgcd p;lrt. 11fter' I I L I s ~ ~ ~ ~ ~  

L 

of lcosened particles. the pittings and cr:lcks clue to further frttigl~c cracks miry pcnetr;lte 
deepzr into thc wall tnaterial, lending finally to a spongc-like c~ -os i a t~  iIS one of Ihc typical 
features of cavitation erosion. 

Destruction of chemically ncutral n:atcrial, e.g. glass nlay be considcrcd a: a decisive 
proof of primarily mechznical causes for material erosion. a 1 

% 
I n  this contcxt i t  rnay bc mcntioncd, that cnly c;lvitics collapsing on or ncar to tllc \ \ ; I I I \  may cause 
pittings and this is dcemcd to be above l o e 5  the part or :ill the cavities call,\psing in ;I cavitating 
liquid 18.3; 8.61. 

Thc impact of the impinging droplets clue to a collapsing cavity on :I w:;ll sr~rf:lcc fi~tigucs the"  
filaterial so as to show the first pittings after a certain incubatio~? time f , .  'This may rcsirlr fro111 the 
tirnc needed for !l!c destruction of a protective layer, due to oxidizing. rolling, forging. or welding. 

After the incubation time the material erosion proceeds faster, following the law ot k'nnpp 
[8.6] which combines the material loss A , ~ I ,  the exposure time t and  the velocity \rl relative 
to the wall by 

A I I I  = co~ls t  t wn, (8.2-22) 

with I I  ranging from 0 to 6. Since, e.g. the relative velocity on  the hub section ot'a Knplan 
1crbir.e is roughly one half that on the runner tip scction, durins  n certain time t ,  the 
pitting by fillet cavitation at the hub groove is, at  n - 6, only 1164th of pitting due to lip 
cl~ilranct. cavitation and hence usually negligible. 

Yotc that m y  rc!c\.ant pitting of a wall-nttr~ched cavity is ~ ~ 1 s t  tlie cavity and hcncc c?tistso~ily if t 
rcnr of thc czvi~y is yct on the wall. Otherwise so-called "super cavitation", which encloses the fa 
of s body into a cavity, does vot harm the body [5.11 51. 

Tile erosion pi~s: such s wall-attached cavity reaches its maximurn for a certain back prcssurc 
cavi!ztion index 5 (C3p. 5.3.3). I f  both tend to zcro, thc erosion rate clls;~ppcnrs in consequence 
too strong a ventilation of the cavity by diffusion. Thc samc occurs also by thc abscncc of ca 
formation if ille back pressure and cavitation index G tend to large values, Thus thc erosion 
aitains a maximum at n certain cavitation index or back pressure. Naturally this 6-value must n 
bc combined with the best performance of the machine. 

111 the case of material with low cavitational resistance, the erosion rate also somewh 
dcpends o n  the chemical composition of the liquid (Fig. 8.2.4 a). Hence s;li:y ocean wat 
erodes a runner of low cavitational resistance sumtt\\lhat more ~.hnn fresh water. T 
d i k r e n c e  vanishes nearly fcr stainless steel and  compietcly for alloys \vit!i thc high 
cavitational resistance (Fig. 8.2,3 b) [8.116]. 

- Material propcrries due to cavitation resistance: The erosion rate dccrcases with tlic follo 
qualities: Hon~o~cueous structure, high resistance against corrosio:l. high rcsilicncc, high n 
impact strength, ductility, internal - pressure fdue to prcstrcss or thermal t rcatnncnt). large dc 
mation potential, c.2. breaking elongation, high t r~~si le  strcngth, flat surf:lcc, fine gr:,nular :+ruct 
1ar_ge slirfilce hardness, great portion of hard components, rolled structure [8.3; 5.1 i5]. 

Thus the cavitation resistance ribes in the order of: cast iron. cast stccl. forgcti stecl. bro 
alunlirium bronze, chromium nickel steel. Notc: non-metallic coats fail due to thcir bad coliduc 
of tlie heat from cavity collapse. 
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Fig. 8.2.4. Cavitation erosion as a funclion ofmaterial and liquid under stcady -- and intermit!cnt 
- - - cavitation. a) h4atcrial loss 1 1 1 ,  vs  timc elapsed I of mild stccl in 3% NaCl solution, distilled water 
\sit11 pli  8 value. b )  Ditto of Inconcl 718. o stcady cavitation; A intcrniittcnt cnvitation, both in 
distilled \\later: v steady cavitation, intermittent cavitation both in 3 %  NaCl solution [8.1 161. 

- Cavitation intensity: After Thir~r~~engatlurt~ (8.1 171, the cavitation intensity can be 
dcfincd by the relation 

where I is the cavitation intensity in W/m2, 11 the mean depth of eroded area, S, the 
deformation energy of the material linearly extrapolated u p  to the tensile strength in bar, 
1 the exposure time. K depends on the material and has the following value in brackets: 
Stcllitc (65 . lo3), alloyed steel (35 . 109, bronze (18 - lo3), aluminum (12 - lo3), cast iron 
(9,5 . lo3), copper (7,5 - lo3). 

Test devices lor cavitation erosion: 

a) Droplet impact apparatus (Fig. 8.2.5a), based o n  true destruction mechanism and 
tlnle-savi~g, 

b) Magneto-strictive apparatus (Fig. 8.2.5 b), very time saving, fast, but with unrealistic 
vibratory cavi ta t i~n .  

C) Cavitation with adjustable nozzles after Erdmann Jessnitzer [8.118] and others, very 
flexible but not rotating and time consuming (Fig. 8.2.5 c), 

Rotating disk (Fig. 8.2.5 d), tinle saving and realistic for rotor cavitation. 
To reduce exposure time in real fluid machines, radioactive coats have been tried by 
Floriar~cic [8.119]. 



. . 

Fie. 8.2.5. Cavitation erosion dzv 
loscope and frequency coulitcr; 2 
g a t e ;  6 snap ring; 7 oscillatcr. pox 
furnace elcmcnt; 12 high temperature cavitation vessel (after Knupp, D d y ,  and Hut~rnlirt [8.6]. 
Cavitation ~iozzlt: adjustable; I observation window; 2 probe. d) Rotating disk in casing; I inlet, 
p-obe, 3 clearance, 4 rotating disk, 5 outlet. 

8.2.2. Cavitation with respect to hydro turbomachinery 

8.2.2.1. Suction head required, cavitation indices used 

Consider a hydro turbomachine of the reaction type (Fig. 8.2.6a) in service. In its dr 
tube (suction pipe), loss coefficient i,, absolute velocity at the outermost point I o f t  
rotor exit, c , ,  n pressure drop, + i D e c : / 2 ( +  in pumps), occurs in the flow direction. 
further pressure drop in the rotor, i Q \v:/!, ,exists from this exit I, to the critical point, 
hl~ving the pressure number E., where w, IS the relative velocity in the outermost poin 
of the rotor exit. (In pumps, [, shall also include the loss in a longer suction line.) 

With the suction head h,, as elevation of the critical point, pressure p,,, above the t 
water level, on which the pressure p, acts, the pressure p,, follows from 
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Fig.8.2.6. Cavita:ion index a ,,,.. or  NPSH ,,:., avail;tblc, and c;~vitiltion index (7 ,,,. o r  ; V P S l f  ,b,. 

required: a) Definition of suc.tio~: I~cad  It,, pl.e:jsurc hcad on suctio~i Ic\.cl p,, ( ~ c J ) .  1 lencc ca:i~;:tion 
index available no,. = [ ( p A  - P,,)'(~!I) - 11,1! 1-1. II 13cing lllc head. ; I I K ~  I),, being thc cr-itical prcshilre 
ofthe plant. 5) cficicncy I! ;~nrl power I-' of ;in ;izi:il turbine :is ;I furlction of c. H f i l l < :  ca\.itation: 
.'jp tip clcarancc ca\it;ltion, I.' surface cavitatio~i GI] tl?c suction f,~cv. i f  a ccrt;ti11 type U: CLI \  itation 
should bc avoided. then G,,. > a,,, , whcrc cr,, is duc to this typc of c;~vitulion. c) h'et head 1-1 per stage 
for reaction turbomechines as ~1 function of the specific speed ti, as ;I collscquence of 3 )  ~ i n d  a lirnitcd 
v;ilue of s11brner9cncc - 11,. dur to cconomic limit;~tions. c') NPSH,, = a,,H vs flotv Q (I,,,., as 2 
fi~nction of c3vit;ltion dcgrce of impellcr in tcrlns o f  cficiency drop A t / ,  or duc lo c;~vitation on the 
suction Facc S,  or thc prus>ure f:rcc P. --+- 4t1 = 1 I ! / ; ;  --- A q  = 5 % ;  --.u.- i l t l  = 100>; ;;;: --c- 

&?vitation on P ;  --+- cavitation (JI I  S. 

When pn is the atmospheric presyure, under a n  isothermal change of state th I . O L I ~ I I  t i~i-"  
;irmosphere. p, depends '111 the data of !he normal atmosphere [5.3] p, ,  - 1,013 - 10"'~. 
To = 288,15 K, a n d  thc altitude above sea Ievcl 'h' by the law p, = p,t ,ex~7( -- IliN,). 
\vhere Iio = 8435 m. This reads approximately 

With the coefficients of relrrtive and ;~bbolute velocity at  station 1. K w l  = \v1;'(2 0 1 1 ) ~ ' ~  and 
K c ,  - c,/(2 9 ~ ) " '  and thc cavitation index clue t o  Tl~onta [8.120], hence derived 

[hecondition for a cavitntion-safe opc~.ation P,,,~, 2 po and (8.2.- 24)  yield the suction head 
required for the set as 



:\.~L'I.c I 1  is tllc lic:lcl. 111 the ;lh~;vc 11, ;lrli! rr ;\I.(. ; l r  i~':.l;\lll ~ l ~ ? ~ , ! . : ~ l i l l y  ~ > o i ~ l l  :11111 :,l:lliO,l,  

cri~icill i v i t l ~  rcspcct to L . ; I \ ~ I ! : I I I ~ I ~ .  Accordi112 to 11:c , I I ; (  ' L.o\!c. , 111~ i  11 ;I :,;II>I;; I ~ ~ ; , ~ ~ , , ~ ~ , ,  

there (tcfi~~cd. tllc criti~.;~I prcssi~re I),, ;11111 11ic co~ .~ .c :~ l>o~!~ l i~  12 i ; \ \ - 1 1 ; 1  I ion I ~ I I I I I I > ~ ~ -  ;lrL' 

defined so as to opcr;~tc tlic sct above a cliiic:~i c;lvit;~tion il~dc.\ rr,,. carlsing 1!111I~ '~i~;~bl~  
effccts, lilic clrop of head or efficiency (Fig. 8.2.6 b). T3. (8.11 2 0 )  ~ 1 1 ~ 1 1  ;I '6' is ii11k;~~i lo 
certain operating data Kw,, Kc , ,  i, and i,, of a certain i ~ ~ ; ~ c l l i n c  ;111d I I C I I C L '  c lc~iot~d b 
a,,, ~neaning "o required" for this and a certaill '11. Q and ( 1 ) :  

Y 

O n  the other hanti, the cavitation index follows also from the data of thc plt111t's sur- 
roundings by (8.2--27), (taken with = sign) as 

f 

Leaving aside the dependence of p,, on the flow, as expressed Ijy (5.2 - 4) or on the critical ' 

size of the nuclei, ns expressed by (8.2- 3), and replacins !?,, i l l  (5.2 23) by 1 1 1 ~  ;1n1bient- 
related vapour pressurep,, so as to have now ri as a function of  tht. rlmb~cnt-rclarcd values 
It,, H, Q, p, , p, (directions for thc: planner), hence denoted 13) fit], . meaning o-a L :~il:lble, the 
last relati011 reads 

A cavitation-safe operation of a set requires that (Fig. 5.2.6 b): a,,. < a,, . 7 he problem 
arising is t11;lt strictly speaking 11, and H, c.g. in a run-of rikcr plant nla\i dcpcnd on t 
tajdrograpli and on the backwater effect. The 1;~ticr depends lirst on tfic topozraphy 
the valley, thc flow-off of the river, the storing capacity of 11ie plant. and the licncc derive 
necessity of spillage operation but to a sm:~ilt.r extent illso on the working prosram 
of the plant. Hence a,, is also defined a$ o ,,,,,,. 
It may be rcalizeJ from this, that the proper setting of a p1;11lt's s~icti011 he:ld by mea 
of (8.2-37) has to be liandlcd very carefully with due cotl~lctcl.;~tion of tllc conclitio 
rs,, < a,, and with respect to the plant-conditioned a11d r i les-cc~l id~r io~~c~l  o~cil1,tbions o 
h;a;i-arid tail-water level and the herice following v a r - ~ a t ~ o ~ l s  ot the suction Ilc;~il h,. Not 
that any cavitation area has its own suction head! 

- The dependence of a,, (denoted here by a) on the specific speed, :iscJ ~ 1 s  i ) r c  num 
11,: For  simp!icity this relation is established now for the bcp iv1t11 vanisll~ng \vhirl at 
rator's throat. c,, = 0. But, on the base of a remark in Cap 4.2.2.1.. i t  can be cxpan 
also to a rated point with an arbitrary gate opening and (.,,, =+ 0. For the bep K 
= Klr; + Kc,',,. Hence 

o = k'ri:[i. + ( I ,  + 1 < D ) c p : ] ,  

where cp, = Kc,,,, jK 11, = tan 13, is a design parameter, ug~!ally resulting frcm the op 
" . .  

nliziilg of the rotor's cavitn:ional suscegtibility. Hence: Set ring cp, , G D ,  /. p \ e s  o - K u 

Tile simil:trity l;iws (Cap. 9.2) indicate that the specific specd n, in ternis of Ktr 
eroportion,ll to KH;" o r  then K11, - 1 1 : ' ~  and K 1,;  - 11: ! lTlius n - n, 
a = colist 11' '. With tl-te latter relation and = sign. (8.2-27) reads: h, = ( I , ,  - p,,)i(~O 
const i f  11: '! With the tendency of increasing 11,. especially under highcr he.ld If 
becomes nsga t i~e  (so-c;~lled submergence). The11 the excaviltion cost rises with - k,, 
submergence. 

Fro111 the 1,lst relation follows: const H n613 = - j),,) (g c)) -- /I,, The v:rlue / I ,  - 
tugether with I,,, = I), and y, from (8.2-25) vttlies ollly sli_c!~tly. There may be ;I tcnde 
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;,dnlit higher submel-fence - /I, whcn thc Ilcnd H increases. Pi~t t ing this iisidc. ;issum- 
i,lgp,-c - I),, = constant, ;111d also - 11, = co:ist;int for reasons of economy. and introduc- 
ing NI'SII  (net positivc coction head) 

ArPSH = a l l ,  

then the 3 b 0 \ ~  and (8.2-27) rcsult in NYSH = corlst and  

Fig. 8.2.6 c delnonstrates such a linkage between the head H and the specific spced n, for 
tile case of reaction turbines. 

- Other cavitation indices used: Preferably in pumps instcad of a ,  the parilmeter 
,vpSl-I = a H is used. Anglo Saxon countries also use the suction specific speed S. 3 non 
dinlensi01lal specific spced formed with IVPSH instead of If : S = 11' Q' '/(y N P S H ) ~ " .  

~ependence  of cavitation parameters on working data: After Pjleiderci. (6.411 at bep. 
;.,;, and operating data of the set given, or, (S.2-2S), then expressed in terms of kncwn 
data like t:,,, (at bep) can be made a minimum: 

113 413 
a,,i, = (312) {[2 n i./(l - N *)] (1 _t C D  + I - ) )  nqop. (8.2- 34) 

]{elice the mini~num ArPSfl: 

and the optinlum suction specific speed S :  

So,  = (2/3)"4 {(2 n 1./(1 - N ')] (1 _f C, + L)] - 'I4, (8.2- 36) 

where N is the hub to tip ratio in the rot01 throat. 

Whereas a,,,,, varies greatly with the type number t~,,,, the econon~ic  reasons, ~vhich  yield 
(8.2-33), make NPSN,,,, more or iess independent of the type number. The same holds 
also for Sop, but for physical reasons. (Small variation of-)., [, at bep.) 

At the moment, the machine operates away from the bep, the pressure number i of its 
critical point, due to the then growing angle of incidence and  the corresponding a and 
IVPSH increases rapidly with the distance of point from the bep 
(Fig. 8.2.6d). (ri,,,,, follows from inserting Krl, - Cap. 9.2) in (8.2--26).j 

8.2.2.2. The meaning of cavitation index 

With ( I  S.2- 29) and ( I  8.2-- 32): 

a = NPSHIH = ( P ,  - Q g A, - p,,)/e g H -  (8.2 - 37) 

Imagine the fluid to pass, instead of :he rotor, a horizontal test tunnel around the critical 
pint .  Downslream of the critical point the pressure may recover to  pA - Q g h,. Since the 
cavity has the pressure p,,, it collapses under the differential pressure p, - Q g 11, - p,,, 
corresponding essentially to NPSH and found ill the nu~ne ra to r  of a in (8.2-37). The  
denominator of a ,  Q ~ H  consists of the pressure, which induces the cavity by the high 
velocity in the critical section. 

In the usual horizontal cavitation tul~nel the ]lead produces the velocity head p w32 and a pressure 
before the lest swtion. Here the numerator of o contains p, - p_. For convenience the total 

h ~ d  in the denominator is replaced by the veloclty head, see also R.  Knapp. J .  Daily and 



I:. !;. I l t ~ ~ ~ r ~ t r i r r  (iS.6). 1'11~ prcssiirc I),., rrt thc critical point can bc Jrlincd by :I prcssurc numbcc 

l\'itli thc a b o ~ e  tlic convcntion:~l caviti~tion indcx rcacls 

0 . z -  K p r r  -= 2 ( P O  - P ~ ) / ' ( Q  bv:). (8-2 - 39) 

8.2.2.3. l'hcorctical cnvittltio:~ index, scale effects 

Accounting for the cncrgy thcorcm of ideiil flow, the Iaht rclntion rcack ns ai,, = ( ~ , , , / l . ~ ' , ) ~  - 1, with 
,t.,,, the velocity at the ~ninimum prcssuro point. Obviously for ,I ccrtnin ste,tdy poicntinl now 
around a body, the ratio \v,,,j,\~, depends only on thc geometry of thc body and ncithcr on its flow 
bclocity nor its si/c, so-called scalc effects. I 

Bec;iusc of the bcalc cffccts the rcal cavitation indcx rri at onset is sma!!cr than rr, ,,, (Fig. 8.2.3 a). One 
reasol: for this sccms to bc thc boundary laycr. I t  diminishes iv,,,, by viscosity :ind by the then 
diminishcrl curvature of the main flow. 

1, 

Ara.keri and .lt.ostu [8. j6] found the re-attachment of laminar scpar:ltion region iind - in case of 
desincnt cacitation - the transition into turbulent boundary laycr io influence a,, when they occur 
in thc critical region. Surcly the then longer pcriod of dwell of nuclei. thc high tiirbulence there, and 
strong prcbsure pulbations which faci1it:ltc the pressure to fall short of its critical valut., may favou 
the sudden growth of nuclei cspccially by rectified diffusion [8.121]. f ,  
Othcr re:-\son.; a, structuie and !cvcl of turbulencc, and surfacs roughness werc mentioned by Am& 
(8.5 1 1  and 13il!c,r (8.481. In thc case of devclopcd cavitation, thc 'B factor' after .Steponofl[S.l22] 
thermnci .nan~~c cffccts rneniioncd by Bonnit~ [8.58] and Raabe [8.36; 8.611 may influence the sc 
eflect. An attempt -,vns i~ l \o  made by (8.2- 17) to explain scale effects. 

5.2.2.4. Jllfl~~encc of air content and its control 

On the 011~:  liand the free air content is a prerequisite for the onset of cavitation. On t 
other hand the air content influences the cavitation index u as 3 function of flow. 

Therefore any cavitation test stand (Fig. 8.2.7j requires the control of air content. Usual 
tbc tot21 air content is corltrolled by means of a ran Slykr apparatus [8.123]. Fig. 5.2.8 
reveals that this parameter is not as  significant for the onset of cavita!ior, as the free 
content (Fig. 8.2.8 a). 

The usual closed test rig. (Fig. 8.2.7) has a device, which deflects the undissolved free 
into il dome before the fluid enters the test section. Otherwise the preparedr~ess of li 
there to cavitilte would increase by too large nl~clei entrained. O n  the other hand by 
dsaeration the natural air content of the liquid is lowered and hence also a measure 
the critical polnt. 

The best guarantee for a natural air content may be an open test rig. For a turbine sta 
the upper reservoir must have a free level. This limits the erection of such a stand b 
topogri~phy of its surroundings. Some laboratories in the USA and Canada [8.124] 
closed test rigs use big resorber vessels for recuperation of the natural free air con 
( Fig. 8.2.9). 

A stand should have a device for the cpntrol of the free air content with respec 
spectrum and density of nuclei elltrained in the test section. This may operate 
acoustic babis after :\:Ic).e~. nnd Sk~rJozyc [8.125], by means of Laser after Keller. [S. 
b! visualization of the cavitation susceptibility through a transparent Venturi t 
by-passing the test section after Oldertziel [8.27]. 
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Fig. 8.2.7. Scction of universal closetl test rig for air and water, for cflicicncp and cavitation tests on 
low head reaction turbincs (hcrc bulb turbines). With minor changcs. the lest section can be ad ; ip~cd  
also to a vcrtical sct with spiral casing. I head water tank; 2 intake; 3 turbi~ic block i\.ith bulb turbine 
4, power take-off via bevel gcar. To clirnin;~te bearing friction, the bearins box is col~nectcd to thc 
swinging stator of an air-cushioned clcctric torquc reaction dynamometer; 6 tailwater tank;  7 ;iir 
separator; 8 circulation pump; 9 cooling circuit; 10 bypass; 1 I flow ~nensuring scction: 12 Vcnturi 
nozzle; 13 cooler, heater respectivcly for change of viscosity also changing Reynolds-nu~nber. A 
similar stand with a vertical Francis turbine in the test section is in thc iiuthor's Inboratory at the 
Technical Univcrsity Munich. (Drawing courtesy Sulzer Escl~cr Wyss) 

Bcfore a flow lamina enters the critical zone a portion of its nuclei is screened away from 
the body's face. This originates from the concave curvature of the flow around the 
Stagnation point. The convex curvature of the body's facc near the critical point htls the 
opposite effect. This raises thc question, whether the nuclei measured upstream of the 
critical point are representative for those entrained into the area of cavitation [S.6; 8.751. 

8.2.2.5. The influence of roughness on cavitation 

Obviously a wall roughness causes an  increase of velocity along a convex curved \~;i11. 
This enlarges the cavitation index. As a model 11011 [8.49] has assumed a roughness 
formed by a rectangular equilateral triangle facing the flow with its small side and 
located on the point of minimum pressure of a prolile with its pressure number 

= 2 (p, - p,i , ,) /(~ ~ 2 ) .  For  incipient cavitation the cavitation index of this rough- 
ness on a flat plate reads q,,, = 2(pmin - prr)/(e wiin), where wmi, is the local velocity at 
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Fig. 8.2.8. C i~v i t~~ t ion  phcnornena as a 
tion of gas contcnt. a) Cavitation incc 
index vs velocity MI,, ns a function of 
contcnt. ?'ists on ogival body 1,511 
b) Ditto with rcspcct to varying total 
contcnt. cj 1;rcc i ~ i i  contcnt of n closed test 
as a function of pressure nnd tirnc. After J 

l ( i / ~pk i , ; l .  .I. ,I/. Kil(w1: Gils bilbbl~s, their m 
surument and iuflucncc in cavitation testj 
Proc. It4 tl R Synip. Scntlai 1962, p. 37. 

Fig. 5.2.9. Closed tcs! rig with cavitation 
and resorber of Californian Institute of 
nology. Pasadena. I resorber; 2 upward flow 
3 downward flow pipe; 4 section A - A; 
wards flow chamber; 6 downwards flow cham 
7 separation wall of resorber; 8 circulation 
9 260 kW motor; 10 diffuser; 11 working 
12 probe; 13 nozzle; 14 rectifier. After K 
Doily, Hotnn~i r  '[5.6]. 



p o i n t  of rni~lilnmtm pres?ure, in the salns d i s i n ~ c e  from the \v;~ll as  the top "f ,lie 
hllcss. Hence the cavitation indcx duc to  the roughness 

mug 
6 11 = - min + ( 1 - ' p Inin) oilp, . 

Asording to this relation, the following relative incrcase J oi/oi as  a coliseqoelice of 
wuehl,css is see11 as a f~111ction of the ro~~gh l l e s s  elel ;ition h referred to tlic boundary layer 
Ilu;Llless 5: h/h  (J a,jo,): 0,01 (0,81); 0,02 (1,Ojj: 0,Oi  (1.41 l: 0.08 ( I  ,S9): 0,l G(2.49). An indi- 
4,1,1 r o l l p h ~ ~ ~ ~  is not dangerous, when the zone of i s  pressure through is covered in ..- , shi,r[ tinle interval. 

ni innl1ence of n rougl~ness zone, e.g. due t o  mach in ins  o n  cavitation depends o n  the 
b-Jlion of this zone, ivhsther it is on the suction face, and  then on the profile's head (very 
O,fJrollr:~ble), or on the presslire face (usually hnrmlsss). o r  \vlietlier the roughness 

,\.cs are normal to tile flo\tl (u~lfavourablei or  alcno- the flow (harmless) i8.501. 
O* - - 
Lar hsaJ Kaplan turbines with carboo steel runner blz.iles in run-of-the river plants rqiill 
m,,,,lbmergencc, having long pcriods of standstil! as  2 consequelice of varying f lo \~-of f ,  
md 10 rust and hzllce encrease their susceptibility t o  =\-itation. This may be avoided by 
mpluyillg st:linless steel blades. 

bnJ erosion does the same: but in a smaller degree, since then the grooves are a l o n ~  the 
B ~ H .  CIUSC to the surface. 

U.2.6. Differences in cavitation in turbines ar,d pumps 

nc d~n'crcnces now listcd between turbines and  pumps. ob\~iously occur also between the 
turb~ric and pump regimes of a pump-turbine. The follo\i-ing hoids true only for 111achines 
n t h  fixcd runner vanes. 

la  a pump, the fluid passes the low pressure zone of the suction line with low velocity 
Morc i t  enters the impeller. This and eventual straightening baffles on  thc wall ~f a 
putt~p'b wction pipe may favour the growth of nuclei b) dinusion and  enhancc the 
rcnd~~lc\s of fluid to cavitate before it enters the props i  =\itation zone of the irnpcller. 

h h  l ~ ~ r h i l l e  within  the distributor the fluid passes a zone of high przssure with highest velocity bcforc 
I Ctllrrx ~ h c  runncr as the origin of cavitation. However. the bounciary layers of stay and gate vanes 
d r r g c  t l ~ c  turbulence as a prerequisite of growth of nuclei. Xioreover thc latter may grow by 
~ t f i c d  tiiffusion induced by the pressurc pulsations from the motion of gates and runner vanes to 
(rclh othcr. 

f)# lrrlcr may also lead to coalescence of pulsatin_g nuclei (8.401. in turbines, before the rotor, the 
B ~ ~ t h  of nt~clci is also stimulated by diffusion in consequsnc of the very strong pressure relcase 
mrftftln Ihc gnrcs (about 50% of the head in Francis turbines) due to Hcnry's law. However duc to 
h e r Y  Iligh absolute velocity there, this all occurs in a \cry shon time interval. And diffusion necds 
Irr 

considerations of inlet shock of the runner vane, as expounded in Cap. 5.3.5.3 show, 
*I the so-called inlet shock appe;lrs a t  over load a n d  part load. This consideration was 
..dc mdcr the assumption that the points of whirl-free outflow and  shockless inflow of 

runner coincide. When the t\vo points differ from each other, and  when the consider- * is extended on pump-impellers, part load operation shall be defined as  one with the 
."' illflow against the rotor vane pressure face and  ox-erload operation as one with an  
Lbw rgilinst thc rotor vane suction face. Hence under over (part) load, in a machine 
*Ib bred rotor blades, the reiative flow a t  the leading inlet edge makes a pronouriced 
'- or incidence (Fig. 8.2.10) with the suction (pressure) face of a rotor vane. This causes 



1-ig. 8.2.10. C':~vi[ation pltcn0nlCtl:l at the im- 
pcllcr ink1 ;IS ;I I'i~nslin~l of flow - C, . p Parti 
loacl; I)cp 1 3 ~ 4 1  cfficic~lsy pl)il!t; 0 overload; p 
~ ~ C S S I I T Z  filcc: .S s ~ ~ c l i o n  t'acc (both of the rotor 
v;lnc), K ,  c:~vity on P unclcr o; K, cavity on s 
under p. I'hcno~ncll;~ similar to thosc in  tuc- 
bincs, scc ICig. 5.5.3. 

bep. 
0 

2 floV.v with overspeed about the sharply curved leading inlct edge and hence a cavity past 
i t  on (lie pressure(suction) face under over(part)load I5.14; 8.161. See also Fig. 5.3.3. 

At larger deviations of the flow Q from the bep flow Q,,, the initially wall-attached cavity 
stalls and may lead to n cavitating vortex street along the channel centre line [8.14]. j:i 
Obviausly (Fig. 8.2.10) in an impeller (pump rotor) of a piimp analogous phenorneni 
appear. with the difference that the angle of incidencc at over(part)load on the suction.! 
(pressurc) face is now combined with an accelerating(decelerating) inlet shock. sin& 
cavities and pitting under overload operation in pumps are difficult to observe, the& 
conseqiiences of overload in pumps require special atten tion [2.27], [8.14; 8.1271. :F 

In consequznce of the above, cavitation in a pump impeller starts usually at the leadin' 
i~ilel edge close to the shroud whereas in a turbine r ~ ~ n n e r  i t  starts more in the middle 
111e rolor and extends towards thc draft tube [8.127]. 

I n  2 ?:imp impeller, a relatively thick, usually quasi wall-attached cavity past the leadin 
inlct c d ~ e  chokes the intended flow. This foilows also froni the now rather small an 
the ro:or vane makes with the circumference. Downstream of this cavity, the relative fl  
which especially under part load is already decelerated, is additionally decelerated 
diffusion. 

On  !hc contrary in a turbine's runner vane channel, with its relative flow, stron 
acceleratecl, especia!ly under part load and then together with the sccelcrating "i 
s ~ G c ~ ' ' ,  m d  tlie vanes. more inclined against the circumference thsr? in a pump impe 
such a diffusion past a wall-attached cavity does not harm the efficiency and 
machine's behaviour as it does in a pump rotor. 

Moreovcr pitting by cavities in the impeller damages the strength of this vital part in 
case of a pump more severely than it does in a turbine, where the majority of cavi 
collaysr in the stationary draft tube. I-Ience the cavitation index a required for a p 
with a certain specific speed n, must be larger than that due to a turbine with the s 
specific speed. 

5.2.2.7. Cavitation in pumps or pump-turbines when pumping 

Cavitation cf' radial impellers occurs in 5 zones (Fig. 8.2.1 1 a). They usually appear u 
flow away from the bzp and niay be visualized, e.g. stroboscopically by a wiridow 
suction pipe. The zones K,, K-,, K ,  and K ,  [8.122] are usually stationary wall-att 
sheet-like cavities. The zone K, consists of smaller bubbles floating relative t 
impeller. Especially under part load, vortex-like cavities from the outer gap enter in 
impeller eye. This originates from superheating the leakage by disk fric!ion and di 
tion witl~in the labyrinth [S. 1281. To understand K, and K , ,  see also Fig. 5.2.10. 
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b) 
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Fig. 8.2.1 1. Cavity forination in pump impcller. a) Arcas of cavities. Close to  and past the inlet cdge: 
I(., o!l the pressure face P; K ,  on the suction face S. K, on S past midchord. K, on the shroud. K ,  
close to the shroud. b) Dcvclopment of K ,  with lowered back pressure flow retarned, as a function 
ofcavitation index a, shroud right; 1 bubbling end of cavity; 2 glassy quasi resting cavity from inlet 
cdge. Distance of incipient cavitation at  'a' from critical c:ivitation, at  \vhich 11 or Y begin to drop. 
c)Cross section of an in~pellcr after the inlet shortly before water column separation. h hub;  s shroud;  
I liquid; c cavity. a) From Kusai et al., b) from Flor-iunc'iC et al. 

Usually the zones K ,  and K, cover a triangular area on  the vane face (Fig. 8.2.1 1 b) that 
starts from the outer part of the inlct edge (highest w ,  and hence highest a there) with its 
longest streamwise extension along the shroud. Lowering the back pressure and hence 
also a causes an expansion of this area along the shroud and towards the hub 
(Fig. 8.2.1 1 b). 

The zone K ,  on the pressure face can be observed either by a partly transparent vane o r  
by its mirror image on the polished suction face. Cavitation inception usually occurs at 
the tip of the inlet edge with a cavitation index a up t o  6 times larger than the critical cr 
value, that influences the characteristic by a drop  of head and efficiency [8.129]. 

l'he zone I<, on the suction face is due to  part load, K ,  on the pressure face d u e  t o  
overload.. Both originate from an angle of incidence after Cap. 8.2.2.6. The zone K ,  
originates from the curvature of the shroud and increases with the flow. The zone K ,  on 
the middle of the suction face appears only under overload together with K ,  on the 
Pressure face past the inlet. Here the impeller operates partly near the inlet as  a turbine, 
which the,: has to be compensated by a n  extra strong pressure trough o n  the suction face. 

The zone K ,  appears at very low discharge. It originates from a ring vortex close t o  the 
that causes cavitation by a high angle of incidence when entering the impeller. 

Its bilckflow close to the shroud sweeps these cavities into the impeller eye. 



\L'itli \,i~ck j,rc?;sure dccrc:~scd. the c;!vi~ics ii , , k'., (,I- K , .  K., co;~lc.scc. Ic.;i\.i~~s f i ~ i ~ l l ~  ;, 
s111;tlI ti.i;~~i:~~!;ir cross S C C I ~ O I I  for thc 1 1 0 ~  (l:-is. S.2. I I C)  I.)ci;)~-c IIlc I;ittcr is cut off b. Y 
ca\.il;ition. A I  any ralc, pirlil~g o c i . ~ ~ ~ . s  only 1311 tlic ~ C ; I I .  of 1 1 1 ~  \ \ . ; I ~ ~ - ; I I I ; I c ~ c ~ ~  C;l\,ilicS 
look illg soniclion "foamy" in co~itr:lst to t he ~in>rc "gl:~siy" : ~ p ~ > c : ~ r a ~ i w  of tlie cavity pilr; 

;111c;td. 

Diagonal and axial i~npcllcr ~11111~s Ii;~ve only. tlic t1li.e~ ;Irci\S l i , .  K,. K, f r o ~ n  the 
a1.01-clncr~tioned cavitation mncs  (Fig. 8.2. I 1 a). blorcovcr I I I C W  i1iipc1Ic1.s I I ; \ \ ~ c  3;1p c;\~i, 
tat ion in tllc tip cltarancc anil in thc C : I S ~  of ; id~i i1~1,101~ \ ; I I I ~ S  : ~ I s c )  111 lllc l i l~b  c I ~ ; I ~ ; ~ ~ ~ ~ ~ .  
Then. to  avoid fatigue cffccts at thc tr;lnsition bct\vccn bli~dc and pivot. Ihc innermost 
vanc profile must be thickcncd at tiic groove bcl\vccr~ bli~dc and disk ()I' the pivot. This 
crruscs fillet cavitation thcrc (Fig. 8.2.1 1 a) [8.126]. 

F1uctu:iting cavities, whicli rnay occur away frorn thc bep. may ten~poraril} choke the 
llo\v. This causes water hammer, which in return in l l~~c~ lces  thc c:ivitics [Q.I I ] .  9; 

*f 
3.2.2.8. Cavitation in turbines P 

In a turbine the cavitatin? zones are  similarly located as corrcspo~lding in pumps. Also 
here the ~ v a  11-attachcd cavity past the leading inlet edgo of the ru~?ner vane in u rotor with 
fixed vanes due to palt load appears on the suction hcc  ancl the ccrl.csponding cavity 
due t o  overload on the pressure face. That  means in the pnrtload regimc the additiona] 
pressure t r o u ~ l i  due to an  angle of incidence supp:)rt\ the intended flon and hence 
improves [lie efficiency. Ho\i.ever, in tlic over load rcgimc of a turbine t!i!> pressure trough 
on tile pressure face countcracts the pressure clist ri t)ulion of a ~ u r b ~ n c  runner intended 
and hence worsens the efficiency. 

i ' 

In addition turbines with fixed runner vanes have also wall-;ittncticd ci~vities past th 
l e i t d in~  inlet edge of runner under varying head-(Fig. 5.3.3). Wllen :hc Iiend falls short 
its rated value such a cavity appears on  the pressure frlcc. This may occur- \vhen a turbi 
is supplied by a reservoir during its filling: If thereby tlic anglc of incidence exceeds 
certain value, the flow stalls at the lendin: cdgc. then shcd<ling :I c;t\.it:~ting vortex she 
along the interior of the channel, causing noise and \,ibrntions [5.130]. 

The problems due to wall-attached or stalling cavities as a consequence of flow and hcad variatio 
are :omc\vhat facilitated. but not co~npletely elirninatcd by means of uc(i~~st;~blc runficr vanes; 
desxibcd by Eic.lilei and Joegt-r [S. 161. 

In these m;tchines. at retained hcad, the inlet shock at ovcr (part)  load results in a cavity o 
suction (prcssure) face of the runner blade. The contrary 11:ippcns in niacliines with fixcd ru 
blndcs. Usu:~lly in run-of-river plants, according tu the flow and head Jur:ttion line, KTs 
adjustable runner  blades operate undcr pilrt toad with a he;ltt largcr and undcr overload with a 
smaller than the rated one. Thus the overload cavity usurtlly shifts :gain towards thc pressure 
and the part load cavity towards the suction face. (Load is used hcie in the scnsc of discharg 
cspounded in Cap. 5.3.5.3.) 

In reaction turbines with fixed runner vanes the precessing cork scrcw vortex pas 
rgnner usually cavitates in its core (Fig. 8.2:lZa) (detrlils Cap. 5.5). Also the core 0 
strr~ight vortex in the draft tube due  to overload cavitates. See Fig. 8.2.12 b. 

By the radial pressure _gradient, air diffuses also into thc vor!ex core. This make 
vortev core elastic and capable of oscillnti~ig in connection with the surrounding m 
\Ira tzr. Such oscillations may be excited by water hammer-indaced pressure surges 
systeni penstock turbine draft tube tailrace gallery, stimulated by changes in gate po 
due  t o  varying load demand, but also excited by thc precessiilg excentric vclocity fie 
to the cork screw vortex [5.51 to 5.55!, [8.95], [9.45 to  9-51]. 
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rig 8.2.12. Cav~ta t~ng draft tube vortices in - ~ - - G - ~ ~ c ~  
a)  t- -* 7' 

l c a c t ~ ~ n  tuibincs with non-adjustable runncr I* , 
,i,ncs away from the bcp. a)  Prcccs~ing cork 1 

Screw vortex undcr part load. Or~gln hcrc 011 

,hc Iiub cone. In gcncral, origin dcpcnds 
on the opcr:~ting poilu and design of 

runner; also possible arc c.g. twin vortices 
to each other. b) Coaxial vortex 

overlo~td. Here orig111 usually on the .." 
hub cone. Downstrean1 end sometimes also 
,ith cork screw for~n. but thcn contrary t o  a) 

unst;\blc and irregularly prcccssing. 
(photograph a) from G. Scl~lcrrlrllcr [5.18] pho- 
lograph b) Courtesy Voith) 

t 
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When the turbine works at  a larger distance from the  r ange  of vortex free o p e r a t i o n  
coinciding with zero whirl past the  runner)  then t h e  initia!ly straight  vor t ex  due 

10 overload )nay be split in to  fluctuating a n d  irregularily precessing branches, caus ing  
had vibration. 

The great resistance of qu:lsi two clilnensionnl motion of the vortex against deformation in the  draft 
' ~ h c  bend together with a growth of its core by convective diffusion in connection with radial 
Oscillation may block the outer flow. The pressure rise hence induced, may stimulate a break down 
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of thc vortc-, by s\vecping i t  tiownstream. S~ich accidc.ntnI cff~cts lnny hc ;iccomp;lnied by h:lnrmcring 
5 

load cll,~~igcs oil tlic hcnrl covcr ; ~ n d  thc hliaft [Q. 13 1 ; 8.1331. l'ljis ozc~lrs i ~ t  ovc~. l~ ,~t l .  t\ftcr ~ r n r l s r  
an occ;~$lon;tl break down t;f the vortcx might also originate f ~ u m  the nccclcr;rt~on of niain flow in 
thc diffuscr bcnd. . 

Turbines of highcr specilic speed especially KTs cavit~lte sevcrely uuder runaway. ~ ~ ; , i i  ' 
[8.17] has hinted at a non pitcl~ pcriodic;\l cavity formatioo of KTs under rilllaway, lillked, j 
t o  an extra high runaway speed. $4 B 
A spcci;ll coviiation-like erosion occasionally is obscrved on the back side of tllc buckel I 
of impi~lse turbines (I'Ts) near the jet cut out [8.18]. This can be attribtited to the impact 
of droplets. that are overtaken by the bucket. 

Some of the cavitaiional phcnomena originating from 
then also the losscs duc to i t )  could be clirninatcd by 
could be done ~norc casily in planis using DC high voltage powcr transmission. 0 1 1  the othcr hand 
this would bring in a lot of rather expensive problcms on thc side of stnblc rcgulation and electric 
powcr tr:insmission. That is to say it would shift the problctns from the turbine sictc to thc electrid 
side. 

Co:ltrar;r to small pumps wiih permissible head drop of up to 3 %  due to cavitation, for the loss of 
re\renue, an  efficiency drop due to cavitation is not admitted in turbit~cs. For Kllapp's erosion la& 
(8.2-221 in high head turbo machincs the slightest cavitation erosion should be avoided. 

I'hcrcfoie the suction head and the cavitation i 
beforehar~d with respect to the corresponding critical c 
to erosion). This is done on thc basis of model tcsts, preferably on onc and the same stand 
cficiency and cavitation tests [8.10]. 

T h e  hydrodynamic effects of cavitation are usually stroboscopically observed tl~rough 
mindov: in the draft tube of a model. 
As rti? example co~sider  a Kap!an t~!rbine, (Fig. 
ate.; without any  effect on q,  H or Q. At low 
cavitation at the h u b  groove occurs (Fig. 8.2.13 
the relatively snlall relative velocity there, this 
in a leaas to tip clearance cavitation (Fig. 8.2.1 
velocity there and Ktlnpp's erosion law (5.2-2 

a; 30,  
O j .1 I ! l i  i i  ! i . ! q ; -  

I- ssi , , .  , i,7&& i !  . , c"3i- ; 
I / a I !i:j i 

75- , I  : r-jq,j-- 
I !  I t' 

I :  I . I  I !  eL 
i l  : 

-- 

PS 
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17 

16 Q? 
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d- 

Fig. 8.2.13. Cavitation phenomena in axial tuibin 
indcx G of n K T  on eficiency, output, and discha 
2 beginning of surface cavitation and stall on  sucti 
face (see also b)). b) Cavitation phenomena nlentio 
cavitation. 4 tip cleara~lcc cavitation. Frorn Gerber. 
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ÿ his is (lone either by cavitation fins (Fig. 10.2.25) or  by ~nntcrial, rcsistnnl to cavitation 
erosio~i "11 least in the form of building up welding or  that of linir~g on the vane :ind the 

ring. 
usually the suction head is defined up to the runner exit. However in a large K T ( D  up 
to 11,3 ni) the critical point due to tip clearance cavitation on the prototype mny be aboui  
3 m above the runner vane's rearward edge. Therefore the prediction of I t ,  for this case 
by means of (8.2-27) has to be based not on tlie small model (D = 0,3 to 0,6 111) but  on 
the elevation the real critical point of the prototype has above tailivr~ter. 
\vhen a of tlie turbine considered falls short of 0,5, flow separation starts due to cavitation 
on the suction face of runner vane. Hence a drop  in output and efficiency appears. This 
p in t  has to be avoided i l l  the prototype wit11 d11e consideration to cavitation scale effects. 
For the latter the head might be H = 30 m and the safety margin at this point \\.ith respect 
to scale effects Aa = 0,04. Then Ah, = 0,04 . 30 = 1,2 n~ must be subtrrictzd from the 11, 

obtained from the measured rr of this critical point by formula (8.2-27). 
Only for informatiol~ but without consequence to application i t  may be stared 
(Fig. 8.2.13) that, when a 011 the machine is lowered belo\s 0,5, the efficiency continues 
decreasing but flow and output show a slight peak, probably from a lowered draz .  A 
further drop  of o chokcs and finally blocks the flow. 
In the follo\iling some practical hints may be given after Jueger- and  Eichlcr- (8.161 concerning 
observations on cavitating niackincs and kecping cavitation undcr control. The foilol\ing itc'nis 
should be observcd in model and prototype if possible: 
a) Extent of cavitation in area (cavity or pitting) 
b) Characteristic cavitation pattern (clo~~dy, compact, vertical) 
C) Efl'ect of c;~vitation on pcrformailce. 
Plant should be reviewed over a certnin working period. The following items should be noted during 
operation, lo obtain thc linkage betweell flow ficld and pitting rate a t  a certain prototype: 
d) Flow range 
e) head range 
f )  altitude range of tail water, 
g) hours of operation due to conditions d) through f), the  items d) and e) should be ~cfericd to rated 
figures. 

At  a runner inspcction, location, extent and depth of pitting or pitting arca should bc r.otcd. 

8.2.2.9. Protective meos~~rcs against cavitation 

1) Correct fixing of suction head: (Fig. 8.2.6 a) 11, follows from (8.2-27). T o  limit a certain 
undesirable cavitation, h, as the elevation of this special critical zone above the tail-water 
in the prototype must be accounted for. Fixing of a with sufficient distance from a,,, 
defined by 1EC code. When a,, is from a tnodel test, then adding to  this AG,, due t o  scale 
eNcct. 

hticr may be divided into predictable physical scale cflects (due to length scale, due to Reytlolds 
number ctc.) and  accidcnt:ll scale cffccts, e.g. due to non retained geomelry of the prototypc with 
respect to the draft in consccl~~c~~ce of errors of foundary, of machining, failures due to transport 
(roughncsses duc to cranc cable, road accidents), f:~ilurrs during asscmbly on site, c.g. by wrong 
adapted civil engineering work e.g., from the lining of the throat ring to the concreted draft tube wall. 

Fixing 11,  requires coniplcle knowledge of the hydrograph, back water effect, working 
Programme of the pii~nt, the altitudc of the site and its lowest possible barometric 
Pressure, the highcst possible water temperature and corresponding vapour pressure. It 
m ~ s t  be mentioned that setting h, must bc done also with a side glance on the excavation 



COSI ~ ~ n p I i ~ : d .  IJI~I. ,~II,II  0p~ri1ti011. c.g. wi:h il stro!ig i~nglc o( inciiicncc during fillillg 
I ~ L I ~ C  rcsr:r\ 0 1  I !:,LI,I'o~ 1)c l ; ~  kc11 in1 o i1cc0111it. 1 ' 1 1 ~  ~ii1r~ilio11 of sllch "ccccntric operatio 
niuht 5c I IO~ICCJ .  
111 generill I lic n L i1111c due to illc prcssurc trough cililse(l by an  allfie of  incidence tt 
leildillp inlei cdgc of  the rilnncr woilld result in an u~leconomic;lllp ducp ~ ~ b m e r ~ ~ ~ ~ ~ ~  
LIIC  set. :$I 
Such an  operation should be nvoirled o r  limited in time. Its consequences should 
includcd into i: revision ant1 repair program. The opcrator of n plnllt must he conscinl; 
that thc molncntnry Iucrativc operation bclow the 

- -T  

economy and ,~vailabiiity of a plant. In general a turbine could escape such operatin 
cbnditions by adequate pvsitiorl of gates. 9 

$ In pump-turbinzs during pumping this flexibility is lost by the then necessary block$; 
of gates in t!lr optimum position, situation which also exists in storage pumps. To  
pitting I"  high head pump-tarbines, K~I(I /~I 's  erosioli law may require subnlergences $ 

adhering a!, strictly as possible to the direction that a,,, (available due to the moment 
head and t:lil ivater levcl) rs always above the a,, ( r eq~ i r ed  for opcrating the machin 
accordin; to its characteristics and with respect to pelistock loss). ,.I 

1 
T h e  typicni values of G , ~  due to characteristic positions of head and tai!water level 4 
1uc;lted on  the so-called opcrating trapeziam, introduced by E. iV1eit.r et 31. [1.68] shop; 
in (Fig. 8.2.1-1), ~vithin a G, Q plot. This also contains the niachine (here pump) chal 

t I I I 
: In-- r I I s a  

1, 2 ,  3, 4 corner points of trapczitlm; b cavitatioa incrption on the suction face of impeller 
;i caviration incqt ion on the pressure face of impeller vanc; o, !ine of zero efIiciency drop; oo,s 
of 0.5% eificlcncy ctrop. F ~ o m  I.V. 111 eier, J .  Miiller a. 111. laquef [1.68]. 



I,rjstic for constant speect and gate position. The graph of o r ,  (of the pump) vs Q s h o \ ~ s  
a nlinimum at bep, since there usually the angle of incidence is zero and hence also i ,  see 
(p,2-28), and tllcreforc or,. is smallest. 
From this dingram it  is sccn, that the pump considered, always satisfies the co~iciition 

00,l 
> or, with rcspcct to the cr,, graph due to zero eficicncy drop. Hoivever i t  s l i o ~ ~ s ,  e.g. 

tha t  the operating point 1 of the operating trapezium has a o , ,  that fillls short of a,, due 
to a certain cavitation on the suction face, that causes no eficiency drop. 

11 is then up to the maker and the operator of the plant to decide if the duration of the 
at point 1 would causc pitting damage or not. 

~ ~ c o r d i l l g  to the author's observations in some of the world's modern units a departure from this 
p r o c c d ~ ~ r ~  causes months of repair during which the set is not ;~vail;ible. This may cost more than 
,, additional excavation in consequence of a correctly set suction head. 

In sonle planners' head often prevails the wrong hope that measurcs against cavitation pitting, c.g 
the building up welding of a highly cavitation-resistant material could bring great relicf when the 

cavitatcs against expectation. 

7) Corrcct profiling of the cavitating surfice: The form of a profile unsusceptib1,- to " 
rnvitation intentionally must be calculated so as to make a a minimum. at least at the 
bep (Fig. 8.2.3). The drawing of a draft tube, e.g. should be such as to facilitate correct 
fabrication. Then the truth to size must be controlled e.g., by a pattern. Any iater 

of a profile by corrosion, erosion or  accidental scratch rnust be avoided. 
3) Adequate material for parts subjected to cavitation pitting. This includes also welding 
programs, for the periodic repair of parts, extremely exposed to cavitation (sce Cap. 8.2.11, 
and shape control by pattern afterwards. Clads or building up welding of resistant 
material are used in areas where pitting is expected. They are on the rear of wall-attached 
cavities in zones of high relative velocity. Fins may deflect cavities from certain aleas. 
Goide ribs may lessen erosion by impeding focussed impact of the cavity's implosion. 
Note, anticavitation fins at thc runner blade tip diameter of KTs are tending to fade away, 
and their replacement is difficult. To  increase 2 plant's availability, the time- and wage- 
consuming weld repairs :vill be made unnecessary by applying stainless steel. 
4) Aeration upstream of the critical zone by means of a snifting valve or a compressor. 
A dosage of more than 1 % of the rated flow under atmospheric pressure may worseri the 
efliciency. 

8.2.3. An approach for the prediction of pressure number at the critical point 
in the rotor 

8.2.3.1. Introduction 

The prediction of submergence of a turbo machine requires the knowledge of NPSH or 
the cavitation index a = N P S N I I l .  This depends, see (8.2-31), at the bep of a machine, 
according to the relation (+ pump, - turbine) 

On the velocity coeficients h'u, and Kc,, at the runner exit, the draft tube loss coefficient 
in. and the pressure number i, of the criticit1 point with respect to  cavitation. Whereas 
Kill and Kc,, are known by the working point of the machine and j, varies only slightly 
wit11 the latter, t11e value i. depends on the pressure distribution along the contour of the 

vane for the working point considered. Should this be away from the bep a similar 
'elation is valid for R [see the comment on (4.2- 1 I)]. 



Strictly 5pe:lling /. can he complltsd :~ssuming :I lion cavit;~linp, stenJy, and ideal flow by 
nicans ol' the nictl;od of singulnritics. Thc  following approach is based on vr~lt~cs and 
features ertslly availi~ble for a cert;iin rotor design, such :IS: clcviltion o f  thc rotor, the 
mcridion,il strcamlinc p;\ttcrn, thc nllglc /I tllc skeleton of thc rotor v:lllc nlakcs with the 
circu mfcrcncc, the angle j l  the mcridional strei~nllinc niakcs with the radius, the profile 
of the rotor vnnc, the velocity tri:~ngles at the prcssure cdgc 2 a11d suc:ion edge 1 
rcspectivcly o f  thc rotor vane for the working point consitlercd, the contraction coefficient 
0 hcnce tierived and the location of the critical point cr. 

The pressure number 1. of the critical point is defined by 

\vhcre p ,  and W, are pressure and relative velocity respectively at  thc suction edge of the 
rotor vane for the ivorking point considered, p,, the critical pressure with respect to 
cavitation. 

8.2.3.2. Assumptions 

a )  Steady relative flow along the rotor vane. 
b) Irrotational absoiute flow (curl w = - 2 w), axisymmetric flow, divided into elemen- 
tary turbines. 4 
C) The contraction coefficient @ of the relative flow within the rotor channel due to the fi 

thickness of the rotor vane and its boundary layer o r  wake is known at the stations 1,2 
and cr. 
d) The machine operates with z e w h i r l  at  station 1-(cF8). 
c j  The machine has a vertical shaft. 
f )  The  rotor loss of the pump o r  turbine respectively increases linearly with the meridi- 
onal streampath s, from point 1 at the suction edge of the rotor vane to the critical point 
cr when the machine operates as a pump and decreases linearly with s, over this sectio 
fclr the case of a turbine. 
U) The cavitation originates in the flow sheet closc to the shroud or tip of the rotor va .- 
at the critical point cr usually located at the suction face of the rotor vane or  its leadi 
inlet ciige. 

8.2.3.3. hlixed flow machines 

Here the critical point cr with respect to cavitation lies on  the suction face of the rot 
vanc i n  the elemelitary turbine close to  the shroud with local breadth (span) 
(Fig. 8.2.15 a and b). 

In addition to the assumptions made above, it is assumed: 

h) The contraction coefficient sP, the rotor vane angle 13, and  the meridional velocity 
\-ary linearly within the rotor in flow direction. 
i )  Pressure and relative velocity vary linearly in the circumferential direction over 
unobstructed width of the rotor channel. 

According to the identity 

P I  - Vcr = P I  - PY + PY - Pcr ,  

the pressure difference in the numerator of (8.2.3- 1) is split into the following t 

a) p ,  - p,,,. This is a pressure difference along the chznnel centre line between the st 
1 located on  a circle with the radius r, between the suction edges of neighbowing 
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Fig. 8.2.1 5. The calculation of prcssure number I. at critical point. a)  pcrspective \,ic\v of n n i i~cd Roc 
pump rotor with the critical point PC, on a n  axisymn~etric stream surf i~c~ and on tht. v;~rle's suction 
face. b) Di:to for mixed flow turbine rotor. c) Ui~rollcd cylindrical section of an axial turbine tvith 
various distribiltions of the diflerentinl pressure /1p - p ,  - p, along the chord. I ,  tria~:gul:tr. 11. 
elliptic. d) Theoretical velocity at vertex of ellipse. 

and the station M, located in a similar extended section, in which thc critical point lies 
on the suction face with z radius r,,. 

' 

b) p1 -I),,. This is the pressure difference between the station 1'4 at channel centre line 
and the critical point on the suction face of the rotor vane, both lying on a circle of the 
radius r,, (see Fig. 8.2.15 b). 

Thecnergy theorem for the rotating frame of reference and both tlie points 1 and :!.I reads 
with respect to r, = r,,, It, = h,,: 

where h i  is the nondimensional loss of the rotor, (positive sign for a p i m p  and  the 
ncgntivc sign for a turbine), L,,, the meridional length of the rotor vane, s,, the distance 
between the critical point cr from the edge I of the rotor vane in the direction o f  the 
meridiol~al streamline [the last term implies according to the assumption f )  a linear 
change of rotor loss along such a line], H the net head, h tlie altitude of a point, o the 
angular velocity of the rotor. Obviously hk is based on an estimate. 

Similarly the energy theorem for the rotating frame of reference gives the pressure 
difference between the points cr and M with respect t o  I-,, = r,, I?,, = h, and the assump- 
ti011 i) 

( P ,  - P,,)/@ = (1~; - ~ 3 1 4  = (kvs - M ' ~ )  ~ ' ~ ~ / 2 ,  (8.2.3 -4) 

where lv,, 1vP, w*, are the relative velocities a t  the suction face ( S ) ,  the pressure face ( I - ' )  
and the ci.lanneI centre line (,\.sf) respectively. w, in (8.2.3-4) results from continuity, 



applica-l 13 ;in clcnierl t . ~ r y  turhinc ivith loc;ll i l ~ c ; ~ t l t l ~  (span) h,  local c o ~ i t ~ . ; \ c t i o ~ ~  ~ ~ c l T i ~ i ~ ~ ~  
(1). and tllc s ~ l ; ~ i i o n  fro111 tllc vclr~city tri;iliglc. I\.,,, = \v sin 11, by 

ivhcrc thc val~rcs with :hc subscript c-r arc due to tllc critical poirlt. 

-I'hc liclocity Jiffcrencc \cs - ~v,,  in (8.2.3-3) fc~llows from the cipplicntion of Stokes* 
i hcoses~i to thc cIcln~~tt; isy p~i~~;iIIcl~~gs;~rn-likc I)ou;~dary (scc Fig. 5.2.2 a )  in lllc slream 
surface of the rotor. I t  is fi)rn~ctl by arcs of acijaccnt prlrnllel circles, that extend from a 
strcarnlinc clcmtnt clohc to tile suction klse of t l ~ c  rotor vane to ;III elenicnt closc to the 
prcssuru fr~cc.. P11t.s~ htreamli~ie elct~iients arc : ~ t  the displncemcnt thickness of the bound, ; 
arq' layer from the vane Llcc. -Pl;us the arc of thc p:lrailcl circle is :! pitch multiplied with 
a contractioli f .~ctor ( P  that accounts for thc obstruction of the flow by thc boundary :. 
1:ijt:rs and b~ the vane. Stokes' theorem (Cap. 5.2.2) gives with respcct to the assumptions 
11) !O C) 

2 n 
7 - 

2 (w, r 4') 
\s, - \\., = sin /I cos 11 (1, @ r .  $. a~ 

svherc r is the 1-o:or \.;\nc i~iirnber, ~ v , ,  the pitch-a\,erageii whir! component of the relati 
vclocit!. :ir!ci thc +-sign and --sign for turbine ancl p u m p  rcspcctively. 

The fo l lo i \ . i r~~  relri tion holds t r i ~ c  between \v,, and the pi tcll-averaged tneridional comp 
nent of the rclativs velocity N~,,,: w, = nv,, cot /I. Hence 

i t I .  (1)) - ? (\t-,, ,  cot [j r (D) (?\v, @ dfi 
- -. - - . . - - -- - - ).(p cot p-- - - 

i I .  c'r 21. sin2 ,!I ar 

a@ + \\.,,,COt /3@ + \I.,,, cot / , ' r - .  
at- 

i~!scrtinz this in (8.2.3 - 6) yieltls 

2 n 2 n 
- - - - I\., - \\., = -- @ 2 or sin p cos ri + -- sin /? co 

3 w,,, + r ~ P c o t p - -  + w,,I-cotp7 . 
21. . ;@I CI' 

According to a c s u m ~ t i o n  h) thcse pnrtia! derivatives in t~ first order approximation 
bc obtained l'rom tile vr~!ues /I,, /jl, w,,,,, I\*,,, at stations with ri~ditis r, and r,. respecti 
\vhich arc know~i  from tile velocity trianzles of the ele~nelitary turbines c 
from the coiltraction coefficients 0 ,  and @ , ,  which have t o  be estimated for th 
Thus 

F B  2 ,  b) - -  dwln W r n ~  - I'm I 
3) 7 = --- - c)  -- = -- 

( 'r r2 - r l  dr r2 - rl 

Inserting (8.2.3 - -  9) i11 (8.2.3-S), this and w,, from (8.2.3-5) in (8.2.3-4), and then (8.2 
nrld (8.2.3--4) in (5.2.3-2), and this in (8.2.3- 1) yields with respect to the assum 
d )  by which \cl  = 1 1 ,  :cos /I, and c, ,  = 0, 
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d s ,  sin /I, r, h ,  
) - 
- (QCr sin pCr re, ) 1 - [ (  - I] cos2 /il 

Ilk S, r2  cos /IZ + - +  ----- -------- ( " ;  L,,, ) ( t + , K l 1 2  

\ ~ l l l l  cr P 2  - fi  1 cot p,, -- -- 
tv ,  sin2!,,- 1 

the positive sign fcr  a pump, the n e ~ a t i v c  sign for a turbine. 

Example: Pump: a, sin p1 r,  b,/(@,, sin P,, rcr b,,) = I , ]  ; r r r  = 1 P ,  = PC., = 20'; 
1,; = 0 , l ;  s,,,,/Ln, = 0 , l ;  h,,/N = 0,Ol; GI /@, ,  - 1.2; z = 6 ;  Qe, = 0,833; r , / i - ,  = 2 ;  
xlrz = 1 ;  p,, = 20"; D2 - PI = 0,087; Q), - dll = - 0,3; \v1,,,/\v ,,,, = 1.1. This gi1.e~ 
j. = 0,429. Strictly speaking, the critical point makes i a minimum 3s a function of I-,, and 

8.2.3.4. Axial n~ccllines 

I. Critical point on thc suction face. Iil gcncral r-,, = r , .  I-Ience (8.2.3-3) 

( P I  - ~., ,) /e = OV;, - \v:)/2 + g (her -- A , )  k 11; g H s,/L,, . (S.2.3 - I 1 j 

With b ,  = b,,, rcr = r ,  Eq. (8.2.3 - 5 )  is sintplificd to 

wA, = \v1 (@, (sin f l  ,/sin per) . (8.2.3 - 123 

An application of Stokes' theorem to obtain p,  - pcr in (8.2.3-4) according to  (8.2.3-6) 
does not work since / I  = 90:'. Assuming a linear \.ariation of pressure along the cil-cum- 
fcrence according to assumption i), the differential pressure Ap bctlveen pressurc and 
suction face at  the critical point depends as follows on p ,  - ]I,, 

'To simplify the task, the following two cases arc distinguished: 

Case a): Triangular distriburion of the dinerential pressure along the blade due lo an 
angle of attack (see Fig. 8.2.15 c). Hence 

where C A G  is tlle lift coefficient of the blade in cascade, tiv, the undisturbed trelocity 
(obtained from the \relocity triangles as nl, = (w, + ,v2)/2). Wit11 the relatiorls of U[iucrs- 
fdd C,, = ( 2  t /L )  Ac,/\o,, of Elrler Ac,, = g H 1,; ' / I ( ,  the blade tip velocity 11 2 l v ,  , h ,  = 0 ,  
the blade tip velocity coefficient Ktc = u/J= and (8.2.3-2), the relations (8.2.3- 1 1 )  

(8.2.3- 14) yield 



Case b): Elliptic distril)utic)n of the diffcscntinl prcssure ;11011g tllc bl:~dc due to a vanishi 
angle of incidence on ;I blade section with circular skcleton. klencc (Fig. N.2.1Sc) 

2 
AP = (21x1 ,o [ A ,  ,v,. 

In this case 

h,, - It; s ,  2 t r l T  ' 2 

. = ( 1  sin 1 y - 1 + (N + - + --)($) - 
@cr sin Bcr L m  nL 

The --sign before 12; and the exponent of rl, holds true for a pump, and the 
a turbine. 

Example: Kaplan turbine, case a: Ku = 1,53; P1 = 20,5"; hit = 0,03; sm/L = 0,2; /1, = 22 
Q,, = 0,85; @, = 0,9; t /L= 1; h,, = 1,5 m; Kc, = 0,572; q, = 0,95. This results In 

I., = 0,156. 

In an examplc for case b): h,, = 0,SS; s,/L,, = 0,5. This lesscns the term (kc 
L,) (cos PI i ~ t r ) ,  from 0,023 to 0,0174. Also the last term (2 t/n L) (cos 
reduced iroln 0,354 to 0,226. Thus 

Rb = 0,023. 

At a value I., = 0,156, a draft tube efficiency of q, = 1 - [, = 0,85 gives a cavitati 
index a 

a = ~ , K u ~  + ( A  + tl,)Kc; = 0,7. 

The plant, having barometric pressure head of B' = 9,5 m, a critical pressure hea 
It,, = 0,25 m and a head of H = 27 m, requires a suction head 

h S = B 1 - h , , - O H = -  10,52m. 

Usually the essential pitting by cavitation in the outermost part of a runner 
from the ttvo modes of operation a and b, described above. Since the outer1 
tar? turbine of a high specific speed Francis turbine runner (n, > 200) is nearly o 
caaxial cylinder, the preceding considerations and hence the validity of equat 
(5.2.3- 17) can also bc extended into this type. 

11. Critical point at the inlet edge of rotor: The solution of this case can 
approximately for semiaxial machines, when operating with a critical point on t 
inlet edge. In this case the distribution of the differential pressure alon 
triangular like. Hence the solution for R, (8.2.3- 15) can be applied. Since t 
bzsed more on an estimate: a more exact approach is presented, which contains also 
cascade factor and the curvature of the inlet edge. 

Denoting the velocity peak at the critical point by rv,,,, 1, follows from the ene 
theorem between the points 1 and cr lying now on a streamline along the contour of 
blade by 

1. = (w,,/w,)~ - 1 = k2 ( K U J K ~ V ~ ) ~  - 1 ,  

where Kw, = I V , / ( ~ ~ H ) ' ~ ~ ,  Ku = u / ( ~ ~ H ) " ~  follow from the velocity triangles and 

k = w,",,/u, 

may be approximated by the following simple hydrodynamic model for the blade 
straight cascade. 
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bs is wcll-known, the critic:{! point ivith its velocity pc;lk at the inlet cdgc of n hl;\dc 
reslllt~ froril t l ~ c  ;~nglc of  attack 6,. the zcro l i f t  directio~l of the b1:lcie ni;tkes \ \ , i r l i  tile 
,,,,,iist~rrbed velocity I V ,  due to thc vclocity triangles. Jlcllce the pl;~nc potcntinl flon. 
, r o u ~ ~ d  the vane h i~s  a circulation, sce (5.2-38) 

,v~lere Ac,, is the difference of the whirl components of thc absolute velocity at the stiltions 
1 and 2 due to the velocity triangles, r thc pitch of the straight c;~scadc formed by thc rotor 
\rallcs by unrolling its cylindrical scction into a plane. 

consider a model of a single plate, chord length L, for the vane. As is rell-known. its 
prcssLrre centre is a distance 1.14 from the leading edpe. Moreover. a str;\ipht vortex 
filament with the circulation I' at this point of l i f t  aitack is 21 hydrod!.narnic cqiiivalen~ 
,f the plate [5.14]. r induccs at the inlet edge the velocity 

TO this must be added the velocity originating from the shnrp cur1:ature l;R a t  the 
head. 

For this purpose, an ellipse of chord L as its major axis, a ~ ? d  the rnaxilnum profile 
thickness 11 as the niinor axis, in a flo~v with undisturbed velocity 1 1 . .  sin (j,. normal to 
the chord, is chosen as a model. Accordingly the velocity at the vertex or the rnajcr axis 
15.31 (Fig. 8.2.1 5 d) 

w, = w,  sin 8, (1 + L/h), (8.2.3 - 22) 

where 6, is the angleof attack, w, the undisturbed vclocity. 

Since the velocity peak \r, is niore induced by the curv;iturc 1,'R of the inlet cdge at the  
vertex of the ellipse than by thc tl~ickncss ratio hi:,, thc know11 curvature I R at tl:c vertex 
of an ellipse is remenibered as 1/R = 2 12/h2. (See Hiittc I .  des Ingcnieurs Taschenbucl?. 
M;ithematik p. 139. Berlin: Ernst 1955). Hcnce 11 = (2 RL)'  '. Thus I\.,, reads In term\ of 
the v;!ne's inlet ct1rvatur.e 

As is well-known [6.3], the physical angle of attack 5, follows from the lift  coefficient in 
the cascade c,, and the cascade lactor x (sec 6.2 - 50) by 

sin 6, = [,,/(2 n x). 
' 1 Introducing the relation of Rr1uer..?feltl(6.3- 4) fsr c,,, Etrler's equation ,I(., = <IF! 1 1 ,  and 

the cocfficient of the bl:lde speed K u  = uj(2 Ii)'12 yield 

where I I  is the periplieral blade tip velocity, t /L  the pitch to chord ratio, rl,, the peripheral 
cfliciency of the miicl~ine, with the negative exponent for a pump and t IIC positive for a 
lurbinc. 

Sllb~titutin~ also for in (8.2.3-21). Esler.'s equation and employing the blade tip speed 
cmfficient K I I  result i n  

Sun1lniag itp ,v,- alld ir, gives the desired rrlaximum velocity 



\\',rill, = )? I I  t \ V R  . 

I4cltcc thc dc\ircd cocfficiclit 1, (8.2.3 I9), also ticctlc~f for ;i 

k = (1,'n)(r/l,)(tl,? ','h'[r2) ( 1 + (1/2x)[I + (1.12 R ) ' / * ] ) .  

Examl~lc:  Knplon turbine: t / L  = 1.2: K I I  = 1.4; L/11 -. 200; x = 1;  = ?On; 11. = 0, 
Kc, -= 0.5; K\r., = 1,15 yield; k = 1,2; 1. = 0,24. Plc~~cc a machine i ~ i t h  thc draft tu 
efficiency t l ,  = 0.88 has a = 0,75. 

8.2.4. Fundarllentals of pitting rate as function of velocity 

8.2.4.1. 'Introduction 

Ercsion (pitting) by cavitation occurs usually downstream of the rear of a s 
attachcd sheet-like cavity (Fig. 8.2.16). According to tests of K I I I I ~ ~  [8.6], the pitting 
for soft a i u r n i n ~ ~ m  may vary, (8.2-22), undcr a definite modest cavilation degree (in 
neighbourhood of the critical cavitation index a)  with up t o  the sixth power of 
velocity, hence n > 6 in (8.2-22). 
With a rising degree of cavitation (falling a) this power rnay drop to zero. The same 
occurs when a increases abovc its critical value. 

Allowing cavitation erosion and its regular repair is common practice to savc excavati 
to excessive subrncrge~cc. hlodcrn sets especially in developing countries are often planned 
larger output 1h:l.n necessary in thc first pcriod of the plant's operation. Usua!ly under this 
needed rer\ ice a n a j  from thc bep, the ~nachillc cnvitates. 

Ir.  1 5ccu11d stas:: sonletimcs ;he unit power is enlarged by lifting the head of the plant by means 
lifting the  crebt height of its dani 12.341. At the same spccd, this increases as well the rclative vel 
ant1 ;~lso  the ansle of incidence and hcncc the susccptibllity to pitting. Here again the proble 
zc..lu=nce of repairs ariscs. 
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Fig. S.2.1b. Erosion due to a bubble moving around a quasi resting wall-attached cavity a) 
matic view with re-entrant jet and important stations the bubble passes. b) Strearn tube elem 
the screenirig section ahead of the profile. c) Detail of re-entrant jet of local depth b. 

302 

1' \ 

.I- 

/ / / I  / / / / /  

'r ' Ll Li 



~llercfore in the lollowing 8 theoretical approach is made to help understi~nd the linkage 
bclwccn pitting ratc and relative velocity. 

8.2.4.2. Asslrnlptions a h o ~ ~ t  wall-attached cavity and its erosion 

consider a wall-attached static cavity with a re-entrant jet (Fig. 8.2.16a). A stream tube 
of cross sectional area A ,  before the body at station 1 in part encloses the cavity along 
the path marked by the stations 1, 3, 5, 7. This stream tube is ~trranged around and  2long 
a streamline tliat inlersects the stagnation point 7 downstream of the rear of the cclvit~.. 

This stagnation point results from a splitting of the flow in this stream tube at the point 
7 inlo the re-entrant jet and a branch oriented downstream lollowing its original direc- 
tion. A vapour bubble moves along this stream-tube slipping against the liquid a n d  hence 
with an added Inass especially near the stagnation point with its stream\vise pressure 
gadient. One  consequericc of this pressure gradient is the propulsion of the re-entrant jet 

the wall shear force acting on  it. 

Thus the sudden deceleration of this bubble together \\.it11 its added mzss before the 
point 7 results in a strong pressure rise along the streamline towards this 

point. 

In consequence of the momcntum theorem (here the so-called "Rocket effect" after 
Chir~cholle [S.113]), the pressure increase is amplified by tlie sudden shrinkage of the 
bubble ~lolume, when approximating to the stagnation point 7. 

This shrinkage results from the compression of the bubble by the rising pressure around 
it  but mainly by the sudden condensation of its dominating vapour content. when the 
prcssure rises above the steam pressurc of the liqt!idI T h i s p u l s a t i n g  pressure due  to the 
implosior? of tlie bubble in 7, causes pitting. According to experience pitting rate is 
greates: around the stagnation point 7, past the rear of the static cavitj. 

The pitting might occur esclusivcly in the above cited stream tube that crosses the 
stagnation point 7. 

8.2.4.3. licalization of the approach 

The unit volume entcrinz the above stream tube of cross section A ,  at station 0 before 
the body (Fig. 8.2.16a), velocity w,, may have z ,  spherical nuclei, radius R,. Ncnce tht: 
time, the unit volume needs, to pass the section 

t = l /(\v,  A,) .  

Assume that all the nuclei passing A, also collapse at  station 7. Thus the collapse rate 
of bubbles there 

i = z0/t = zO A, \ti,. (8.2.4 - 2)  

The crosion rate (pitting rate) is assumed proportional to i and the pressure pi, irlduccd 
by tlie bubble collapse. Hence 

where C, is n parameter due to  the wall material and cavitaiion degree, e.g. expressed in 
terms oflo - a,,(. Knowing how pi depends on \v, will answer the problem of erosion rate 
n't,., as a function of the flow w,. For  this purpose the following considerations a r e  made. 



Tlic b~15blc iliiploding ::t 7, undcr khc extcrnal pi-cssu~.~ p 7  froni its initial radius 
d ,  - 0. to its final r i ld i~~s  11::s ttlc irnplo\ioo ra:c R,.  Siiicz tlic volumc r.ltio dtle to bu 
shrink;~gc by condcns;ltio~l, is proport~on:il to (R,/R,)' aiid 131 t l ~  ardcr 01 lo5, unity 
be ~leglcctcd in proportion to it. I lcncs Ruylci,qlt's fornii~la (8.2-20) brillgs 

~i = [(2/3) (p71eL) (R,lRi)31 ' I 2  

Imagine that Ri ib siiddenly stopped, then the water hammer-induced p r e ~ s u r e p ~ ( g . 2 - ~  
becomes 

Pi = QL 0, Ki 

where a, = ( Q J E ~ ) " ~ ,  EL the bulk modulus of liquid, a ,  the speed of sound of the pu 
liquid, surrounding the bubble. 

Assume that the gas remaining within the bubble of radius R, behaves isentropicall 
between 7 and station 3 at the entrance of the critical zone (Fig. 8.2.16 a), radius 
vapour pressure p , ,  and expressing an eventual gas diffusion into the bubble betwee 
arid 3 by a factor % ( >  I), R ,  reads 

Ri = R , 

whert: x is the adiabatic exponent. 

The pressurep, at 7 under which the bubble, radius R, ,  implodes is assumed to origin 
from the sudden cessation of the velocity \v7, due to the bubble's added liclui 
proportional to R:. Hence J O L I ~ O Y . V ~ Y ' S  water hamlncr shock (8.3- 54), now 
mass large compared with that of the gas remaining (being proportional t 
coilsequently in a two phase mixture environment, having the velocity of sound, 
differing from that of the liquid, a,, results in 

p 7  = gaw, ,  

where Q is the density of the two phase mixture. 
Kow the momentum theorem is applied to the bubble between tile st:~tions 
~ v h i r h  the bubbIe has the velocities \v6 and \v7 (Fig. 8.2.16a). Its added liquid m 
being proportional to R: and R; ,  now only relevant (as the mass of the bubble co 
is ncg!igible compared with them). Hencc with tv, = k, IV, 

W7 = k6 \ \ lo ( R ~ / R ? ) ~ .  

Assumi~ig the bubble to cover the cavity section from 5 to 6 (Fig. 8.2.16 a), len 
the mean velocity kc tr*,, its travellirlg time interval needed is t, = L,/(k, \v 
fi:rther the bubble to have ther: the maximum growth rate from (8.2- 13) tin 
pressure, which depends on boo after Parkill [S.112] yielding the bubble growth rate 
(8.2-14) and neglecting the initial bubble radius R ,  at 5 against R, 
t, = L,l(k, 1~0) 

R = R,,, tc = [(2/3) C2 w$/@] 'I2 [L,/(k, wo)]. 

Imazine that In the so-called screening section (Fig. 8.2.16 b) from station 1 to 3, len 
La. tke radius of the nucleus considered decreases in consequence of screening fr 
R ,  = R,  at the inlet 1 to R ,  at  the exit 3. By a simple consideration after Raabe [8. 

R3 = C3/\~0, 
where 

C, = (3/2)'12 n to R: v ra/(k, rp La dRlan), 
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,"hzrc zo is the nu!nber of  nuclci pcr 111tit V O ~ ~ I I ~ I C  ;110ng L,,, K I  the r:ldius of ~ ~ u c l c l l s  
entzring the ~ e c t i o n  I-.,,, \* I I I C  kincnlaric viscosity of thc liqtli(t. i - ,  the mean sadius o f  
s l r cn rn l i~~c  curvnturc in I.,,, (].'is. 8.2.16 a). k ,  ( < I )  t t ~ c  factor. that r e l a t c ~  thc bubblc 
velocity in the screcrlitt:: scction t o  w, by I\),, = kt, H . , ,  cp thc portion of silrfacz /J in tile 
]iCI~lid p l l a ~ i  illong a main stream line in the screening scction a n d  pcrpcnclicuiar to  the 
elclllc~it (711 (Fig. 8.2. I6 b). 

~ h r o u g h  the l i t ter  surface passes the cross flow of nuclci, which are screcncd tonlards  the 
cclltre of curvat i~re  P in the screening section (Fig. 8.2.16 b). ~ : ' H / ? I I  is the g r a d i e ~ ~ t  of the 
bubble rndius, tilt nuclei have towards the point P. 

Inserting R6 fl-orn (8.2.4-9) into (Y.2.4--S), thcn \I?, fo rp ,  into (X.2.4-7), then p7 for R~ in to  
(82.4-4), the11 R3 from (8.2.4- 10) into (8.2.4-6), then Ri into (8.2.4-4) and  finally d i  fl.0111 

(8.2.4-4) i:tto (8.2.4- 5) gives an implicit rc1;ition for the prcssure 11, due  to  bubble 
implosion in 7. Explicitly written down, tlie lattei gives 

8.2.4.4. El-osion rate a s  a fi~nction of thc vclocity lo, 

Inserting (8.2.4.- 11) into (8.2.4 - 3) gives the erosion rate as  a function of the \,elocity \\,, 

For an  interpretation of the last relation the celerity ( =  vclocity o f  sound)  of tlic t\vo 
phase mis t i~r t .  'a' in the =&ding section Id,, (Fig. 5.2.1Gi~) hiis to  be presented in tcr-ms 
of the velocity \ \ l o .  

For this purpose the follo~tting approximate sclation was clerived by Rcrnl~c [8 .75]  

where (Fig. 8.2.16 b) k ,  clctermines the nican velocity of the re-entrant j e t  by 
r ~ ,  = k,\v, ,  r'., is the mcan dcptll of this flow branch, I.,, tlie mean radius of c u r i a r u r e  this 
flow branch has, r. the void f'raction of the mixture there. 1 1  the polytropic cxponcnt  the 
g:iscous phase has a c c ~ r t l i n g  to its equatio:t of 'itatc pr:" = conht. 

Assu~ning 1.1 == 3,3 after the test of Plrrk i i~  [S. 1 123, x = 1,4 for air, thc exponent oT the 
\..t.locity \\I, in (8.2.4- 13) becomes 11 = 5,63. This corresponds nearly to  the l a l .~es t  value 
of this exponent according to the tests of Knul~ l )  [5.6]. 

For a growing degree of cnvitiition (i.e. with decreasing a) in coilscqilcnCc of rhe thcn r is ing tu:.bidity 
of Ihc mixture, having a void fractioii rising propnrtiorlal to \i3, \ v i t l l i n  thc zonr of pitting. many of 
Ihc bubbles cntraiiicd may bc rcpclled from tlic \+,all. .TIlus concrury to thc u,sulnplio~l above the 
nunibcr of collapsing bubble I T I ; ~ ~  be constant. Thcrcby ihc cxponcnl drops by 1 to 4.03. 

11 may be st~pposcd also that  the tirrbidity around t l~e  cavit) incrc;lscs with thc \fclocity. a n d  hcncc 
btinlulates gas diffusion illto the bubblc, for which ;! is proportional to This drops thc cxponcnt 
by thc 1 ~ ~ 1 1 1  (3/?)[2%,'(2 x - I)] = 3 3 ,  so that tlicn r l  bccomcs 2 , l .  

Assuming tl;c celcrity 'tr' of thc rnixture to be invcrsciy proportion;~l to the void fraction 3 and this  
10 be prol~ortion;:I to the velocity rv, ,  (by stiniul;~ting thc con\fuctivc tiiffusion). the exl)oncnt 11 nlity 

drop again by thc tcrln (li2)j.?;cl12 x - I)] = 0,7S resulting in 11 = 1.31. For n very largc Jcprcc of 



ciivititticn ( d ~ t c  to i t  cnvit:ttion iridex far below tlic critie~l),  the dist;!ncc.bztwcc~i n~lj;~cellt implo 
htthblcs bccomcs $0 sni;lll, (hilt t!ic cclcrity of thc liqrlid tr , .  = ,/p,.lll,. rcs;>or\siblc for tllc i ln  
prcssurc of tllc ir~iplo~lirig bir l~l~lc l1;1s to be suhstit\~t!:d by that of 1 1 1 ~  t~iisturc '11' (8.2.4- 14) 

Assuming then 'ti', ;IS previc~usly, to bc irlvcrscly prol)ortionnl to \yo ,  the zsponcnl tt dro 
the term 2 z/(Z z - I )  = 1,5, which Ic;tcls finally to r r  abc)ut x r o .  'Therchy the decrcasc o f t  
w ,  according to the tcsts of Ktrcrpp [8.(1] can bc rcalizcd on tllc basis of I C ~ I S O ~ ~ ~ ~ C  physical 
stio\\~n abovc. Usu;~lly a wall-attacliccl cavity with rc-entrant jet consists of a scqucucc of alter 
cavitics originating from the wall and then tlctaching tlicnisclvcs ant1 then ccdlapsing. Herc the 
cyc niny only observe thc maximum - cavity Icngtli. The cavity starts from its fixed hc:ld and its 
0-ows with time rlnpsctl I by Jar ( r r  = thermal diTl'itsivity). Its growt!~ ends when thc jct cuts c'. 

cavity hcad frorn thc wall. As the vclocity of the rc-cntrant jct incrcascs with N P S H ,  the 
cavity Icngth L observable is dccrcosi!ig with hrPSII increasing. The frcqucncy of this 
alternation is controlled by a ccrtain Strolrllal nurnbcr formcd by L and thc undisturbc 

8.3. Water hammer 

8.3.1. Celerity, fundamentals of method of characteristics in c,  p-plane 

Consider a real compressible iiquid, density Q ,  bulk modulus E,., within a straight pi 
having a constant cross sectional area A, diameter D, with a thin wall, thickness s 
compared with D, of elastic material, modulus of elasticity E (Fig. 8.3.1 a). A press 
p~ilse with cross sectional-averaged value t lp propagates along the pipe axis 
s-direction rzlative to the liquid with celerity n. 

- dD/2  
a )  b)  p- Fig. 8.3.1. Plicnomena in 

32 I. 

6fJjf front, along of sound) rnovirlg the t r :  pipc :I) with lncrernen axis celerity seen (vel 
A+dA 

x obscl-vcr in the wavc front. b) 
ocdc 

r--- 
dilatation due to pressure in 

w rnent. 

Sirnr~itaneously disturbances of fluid density and velocity with thc cross section 
averaged values cl,o and dc also propagate themselves in the x-direction with cel 
Ail  disturbances are assumed as time-independent. 
Moreover an increment of the pipe's cross section dA propagates together with 
pressure pulse d p  with celerity n in the x-direction. First the problem rises to obtain 
celzrity as a function of the known properties of the liquid and pipe. 
Obviously an  observer moving relative to  the fluid with cclcrity sees a stcady motion. Accordin 
GLlli/ei's principle of relativity such a coordinate system is equivalent to  a stationary on 
latter is an incrtial frame of reference uniformly and rcctilinearily moved. Hence assuming 
the theorems of rncclianics (mass conservation, momentum thcorem) can bc applied to  the fram 
reference, that moves with celerity a. 

Obviously the above consideration about the equivalence of both the systcn~s of reference 
sc;od, if the fluid nioves with constant velocity o r  is at rest. The latter is assumed since a co 
rnotion of the fluid, according to Girlii'ei's principle, cannot contribute anything to a phen 
of ~liechanics like celerity. 

Locating now the observer in the wave f r m t  of the pressure pulse, in which all the val 
p. Q, c, A experience a steplike increment by dp, d ~ ,  dc, dA (Fig. 8.3.1 a) that lasts 
attcnuatedly, the followil~g is observed. 
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I,, front of  the observer the fluid enters the wave front with ceierity a .  Hence the influx 
of nlass into the shock plane is: rn - Q Aa. To employ mass conscrvntion im;~ginc the 

front to bc a fluid lamina with infinitesimally small thickness in the direction o f  thc 
axis. The mass flow leaving this 1;1mi1ia is: l i i  + d1i1 = Q A n  + d ( p  Arr )  Mass conser- 

vntion requircs dri~ = 0 or d ( ~  Aa) = A u d g  + q ( 1 0 A  + Q A  du = 0.  

Since the celerity a is a constant figure, the problem rises if 'do' must be cancelled o r  not. 
,-lere the following consideration helps. As above mentioned, also the velocity o l  the fluid 
,("ow assumed as zero) is subjected to  a stepwise incremellt dc within the wave front. As 
the celerity of a fluid is relative to the fluid, now tile celerity within the wave front 
,speriences a stepwise change that equals dc. Hence da = dc. 

~ ~ e p i n g  this in mind the mass conservation and the momentum equation for the moving 
observer read : 

d ( e a A ) = O  or ~ A d c + a A c l g + ~ a d A = O ,  (8.3 - 1) 

Elimination of dc gives the celerity as 

a = [deldp + ( @ / A )  dA/dp] - '1' 

Obviously this relation holds good for a pipe with arbitrary cross sectional area A,  . 
constant along the pipe axis. 

~ppl icat ion of (8.3-3)  to a cylindrical pipe: Now A = (n/4) D 2 ,  dA = 2 ( n / 4 )  Dt lD.  Ob- 
viously the increment of tangential strain ds, = d D / D .  l-looke's law for a one-dimensional 
state of stress in the pipe wail, modulus of elasticity Ef, reads 

E, = o,/E1, (8.3 - 4 )  

where E, is the tangential strain, a, the tangential tensile stress. Obviously d D  = D rlc, and 
with (8 .3 -4)  and the equilibriun~ on the thin-walled pipe, a, = pDl (2  s)  (Fig. 8.3.1 b), 
d D  = D2 dp/ (2  s E') and d A  = A (D/s)  dp/E1.  This reduces the second term in (8.3 - 3 )  to 
(CIA) n n l d ~ )  = (P IE ' )  (Dls). 
The firsi term in (8.3-3)  follows from the equation of state 

= el&,. (8.3 - 5) 

With the above, the celerity of (8 .3 -3)  is converted into 

a = {e [l/E, + (1 /E l )  ( D / s ) ] }  - ' I 2  . 

The one-dimensional state of stress according to  (8.3-4) ,  in which E' corresponds to  the 
real modulus of elasticity of wall material, exists in a pipe, that is supported at both its 
cnds by a frictionless stuffing box. When the pipe is closed at one of its ends, but can freely 
cxpand there, then E' is related to the r x l  value E by: E' = E/(1 - m/2)  with H I  = 0,3 as 
Poisson's ratio. In the case, the pipe is axially fixed at both its ends: E' = E/(l - m2),  (see 
also [8.83; 8.851). In general E' depends on  the support of the pipe. 

- I'rovisional nieasurement of the celerity: Imagine a penstock, whose length is I, between its shut 
valve at the lower end and its uppcr end, usually open into a head reservoir or surge tank. Any  

instantaneous reduction of the valve's cross sectional area by a corresponding adjustrncnt induces 
a Pressure wave, which propagates with celerity 'a' towards the uppcr end (Fig. 8.3.2 a and b). There 
it is rcflccted as a ncgativc prcssure wave. With the so-called reflection time T, measured by the 
inllication of a manometer, elapsed since the intentional sudden throttling of valve, the celerity yields 

a = 2 LIT,. (8.3 - 7) 



Fig. 8.3.2. t'rcssurc pi~lsc in n straigh 
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- ?'he pulses of density dg, pipe expansion rlA and velocity dc, due to the pressure 
The density wrtvc d ~ ,  relatively small in the case of water follows from (8.3-5). 
"breathing" of the cross sectional area results from the above as (Fig. 8.3. 
d,4 = A (D/s)clp/E1 and that of diameter as (ID = D~ dp/(2 s El). 

The important velocity pulse due to dp results from (8.3-1) after multi 
with dp on the right hand side as dc = - (adp/e)[d~/dp + (~/A)d/l/tlp]. T 
respect to (8.3-3) 

dc = - (1 /(a Q)) dp . 

This last relation may be obtained more easily from the ox-dimensional squation 
motion of the fluid in the direction of pipe axis: (l/e)i?p/c?x + dc/at = 0, when, aft 
Galilei's principle, this is described frorn an inertia frame of reference moving with celcri 
a it1 the x-direction and hence ax = a dt. 

(5.3 - Sj holds for a pressure pulse, travelling with the celerity (1 in the dirzction of c a 
hence also of s. Consequently for a pressure pulse moving with a in the - .Y-directi 

dc = ( ! /(a e)) dp . 

After Schnyder. [8.133] and Bergeron [8.134] the integration of both the last 
under the assumption of a constant celerity 'a' for an observer moving relative t 
with the celerity + (I in the + x-direction (positive in the flow-direction), yields 
lines (characteristics) in a p, c-graph (Fig. 8.3.2 c) as the possible values p slid c 
to each other, seen by such an observer. This feature is used by the method of 
istics of Sc.lrnyder and Bergerort in the p, c-plane, discussed later on in more detail. 

8.3.2. Ftlndamentals of method of characteristics in the x, t-plane 

For a stationary observer the mass conservation due to a fluid-filled pipe element, volu 
A clx, reads 

A zc/ax + A ae/ax + a ~ l a ~  + A aelat + a ~ l a t  = o. 
Assuming barotropic relations, some derivatives may be reduced to p: 

anlax = ( a ~ l a p )  ap:ax. 
Putting this in (8.3- lo), respecting a and dividing by a gives 

ea 6c/a-~ + (cla) ap/ax + (l/a) apldt = 0. 

Neglecting the gravity term, which may be superimposed later, the one-dimensi 
equation of motion in the x-direction (pipe axis) for a fluid element in a pip 
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,vJlere r0 is the \l1all sllear, standing for the internal loss. 

~ d d i n g  both the last rclations and the11 multiplying by ' a  tlt' gives 

The flow now is referred to a x+-coordinate system, moving relative to the flow with the 
'u' in the flow direction (+ x-direction). This system has tile velocity ( r z  ; c) 

rclati~e to a stationary frame of reference with coordinate x. Hence (Fig. 8.3.3 a) 

The time elapsed t is counted from the instant, when x and  x +  coincide. The line 

x +  - x +  (t) (8.3 - 15) 

is defined as the positive characteristic within the x + ,  t-system. The celerity '0' may var) 
dong the pipe axis, when E' or D/s changes. Hence, strictly speaking, the relalion (5.3- 14) 
holds only for the time interval dt in the form 

dx+  = ( c + a ) d t .  (8.3- I 6) 

substituting this in (8.3-13) brings with ax  = a x + ,  and  then accounting for t l ~ ,  
= (dcli3x + )dx  + + (dc/?f) tlt and clp+ = (8p/dx+)dx+ + (d)/dt) dt, the y, c-characteristic 
in the x + -system, now with the pipe loss, reads 

As (8.3-8), but now referred to a real fluid with internal friction and moving in the  
+ x-direction with velocity c, the last relation conibines the pressure increment rip, and  
rhc corresponding velocity increment dc+ for an  observer, moving with celerity 'u'rn thc 
t x-direction-relative to-the fluid. Sirnilarily for a *  observer,movini wi th  celerity 'a' 
rclative t o  the fluid in the - x-direction along the so-called negative characteristic (scc 
Fig. 8.3.3 a), infinitesimally defined by 

the relation that now corresponds to (8.3-17) is taking the fonn  

Assuming quasi steady flow, the wall shear stress can be reduced to  the pipe loss coeffi- 
cient 2 (see (5.4- 14)) by 

Fig. 8.3.3. Characteristics in the x, t -  
plane. a) Characteristics [ + ,  i- in the 
x, [-system of an observcr moving rela- 
l ive to the fluid, velocity c, with cclerity 
+ a, - a in the x-direction. b) Applica- 
tion of the characteristics-method by 
means of a prescribed grid of points, 
whose state (p, c) is known, or to be 
determined. dl: 1,  - t,, t ,  - 1,. 

- X  -- 
cdl , cdt 

odt i odt - 



Thus ( 3  3 1 7, ( S .  10) are cor~vcrtcd irito 

(I,, , + ,I Q 11,. , = - , [tr/(c + tl)] tls , [ 4 ( 2  D)] I c + 1 c + , 

lr l )  - == [tll(c - U )  J (1-u- [i.i(2 1111 1 c - . 

8.3.3. Application of method of cllaractcristics in s, t-p!ane 

Assume, that u it~ld t for the direrent stations A, B, C of a pipe are known a1 
x, but unknonin nild required along the line x + Ax (Fig. 8.3.3 b) in the charact 
.u, r-plane. I 'hc characteristics [ + , < _-, as clefined by 

( I \ - ,  = ( c + a ) c l t = < , d t ,  J x - = ( c - o ) d t = [ - d t ,  

are known at the st:~tion C,  but unknown at the stations on the line x + Ax. The m 
aim of the follo\ving cornput;~tio~~ is the determinrition of pressure p and correspond 
velocity c x i  tilt. station P ,  when p and c are known at the stations A, B, C and when 
coordinates of I.' in ;he .u, t-plane are fixed. It follows de Be~rzclrtiinis et al. [8.99]. 

On the stations, A, B, C as subscripts are added to the variables. The characteris 
c.-. [ +  through the ~ o i n t  P intersect Ihc line .u at the stations R and S. From this 
periods t, and t ,  follow by an extrapolation as (Fig. 8.3.3 b) 

t ,  = - ,sp - +x,)/[+~ + f,, tS - - (xp - xs)/Lc + fp.  
With 

~ f . ~ j d t  = 9, c + c =  dx/(tc - t , ) ,  [-c = Ax/(tS- te), 

the values p,(.ps, c, ,  c ,  result from 4 linear equations, written as follows in ma 
llotation {:},= k } c [ l  - t x ; : 1 +  k } A 8 < i : ,  

("1 c s = {:}c[l - l f 9 < - 2 1 +  ~}B19c1 : ,  

in ~vhich p,, c,, p,. c,, p,, c, are known. With p,, p,, c,, c,*, the pressure p, and 
velocity c, follow by (8.3-211, (8.3-22) as 

pP - pK + ( I  g (c, - c,) = - {Q a A/[(cR + a) 2 Dl) lcRl cR (x, - x,), (8.3- 

p P - ~ ~ s + a ~ ( ~ P - ~ S )  = -  {QaL/[(c,+ a)2Dl)lcsIcs(xp-xs). 

Herein s,, x,, s,, a, p,, c,, cSs and iJ(2 D) are known. Thus p, and c ,  can be dete 
from the last two relations. 

8.3.4. The celerity in a two phase mixture 

When the pressure falls short of its critical value, evaporation creates two phas 
same may also occur when the liquid, saturated with dissolved gas, passes a lo 
zone. Here the gas may be released so as to have a two phase mixture. 

In the following the prediction of the celerity in two phase flow is introduced accor 
to ;l method proposed by Reclii and Faiielli [8.97]. 

Assumptions: A liquid split into two phases, the one of which is both gaseous 
vrlpour in its state, the other is liquid. The liquid is mixed with gas- and v 
bubbles, having the same ~Kective radius R. The following nomei~clature is used:p 
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P ressure in the liquid phase. 17, that in the gas, p,, that in the vapour phase. y,,, that o f  the 
u,,, is the spccilic volume of the mixture, v, and I ;  are "specific volun~es" of likcwisc. 

g s s ~ o ~ i s  and vnpour phase (c,) and the liquid phase (1 . )  each referred to the unit of n ~ : ~ s s  
of the mixture. Hence the pressure of the mixture 

For stiffly assumed walls the celerity a, of the mixture 

Contrary to the usrlal thermodynamic procedure, the absolute temperature T is assumed ,, constant for 8v,/dpwl. This is in accordance with observations [8.97]. 

Additional assumptions: 
,) Gravity negligible, gas and vapour phase are uniformly distributed over N spherical 
bubbles in the unit of mass of mixture, radius R. Hence the "specific volume" of the  gas 
phase v, = (413) n N R 3 .  Thus 

b) The interface between gas and liquid has a surface tension a. This requires 
p = pL, + pg - 2 o/R. Hence at  a = constant 

dp = dp,, + dp, + (2 a/R2) dR . (5.3 - 34) 

c) Gas and vapour follow the perfect gas law. Thus with k as  gas constant and M ,  and 
h4 the molecular masses of gas and vapour: p, = k p, TIM,, p, = k Q, TIM. Hence 

dp, = (kTIM) d ~ ,  . (8.3- 36) 

d) The mass in each bubble is conserved. Thus Q ,  R3  = const or 

c) The masses of  liquid and vapour plus gas within the unit mass of mixture a re  con- 
served. Hence p v  + e,, c, = const or 

Note that here gt:  is not "one" but kg liquidlkg mixture. 
f) Pressure and density of the liquid obey an empirical equation of state. With bulk 
modulus EL,  

n~ = (QIEL) d ~ .  (8.3 - 39) 

g) Liquid and  vapour are in thermodynamic equilibrium. Therefore the chemical poten- 
lids are the same. Hence for T= const: 

e,dp = Q ~ P , .  (8.3-40) 

n1e fo l lowi r~~  unknown Xi appear in the linear inhomogeneous system, represented by 
(8.3- 33) through (8.3-40): 



Olict. this sjstcm has bccn solvccl, the celerit~. f~ l lows  as 

Typical examples of a,, can be scen in the (1, graph vs x at constan 
x depends on the void fraction x = u,/u by x = log,, V / I I , .  Note 
a very small range of very small values v,/u (Fig. Y.3.4), which is 
two-phase-flow even if this gradient depends on the flow type, e 
flow, slug flow, stratified flow. See also [8.64; 8.981. 

8.3.5. Influence of evaporatiorl and diffusion 

According to the last relation, the celerity of a mixture depends strongly on the v 
fraction, which contrary to the above section is now wri~ten in more detail as (< + V,)/ 
where V, is the gas part and V ,  the vapour part of the void volume, and V, the volu 
of the mixture due to the void. 

For a void with impermeable walls, not subjected to gas diffusion and evaporati 
void's volume and hence the void fraction depends on the pressure by an equa 
stare. This may have the form p ( Y ,  + Ifu)'' = const. 

For  a void, partly subjected to evaporation, or condensation, but not to diffusion,: 
csponent 11 can be approximated after Ranbe [8.30] by the molecular masses hi,, M 
gas and vapour and the real masses of gas and vapour nl, and mu, contained within 
average void considered by means of 

n = 1 i- in, l\/l ,/(m,, M ,) . 

In the case of evaporation. the growth of the void is governed by the differential equa 
of liea t transfer (8.2- 19). 

The volurrle of a spherical void, radius R, that col~tains a gas mass m, and a vapour 
in , . .  at an  absolute temperature T and the total pressure p. can be determined, if gas 
vapour follow the behaviour of an ideal gas, and have the corresponding gas const 
k g  and k,. Thus 

v= V, + = ( 4 / 3 ) n R 3  = (k,m, + k,m,)T/p .  

The increment Atn,. of the vapour mass 
evaporation of the liquid, that surroun 
heat c,, a density Q and a superheat TL 
within the thermal boundary layer o 

312 



leqllired far evaporation. Hence, with a tliickness 4,/;;; of ther~mal boundary Iaycr 

Ant,, = 8 n R' cL (ot) ' I2  (T- - T) /A  . 

The increment dm,  of E,as mass by diffusion during a certain time elapsed t can be 
f~+om the supersaturation C - C ,  of the diffusion boundary layer, thickness 4fi, n ~ a s s  dillusivity D, adjacent to the bubble wall, with dissolved gas. Hence 

Am, = 8 n R 2  (C - C o ) ( D t ) 1 1 2 ,  

&ere C is the gas mass dissolved per unit volume, existing in the instant t, and C, the 
C due to  saturation, that follows from Henry' law C o  = const p, [8.6]. 

The rols d diffusion d~i r ing  water hammer was highlighted by Olderrziel [8.35]. 

8.3.6. Boundary conditions in the p, c-plane, loss influence 

~t the end of a pipe attached to a larger reservoir (surge tank), the pressure is given by 
the elevation of the free water level above the pipe connection and hence is more o r  less 
constant. Here, a positive pr-essure wave, that arrives at  this station is rcfleztsd as  a 
nt.gative pressure wave. 

When the pipe diameter changes in stepwise manner, the pressure is the same for both 
the adjacent parts of the pipe. In bifurcations, the pressure, which acts in each branch. is 
the samc. In bifurcations and at  a station, with a change of the cross section of the 
passage, the ve!ocity must obey mass conservaticn with due respect to e ~ e n t u z l  contrac- 
tion or lilllitcd diffi~sion. In the latter case the pressure acting on the adjacent branch must 
be diminished by the corresponding shock loss. 

When the flow passes a special device or  machine, pressure drop  between inlet and  ou tlct 
of the device, and the mean velocity of the through flow, ha7;c to be related 10 each other 
by the characteristic of this devicc with a certain sense of thro:lghflow. 

In  the case of a valve or the nozzle of a Pelton turbine this relation reads 

where k ,  depends on the position of a regulating device (provided the apparatus has  one). 
In a PT the pressure past the nozzle is constant. Hence the above relation yields the 
pressure upstream of the nozzle or at  the lower end of the penstock. 

In reaction fluid machines the above pressure drop  depends also on the speed 11 of the 
machine. Thus the characteristics of the machine with a certain flow c,, at its bep, under 
a gate opening a,, in the case of a turbine is given by the following parabola-like function 

Ap = -- ko n' + ( k ,  + k ,  cot a,) 11 c + k, r l  ( c  - cop)' + k ,  c 2  
+ k S n 3  + keep'. ( 8 . 3  -47)  

With the ki  as design parameters, both the first terms are due to  the change of whirl 
velocity component in the rotor a t  a certain gate opening angle a,, the third term is due 
10 thc shock loss at  rotor in!et, the fourth term due t o  the loss in the flow passages, the 
fifth term due to  disk friction loss and the last term due  to  lc;~kage loss- 

Once the pressure at the exit of the turbine is known from the elevation of tailwater above 
the exit, then the pressure at the inlet of the turbine follows from the latter and Ap. 



if tllc I I I : ~ ( . I I ~ ~ I C  I I ~ I S  S I > C C ~  ~~c;~rri;ltio~i. '111il s1111pIi~s ; I I I  C I C C I I - i ~  gild. '11. is i . ~ t ; l i ~ ~ ~ , j .  
d1.11 it:g sl:r~-L \!I> o r  ; I I . ~ c I .  cli:,~.or~!ic~.ti~ig I iic s ~ L  c1.0111 ~ I I C  C \ ( : ~ . [ ~ I L  gl.i(!. l l ? ~  spccll 11 v;,,. 
this c a w  t l ~ c :  ;rngulat- :~c.cclcr;llion t l c ~ ) , ' t l r  its ;I sc;~!c I.or- tl11: sl?ccd r .~ tc  l i  i . c : i ~ ~ l t ~  fro 
cclu;~tic,n o l  m o t i o t ~  of !IIC set ivith its 1 ~ 1 ~ m ~ i l I  of iril:rti;l (9 ;11ic1 its evc1i111;11 excess lo,. 
:\,I by nicilns of 

R.1 = O dO)/,it . 

In thc c;isc of lvncl rejcctio~i tlic cxccss torquc corresponds 1 0  that of the machine 
follo\vs Tro111 flow, head, efliciency of its inst;lntuncous tvorking point (yH, Qj  

111 = Q Q g111//0). 

T h e  pressure d r o p  A/ )  ivi thili machines 01- deviccs (especially vnlvcs) dcpentis als 
internal loss. Tile lalter, as empirical a:!rurn, is only known f rcm stationary tests. 
same h<)l<ls also Tor the pipc loss cocft!uie~it. 2.. 'This innut-nces thc prcssure I?+ ;.I 

(5.3-21) o n  the wave front as a f t~nc t ion  of the velocity c . ,  there. A s s u l n i n ~  con 
celerity '(1' aiong a pipe scctioil, length s ., , tlie pr-essure I?+ a n d  the velocity c 
wave front. rnoving ~ i i t h  '(I' in s .+-direction clepend after  (8.3--21) on thc yipc loss h 
n certain stretch. covered i ~ :  the time interval r =: .u , !'(c + ( I ) .  .Y !. begins at  a stcition, w 
the pressurc yo a n d  thc veiocity c ,  on the wave front a r e  kcov-!I. I lerice ar l: = collst 

.r . 
I.'+ = p9 - Q(~(c+ - c,) - [ i i ( 2 ~ ) ) ] ~  j [ ( I ,~( ' I  + C - ) ] ~ . I C + I C +  [ i . ~ + .  (8.3- 

s -  T O  

Here a n y  evaluation oT tlte loss i r f u e n c e  nccds kno~vledge nT the loss cccfficient 1, du 
unsteady flow. U s ~ ~ a l l y  the p i ~ c  vclaciiy c can be i~l-.glccted in comparison with 
cclcrity ir. Since tllc pipe ioss is small as cci:.tp~1rcd s ~ i t l l  thc hcad: c +  and i. a r  
11arily assut?led as constai;t d o n g  x + , vi.jiiicll lnay be cor.rer:tecl later 13n by trial a 
Hence I>+ = P o  - etr (c+ - cO) - [ i ,0 , ' (21))]s+ I c + l c + .  

Usually s + is extended over the whole pipe length from th'c machine t o  the rescrvoi 
s 3 i - g ~  t ank  1:endin~ the pipe. 

Assin Iicrc  he question ariszs if the loss coefficiert i call b i  takc~! from stc;~dy lloiv test results. 
decision niust be based on pulsating and unstc:~dy prpc llow. Xlanv investigations by means 
Laser vclocir~ieter haw bee11 cc~rricd out in such a llow during the last 13 ycars in the Isb of thc 
fiir I-iydrnulische b!nschi~~cn und Anla_rcu 'TU Xiu~iich, Fcdcral licpublic of Genn>> by K 
[5.13j]. arrd llurrner- [S.l36]. In the latter c;uc also the Rej~noltls stresses due to 11 :  I />  have 
mc;ist~red by two Lnscr bcarns si~nultwneoujl~. biorcovcr wall i~iflucnce h;ls bcen eliminated by 
a fiuid with the same refractive index as tlie block of plane-faced plcxi glass around the meas 
sect ion. 

Special theoretical invcsti~ations on this subject have bcen carried orlt also by H. Brckke, 
Br1r;:g (8.S9; 8.1071. The Ilow conczntration on s small ar?nular section close to the pipe wal 
st>-called R I C I I N ~ ~ S ~ I I  ~ f i c t  [X. 1371 is a typicrll feature of real unstt.a~ly and puls;iting flow as it 
occur under the influence of wntcr haninlcr cspccially undcr vcry low f l o ~  rate. This effect acc 
lates anti concentrates thc loss cidse to the wall and incrcascs also the loss coefficient by the 
large strain rates of flow. Ry internal friction al l  disturha~~ccs src fading. 

The largcst pressure surge due to water hitmnier appears shortly bcforc cutting-off the Cow. 
due to thc stccp slope ihc characteristic of the machille has in t!ie p, ca-plane sho~t ly  before 
There the resulting highest pressurc induced by water hammer may be increased by an 
sloping of thc machir~c's characteristic caused by enl;~rgcd loss duc to unsteady flow. 

One spxial feature of pulsating unsteady flow is ihc f ~ c t ,  that thc velocity may change its dir 
v;ithin ,I ccrtni;l flow passap. On the one hand this rc'sults from n coincitlencc of the 

314 



rclalit~!irhip hcti\.ecli pr:ssurc :11?4l vclocity close to the wall. On tlic ctlicr hand thi.; follov:s fronl 3 

90, ph;~?;c ~h i f r  bctwecn vclocity anti prcssure vs timc ;it  the pipz axis, prc~vi~lcd the phnsc r c l ; t t i o ~ ~ ~ I ~ i ~  
of t],c prcssurc is the same over the whole cross section (;I known conscclucucc of thc cq~lat ion of 
motion). 

~h~ first res~llts from the propol-tionslity of pressure and velocity close to the wall in the abscnce 
of inertia tcrlns yielding ?p/dx -; q(JZ c/dx2. The second follows from the exclusive balance bctivcen 

drop and inertia force on the pipe's centre line yielding (lip) dp,!iIx = - 2ciL't. 

8-37. E+a:;lples of the method of charactrristics in the c, i;-plane *) 

consider a pipe flow of constant celerity a and vanishing wall shear stress T,. After 
(s.3 -21), (8.3 -22) the so-c;+llcd positive (+) and negative ( - )  characteristics in a 

P 7  
c-plane duc to pressure waves, moving with + 0 and - u in x-[pipe axisj direction read 

is follows 
P +  = - a e ( c +  - ( - O , ) + p o + ,  

For the interpretation see the remarks due t o  (8.3-9). Hencc tile possible statc p, c for an  
observer, moving on the wajJe front with + n in the s-direction (flow direction) is on a 
straight line in a 11, c-plane, that has a slope T a e  with the c-axis. The definite posjtiorl 
of this straight line (the so-called characteristic) is known only, when pressures 11, + , po-  
and corresponding velocities co,, co- are known (Fig. 8.3.2 c). 

An apglicati31: of  the above is illustrated by an  exa~nple. In  an  impulse turbine (Fig. 8.3.5) 
the statc 011 the lower end U ,  of the penstock (horizontal since gravity effects may  be 
superinlposed later on) is given by a parabola p = k ,  c2. This fol!ows from the law of the 
spouiing \~elocity on the section of nozzle and the linkage of this \relocity to  that o n  the 
lower pipe sectior~ by contil~uity. Gauge pressure is applied for convenience. 

The state at the upper end Oi of the penstock is dictated by the assr~med constant 
elevation of the nonpressurized level above the pipe connection and hence is a constant 
pressurepb. Accounting for the friction loss of the pipe on the basis of (8.3-51) the latter 
may be imasined to be concentrated in a throttle upstream of the upper end of the 
penstock between the station Of with pb, = constant and  the station Oi with a flow- 
dependent pressure drop /lp against 0: being J p ,  = C C ; ,  where [ is the loss coefficient 
Q ;. Ll(2 11) of the whole pipe. 

The graphical procedure is pursued in adequate time intervals. As such the timc of travel of a wave 
TL = Lla. to cover the penstock lcngth L with a mean celerity, 'a' fits mostly. Hence let the subscript 
at the station 0, and U ,  indicate thc multiple of T, after starting the closing of the ncctilc. l'hcn 
obviously the station 0; on the upper end of the penstock coincidcs with Ub on thc lo\tdcr end a: 
the instant, Ihe needlc starts closing. Hence the state U; on the lower end, at the inqtnnt t 1  = 2 T, 
results from thc intersection of the ncgativcly inclined positive characteristic, due to a wave m ~ v i n g  
in flow direction, across the point 0; with the parabola of the needlc due to t ,  = 2 TL. 

In the SO-called "linear closure" thc velocity Juc to the intersection poi~l t  of the parabola wiih t l ~ c  
"Ilstant pressure li~le p,. dcc:c;rscs lit~crlrly 1,s time down to zero. Performing such a linear closure 
bctwccn subsequent needle positions and beginnins with the largest operings and then continuing 
tothe smaller ones, the pressure surge due to U; at the lower end obvioitsly increases as the opening 
decreases. - 
'1 In  this subchaptcr. the metliod of chnracteristics in the p. <.-plane is npplied on thc admissible assl~mption that 

pip. velocity c is negl~gible conip;~rcd with selcrity a. 



--.s'"u for the loss ir?  the pe11sttick, COIlCCntratcd . - In a ,p~$&&~,,o,,,,; . t l o ~ ~ l c  0'0 txtwc'~i "1. tali* Of of constant 
% sure and upper end 0 of the penstock. Needle 

0, - 4- ka 
a . 11- s2 1 villvc at thc lowcr cnd of penstock U rcpresrntd 

- 
celerity + cr,  - t r  in the x-direction (c-dircctjo;g 
pcnstock axis). Closure starts at 1 = 0. Subscrip 
il~dicatc the multiples of pulse travel time T,: 

- L / a  along the penstock, Icngth L. 

Hence the largest pressure surgc on the lowcr end of thc pcnstock results (provided i~near closu 
tvith the same closing rntc) when thc turbine is closed cotnplctely within 2 T, = 2 Lln, the so-call( 
reflection time T, (see (5.3-7)). This gives the highest water hammf,; blow, the so-called Jotikovsl 
shock, described 1895 [S.138] but so~nctimes also ascribed to Alliryi, who publishcd this later in 19( 
[8.139] : 

d p  = Q U C .  (8.3 - 5 

Usually this pressure rise is only attained, when the turbine is shut down from smallcr openin! 
When tile shut dortn period !arts longer than the reflection timc, n further pressure risc on the turbi 
is suppressed by the negati\e pressurc wave, caused by the reflection of the originally positive w 
on the uppcr open end of the penstock. 

Usually the shutoff rate of n valve or gate before a turbine is lowered in steps (at least in two steq 
when approxlmatlng to its closing position. A reasonable timing of thc shut down would be 
as to cause a constant pressure surge from any position of gatc or valve. W 

C 
To date the following upper limits of water hammer-induced pressure surge Ap in relation to:  
pressurc p ,  are accepted to depend on the plant's head: dplp,  = 0,2 to 2 for 'H = 100 m to 5 4 
Whcrs the pressure falls short of its critical value by a pressure wave, that is reflected a s j  
underpressure wave, the penstock.wal1 has to withstand buckling. Such stations on the penstoc 
usunll:~ located at the upper end near the surge tank. Also an emergency device for suddcn aer 
may prevent 3 water colrlmn sepr;l.ation and its subsequent dangcroils collapse due to reversed' 
hammer. Such a snifting valvc, operated by thc gate ring in the casc of a rapid shut down, is U 
applied on the head cover of Kaplan turbines. 

- The time step procedure for an impeller pump during valve closure (Fig. 8.3.6): 
a_eain the state on the lower end of the penstock U follows from the state at the u 
end 0 at an instant earlier by the wave travel time L/a (required to cover the pens 
length L with celerity a). 

Fis. 8.3.5. Schcmc of co~npu(inp lransicnts in 
I ) ,  c-plane for closing tllc nccillr: v;\lvc of an illlpU 
sc turbine ttl~rh (0,). and without (0:) account;,, 

by a parabola, whose opening varics with the 
stant t , .  A4 penstock rnitlpoint o,, q ,  charactc 
tics in a y, c.-pli~ne for states ( p ,  c)  moving 

. . . .. 



g.3.h. Srhcmc of conlp~rt-- 

in6 tr;ll,sicnis in c ~ s c  of f:lilurc 
impc!!". pulllp drivc (c.g., 

O 

(P" 
!nl?-turl~inc at pumping). a )  

I'roccdurc by char;~ctcristics- 
rncthnd in t hc 1). c,-plane with 

wi!hot~t CIOSI ITC of tllc main 
, , l~vC on the I > ~ C S S L I ~ C  side of tlic 
.,ump (bct\vccn U and  I', scc b)) 
In t h ~  punlp r31!2'. (c. > 0) and 

ra11gc B1.(1. < 0). gZ , g , 
c~nr;l~tcristics for s ~ : ; t e s p ?  c 

moving wit11 cclcr 11)' + (1, -- fl 

In  -v ((,)-direc! ioii. Sl~bscripts see 
Jig. 8.3.5. b) Scheme of pump, 
F m t ~ ~ k ,  V ~ I Y C ;  ~ C I I S ~ O C ~  loss 
,.onccntr~ tcd be~vfeen 0' and 0. 

- L 
p = const 

llcnce for an in~peller pump, with its positive floiv from thc lower end to the upper end. 
thc state on the lower end U,, , at the insiant t , ,  , ((k + I )  T, aftcr cutting out pump 
drlvc) folloc\~\ from tllc "state" 0, at the time r, on the uppt31. en3 of tlie penstock. 

In this case the s~ra ight  c11ara;tcristic according to (S.3-53), which crosses 0,, intersects 
thc characteri~tic of thc pump with its speed r l , + ,  (now variable in conscquel?ce of the 
3,surned cut ollt of the drive) at t!ic instant t , ,  , (Fig. 8.3.6). Whcn the throttle valve is 
located ups t r am of the in~peller, the intersection of the straight characteristic (8.3-53) 
coming fro111 O1. O C C L I ~ S  at a point U ,  + , (Fig. 8.3.6 shows this for k - 0) with 2 pressure 
drop due td the instantaneous loss in thc valve A p , ,  , = K , ,  , c i ,  , against the point P,, , 
on (he charnctcric~ic of the p u m p  at the instant t,, , with the speed I I , ,  , . Cont inu~ty  
rcquires that 1;. , and U,, , have the smile velocity c,, , . The parameter K , . . r ,  of the 
Instantaneous valve cha~acteristic depends on its instantaneous position (opening) and 
lhc sense of throughflow. 

T l ~ c  instantaneous speed 17,. , of the purr,p results from the speed n,, a period TL earlier, 
from the braking torqlie on the impeller (taken from the characteristic or  calculated from 
~ l f ,  Q. 11, if available) iM, + , and M ,  due to the instants t , +  ,, r ,  and the moment of inertia 
of the set 0, by means of the set's equation of motion, whlch reads in terms of  angular 
rclocity w = x ir/.?O (instead of 11 rpm) 

Other exnmplc.;. Fig. 8.3.7 ti shows a failure of pump drivc togethcr with a throttling of t h r  main 
'al\c during pump operation. The following is seen. Owing to the inertia of the rotating set, the 
Frasurc at thc lower pipc clid prelimin:irily falls short of its original vnluc. This is later on followcd 

Prcssurc rises above the origin;ll pre5surc. By thc actuation of the valvc yet during the normal 
W ~ P  rcgimc, the prcssurc drop on thc lower cnd U of tlic pipc is enlarged cornpared with an 
'Wralion without nctuating thc valve. The diagram contnins also thc lines of constant torque. 

Iig8.3.7 b shows the conscqtlenccs of a pump drivc klilurc in the brakc ficld of the punlp under 
rnerscd flow. Contrary to  the previous example, hcrc the prcssurc drop  at thc lower pipe end is 
wmcwh;~t smoothed. I-ig. 8.3.7 c shows the shut down c-f a turbine supplying a grid by itscl!'to zero 



/ 

turbine but disconnecting the set from the grid and hence raising the speed. 
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ccd by mcitns of a synchronous closing of gate and main vitlvc (indicatetl by the hatchcd parabola 
'' - whcrc I. ilcpcods on the timing of shut down) without disconnecting the set from ths grid. 
~ ~ ~ r ; l l l y  prcssllrc risc at thc lover pipc end, speed dropping. 

Fig, 8.3.7d sliowr it c l o s ~ ~ r c  of gales under constant spcccl. This cnsc m a y  hilppcn in a tcrnary set. 
%,hen chiingin!: cluickly from turbini~lg to pumpillg. Also herc gcncrally prcssurc rises at the lo\\;er 
p s n s ( ~ ~ k  end. 

8.3.7e shows thc samc as in Fig. 8 . 3 . 7 ~  but with disconnection of the set from the electric p i d .  
speed rising. 

8.3.8. Characteristic lr~ctliod in the c, w-planc 

 TI,^: disadvantage of a water hammer computation in the p, c- or  the related YJ, cp- or 
11,  Q-plane exists for pul-r~ps in the f x t ,  that the brake and turbine zone overlap each 
other- 
~hcrefore a point of the H, Q-plane is not always assigned unequivocally to a definite 
operating poi~lt of a machine. This troilble can be avoided by the application of the w; c- 
(or 1 1 ,  Q-)graph (Fig. 8.3.8). This is especially advisable, when the machine operates at 
quickly varying speed at start up or  run down. In this graph any point of the plane is 
definitely assigned to a special operation of the machine. 

The question arises: How the straight characteristics of they, c-plane should be replaced? 
For this purpose consider again the positive characteristic in the c, p-plane in  its dil'feren- 
tiat form without losses (8.3 - 21): 

dp., + ~ a d c +  = 0. (8.3 - 56) 

The increments dp+ and dc+ due to d x ,  = (a + c)dt can be written down in a more 
expanded manner 

Asp is a function of c  and o 

lnscrting this in (8.3-57) the rclation (8.3-56) can be written as 

Fig. 8.3.8. Characteristics-method in the velocity (c) speed (w)  
P ~ C .  Curved cliaracteristics (-, (, for states moving with 
elcrity - a, -+ a alo11g a pipc (x)-axis. Lines of constant pres- 
'We. Preferably uscd, if transients cross the 1st brake regime of 
Pump and the following rcgimc of a cen!ripetal turbine 
'=Francis turbine) since there is no overlapping of machine 
ch"ra~tcristics as cxisting in the p, c-system. 



Obviously, for a suhst:~nrial incrcmcnt o f  :I vasi:iblc within thc systc111 of chal-;lcte 
due to tls, = ( t r  -1 ( . ) t i t  ant i  with respect to cis = c7.u.. (1s - (1s. the I:\st cclual 
convcstcd into 

tlo + + ([((7/)/$c),, + q n] / ( ( ? p / i ) ~ ) ~ )  dc , = 0. 

In this relation tito, and tlc, are substantinl increments of to and c in the charnct 
systcrn, which moves with celerity a relativc to the fluid in + s-direction. It is s 
also in the simple case of constant ccleritjl cr. the inclinatiotl (tlro/dc) of the water ha 
line in thc to, c-plane depends on machine-cot~clitioncd values such as (t?p/ac), 
(?p/(;(o),, from which thc first usually can be neglected compared with Q a .  

For  calculating water haminer and resonance due to i t  in pipe systems, see Cap. 

8.3.9. Remedies against water hammer 

-- By-pass outlet on FTs with long penstock: Here the water hanimer is limite 
eiinlinated by a valve through which the flow can be by-passed in the case of 
shut down. This is done by a valve, operated, in !he case of a rapid shut down by the 
ring (pro~lided the machine has one). The valve is designed so as to function as an en 
dissipater in its downstream area (Fig. 8.39 a). (Usually two halves of a pump spiral ca 
~vound against each other with a diffuser joined to it, sometimes also a conical 
known as a Howell Bi~iiger valve in North America). 

Afterwards this valve is smoothly shut off by a spring or oil pressure-induced 
to limit pressure surge in the  penstock.'^ lower end. 

?'he control scheme and valve design (Fig. 8.3.9) show a valve, that is operated by 
pressure loaded piston 19, actuated from the spced governor through the gate 
motor. I t  operates as follows. 

A quick shut down raiscs the prcssurc by a dash pot 4 linkcd to the gate scrvornotor piston. 
relieves the closing piston 19 of the by-pass valve and loads an auxiliary opening piston 20 on- 
valve rod. M'hcn the rapid shut down of the distributor is conipletcd, the by-pass closes smoot 
by t l~e  action of a throttle 17 and the spring 5 in the dash pot. 

Due to the flow passi:~g tne throttle 34, the opening piston 20 is relieved of its oil load. Sim 
neousiy the relief vi3lvc 8 of the dash pot piston 5 closes the by-pass outlet 19. 

Thc design has a safe[!; clcvice. When the motion of the by-pass valve 19 is blocked, c.g. by jam 
a iurthcr quick s h ~ t  down of the gate is also blocked. This follows from the oil now displac 

' the dash pot 7 and its valve piston 6. This closes the oil outflow from the closing side of the gate 
motor by closing the spring-loaded needlc valve 16 in the duct of. this outflow. 

In Pelton turbines water hammer is limited by a jet deflector (jet presser, jet c 
(Fig. 11.2.9), which in the case of a quick shut down, deflects at least a part o f t  
ihe bucket. Sin~ultaneously the needle closes slowly by mcans of a throttle in 
admission line of the needle servo motor. Then under steady state condition, the de 
is brought to the ready position. Usually this position is next to the jet edge. This req 
a cam or a corresponding device to  assign a certain opening (needle position) to a pOs 
of the jet deflector. - 

Therefore two control loops are required for needle and jet deflector. They may bc connect 
parallel or in series, the first being preferred nowadays. The control of the recently 
260 M W. 6-nozzle PTs Silz (Austria) does not use the cam dcvice. Hcre under steady stn 
the ready position of thc jet deflector is always the same and given by a stop collar. 'The 
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~ i ~ .  s 3.9. Oil- and das11-pot- 
apcr.l!s'l by-pass c?utlet of 
I.-rnnc~b t~lrbine. Against ciccs- 

~ ) ~ C S S L I ~ C  risc during thc 
Sh,lr down with long pcnstoclts 
or 311 expcctcd fast rcgulntion. 
safety nccdlc valvc 16 closes if 
, a l ~ ~  19 of the by-pass outlet 
jams. 

response required now results from the vcry short time needed to  move the deflector to the edgc of 
rhc jet. 
Water hamrncr and cavitation: As shown with (8.2-21) and expoundcd in Cap. 8.2.4, the collapsc 
01 3 yaporous cavity causes water hammer. And water hammer waves may propagate the pressure 
pulsc from 21 bubblc collapsing within thc liquid to a distant wall. Hencc water hammer connects tlic 
hydrodynamic cavitation wit11 its erosion. 14owever. the linkage of a dibtinct hydrodynamic cnvitn- 
tion of known duration. e.g on the runner vane surface of a Kaplan turbinc to  the resulting pitting. 
is one of the major unsolved problems the operator of hydro turbincs 1s confronted wi!h. This has 
scveral reasons. Firstly, at a full-size machine hydrodynamic cavitation cannot be visualized. Only 
an ultrasonic noise duc to cavitation could be rccordcd. Secondly, for economic reasons ar.y 
observation of cvcntual pittings can only bc made aftcr a longer period with an usually strongly 
varying mode of operation and hencc also of cavitation. Hence thc pitting then observed is a 
timc-averaged value Am,,. Provided the gate and runner vane position relative to  each other and 
according to  the draft are also occurring in the.real turbine, a record of dischargc and nct head vs 

clapsed t ,  in connection with known cylindrical runner vane section, may help to recalculate 
atso a or w,,, (along the critical vane section) vs time elapscd. Thus according to Knapp's law. 

wherc T is the observation period, K ,  a parameter for the given material but usually due to  a ccitain 
Icsts dcvicc (e.g., magneto strictive apparatus), whose pitting generation mechanism diflers greatly 
from that in the turbine and probably is a function of w,,,. According to  Knapp's test also n depends 
On the type and dcgrcc of cuvitation and hencc probably also on w,,. Hence any prediction of 
~irting on the basis of the usual tcst rcsults from the lab and over a longer period of continuously 

operation at a rcal turbine, is rathcr unsafe. 



9. Similarity taws, characteristics, research 

9.3. Introduction 

In hydro power machines, model tests are needed to predict thc behaviour of proto 
by means of similarity laws either known o r  yet to be found. The strict appIicati 
mcdel tests to a prototype requires also knowledge of efficiency scale effects due t 
i io l~ ls  numbcr, rou~hness  and  probably other effects such as  structure and level of 
lence. 

A survey of a fluid machine's behaviour may be obtained by the so-called hill diag 
FIcrc the limits of operation in consequence of surging, due to working away from the 
of cavitation index required, gate limit, runaway and generator capacity are of intc 
Scaling of efficiency also needs knowledge of loss in the different elements of a 
machine. 

The measurement of loss and its components can be made on  the model or  the pro; 
by conventional methods using flow meters, strain gauge and  dynamometers. Th 
mo<lynamic method limited t o  higher heads and prototypes saves test time. 

The unsteady behaviour of machines especially under off-bep conditions may be in 
gated by model tests carried out by instrumentation with a quick response. This req 
a kno\\~ledge of probes and manometers for measurement of pressure and veloci 
n~;lgnitude rind direction afid also very close to  the wall. This includes also informa 
11l)out sources and magnitude of measuring errors. 

Tests rnny be carried out in water or  in air. The  measurement o n  rotary devices req 
special sisnal transmission devices. The  visualization of flow phenomena merits s 
attection. Actual test results of quasi-steady and dynamic measurements in air and 
on stationary and rotary elements of hydro turbomachines by means of air inje 
multi port  vectorial probes of quick response and laser anemometer are shown to 
the problerils. 

The references on this topic span a wide range. [9.1; 9.21 dcal with similarity la\&, [9.3 to 9. 
the related problem of technical roughness on the wetted surface of hydraulic machines, [9. 
thc u~~ccrtainty of their cl13ractcristics. Comparative nieasurenients of characteristics between 
and pratotype are :cported on pumps and turbines [9.7], on Francis turbines (9.81. on pump- 
(9.91. The thermodynamic method for eficicncy is treated in [9.10 to 9.121, tests on proto 
high-head pump-turbiucs in [9.13; 9.141, on large pump-turbines in [9.15; 9.161, general pr 
tests in [9.17], and flow measurement on prototype in [9.18]. Experiences on large Pelton t 
arc given in (0.191. 
Acceptance tests on large pump-turbines (9.201 were compared with model tests instead of 
tes~s [9.21 to 9.231. Test rips were described for high head (9.24; 9.251. for 1,5 M W  output 
impulsc turbines i9.271. for different reaction machines [9.25 to 9-31), and for the pur 
hydr:lulic engineering [9.32]. 
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rests Ilave bcen carried out in water and air [0.33; 9.341, i n  different air test rigs [9.35], by air tests 
",,dcr v;~i;lblc dcnsity 19.361, and thus for sc;lling eficicncy. 

,,,,,olig;ltions have been rn:ide on 2-stage punip-turbines with adjustable gates [9.37]. rcsearcl~ \vns 
G,rricd out on components of pump-turbines, such as the components of their stagcs [9.38]. the 
,,,ti,ke [9.39]. the gates [9.40], thc turning passages i9.411. 

hle3surcnl~nts are discussed, bcsidcs the bcp on radial impeller pumps [9.42] and on Kaplan turbincs 

19. 
431, on the pump torque under zero flow (9.441. and on Francis turbines during unstable opera- 

,ions (draft tube vortex) [9.45 to 9.511. 

Syhicni oscillations wcre i!ivcstig:~ted in [9.52 to 9.541, the noise in power stations [9.55]. tllc radial 
forces on the rotor [9.56]. The instrumcntation of tcst rigs is described in [9.57], their a~~tonin t ion  
in [g.sS], speed measurement in [9.59], acoustic velocity nieasurcnicnt in [9.60]. the use of strain 

*cs on Kaplan runncr vanes in [9.61], flow control in [9.62], the utilization of lasers in the Iabo- 
p311r 
r.lory in [9.63 to 9.671. 

scaling in general is discussed in [9.68], tlie scaling down of efficiency in [9.69], the scaling up of efi- 
,-iCncy in connection with roughness in [9.70]. the scaling of performance data in [9.71]. Influences 

wall nearness and orientation of tlie head of a directional probc have been mcasurcd by Kiilrrlcl 
the pressure distribution on the amplified probe head [9.72]. hleasurernents of the 

3-diniensional flow in a diagonal pump arc described in (9.731, those of the 3-dimensional nbsolutc 
and relative flow in axial machines with variable runner vane numbers by Kiii~tlel in [9.74]. 

~ h c  relative flow field Oil the runner vane of a Francis turbine has been measured by Uiir (9.751. The  
mcasllrcd and predicted flow in such a turbine is compared in [9.76] and by Pjber~ner in 16.221. 

Other effccts like the influence of a variable geometry of runner outlet [9.77], the yon Karn~un vortex 
street [9.78], the runner inlet geometry [9.79], the geometry of the ciraft tube inlet [9.Y] on the char- 
acteristics of Francis turbines, have bcen measured. D y ~ a m i c  measurements of the absolutc and rela- 
live flow field in Kaplan turbines were carricd out by Castorpll (9.811 and on Kapl'ln and  Francis 
turbines close to tlie wall of runner vanes were reported by Furrrler [9.82]. The relativc and absolute 
flow field of a Francis turbine under scveral modes was obse~vcd dynamically by Srlrletil~ilc~r and 
G~r ic l t  [9.83]. 

9.2. Similarity laws and characteristics of machines 

9.2.1. Criteria of similarity, numbers of Fronde, EIIIc~,  Rej~noI[Is 

In  hydraulic fluid machines, similarity laws arc required for the interpretation of model 
tests and hence predicted behaviour of full sized prototypes [9.84]. 

The first supposition for ally prediction of this kirld is the geometric similarity of the flow 
passages. Strictly speaking this includes also the technical roughness of the wetted 
surfaces. According to experience the latter illfluences the loss only, when the ReynoIds 
numbcr due to this roughness elevation k, defined by k c j v  does not exceed 50 t o  80, c 
being thc mean velocity and \ I  the kinematic viscosity [9.3]. 

Time-averaged steady flow is considered. The observations on the model then transferred 
to the prototype have to be referred to a certain load factor with respect to the bep. Here 
a great problem exists, since the bep itself is subjected to scale effects usually not clearly- 
known. This difficuliy in the case of water turbines usually is lessened as the Reynolds 
number of real water-operated prototypes is in the range, where the change of eficien'c~ 
with tlie Reynolds nu~nbcr becolnes a problem of the second order. Therefore t o  a first 
Order approxin~ation thc load factor referred to the bep might be used as a criterion for 

or homologous operation of model and prototype. 



For fhc ,~lmvc r c . , ~ ~ o n ~ .  In tlic lollo\\ing consic!oration of fir.)t ordcr cll'ccts, thc sc;llc c[fcct 
ir:tcrn.~l lo\< . ~ n d  cl5c1cnc.j cl11c to \i/c 311~1 1:c;td is ~icglcctcJ. 

AIl r lw \ ~ n i ~ l ; ~ r ~ t !  laws ;ire rclatcd to nnn-cavi rating flow. sincc wall-fiIt;~~hcd cavities di 
sinl~larity of plofils\ consltlcrcd. Strictly spcaklng, thcy would :~ l so  inducc an  unstcudy flow, no 
side1 cd hcrc. 

Any simi1;irity is related to homologous stations in model and prototype, e.g 
nominal rotor diameter D (Fig. 9.2.1). Neglecting the boundary layers as Second 
effects. steady flow in gco~netrically similar ducts implics also a similar flow prltt 
homologous stations and similar velocity triangles tl~crc 011 modcl and prototype. 
all the velocity tcrnls in the triangle at a given station under given load factor 
proportional to each othcr, namely c,,, - 11 - c - w. 
- fror~tle's law: Here only the kinetic energy c 2 / 2  and the potential energy gll at a de 
station under definite load factor in the model and prototype are proportional to 
other. Hence 

Fr = , / ~ ' / ( ~ k )  = const. 

In geometrically similar plants without losses, the net head ti and the elevation h 
proportional to e3ch other. Thus the last relation leads to a Froirde !lumber in a wide 
meaning: c ~ , ' ( ~  H )  = const. This brings the important relation 

c = const (y H)'12. 

- Errlei-'s law: Here only the pressure energy p / ~  and the kinetic energy c2 /2  at a ce 
station under a definite load factor are proportional to each other. Hence 

Ert = I I / ( Q  c2 )  = const. 

This type of number is also used as cavitation index, (see 8.2). 
- Strotrlrirl number: This number appcars in unsteady flow, put aside in this se 
is proportional to a time interval r' required, to cover a certain distance L, e.g. the dist 
of neighhouring vortices in a v. Knritlnrl vortex street, with a certain velocity c. H 

Sr = L l ( c t )  = const. 

- Rej.t~ciltls number: This determines the portion of viscosity - conditioned loss, 
o l  the second order, put aside in this section. For its sirict definition Cap. 5.4. In 
i t  is defil~ed as the ratio of inertia force to viscous force 

Re = L c / v  = const, 

where L is a length n~ostly responsible for energy dissipation, e.g. chord of axi 
vanes, and c the velocity due to it. 

9.2.2. The unit value5 of speed, flow, power 

- The unit speed: The angular velocity (in radls) of a rotor with a reference dia 
(Fig. 9.2.1) and a blade speed 11 at D is given by o = 2 1110. With respect to (9.2- 
the si~nilarity of all the veiocity components of a velocity triangle, including the 
speed u and the meridional velocity c , ,  the followi~lg holds true 

I 1  - cmrr  C - (gH)'I2. 
Hence: w - (gH)'\"D or with n;,, the unit speed, 

o, = n; iu H)'I2/D. 



strictly speakins, the unit spced is an angular velocitv of a sirnilfir machine, operating at 
k p  with H = 1 mL,'s2, h::ving the nolnin;~l roior di:~metcr D = 1 111. For pmctic:ll pur-  
pses  9 is oniitted and the rotational speed is capressed in 11 r p ln  Hcnce 

Contrary to I]',, the unit speed n , ,  depends up011 thc system of units used. Its n~cnning 
,,the speed in rpm for a mschine nsith I-1 = 1 nl and D = 1 111 undcr a definite load, usu- 
ally the rated one. 

- The unit discharge: The diwharge (flow) C), for a certain load can be determined from 
a ccrtain area A of a flow passage with the mean rncridional velocity c,,,,, by Q = c,,,,, A .  
,\ssuming A - L)' and from (9.2- 6 )  c,, , , ,  - (~lN)"2,  then at bep 

where Q;,.,, is the unit flow a t  the bcp, a nail-dimensionnl figure, valid for a i ~ n i l a r  
machine with D = 1 m, when g l l  = 1 111';s~. For  practical purpose:; sometimes the rated 
discharge Q (usually above Q,,,) is taken at a point in the overload ral;ge, which has a defi- 
nite efficiency clr013 co~nparcd with the bep (t1st1;111y about 2 %). M o r z o ~ e r  g is onlitted. 
I lcnce 

Q = Q ,  ~ ~ 1 1 ' 1 ' .  (9.2 - -  10) 

Q , ,  being thc unit flow of a geometrical similar machine of D = 1 ri operating under 
If = 1 m at rated load. Contrary to Q', , ., and I!',, . diinensionless numbers of a certain 
machine lype. the values Q:, and Ir,,, both dimension-linked, depend on the system of 
units for the same machine. 

- Unit powcr: Thc power follo\vs from the 1.e1ation P = e Q g H  t1", where 11 is the 
cfliciency at reference load, tile positive sign for a turbine, the negative for a pump. Thus 

P;, beill3 thc non-dimensional unit output (input) for a geometricaliy similar machine of 
D - 1 m, operating under {j tl = 1 ln2,/s2 at thc reference load point with a fluid of density 
@rind the irnasini~ry efficiency 11 = 1. Elirnin:iti~~_c Ijl-I in (9.2 - 8), ( 9 . 2  9), (9.2- 1 1 )  yields 
lhc relations 11 -c Q, P - 113 DS, also used. 

9.2.3. The type ~~tlrnber (specific speed) 

'. As a function of tllr warking d;n;l g H ,  Q, :I) or n :  Tlle type number (specific spced) , I ,  

as a non-dimension:t1 figure is the angular velocity (radls) of a similar machine, whose 
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f l o \ v  Q,, ,  - I I '  I t x .~~ .  hc.11 I1 = i I .  I:l.o~n (0.2 - 7 )  11; = 11; ill,, where tg 
; 11, , I  I I .  01 :is D ,  - I ,'Q; ', ,>. l ~ i \ c r ~ i n g  tliis i l l  t l ~ c  brcgoing relation 
yields thc I)  pc nunlbcr In terms ol' thc unit v;~lucs 11; , , Q', ., 

ti:, 11; , QaI ','flJ. (9.2- 12) 

With the siniil,~l-ity lii\vs (0.2 -7), (9.2--0)- from which 

I I ~ , . ~  = UJ D 11)ll2 ; Q; ,Jp = Q , , ~ / ~ I ~ ( ~  I I ) ~ ~ ~ ] ,  (9.2- 13) 

tlic relatiorr (9.2- 12) gives the typc numbcr ils a function of the working data of set 
ij ll? Q",,, (JI as 

a nh = ( , JQ~;~; ($~ 1d)314. . (9.2- 14) 

11; is n din~ensio~lles; lipure for a certain ni:ichine type, and hence independent of the I 
system of linils. wlien Q,,,, yN and (9 are measurecl i n  correspon(ling units. For practical 4 

purposes in Eirr-or<, the following unit-linked p:lranieter 11, is still used. It is defined 
the speed ir. rpm of u similar machine under n head !I = 1 m with the flow Q = 1 rn31s 

at the reference point (bep or  overload) 

IT,, = I I Q ' ~ ' / H ~ ' ~  = 1 1 ~ ~  Q:{2. 

The values 11; and 11, are re1:lted to each other by 11, = (333/2 n) nil. For a n, ,  
an cnerload point of Q = 1,17 Q,,, (indicated by the subscript 1/1 j: r ~ ,  !,, = 57,3 
above the values rl, and II:, are linked to a p:~rticular turbomachine w ~ t h  delinit 
of design eithcr for a pump or a tubine (see also below). 

In  the design of \i a ter turbines also the spccific speed introduced in 1905 by Cnnlere 
used [9.85]. This is defined as the 5pecti in rpm of it similar turbine, which develops a 
load output P, , = 1 1111 under a hcad of H = 1 rn. The full load output i~sually co 
sponds to a point with a certain efficiency drop of about 2 O/o coalpared with the bep. T 

11, = I I ~ ,  el;:, = 11 ~ ~ t ; ~ / ~ i ~ ' ~  = nq(gQ~1111/736)11? 

With a full loil~l efficiency q!,, = 0,9: a density Q = lo3 kg!m3: 11, = 3,5 11, = 180 
Actually P, rncusurcd in kW. 15 used. The following relation exists between t~,(hy) a 
ll.(kCV): rt,(l~p) = 1.17 n,(kW). The formulas (4.2- 14) to (9.2- 16) yield the type num 
as a function of the ivorking data ( j ~  (or ; I ) ,  Q,, (or Ql i l )  and hence P,, (or e l l ) .  

11. The type number as a function of design features: Next the type number is e 
by the geometry of a certain turbornachine design and its velocity coefficients K 

Klr = ~ q ' ( 2 ~ H ) ' ~ *  = ~ o D / [ 2 ( 2 ~ H ) ' / ~ ] ,  

Kc,, 1 op = C ,  op/(2gH)112 = Qop/[(n14) D:(1 - N : )  (2gM)1121, 

where D, is about the runner throat dian;etel- (strictly speaking the outermost runner e 
diameter), N, the hub/'tip diameter ratio there. Comparisoll of (9.2-17), (9.2-18) a 
(9.2 - 7), (9.2- 9) brings 

IT; , = K I ~ ,  

Q; 1 01' = x2-311 (1 - ~ f )  - KC,,,,. (Ogi): 
Using the unit speed I I , ,  and unit flow Q,, from (9.2-8) and (9.2- 10) gives 

nl, = ( 6 0 ! ~ ) ( 2 ~ j ' l ~ K 1 r ,  



Kc,,,, follo~vs from :I rel.ltion si111il;ir to (9.2- IS), in which Q,, is subs~itutcd by a 
ilo\u Q. lllserting (9.2- - 19). (9.2- 20)  i l l  (9.2- 12) ii11d (9.2-21), (9.2-22) in (9.2 - 15) 

then (9.2- 16), sives the different type numbers as functiolls of the velocity cocficients 
X c,, and the design features N, and D,/D 

,; = 2314~112 ( 1  - N ~ ) ~ / ~ ( D , / D )  K 11  KC^,'^^^, (9.2 - 23) 

n,  = 158(1 - Nf) 'I"Dl/~)  K 11 K CAI:, (9.2 - 24) 

ns = 578(1 - N,')l/ 'r l : ; :(~,/~) KUKC; , ' : .  (9.2-25) 

\vit]l the obvious relation Klc, = ( D , / D )  K I I ,  (9.2-23) reads 
= 23/47[1/2 

9 (1 - A',') '~~ K u , I( c;,':~~. (9.2 - 26) 

For the bep, characterized by c,, = 0, thc flow coefficient is 
- 

5 0 i o p  - ~ , , i ~ ~ / t l l =  K ~ ~ 1 ~ ~ / K 1 ~ 1  = fanb1,  (9.2- 27) 

in \vhich /Il, the angle between rotor vane and periphery, usually is optimized for NPSH 
or 11, see Cap. 4.1 1. I-Ience 

n' = 23/4x1/2(1 - N, ' )~ I~~; ; ; : ,~ I ( : I~ ;  
4 (9.2 - 28) 

,I' 9 = 23/4n1/2(1 - N : ) ~ / ~ ~ ~ ~ Z , ( D ~ / D ) ~ / ~ K ~ ~ ~ / ~ .  (9.2-29) 

Again both the last relations show the type number as functions of the blade speed 
coeficietlt K u l  nt throat diameter and Kt1 at lotor tip diarr,eter, the hub to tip dia~netes 
ratio N , ,  the throat to tip diameter ratio v , /D9) ,  and the flow coefficient. 
111. How to increase the type number and its limits: According to (9.2- 14) the type 
number n& is an expression proportional to the rotational speed (01 or n) and licnce 
in\lessely proportional to the size of a machine. Rut nb increases also with Q or P anc! 
hcnce with the "power density" under a certain head. n and P are often desired to be as 
high as possible. 

This raises the question about measures to  increase 11;.  As the figures cp, and N, are 
usually given, it is seen from both the last relations that nb rises with Ku, K u ,  and D l / D .  
Thus a machine of higher nb operates with a larger blade speed coefficient K 11. hloreuver 
i l  has a larger draft tube inlet to tip diameter ratio. In Kaplan turbines, having Dl = D, 
only an increase of K u  helps to increase the type number. Table 9.2.1 and 10.3.1 reflect 
these tendencies. 
8sunlly ,I$ is given by the working data g H  and Q of the set, since they, at least in the case of a 
rtactio~i machine, limit )I; in consequence of suction requirements. This raises the problem of  thc 
lowest limits of 11; for a reaction machine (FT). In higli head FTs, with lowest n$ the angle /?,, the 
runner vanc makes with the pcriphcry a t  the inlet, should not exceed 9 0 ,  to limit the curvature of 
'he rotor vane. Hence c, ,  = u. Thus in this casc the lowest K u  value is obtained from Eulcr's relation 
as 

K trmi, = (q, /2) l t2,  (9.2 - 30) 

7, is thc peripheral cficiency. Usually the breadth of the rotor b follows the rule Db = D, b, ,  
b holds for the runner inlet and 6 ,  for the runner exit. Since too  small a value of hlb, deforms 

'he cross sectiotlal area of runner channel into a flat rectangle with its uneconomical small hydraulic 
"dius 2b, also too small a valuc of  the diameter ratio D,/D is bad. I-lence Dl / l )  >' 0,5. I11 an  example: 
\ 

? Strictly speaking, lhront diameter D,, at a turbine. dclincs thc outmost diaineter of the runner vane's exit edge. 
and, at a pun?p, thc same diamctcr of t l~z  impclier vane's illlet edge. 
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O0 Table 9.2.1. Characteristic features of turbine vs specific speed n, = -- 
H (rn)''" 

*) referred to qi = 0,88 

TY ~e n,*) Q I I  " 1  I H n n x  " 1  1 rr " ~ ~ r o m n r  ' 
rprn m3/s rpm rn rpm rl'm 

(7)9- 1 1 0,007 - 0,O l I -39,s - 39,4 1800- 1650 7 1,6- 70.9 - - 
1 nozzle, 11-17 0,O 1 1 -0,024 39,4- 38,9 1650- 700 70,9 - 70,O - - 

17-(26) 0,024-.O,Q55 38.9 - 37,b 700- 350 70,O-67,7 - - 

S ~ O W  51-107 0,l -0,35 60,s - 63,6 700- 410 102 -112 - 0,03 -0,05 

medium 107- 150 0,35 -0,59 63,6- 67,5 410- 240 112 -124 - 0,06 -3.085 
150- 190 0.59 -0,83 67,5-72,6 240- 150 124 -138 - 0,085-0.12 

TY PC 

e 
o 

Vf 
0 
G 5 
F 
c 
0 . - ".a 

0 
m 
2 

6 
.s 
c 
E 

190-250 0,83 - 1,13 72,6-81 150- 90 138-15s - 0,12 -0.185 
250 - 300 1.13 -1,2S 81 -92,2 90- 64 158-180 - 0,185-0,27 

a 
cj 

8 vanes 240 340 450 0,930- 1,220 85-145 50 205 - 250 300 0.3 -0,55 
6 vanes 330450 560 1,290- 1,600 100- 155 3 5 260-280 330 0,65 -0,85 
5 vanes 390 540 690 1,600-2,000 1 10- 17G 20 245 - 300 330-360 0,s - 1,2 
4 Sranes 490 610 750 2,000-2,350 120- 180 15 300- 355 300 1,2 -1,6 
3 vanes 570 630 920 2,350-2,450 135 - 200 6 355-400 430 1,s -33  



= tan 13, = tan I8 = 0,377, I ] , , ,  = 0 3 8 ,  11, = 0,92,  K 11 = 0,677,  D,ID = 0.5:  11; = 0.31 S or 
"'? 57. 111 gcncr;,l 11. in FTs should not fall short of ! I ,  = 60 cnrrespondinp to 11; = 0.33 .  Eh;lrnplc ns - - m- Rossliaag. Zcmnigrund, Austria, with H = 672 ni, rr = 7 5 0  rpm, I : , ,  = 7 9  500 hp, liclds 
*,(lip) ' 6273. 
lnstcad of the con~idcration in Cap. 6.2.2 concerning thc limit of 11, duc to ground excavation b! 
S,blllergcnce required, the following consideration on the rt,(l-1) relation is bnsed on an estimate of 
rotor strength and optimum valuc for thc flow numbcr at rilnner cxit qI0 , .  

ln l rodu~ing  D , l D  = h/O, (often realized) and K u  from (9 .2-17)  into (9 .2-29)  results in 

11; = I L " ~ ( I  - N:)'I2 ( p ~ l ~ ( b / b 1 ) 3 / 2 ~ 3 / 2  /(B H)31" - ( 9 . 2 - 3 1 )  

~ ~ ~ : a I l y  N, is negligibly small. In general c p , . ,  = tan j?!.,.is prescribed either by suction requircmcnt 
N P S H )  or by efficiency requirement (optlmlzing 11).  The pcriphernl blade velocity u at 

tip dian~eter  is limited by the strength of the rotor (especially with respcct to runaway). For 

a type blb, is also limitcd by the rotor strength. Hcnce for reaction machines the 11; limit 
dcpcllds on H by 

This dependence of H on ni is reflected by existing dcsigns of reaction machines (Fig. 8 . 2 . 6 ~ )  in the 
of a strip approximating a function of this type. 

For an impulse turbine the throat diametcr, introduced in (9.2- 18) must be replaced by 
thejet diameter d o .  Obviously N,  = 0. Since then c , ,  corresponds to the spouting veloc- 
ity Kc,,, = Kc,, = 1 (when loss in the nozzle is neglected), hence 

n; = 2314 i l l i2(do/~)  Ku,  nq = 158(do/D) K u ;  
(9.2 - 33) 

n, = 578 9:;: (d,/D) K 11, 

where D is now the jet circle diameter (Fig. 9.2.1) as the reference diameter in an  impulse 
turbine. From this it is seen, that the type number (specific speed) of a single impulse wheel 
with one nozzle iilcreases by the jet diameter ratio d,/D. Usual values of D/d, are (6)8 
10 lS(17) at H of(200) 300 m to 1200 (1800) m, where high D/do values are related to ~nult i  
nozzle wheels. 

For an impulse turbine with i,, being the number of wheels and in the number of nozzles 
pcr wheel, the resulting type number follows from the fact that QnOzz le  = iwinQwSheel as 

111 the casc of PT with a vertical shaft there is a maximum iw = 1 and in = 6. In the case 
of a PT with a horizontal shaft i, = 2 (in single case 3), in = 2. Both the last formulas can 
be applied also to reaction machines. In rare cases there are more stages in series (for 
Pump-turbines up to 5 stages) in impeller pumps the number of stages can be even more. 
liere with is, as the number of stages 

-314 ni res = wheell1st . (9.2 - 35) 

&sides the characteristic factors n i l ,  H,, , Ku, Q ; , ,  Q , , ,  q1, Kc., Y = Kc,,,/K1[, also the 
Pressure coeflicient Y is used 

Y = 2 g ~ / ( o ~ / 2 ) 2  = ~ [ K u ' .  (9.2-36) 

The following similarity relations are needed for a force F and its moment M: F - P A  -- L? g H D 2  
' @ I t 2  D4, M - F D .  



I n  thc L I S I I ; I ~  t / l ( , ; ~ )  pl ;~~ic '  tllc ~ I i ; ~ r ; ~ c t c r i s t i ~  or ;I r c ; ~ c t i o ~ i  iypc fluid milcllinc may be ap 
proximarccl 1,) 

ivhere 11 is a dimcns lon lc~s  spcecl. pT'lle upl,cr sign IioIJs for :I pllnip, the lower for  a turbine 
H o l ! ~  thc f i n t  tcrnir arc ~ L I C  to t l ~ c  chnr\gc of whirl within thc  rotor in consequence of 

l~rrl~~r.'s ~ c l a t l o n .  [I,; ~ t r i c l  t i ,  lic~iig ~ Ics ig~ i - l i~ ikcd  p;~ri1111cters, 1'1-orn which ( 1 ,  in a turbine 
depcndh a l s c  or: the g i t ~ c  p o \ i r ~ o ~ i .  Thc t h i l ~ i  Lcrnl is d u c  Lo thc  anzle of incidence at the 
rotor's inlet edge \isllcn tllc niaclline opcr.ltes away from its bcp d u e  t o  (pop. Here the 
coefficient t r ,  vi11ics \ t r o ~ l ~ l j  \vhcii p a s i n g  the bep s o  a s  to  bc smallest either in the over- 
load range of :I pitnlp 01. ill thc part  load ranze of a turbine. T h e  fourth term is due to 
the  loss in tlic /lo\\. p;is\;~gcs of the admlcsion duct  (suidc  appitratlls, suction line), rotor , 
a n d  dlff1.1ser. T l~c  lifth [el-m I, ciuc to disk frictio~i loss of tlie rotor and  the last term due * 

j to leakage flow loss tlierc. I n  nn inipillse turbinc, both thc last losses and the third term , 
d u e  t o  shock loss at  rotor ir~let, a re  vanishing. 4 
Adding thcse lolscs. i h ~  n ~ ~ l - d ~ m c n s i c ~ ~ l i ~ l  ioss 11: of a hydro turbonlachine becomes 4 

I 

4 Hence lincs of ccnhtant lo>> 11: or constant efficiency 11 = 1 - hi, are rcprescntcd by the graph t 

Naturally such a S I I T I D I C  :Ipi)ro\lIii;lt1on dcscribcs only the range of constant efficiency for 'P value 
not too h r  : I \ \ ~ I J  from thc bcp. [-he real line> of conslant cfficicncy arc closed (Fig. 9.2.2), hencc the 
name hill di ;~~rn!n.  

To dcmonstr;~tc the nlachine's hcliuvio\ 
(Fig. 9.2.31. This i s  sl>o cal!c.d a hill di; 
rflicicncy to the coritour lines of w hill. 

I f  the !<)SF \i ithin a mi~chinc is of the 
constant ef!-icie~;c.> must be parabolus 
Q ,  1 ( ~ ~ 1  ,) pli111;. Th: drlkiitiion of ihe real lines due to )I = const from these parabolas may hint al 
shock I o ~ s ,  Icakngc. tlisk friction :ind scale effects, due to a partial linkagc of thc cri to Re. 1 

with fixed runner b:ades in Y ,  cp-plane. 1 lines O ~ C O  d stunt cflicicncy r l :  2 idealized col?tinuation of 11 co .* 
lincs as parabolas; 3 runaway-lint: (approxima! 
parnbolil): 4 zcro spccd line (rlpprosimately p d  
bola]: 5 :: : band of whirl-frcc and surge-frec operat' 

A 

in draft ttilbc; 6 part load range with precessing 
scrc:v vortex: 7 ovcr!oad range with more cenl 
axial vortex in thc draft tubc; 8 - - line of adrnissi 

.rr. also the Q , ,  ( 1 1 ,  , I  planc is used instead of the P(cp) plan 
agramm bzcaus: of the similarity of its curves of consta 

simple form h:. - cf/(gH) - Q2/(gfI), then the graphs 
1 )  = kq' i l l  thc LY((p) plalic arid lincs Q,,  = const in th 

Fig. 9.2.2. Hill (shcll) diagram 0f.a reaction turb 

pressure surgc; 9 limit by maximum output of g 
tor; 10 limit due to opening of wicket gates; 11 

/ u 
- / ,z3 - limit of efficiency rl;  13 uppcr limit of cavitation im 

cp o,, given by plant. 



rig, 9 2.3. Efficiency hill dia- 
gri,,,, of 3 Fr;incis t ~ ~ r b i n e  

f iq  = 60 in thc G), , , ,I,,-plnnc. F 
o, ,u ' ;~t~ng range frcc of surcgc 
,,lid whirl in draft ttrhc. T part 
jo;ld lnngc with cork screw vor- ,,,: ill tlic draft tubc, u overload 
r;,,lgc. with straight vortex in the 
dr;lft I ube. 
---  lines of constant gatc open- 
~ng; - * -  lines of constant m v i -  
tnlion index U .  

"11 nrf nri n11 

Fig. 9.2.4. Efficiency hill diagram with lines of constant opening a,. a) Impulse turbine, n, .: 15. 
b) Francis turbine, 11, = 26. c) Francis turbine, n, = 90. d) Kaplan turbine, 11, = 160 double regulated 
with cam-on operation. 

However, in two cascs the simple similarity law fits also to loss-linked real flow. The first case is 
runaway. Here the conversion of the specific head gN into heat through dissipation results in a run- 
away parabola 'P - rp2. A similar relation holds also for a set a t  rest, which functions as a throttle. 
This indeed results also from tests (Fig. 9.2.2). 

- Different flow vs speed behaviour of individual turbines: For  impulse turbines a t  con- 
stant needle position, the flow Q , ,  is independent of the speed n , ,  (Fig. 9.2.4a). F o r  
Francis turbines of low specific speed at constant gate position, the flow Q , ,  drops  vs 
speed n ,  ,, whereas for Kaplan turbines and Francis turbines of high specific speed i t  
increases (see Fig. 9.2.4 b to d). 

The first meritioned is a conscqucnce of thc large radial extension of such a Francis runner. It orig- 
inatcs from centrifitgal forces acting opposite to  the flow direction. The effect secondly mentioned 
follows from the approximate proportionality of thc flow-linked meridional velocity and the speed- 
linked peripheral blade vclocity for the case that the difference of absolute whirl velocities at the 
runner's iniet and outlet becomes negligibly small compared with the blade velocity. 

- The limits for operation: The  operation of a turbine is first limited by the maximum 
gate (needle) opening. The next limit follows from the maximum power capacity of the 
electric machine. In a hill diagram of the q. $-plane this limit is described by a line 
c~yrl*' = const where 11 is the shaft efficiency of the machine (+  for turbine). In the  Q , ,  , 
"1 l-plane this line is described by Q,, v * '  n;: = const. 



A thirtl l i~nit  011 thc hill di3gr;lin is drlc lo tllc c;~vil:ition i1lt1c.u tcquil-cti rising with the 
cli\tancc of' thc opcralir~g p o i n t  from lhc bel), whcrc o,,,, is lo~vcsi bp 1 1 1 ~  then v n ~ l i s l l i ~ ~  

0 
anglc of incidence. licncc ci I-cquircd may bc clcscribed approxiunatcly by (Fig. 9.2.2) 

Morcovcr the hill diagram of a reaction turbine with fixed runner vanes shows only a 
small hatched strip of quiet operation crossing thc bep and  usually connected with a 
nearly vanishing whirl component in the draft tubc. 

Outside this zone there are areas of draft tubc surge. Thc  one with a flow larger than in 
the q i ~ i c l  zone corresponds to a straight vortex ollly surging at larger distance from the 
quiet zone. The other area has a flow below the quiet one. It  is surging in consequence 
of a precessing cork screw formed vortex in the draft tube [9.45; 9.461. 

To calculi~tc transien~s, the characteristic (9.2-36) must be plottc~i for diffcre~nt speeds )I, but also (in 
the case of turbincsl for diffcrcnt opening angles of thc gatcs a, and (in the case of adjustr~blc runner 
vanes) for different position anglc; /I, of tilt runr;er vancs. Both the nnglcs appear with the parameter 
u ,  in the fcrm of ii factor cot r 3  + (b3/b,) cot /I,. 
Hencc for s~~ial l  angles 2, and /I,, the gate vanc and the runner vanc make with the periphery, the - 
term a ,  in (9.2-37) becomes inversely proportional to each of the angles by tr, - 1/r, + (b3/b,)//jl, 
u here b,ib, 1s 01c ~nteirotor oi~tlet breadth ratio. Transicnis also htlvc to account for ihe constant 
torque iincs. I n  the $, cp-sysrenl they read const = rp 'P(1 - 11:)' ', - ( +) sign for pump (turbine). 

As an intcrestins feature in case of high head imptller pulnps. the torque a t  zero flow 
(azainst closed valve) may reach up to 50% the rated value. In  any turbine the torque 
drops vs speed. I-Iencc any machine must resist the starting torque. TIiis attains 1,4 of the 
ra:ed one  in KTs and up to twice the rated one in PTs. 

Vaii!sl~ing !orque appears undcr runaway speed. This attains in FTs of low specific specd 1,5 times % 
the rated specd and in KTs under off-cam operation (when the usual linkage betwcen gate and 
rurlncr vane position is intcrruptcd by failure), as the other extreme, up to 3 times the rated speed, 
~alucs, for which the set must bc eventually ~nechanically suitablc. 

To study the behaviour of reaction turbomachines under various modes of operation, e. 
as  a putnp-turbine or  under transients (occurring at start up  and  slowing dcwn the se 
the 4-quadrant characteristic in the n, Q-plane is used. See Fig. 9.2.5. Here lines either 
constant gnte pusition or  constant torque o r  head, unequivocally assign a certai 
operating pcint. \vith a certain speed and discharge, t o  a certain mode of operation of t  

Fig. 9.2.5. Four quaduadrant characteristics 
radial reaction turbon~r~chine in speed (n), 
(Q)-plane. 1 pump regime with normal sense of 
tion given by its volutc; 2 dissipating (brake) r 
3 centripetal (Francis) turbine regime: 4 dissipa 
(biske) regime; 5 reversed pumping regime; 6 d 
pating (brakc) regime; 7 centrifugal (Fourneyron) 
bine regime; 8 dissipating (brake) regime. 1Ll cons 
torque line ---. Y const specific head line -. 
of constant gate opening have a hump in 2 si 
that of constant torque lines. Hcnce a possiblz lac 
coordinating flow to spced with troubles in opera 
the machine. 



m,lcl~i~ic such as normill p i ~ ~ ~ ~ p i n g ,  rcversed p i ~ ~ n p i n g .  ccntripctnl turbining (Fr;:ncis 
l,,rt-,i~ic), cc~ltr ifug:~l  i i ~ r b i n i ~ l p  (Fourncyron turbine) :i114 11ic foitr br : lLin~ i-illlacs ~ I I S C ~ I C ~  

in bctwccii the : ~ f o r c m c ~ ~ l i o n e d  nlodcs of proper m:lcIiine opcr;ltiori n i t h  thcir h o u i ~ d ; ~ ~ )  
co l ld i t io~ l~ ,  a ~ u ~ l a \ ~ a y - ( z u o  torque) o r  zero-ht.;id-lines. 

irlJtllr;~lly t l ic~e diflcrcnt motlcs ofopcr;~tion may :~lso be reprcscntccl in a I ] ,  Q-plane. tio\\cvcr. hcrc 
the diflercllt modes of operation with thcir lirres of constiint spcctl or constiint gate opc~:ing may 
o,,rl;lp c;~cIi othcr in certain rcgions. Then the uneqt~ivocal assignment of a ccrt:iin point ( H ,  Q )  to 
, ,,-,tail1 mudc of opcr;ltion of the machine docs not exist any niorc. 

.it cert;iin nlodcs of operalion, loops in the curves of constant speed or glttc position \\.Iiich may 
,,sign t\vo diffcrent flows to a given licad or a given gate opening.. are supposccl to causc a d!.- 
r;3mically unstnble bchit~iollr of the set. Such a conclusion has to bc based 011 thc scl's \\,orking 
IL,getIicr \i,ilh its piping, its grid. its governor in connection with the incrti;) of the set and the w;lti.r 
hammer of the piping. 

9.2.5. The cam curves of double rcgulafed turbines 

Fis. 9.2.6 ~ l lo \ \~s  a set of  so-called "cam curves" a s  a p!ot of efficiency 1,s flo~v iunder con-  
stant riil;ner vane position (p (proportional to /?,), the whole at conslant  head. S in~u l !a~ le -  
ously thc dingram contains also lines of _gate open ins  ( 1 ,  (or Y,) vs flcw under constant  
runner vane position, all a t  constant  head. 

Fig 9.2.6. Cam curves (11 ((I, ,)- 
curves. a n d  g i l t~  o, vs flow 6' 
( @ , I ) - ~ i ~ ~ \ ~ s ) .  hot11 a t  cvI1st;int c 
posltlon (,oL of runncr bladc 
lor double rcpuliited turbines 
(Kaplan tilrb~!ics, tubular t ur- 
bines, bulb turbine5, Str;tflo tur- 
bines. diagonal (Dcr ia~)  tur- 
bines). 

The m:~xixum of the cfficicncy, is located on t!ic c:lvelope c i ~ r \ ~ e  for tlic incli\,idt~;tl c;trn c.t~r\~i.s. A 
perpendicular from the point of contact of tlie crivclopc curve tvitli ;I dcfinite cam c l r r \ ~  in~ersccrs 
the line of tlic sate openins bclongins to thc same cp ; i t  ;I point \vliicli dctcrmincs thc most effective 
€ate opening for :i given runner vane angle (Fig. 9.2.6). 

It is r e c o ~ n i z c d  that  a double regulated turbine (of ihe  k"ipl(rtr or I)cr.icl: typc) has in the 
whole range. between 0,2 Q,, and 1,3 Q,, 3 suycrior efficicnc) than ;i single regiilated 
turbine with adjustable runner vanes. Othernrisc such n single regill;\ ted tarbinc has also 
a superior efficiency over the wholc operating r a n g  tllari :i turbinc rcgul:ited only  by 
\vicket gates. 

The ilssignment of  gate and runner vane position i s  by a cam connecting (1-72. 11.7.8) tlie 
control loops of  gate a n d  runner vane scrvornotors in parallel o r  in series. 



9.3. Head ant1 eflicicllcy lneas~lrenient by the t~iern~otlyn;rrnic mcthod 
and the rlsual nlctliod 

Strictly speaking the spccific head of :I fluid machine, the work per unit mass of the fllid, 
converted withill the machine from fluid energy into shaft work and loss implied, or  vice 
versa, is given by the difference of total enthalpy i, betwecn the prcssure (11) and suction 
(1) llange of the machine (Fig. 9.3.1 a) 

Y =  di,  = d ( p / ~  + e +  c2/2 + gh):' (9.3 - 1) 

where the terms are defined in Cap. 1.6.1. A strict treat~nent of the last relation should also 
account for the change of density g within the machine. Under atmospheric pressure 
of water is lo3 k_g/m3. This ~ a l u c  call be used approximately for the suction flange I .  To 
obtain the density Q,,  in the pressure connection, the simple equation of state (5.3-5) is 
used. In Cap. 5.1.1 i t  was shown that the ;rtual Lighest head of H = 1760 m would result 
in a compression of ,,I e/,o = 0,86 - 10 - 2 .  .g e 
Ho~vever, accoonting also for the change of internal eilergy A r i l ,  with its sign, adverse 1 
to that due to the error of the d(p/Q)~l-term, then the error due to lleglectirlg the corn- $ 
pressibility of water under the actual highest head approximately amounts to one half of 
the above figure. 4 
Thus a short recapitulation of basic thermodynamic principles necessary for fluid 
nl;~chines is now made. Neglecting heat flow (rlq = 0) into ?he machine, the first law of 
thermodynamics liq = tle + pclv, u specific volume, gives the change of internal energy as 

%1 
t 

The efficiency i l i  of a high head machine is proportional to a 
More concisely the influence of compressibility results from the so-called control surfa 

11 

work 1' ctlp as the surplus of displacement work per unit fluid mass due to admissio 
I 

expansion and exhaust of fluid and is represented by the term A(?/@ + e)il in (9.3-1 
which at vanishing heat input and small compressibility of the fluid is converted into 

11 

A ( ~ l , o  + 4:' = J L ) ~ P  ,-- h1 - PI) [VII + (1/2) (0, - v11)1, 
1 

Able + 4:' = [bl l  - ~~)le111[1  + (PII - PI)I(~EL)I- 

No\\: neglecting compressibility in the example of Reisseck, H = 1760 m, would yield only an err 
of + 0 , 4 2 %  in the calculation of eficiency. In practice the error made by neglecting the expansio 
work due to compressibility of the fluid is superirnposcd by other effects. When the dissipation 9 

I 

the mnchine heats the fluid, the change of its internal energy becomes el, - el = @ + I pdv. 
I1 

The non-dimcnsional loss hi of a machine heatsits fluid of specific heat c. The coeflicient of cubi 
expansion of the fluid results in an addition:~l expansion work ph;(g~)~/ !2c)  (Cap. 7.3). In relati 
to the expansion work due to compressibility, the latter becomes f = 2Ph;  E J(Qc). For water at 20 
with c = 4187 m2/(s2 K), EL = 2,06. 109Pa, = 1,8 . 10-'K-', the usual loss of 11; = 0,l results 
j' = 1,765 - lo-'. Below 4 'C f becomes negative. 
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Thccl;~sticity of t l ~ e  wettcd ducts cxposcd to thc prcssurc causcs another error in the cxp:lnsion work. 
Asj,:lni~ig \v;ltcr hnrnnlcr in il pcnstock as a model (Cap. 8.3), the bulk modulus I:, !ins t o  bc suh- 
jlilutcd by thc value 1i,/[1 + E , d i ( a  Eh)]. whcre d is a n1c;ln "di;inictcr" of the d~lct .  11 thc thickness 
of i t s  willl, E thc Yol~ng mo~lulus of thc wail ~natcrial and n a dcsign-linked par;lmctcr. In larce 
,,,achincs, the sccond tcrm in the square bracket is always lnrgcr (!Ian I .  Hcricc t l ~ c  influcncc of the 
error duc to cspansion with EL in the dcliominator becomes larger than shown by (9.3-2). 

The mensuretncnt of the static pressure (simply pressure) call be made only by tappings, 
uniformly over the periphery of the flow passage of interest. thus resultinrr - in  , cross sectionnl-avcraged value. Thc method is only applicable, when the streamline 

,,,\/ature in this cross scction is negligibly sn~al l  so as to make any incrcase of thc 
pressure across the passagc due to centrifugal force irrelevant. 

~ h c  f l o~ -a \~e rnged  square of the velocity at section 1I and I of arbitrary cross section ,4 
can be found by measurement of the iocal velocity c under the assumption of steady flo\v 

with Q as  the flow Q = 5 c d ~ .  
A 

In thc simple case of an axial velocity profile, e.g. of the type c,(l - r/R)"'", r- distancc from pipc axis, 
R pipe radius, c, vclocily on pipc axis (for m, Cap. 5.4), the time consuming measurement of the 

within the passagc is reduced to that of the vclocity on thc pipc axis c,. Hence from (9.3-3) 

Thus for trr = 7, c2 = 0,7058 ci. The measurerncnt of c, can be madc with a flow meter. An cxact 
mcasurcmen! of the velocity c.g., by means of a PranJtl tube can bc made only under a stcady flo\v 
regimc. 

Owing to turbulence, the real flow is unsteady. The temporal distribution of the velocity 
is assumed to  be 

c = c1  + c2 sin cot, (9.3 - 5 )  

with c ,  and  c2 as constants. Since the Prar~tlll probe measures -- the time-averaged dynamic 
pressure as a basis for the ~neasurement of velocity c2 = c: [ I  + (c2!c, ) ' /2] ,  a n  en-91- of 
(c,/c,)'/~ i s  made. This error may be negligible if the level of turbulence is small and i f  
the kinetic energy term is small as colnpared with g h  + pie. 

For high head machines the term cf usually is not ncgligible as compared with the hcad g I I  - p , , ; ~ ) ,  
on the other hand in such a machine the levcl of turbulence at the inlct (11) given by (c , / c , )~  falls 
short of 10 ". This docs not hold true for the o~ltlet of the machine (I) especially when i t  operates 
under off-design load. Here the degree of turbulence can easily reach 20%, which includes an error 
d 2 % .  Howcver, this is also negligible, if we co~lsidcr a high head machine, where thc kizetic energy 
at I1 or I fiills short of 6 %  of the specific head. Moreover the cross sectional arcas A, ,  and A,  are 
usually of the same ordcr so as to cancel the difference ci ,  - ci in (9.3- 1). 

However, for part load operation of the machine, account must bz taken of the fac!. that 
by stall the main flow occupics only a portion of the available cross section of the draft 
lube outlct. Once the sections A,, and A ,  are equal and the stall blocks 50% of the section 
A , ,  in a machine, where the kinetic energy at A, under regular flow is only 1 YO of the head, 
no\\. the kinetic energy becomes 4 %  of the head. And this would yield a surplus of 3% 
of kinetic cnergy a t  the exit, which is not used. . 

The latter is a considerable amount, since at continental price level the revenues due to 
1 %  loss a t  rated load may be of the order of the cost of one set lo). - 
10 

Tllis statement for I % loss ; ~ t  ratcd load is equivalent lo 3 %  loss at 3026 of rated load. 



7'0 avoid unr~cccss;~ry troi~blcs ant1 ~nisunticrst;~ndings tiul.iug tllc cv,~luatiun of hcarl auti cfficicncy 
mcasurcm:r;ts. I I I C  com~nittccs of IL:.C li;~vc ;~gr.ccd sta~~i.!;~rtl  proccrlu;cs of mc;lsurcmcnts. At this 
intcr~ii~tion;ll Icvcl there cxist also st;intl;~rds ~ . i ( l l  rcspcct to [hr: sclcction uf tile Ic1c;ltion oftllc section 
I and If for the indivi~lu;il typcs of ti~rbirlcs (scc Tablc 1.0.1). 
Thc Il:C code also providcs rulcs whcrc to inst;~ll flow mctcrs for cfficicncy tests. For Cxilmplc, in 
a run-of-river plar~t will1 its slow cilrrcnt ,in tlic head pond :tnd through the thrush-rack (to reduce 
loss tlicrc) the flow mctcr is to be niountcd in the exit section I ,  wlicrc thc vclocity c,  should 11ot 
bclow that ofthc tail water. In pump-turbines, whcre ;I low thrash-rack loss during pumping require 
a low velocity c,, only thc vclocity c,,  is ncccssilry. 1 lc~iuc the flow mctcr (also used for Q) is to bc 
mountcd in cross scction 11. 

It  must be clarified to the m;inufr~cturer, in what way one intends to  control the guar- 
antees of the ~naker .  O n  the one hand the customer must follow the advice, that "trust 
is good, but control is better". On the o l l ~ e r  hand, lic must bc aware of the fact, that any 
kind of guarantcc _given by the modcl test, cannot I;e obtained exactly on the prototype. 
This is due to t11e fact ;hat machining, transportation and  assembly of the prototype is 
subject to imponderabilities and unfoceseeable events, which cannot bc included in exact 
formulas. Moreover full scale measurements on  the prototype arc time-consuming, 
expensive and less exact than model tests. 

9.3.2. Fundamcx~tals of thernlodynamic head ~neasurement 

Vjith the enthalpy i = p/g + e and its increment [9.86] 

t l i  = (2i/dT),dT+ (Ci/dp),dp = c,tlT+ [t; - T(du /8T) , ]  tlp, 

the enthalpy change in the machine can be written as  

Ai = (l,/C) c,,, A T +  A,,, u,dp ,  

where C = 4187 kcal/Nm, T is t!le absolute temperature in K,  2, the spccific volume 
relnted ro 177 K :tnd 1 bar pressure, c ,  the specific heat under cot1st;int pressure, related 
t o  the state 11, A,,, the so-called isothermal coefticient related to the state 11 and defined 

The coeflicient A ,  varies for water as shown in Table 9.3.1.1. The spccilic hent c,, for water can be" 
obt.tinsd from ihc same table. These values were taken from -4. S. Tllo~n (scc Water Power vol. 7,110 3' 
11965)). Alllring i ~ n d  Overli (9.901 have found the cueJ/icieni A,,, to  depend slightly 011 additives of 
the uatcr. 

It should be remembercd, that the specific heat contrary t o  A, is known in the low t 
perature range with a n  accuracy of otlly four decimals. This point may cause some trou 
in  the application of the thermometric efficiency measurement after Wil!m and Cainpm 
[9.56]; see also [9.10; 9.121, and [?.57 to  9.901. 

Here the temperature difference A T between the stations I 1  and 1 is measured. From thi 
is cbtained tlie first term in (9.3 -7) with c, as the specific heat. Since the temperntur 
difference is crucial for the losses and  the efficiency, this term becomes me:lt~ingfiil. 
On the othcr hand, the exact measurement of the mass flow-averaged representative water temper 
turz has its limitations shown by the foilowing exampie: 
Let us assume r; plant with n' head of 427 m watcr column. corresponding to a spccific hea 
3187 m'/s2. When thc water under this head expands in a device (throttle) without doing work, 
flow energy is convcrtcd into heat. Thus the temperature riscs say by 1 K (or 1 "C). Imagine in 
of  this device a waicr tilrbine with 10% internal loss, thcn the tcmpzraturc rises in this machine 
hy lo - '  K. 
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Table 9.3.1. Parameters for thermodynamic efficiency measurxxnen ts. 
/ 

Values for A ,,, nvcr;~ged betwccn p and 1 bar 
/ 

P 
T "C 

bar 0 5 10 20 30 50 

2) specific heat c, under constant pressure as a function of temperature and pressllre - 
P T ' C  
bar 

0 10 15 20 30 50 

1 1,0078 1,0015 1,0000 0,9990 0,51982 0,9958 
25 1,0057 1,0006 0,9987 0,9973 0,9957 0,9962 
100 1,002 1 0,99?2. 0,9954 0,9939 0,9922 0,99 1 S 
200 0,998 1 0,9327 0,9906 0,9889 0.9867 0,9S56 
- 

3) Isentropic cocfficicnt A, ,, 
P 
bar 

If  by standards the efficiency has to be measured with 1 % accuracy, thcrc must be at least an crror 
of less than 1 % for any value implied in the formula for the efliciency. Sincc the temperature is one 
of these parameters, it has to be measured with an accuracy of K at Icast. 

Employing this method for a head of roughly 50 nl (which corresponds to the lowest limit 
of the method actually recornmcnded) the temperature must be n~easured with a n  accu- 
racy up to  lo-' K. These considerations have any value only, if the specific heat c, as a 
multiplier of the temperature difference. is known with the greatest accuracy. Un- 
fortunately this is not the case, as  can be seen from Table 9.3.1.2). 

Therefore in water turbines a zero method has becn developed by which c ,  A T is elimi- 
nated. This method is based on the thermodynamic law, that the enthalpy of a fluid is 
kept constant, when the flow is throttled iscnthalpically. In the thermodynamic zero 
method for a turbine, the fluid to be throttled is tapped from the main flow past station 11. 
then passes a throttle, insulated against heat transfer, and then is converted into the 
state 4. Hence with respect to (9.3 - 7) 



7'11~ trick of tllc /cro ~iictllocf consists i l l  throttling.so tli;it t l ~ c  te~npcraturc. 'r, (past the 
tllrottlc) ; ir l t l  1; in ilic csIi;~~ist  ~011ncc'tion hcco~lit' eq11;ll by adcqr~atc ;:~ljustn~cnt of the 2 

tllrottlc. l'llu.; thc crl~Ii:llpy tliffcrct~cc bctwceri t l ~ c  prcssurc and the cxliaust COlincction 
of the machinc I~ccomc~ 

$ 

By this tllc nct hcnd llic 1ot;ll cnthalpy diCfcscnce gives 

It slioulJ bc nicntionetl that i n  an ex;lct tcst, the very slight variation of gravity acccleratioll g vs 
; i l t i t~~dc ant1 latitutlv sllo111d be considcrcd [8.123]. 

Ry making equril the cross section '4, and .4, and arrailgirig the same velocity distrib", 
tions in them, continuity eliminates the term due to c, and c, in (9.3-11). Thus the 
measurement of the enthalpy ;is the work done per unit mass of the real machine is 
reduced to !he nie:~sursn~ent of a pressure difference p, - p,. 

The problem arises, from ~vhat point of the cross scction 11 the flow should be taken. With the fluid 
tcmpcrature oS:i.hat point i n  scction 1 it sliould be compared? I t  should be a point with the same 
mass-averaged v;11ucs of C illld T in both the cross sections. Such 3 point can be obtained only from 
tests over rhc cross szc!ion for encli Flow regime. Obviously thc st:~tiou for the mass-averaged tern- 
pcra!arc tiiffcrs frorn thilt duc to the muss-avcraged kinetic energy. Since the temperature term is 
decisive tlris must be preferred. 

T o  avoid disturbnnccs of mcnsurcment by oscillations of tlie intake tappi~ig, the support of this 
strcarnlinetl bod!. shoulci bc sufficiently stiff. Positioning too near to the wall is not advisable for the 
follo\ving rci~soi:?;. r ls  previously shown, this lnethod is restricted to heads above 50 m. Since the 
miscd Co\v ni;ichinc predominates in this range, attentiori should be directed to the fact, that most 
OS the losscs hcrc arc causcd by leakngu anrl disk friction and thcn transmitted to the relatively small 
Icalcage llow, thus bcing cscessively hented compared with the bulk of tlie main flow passing the 
runner. 

Because of thc low thcrrnal diffusivity of water, this heated liquid layer close to the draft tube w 
cannot be expected to mix \vitll the adjacent main flow down to station I. Fortunately many d 
tubes, especi;!lly thosc for vertical sets have a bend. Owing to thc sccondary flow in this bend (n 
for once 11sl:ful). tlic \!.rtrmcr OlitcI layers arc mixed with the main flow. 

If t I i ~  head y 1-1 Lills short of 50 m, the internal energy term of (9.3- 1) cannot be measur 
accurately eno!.lgh. Thus the conventional method must be applied zccording to whi 
the specific head (now restricted to the mechanical energy terms) 

Y = y H  = A(y/g + c2/2 + ylz)il 

requires the measurernents of the flow-averaged values p / ~ ,  c2/2 and y h  in the cro 
sections I 1  and I. 

9.3.3. Tl~ermodynamic measurement of internal efficiency 

In the case of a turbine, the internal efficiency represents the energy converted into bla 
work in relation to the energy offered by the fluid, both referred to  unit mass of th 
The difference of both the energies implies the losses, converted into heat and tran 
to tl:e fluid. - 

These are:-The hydraulic flow losses in the admissio~i part (distributor, suction pipe) the rot 
the diffuser. including also the so-called exchange losses bet\veen rotor and stationary part (d 
distributor. suction pipe) in consequence of the closed flow loops at the ends of the rotor v 
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51,rolld and huh c.spcci:illy ivhcrl \\lorking undcr off-dcsign conditions. Lastly i i  comprises thc lossrs 
of d , , < ~  fl-ictioll and Ica k;lgr (volunict ric loss) in thc rotor. 

The cncrgy offcrcd by the hcnd in the case of a turbinc corresponds to thc difirencc of 
cnthalpy in an ideal nlncliine without these losses and without the lie;~t flow conr?ec?ed 
l,crewith 

A,,). entropy increment ' d . ~ '  is combined with a heat d q  transferred irreversibly into the 
fluid fro111 outside according to 

ds > d q / T  (9.3- 13) 

~ t ~ i ~ t l y  speaking. this relation is valid first for a heat flow crossing thc system bounclnry of the 
m3cliinc. Now, we knon, that the heat transfer through the walls of a hydraulic machine is negligibly 
S , , ,~ I ] .  The heat, flowing into the fluid of a real machine, as a black box, from outside can bc 
inrcrprctcd as follows: First thc internal loss 3s an irrcvcrsible work is donc by kirtuc of viscous and 
turb~lcncc-condirioncd stress undcr the strain ratc of thc fluid. This dissipation gcncrates hciit. 
wllich can be considered 3s being afterwards transferred from outside into thc systcm (machine). 
Col~trary to  multistage thermal turbo engines, this heat revovery cannot be used in the following 
~tages, as  thcy usually don't exist in a water turbine. 

~ h u s  the real ~nachinc can be understood as a machine with heat flow from outside the 
spstelll into i t .  Then tile entropy varies in the case of a real machine. The thcrmodynamic 
relation for the increment of the enthalpy as a furlction of that of the entropy ds  is given 
by [9.861 

di = (d ilds), tls + (o7i/dp), d p .  

For an ideal machine, the increment of entropy vanishes. Consequently 

Idcnce the finite difference of total enthalpy of an ideal machine 

with the so-called isentropic coefficient (Table 9.3.1.3) 

A,,, = (l/n,) cai/(?ll>,. (9.3 -- 1 7) 

Togetller with A if from (9.3- 11) the internal efficiency reads for a turbine (T) and a pump 
(0 (Table 9.9.3), 

1 = A A ;  q i p  = Aifs/Aif. (9.3- 18) 

ll-ic di\lergence of isobars in Fig. 9.3.1 a reveals that for a certain increment of entropy, the intcrnal 
cficiency of a pump is lower than that of a turbine operating with the same pressure difference 
P I /  - P I -  

From (9.3- i8), (9.3- 16), (9.3- 11) it is seen, that the efficiency is only given by the 
measurement of the differential pressures p, - p,, p,, - p,, when the energy diffel-ences 
r: - r:,  rh - c.: are imagined as small or  compensated by adequately setting A,,, A, ,  A,. 
Thus any flow measurement is eliminated. . 

9.3.4. Convcntion;rl measuremeilt of internal efficiency 

This so-called conventional measurement of the internal efficiency has to be applied, 
when the head falls short of 50 m. Here the measurement of flow Q, especially on the 
Prototype is a rather time-consuming and error-charged procedure, which makes this 



Fig. 9.3.1. Working proccss of real machine with losscs. a) Real proccss (---), and ideal process 
ds = 0 of !luicl machine on thc enthalpy(i), entropy(.s)-diagram between isobars pl,,pl.  T turbine, 
P pump. Diverscnc:: of isobars causcs a better efficiency in turbine proccss than in pump process for 
a givcn incrcasc in entropy. b) Torqi~e reaction dynamometer with elimination of shaft friction when 
nlcasuring the intcrnal torque Ad, = Mi by weight-induced load F. c) Schcme of power loss compo- 
nents in an inipcller pump from the shaft power PC.,, to the net hydradic power input Pb .  Pm 
n~echrtnicnl po\\er loss, Pd, power loss by disk friction, Po po\ilt.r loss by leakage flow, c, hydraulic 
loss in suction linc, impeller, diffuser and by exchange losses between stationary part and impeller, 

intcrnal input, P, peripheral input. In a turbine transformation of power is rcvcrsed. 

method infcrior to thc tllermodynamic method, (provided the head allows its applica- 
t ion~.  

As methods for flow measurement may be mentioned: 

a) In the prctotype: bleasurement of the velocity profile by flow metering, srilt solution 
method, in closed ducts alio by salt velocity method, Gibson watcr hammer method [9.91 
ro 9.94j. ultrasonic met hod by Klrc~pp, Boettclrcr L9.951. 
5 )  In the modcl test: Venturi metcr, weighi~lg machine, measuring tank, calibrated wei 
flu\.: metc r in~ .  Prandtl probe or similar probe, inductive method. Laser velocimeter, h 
film probz, hot wire probe, semiconductor probe. Hence the gross(in)output 

6 = Q Q  Y = ~ Q g t l .  

The internal out(in)put results from the speed w, usually measured by induction, and t 
torque ?il. measured either on the prototype by means of strain gauges o r  on the m 
by means of a torque reaction dynamometer (of the hydraulic, electrodynamic or 
tional type). TIie needed internal torque Mi can be obtained by strain gauges 
spring-suspended, oil- o r  air-cushioned stator of the reaction torque meter also contai 
the shalt bearings (Fig. 9.3.1 b). Hence the internal out(in)put 

q = OM,. 

Thus the internal csEciency (negative sign pump, positive turbine) 

qi = (e/e)T1. 
Even if the conventional method is more time consuming, it may be more exact than a 
measurement on the prototype, when the measurement is carried out on a 
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In3 
&ined niodelh of 300 to 500 mni nonlinal diameter C, by means of a hydrost:t;ic, ilir-. 

or o i l - b c a ~ ~ i n g - r ~ ~ o ~ ~ ~ l t c r i  torque reaction dynamometer for torque IneasuI.cnlent and a 
,veigl~i~~g lnachine or  a t ink  for measurement of the flow. Hcnce accurilcy of rl o n  lnodel 

is T 0,5 %, including, e.g. maximum relative errors of flow and head up to 2 . 1 0  3 .  

TherCfOrc in future the model test will be preferred more and Inore as the decisive and 
selccti~e procedure for setting an  adequate design of a certain turbine. The prototype test 
Hr; l~ be degraded to a control for the results predicted by the model test. Because of effi- 
ciency scale effects the efficiency of  the smaller model, opernting under a snialler Reynolds 

than the prototype becomes smaller than the efficiency of the latter. 

Hence to predict the efficiency of a prototype on the basis of   nod el tests, efficiency scaling formulas 
are recluired. Such formillas have been eithcr found by experience on models and prototypes by 
means of rather simplc rules postulated and improved since the eve of this century, or on the 
basis of pipe loss formu1:is by Can~er-or [9.85], Moorly [9.96], PJcidercr [3.11-1. ~ ~ I i r r - c ~ t  19.971, 
~lrtrorl [9.98; 9.991, Ostrr\~alder [9.70; 9.100; 9.1011, Riitschi [9.102], .bJiihlrr~~nitr, [9.103], and Fa). 
i9.99; 9.1041. A special working group of the 1AHII headed by professor Oster\t'~lldcr. [9.70] in thc past 
17 years has collected much test material from industry. A compilation of all the findings wss 

by Osr~r\tlnlder [9.70; 9.1051. An essential contribt!tion was also made by Srrschclerzkv 
[g.106] \lfllo rlssipcd thc losses to an equivalellt technical roughness typical for the machined surraccs 
of elements found in hydro turbomachines. 

9.3.5. The scale effect of internal efficiency 

According to  experience, the hydraulic loss depends on the Reynolds number and  the 
relative roughness of the duct walls. 

- Roughness: From pipe test we know, that the friction cocficient in the turbulent range 
depends decisively on  the relative sand roughness of the pipe wall [5.27]. An application 
of these test results to the ducts of hydraulic machines requires at  first a substitution for 
the pipe diameter of the hydraulic diamcter of the duct's passage defined by dl, = 3 x 
cross sectional arealperiphcry. Then it must be remembered, that thc pipe test is related 
to developed pipe flow, whereas the boundary layer, as  the decisive carrier of loss in a 
structural member of a fluid machine, e.g. the rotor, is one, developing along a starting 
length. Thus at an  arbitrary station within the duct considered, the boundary layer 
thickness is surely below the hydraulic diameter d,. The  latter is the value to which the 
roughness elevation is related in pipc tests. 

Morcover application of sand roughness test results is not correct, since the structure of wall 
roughness there differs from that of sand roilghness. In gcneral the technical roughness is morc 
pointcd than the sand roilghncss and depends on the kind and the orientation of surface finish. 
Hence relying further on thc test results of sand roughness, requires the definition of an equivalent 
sand roughness due to a certain measured technical roughness. Srrscheletzky made some eflorts to 
do this [9.106] by means of penetrating decpcr into thc structure of a roughness and the flow about 
it. Hints at roughness on hydro turbomacl~ines are given by Grein 19.31. 

An older roughness modcl assumed, that any roughness has no influence on the loss, if the highest 
roughness elevation on a surface is submerged in the so-called laminar sublayer. The thickness of 
this layer, having no turbulence-conditioned cross fluctuations of velocity, ob~iously was overesti- 
mated. 

Recent measurements in thc flow laminae closc to the pipc wall by Hartner [8.136] by means of a 
Laser iinernolncter within a liquid having the same refraction index as the adjaccnt planely ground 
~lcxiglass block, formirlg thc pipe wall, have indicatcd, that thcsc cross fluctuations of velocity have 
unexpectedly high amplitudes at a very small distance from thc wall. 



T:IIc ~ C ; \ S O I ~  for this ptieno~iic~io~i is givcn by thc rncch;inism of t l ~ r h u l c n t  flo~v. u.1iic.h opcr;ltcs thn, 
l ~ i ~ y  :tccortlirig t o  S~r:;c. /tc-l~~/:~.  ['3.10(,]. Particles in thc nciyhho\~rliood o f  thc w;tll wi th  its hig], strail, 
riitc t ry  t o  esc;~pc illto rcyions with lower s t r ; ~ i l ~  ratc. .This Icacl:; o\vi~ig to cc~nscrv:itiori of nl,,, ,, 
a ~nc>venlcrlt towards thc will1 of othcr fluid clc~iicnts with higlicr velocity. 'l.hus t h ~  fluid butwecn 
roughness clcvntion is illways s~imulated by Iluct\~;ltions. 

Thc inlluencc of roughliess is of highest interest for the mnnuhcturcr, who wants to know 
to what degree any particular surktcc finish of t l ~ c  ducts, e.g. grinding, has cllccts on th; 
efficiency. 

- HeJl~o/tl,s number. Here the influence might be limited to that on ducts with hydrauli- 
cally smooth walls. Now follows a review of the elementary effect on the basis of loss in 
a straight pipe. An elimination of the pressure drop in a pipe from relations (5.4- 13) and 
(5.4.- 15) gives with r = R = (112 the loss cocfficient of the pipe as a function of the wall 
shear stress r = s,,, 

whcre c,,, is the mean velocity of the cross section. Since the flow close to the wall is always 
laminar r,, = ~v(Gc/~3y),,,, where y is normal to the wall. 

Jn the relevant turbulent regime now considered the velocity distribution across the 
boundary layer, rhickriess 6, may be approximated by c = c0(y/6)""', w h e ~ e  c, is the 
vsluci ty at the outer edge of the boundary layer. Hcnce SciZy = [c,:011(S)] (y/S)"" '. In 
conscquellce of the approximative velocity distribution, this derivntlve tends to infinity 
at tne \vall ( y  = 0). Assuming a laminar sublayer with constant strain rate c?cidy and 
depth yo (yo << 6), the wall shear stress may be expressed by 

For simplicity the transition laminar turbulent is put asidc. In a first order approximation 
the boundary layer thickness b of the face considered, is assumed to be proportional to 
the nominal diameter of the machine D. But this is done only in context with 1n6, sine 
the ratio yo/d may be assumed to vary only very little as a function of D. Doing so in 
(9.3-23) and then inserting this in (9.3-22) yields 

According to experience thc velocity distribution across thc boundary layer becomes 
more "f~ill" with increasing Reynolds number now defined by 

Re = c, Dlv.  (9.3 - 25) 

Hence the ratio c,/c,, decreases slightly vsRe. Due to this also nl rises vsRe. After 
Schliclltirrg [5.4] for a pipe whose Reynolds number Re' is defined by the pipe diameter, 
,,, ?rows from In = 6 to m = 10, when Re' increases from Re1= 4 - lo3 to Re1= 3240.10! 
Then the exponent 1 - l/m changes from 0,832 to 0,9. Also 6/y, may increase slightly 
vs Re. However, this is strongly competlsated by the decrease of I/nr vs Re. r a ~ g i n g  from 
0.166 to  0.1. For b!v, = 10, the product (Ilm) (6/v,)'-'I" decrc3ses from 1,29 at Re'a 
1 - lo3 to 0.79 at Re' = 3240 . lo3. From this it is seen that tllc pipe loss coefficient d s  
creases vs the Reynolds number. Substituting the machine duct considered by a strai$l 

2 2 pipe and remembering cilj(Z H) = (c,,~c,,,~,) c ,  d ( 2  gll) = A'  KC^,^^ to depend on the 
design   KC,,^ and on the load factor A = c,~/c,,,, the loss ratio of the partied$ 
element considered (may be the whole machine) can be expressed as 

4 9  



For a certain mncliine o r  part of a machine the ratio Llrl, of duct len_rlh to hydrai~l ic  
diilrnctCr is ~ V C I I .  ;ilso  KC,,,^,, is given and constant (if  scnlc cffccts of tlie bep arc put 
,,idc). llcncc [he loss ratio dcpcnds only on the load Fdctor /1 = QIQ,, and j. according 
to (9.3-24). Fro111 this i t  is secn that at a certiiin load factor the loss 11;. decreases vs Re. 
S3nle psoblcn~s arise whcn the above is applied to a real machine. The latter has  some 
sections such as the draft tube, t l ~ a t  d o  not have remarkable scale effect. IIence only a 

P ortion ' ( I '  of tlie internal loss of the machine is subjected to scale effects. The portion ' r l '  

of scnle-subjected loss deperlds on the design. A high head Francis turbine with its 
r e l a t i ~ ~ l y  s~nal l  throat vclocity coeflicient Kc,,,, has at  least at  bep a rather large 'u ' .  

fir: generally adopted insensibility of the diff~lser loss coefficient against scale effc'cts night resuit, 
fronl a gro\\'th of thc dissipation-linked turbulcncc level in the draft tube proportional to its size, and 
from its ratlicr invariable inlet velocity c,, in consequence of thc econonlicly restricted submergence 
of any limiting loaction turbine design. 
On the other hand 'a' depends also on the load factor. A low head Kaplan turbine may 
ha\le a small value of 'n '  sincc the draft tube loss [ ,KC,:,  may amount to 0'07 at full load. 
However, at 20 O/o of this load, this loss is rcduced to  1,4 %, Lvhereas the runner loss, before 

2 %  beorlles now 10 %, so that 'a '  being 0,22 under full load is now increased to O,88. 
Moreover also the  bcp and its velocity coefficients m a y  depend on the  Reynolds n~rmber. Further- 
more the neglect oTRcynolds - dependent transition points and s:lpcrimposed rouglincss effccts ]nay 
c~mplicatc the whole. Contrary to pipc flow, the boundary at the essential ele~ncnts of Ilqdro 
rurbornnchines is subjected to scale-conditioned pressure gradients of the main f lo ,~~.  Finally. rota- 
tion, wall curvature and secondary flow in fluid machines, makes the loss generation thcre diffcreiit 
from that in a straight pipc. 
- Practice oriented scaling due to  Reynolds number without roughness effects: the 
rollowing relation holds between the internal loss on  the Model (M) and the prototype 
( P )  with a fluid of kinematic \k.cosity 

112 D 
t i  = a , '  ( ,\f/Dp) (vp/~,\~)]"" + 1 - 0. (9.3 - 27) 

The value 
'VI = ViI' - ' l i ~  (9.3 - 28) 

is called cfficicncy scaling or  eficicncy valorization. 
The number 'a' depends on the type of machine and its load factor. For  Kaplan turbines 
within 0,4 < Q,'Q,, c 2,2, Oster\vulcler assumed [9.100] 

0 = 0 9  - 0,273 (Q/Q,,),,. (9.3 - 29) 

The same author proposed the exponent 'n '  to  be in the case of a Kaplan turbine 

n = 0,893 log,, Re (9.3 - 30) 

with a Reynolds number for Kaplan turbines defined by 

Re = bv, Llv 

where L is the chord of a mean cylindrical section, \v, the undisturbed throughflow 
velocity giver1 by w, = (w, + 1v,)/2, where w ,  and w ,  are the relative vzlocities at inlet 
edge 2 and outlet edge 1 of the runner vane. 
According to an older proposal of Ackeret [9.97], a = 0,5, n = 5. This was occasionally 
Improved by Nutton [9.98; 9.991. For  Francis turbines Ostrrrvnlder has found b y  teSts 
[9.107] 

a = 1 - 0,082 Q', , .,/(I - rlD) (9.3 - 32) 

in wllich Q', , o p  is thc unit flow at bep, q ,  the draft tube efficiency. 



9.3.6. Scvcrnl ci'ficicnccs and their n~easorerncnt 

I n  gcncr;~l the ~ncasurc~nent of the intcrnnl inpt11 (output) o f  a prototype (Tull size 
machitx) has lo start from the measurement of the indicilted clcctric oulpl~t  (inpr~t) of the 
generator (motor) I:., as frutn 

e., = U,,., i,,., cos 9, 

in which UCjt, is the effcctivt. voltage, i,,,. the effective current, cos cp the pewer factor. 

The Tollowing losses have to be added (si~btractzd) to (from) y,, to obtain e: 
1 j The electric alternator (motor) lcss under load P,l,l,,,cl containing a resistance and 
reactance term. 
2) The mccl~:~nical 10s:; of the alternator (motor) e,,, ,,, due to ventilation, disk friction and 
due to its share of bciil-ing loss ( i f  separable). 
3j The rnechi~nicnl loss of tlic hydraulic machine en, dlit. to its shaft seal ~,,,,,,, and its 
share or bearing loss f?,,,, $,,,. 

Both the l~lachincs ma!, have different man 
be mcasured only simultalieously. Thc re f~ re  
tests i~ccds 21i nrgreement such as a) the on 
load and dtle to the ventilntion of the gen 
tional to the load on i t  and the latter propo 
n machine with vertical shalt, the thrust bearing load due to the tt~rbine consists 011 the onc ban 
of the \\;eight of its runncr and its shaft portion, and on the other hand of the hydraulic axial thrus 
c) The vcntilation loss of thc generator rotor can be obtaincd by scaling up rnotlel tests. 

Thus with the lower sig~l  valid for the pump, the internal output (input) becomes 

E = P,I + Pl/tlosr el f h r r n  * e n .  

With lllc gross (nct) input (output.) P, = q Q  yH, the internal elTiciency for the prototy 
is given as (Fig. 9.3.! c) 

jji = (811;) * . 

The coupling (out)input P,,,, is defined 

p,",,, = 4 T 8" 
The loss by disk friction G, and leakage flow PQ may be obtained from a model test 
a rotor, whose inlet and outlet cross section have been blanked off, where the friction 
both the blanking sheets and bearings has been eliminated by separate tests. Hence aft 
;in adcquate scaling according to 4,. = const w3 D5(wD2/\~)T115, the hydraulic or perip 
era1 (out)irlput of the prototype 

p , = E f P , / + P Q .  

P, dif'fers from P, by the hydraulic losses P, occuring in the wetted passages of the machi 
such as distributor (diffuser), rotor, draft tube (suction pipe), and exchange of angu! 
momentum between roior and adjacent s t a t i ~ n a r y  parts of the machine. 

P . = P , T P , .  - 
8,  c, P,, and PQ can be obtained by 
consuming (Q) measurements. Sirlcc t 
especially within the rotor and betwe 
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,roublcso~nc, thc lilat two re1;ltions can Lx urcd for the co~np~lt:ltion of the h ~ . d r ; l l ~ l i ~  loss 

P r .  liencc the so-called pcriphcral o r  hytlraulic cfficicncy (Fig. 9.3.! c) 

,-hz latter is rcqi~ircd for thc Ilrrlcritrrr equntic~~i ,  (Cap. 5.3). T h c  rnech;~nic;il efficiency f ~ r  
,be jmagi~1ilry cilse of n separate electric nwchine is defined by 

rhis value describes the qitality of the bcarings and the shaft seal. Thc disk friction loss 
its efficiency results frorn 

sinliIarly the loss and efficiency due to leakage flow Q,, 

The valuc I],, can be estimated or obtained fro~n  he:^^ in& a i ~ d  shaft se;il 1 ~ 5 t h .  I t  ranges b~t \vrcn  0,995 
to 0,98. l'hc internal cfficicncy can be measured by the conventional or tllc rllcrmomcts~c ~ncihod 

above), the di5k friction cfficicncy and the volumc[ric efficiency can be ~ l l eas t~red  :I\ dcscribcd 
above or calcr~lated according to Cap. 5.5 For the linkage of P,, and FQ uscd hcrc. s:e Cap 5.5 

For the design of a machine by Elder's e q u a t i o ~ ~  the peripheral efficicncy 1 1 ,  is rcqt~ired. 
Since lnodel tests on hydraulic loss are rarely round and co~nplicated, rl,, can be c,~lculated 
[ram i l l ,  Irb and II;, as follows 

9.4. Experimental techniques 

9.4.1. Instrumentation for steady flow 

9.4.1.1. Rlanorncters: Funda~nentals :  Manonlctcrs are uscd for the measurement of the 
static pressure, which is striclly speaking a pressure at  the wall v.*hich guidcs a fluid. I t  
is measured by a pressure difference between the desired and n known pressure. Usually 
the latter is that of the surrounding atmosphere. Therefore each measurcnlcnt of a 
pressurc needs a simulta!~eous reading of the reference pressure. 

- Liquids ~nostly used in manometers: Usually the measurcd prcssurc is in eq~~i l ibr ium 
with the height difference of  a liquid c o l u ~ n ~ ~ .  Mercury, \\later and carbontetrachloride are 
used, the latter especially for accurate measuren~ents in air tests. Air tests are Inore easily 
carried out and therefore often used at least as  preliminary tests. 
- Types of manometers: 
a) U type n7:tnolneter. .Phe t\vo branches should be of equal, constant and not t o e  small 
diameter. Thus eliminating errors due to  surface tension. 
b) Inclined tubc manometer. A very sensitive instrument. 
f) Betz manometer. The vertical branch with a very small tube is located co;~xially in the 
interior of a much larger vessel, closed at its top, on the level of which acts the ilnknoivn 
Pressure. The  narrow branch contains a float which moves with its vertical scale along 
an optical projection device. 

Weight manometer. For high pressore. The pressure acts o n  a floating piston, which 



i;; nc;~rly frictionli::is. Its I;lscc is !,;~l;tiicctl by c;~libr;l.lctl ~vcights on  the pistori. F - : l i n l i~~~ t i~ , ,  
o f  ~rictioii I>\ \ i l ) r ; ~ t t > ~ - x  ~ i ~ i ~ t i o ~ i  or  ro t ;~ t io~ i  of pist{)n. 
C )  h l ;~~ic~nic tc r  I;)r . ir~nt~lt; t~lcot~s n i c ; ~ ~ ~ r s c ~ ~ ~ c n L  at Iiliilly st;~lions. Ilcre c;lcIl stiltion is 
conncciccl I,: i~ I ~ ~ C ; I \ L I I - ~ I I _ C  t i 1 I ~  \ ~ i j l ~  ;I I;trgc VCSSC~ 011  1 1 1 ~  ~ C V C ~  of \vliicIi ~ I C ~ S  the rcfcrellce 
prcssu re. 

- ('onvcrsion of p rc s s~~se  illto ;it1 cIcctric sig1l:lt: 111 ~ c ~ l c r ; ~ !  this  voids time loss and 
clinninutcs Iium;~n ohscrv;~tion crrors. I t  also l'i~cili~:~tes the usc of such an elcctric output 
as llle inp i~ t  of ;I conlpi~lcr. 

- Type of co~~vcrsinn: 
; I )  1'110~0 ccll: .l'hc c~.ll is lixcrl on :I c;~rricr. whicll ~novcs wi th  constant velocity from a point of 
ccrt;~in c.lcv;ltiol~ Joun  :iIo~ig tlic ni;~~ionictcr ti~bc. When the nicniscus of the liquid cc)lulnn is 
rc:~c.hc.ti. t l~c  lis!i~ Iicanl c,rx:b~ing l h u  I L I ~ C  is \vc;~kcnctl by absorption bcfc~rc rc;~ching the photo cell. 
7-hc11 coun!i~lg .;t;tl-tt;. I t  cntls \vlicn the cirrricr p:~sscs :I Ycro mark of licigl~t 1c.vt.l. 

17) C;rp;~citor: 7'his i., Iiscil o n  ;I niovi11y c;~rricr- simil;rr 1 0  ; I ) .  !\t thc riiolr!cnt. the cylinrlricul capacitor 
movcs alnng thc i i q u i c l  colurii~~. ampliti~tlc or frcclucncy of ;I givcn clcctric;~l oscillation undergo a 
change. 
cj Resistor: I f  tlie m;lnolnctcr licl i~icl  is ;In clcctric conductnr, it can be conncctcd to one pole ofa  
b;lttcry. Thc otltcr [~olc  is con~lcctcd via n straight stiff tIii11 ?\.ire i~tt:iclicd to tlic tubc and dipping 
in thc n~anoriictcr IiquiJ at its oplxlsite end. The c!cc.tl.ic;\I rcsi~t;~ticc of t l i ~  non submcrgcd part of 
this \virc : l r ~ t l  thc c i ! r r c ~ ~ t  restilting hcrcol' ir:dic;~tc.; 1111' I c n ~ l h  ol' !hc n1:rnomctcr column. 
dt L)cform;~iion b j  prcbburc: Thib c;t~l Ilc i~sccl by piciro clirartz cl-yst:ll or by u disk with n micro strain 
gallgc. 

- Problems involtrecl in nlzasusc~nent of pressure: 

:II I_)ampi~iy n T  oscilliitio~ls. A narrow throat at the inlet of the  n1:lnometer tube may be 
l i j ~ f l ~ l .  
51 Guiding walls \\.it11 non-stnllsti flow as n presecluisite for ;illy prcssure n:easurement: 
S lc;~siircment o i  prcssiirc within il l7u~v ficltl recli~ises the usc of a mc:~suring probe so that 
i?ow sep;ira:ion is not caused ancl gcner.:~Ily so that thc rnain flow is tlisturbcd as little as 
possible. 1-his is attained by ~ n a k i r ~ g  thc streamlined carrier ol'tlic pressure tappings small 
i ~ r  comparison \\.i;ll the size of thc duct cvherc t!lc ~ncasurcmcnt is made. Furtllcrmore the 
sur-hcc of this pr-ol?e ntxr the t:~ppinzs has to be ;is far as possible in tlie tangential 
d~rcct ion of the 110~: to be measured. , 3 ,. 

S i ~ c h  a streamlined body contains usually four tappinss in its cylindrical port, distributd 
u11ifol.rnly around the circumference of the probe. These four tappings asc interconnected. 
This gives a cross section-averaged pressure along the periphery, used for 
measurement. To  n~in i~nize  the size of tlie probe, these static pressure tappings are located 
as  near a s  possible to the curved axial symmetric head of the probe. 

Due to cur\;~ture of the strciimlines in this rcgion the static prcssure at the surfzce falls somewhat 
short of its clcs~red magnitude in the undisturbed flow. This can be compensntcd either by a sufficient 
d~rraocc of the  tappings from probe 1ie;id or b) thc artificial impact prcssure on the front facc ofad 
:t\i.~lly movable r l n s  (see Fig 9.4.1 c). Thc correct position of rhc ring depends on the ~eynol 
numbcr of tlic flon [9.72; 9.741. 

- Limits for the si7e of the probe and its tappings: The  diameter of thc probe can 
reduced down to 5 rnm. This takes account of the capillarity effects of too small holes, t 
limitation of me;~surinp time and the limits of resistance i11 the tubes connecting t 
tappings wit11 tlie n~nnonieter. A prcssure port o r  tapping should be as  small as possi 
However with rcspcct to surface tension and pipe friction it should not be less t 
0.3 mln in di;~nictt.r. \\'hen the ports arc con~iecfed with micro semiconductor probes t 
diameter of the prbbe's head is limited by the actual smallest diameter of 2 mm of su 



~i~ 9.4.1. Probes for similltancous measurcmcnt of static pressure and impact pressure, fncilitatin? 
the mcasurcment of the vclocity magnitude in steady flow. a)  AVA,  ASME probe. For the separate 
In,,sl~rcmcnt of static and total pressure tappings not in usc blanked off. Dimensions AVA,;ASME 

P ' *bc a:  20 Dl25 D; b: 5 D!S D; d :  0,3 D/'0,5 D ;  r :  5 Dji D; nurilber of tappings: 4;s. b) Pi-andtl probc. 
,I Ditto with axially adjustable ring to adjust static pressure. 

dcvices and by the desire to place them as near as possible to the probe's head. In general 
a larger tapping within the wall will also be subjected to disturbing turbulent pressure 
fluctu;1tions. 

- Finish: The edges of the tappings must be smoothed without any burrs. Otherwise 
additional impact pressure may be caused. 

- Reasons for falsification of pressure measurement by means of drilled holcs (tappings): 

a) Any l~olc curbes the adjacent flow. Tliis enlarges the prcssurc by centrifugal f ~ r c c .  
b) Diffusion of thc flow illto the hole in the streamwisc direction causcs stagnation in tho rear. 
C) The strain rate ?c,/c'y normal to  the wall is connected with an additional viscous normal stress 
Zrliic,/d, with 11 as the vibcosity of the fluid. 
d )  The turbulent fli~ctuation - c;. normal to the \\.all causcs apparent strcsscs according to Rr~~noltls 
of the magnitude - Qc;.Z. 

9.4.1.2. The mcasurcment of vclocity by piczometry: Fundamentals: This kind of velocity 
measurement is based on the measurement of pressure in different tappings on the wall 
of a probe. Strictly speaking i t  therefore can be applied only to a flow which is uniform 
within the space occupied by the probe. 

- Magnitude of the velocity: The total pressure, stagnation pressure or impact pressure 
is measured by a Pitot tube, a hook-formed probe with a tapping at its front. The dynamic 
pressure lil~ked to the kinetic energy of the flow may be obtained, if the static pressure 
nlcasurcd at a station as near as possible to the impact pressure tapping is subtracted 
from the impact pressure. 
- Design of probes for one dimensional flow: 

a) ASME/AVA probe, Fig. 9.4.1 a. 
b) Prarzdtl probe, Fig. 9.4.1 b. 
c) Probe with conical head (Brabet, NPL, England). 
d) Probe with ellipsoidal head (NPL). 
e) Streamlined probe (Numachi, Murai, Abe, Tohoku Univ. Japan). 

The shaft of the probe must be reasonably still to avoid any defor~nations caused by 
bending moment due to the drag of the probe. The main advantage of the Prat~dt l  tube 
consists in its stiff structure. Morcover the directional influence here is vcry low. 



A Rcynoltls nt inlb~r iiifltrcncc is given by its stern. For thc ASbIT: prohc any ilitcrfcrcnce bctwccn 
;?robe hc;~tl . ~nd  stern bccoincb sn:ril!cst. Also thc Hoynolds ii~rmbcr infl\rcncc is ncgligiblc for Ilighcr 
nurnbcrs [O. IOS]. l ' h c  probe with clli~soitlal hcad bch;tvcs si~nil~tr-ly ti) the Prtrt~ilfl  tube althougl, i t s  
boundary 1;tyc.r may bc srn;~llcr [9.108]. The  conical probc c) givcs ;I pru~lict;iblc stall at thu corncr 
botwcc~l corlc ;rntl cylindcr. Duc to this thc st ;~t ic  prcssurc nlc;~surcd on the cylindrical part, becomes 
more indcl>cndcnt of the llcynoltls numbcr than in the case of a probe with a smooth trrtnsicnt 
cur-vaturc from thc head to its cylindrical part. 

- Dircction:il sensitivity: The sensitivit)l of the Pirot tubc or the tapping at the front of 
the lube is liery small. For a flow deviating by 20" from the axis of the tube, the impact 
pressure (Icviates only by I %. 
- Intluence of shear flow: In the neighbourhood of walls or within a rotating channel an 
influence of shear flow exists. Such that the station of indicated velocity deviates from the 
tube axis. 
- Design of flow directional probes: 

a) Two-(Three)-finger probe. Fig. 9.4.2 a shows a characteristic of a two-finger probe 
after kt: Kiilrrtel[9.74]. The differential pressure p,. between both the tubes, related to the 
dynamic pressure q = gc2/2, grows linearly with the angle a', the velocity c makes with 

Fig. 9.4.2. Characteristic 0 

finger probe in air as a fu 
of Keyllolds number Re 
from Kiihilrl (9.1271. 



lhc probe's axis. I t  is independent of the Reynolds numbcr. tt1hi.n the front f:~cc of c;~ch 
lubc is pliincly groulid and pcrpcndicular to thc i~s is  of the tubs. The Ineasuremcnt is also 
jndepelldclit of Illc pitoh angle p in u range of y = + 10". Here the magnitude of the 
,,,locity c can be round by the dynamic prcssurc, when one of the tubes is turned in the 

of c. I n  tlie thrce-finger probe, this is cffccted by the tneiln tube. 
b) ~ ~ l i n d r i c n l  probe (see Fig. 9.4.3 b). Here the directional scnsitir~iiy is greatest, if the 3 
tappings are 24.  apart. 
c)  ~ ~ h c r i c a l  probes. c 1) Prol~e  after van drr Heggc Zijllc711, Fis. 9.4.3c, with a hook- 

stun. Such a stem facilitates the determiilation of flow direction by rotating the 
probe about its stell1 axis until the pressures in the two direction;ll tappings in a plane 
n o r i ~ ~ a l  to this axis are equal. The inclination of the velocity vector c against the axis of 
llle probe's head is determined by the difference of pressures on the t\vo tappin,. 09 located 
then in the plane of c. This p roced~~re  can be used for a11 tile probes tvith four- dircctiunal 
t3ppings on their head. c2) Hen~ispherical probe, Fig. 9.4.3d, with advantageous small 
size. Diameter 3 mm in water, 2 mm in air. As with the previous probes i t  can be equipped 
,,.ith static pressure tappings behind the head. 

Fig. 9.4.3. Probes for the ~neasurement of the velocity magnitude and direction in a steady flow. 
a) 2(3)-finger prohc for plane flow. Bzcause of low directional sensitivity of tappings, also the impact 
prcssurc can bc n~casurcd by onc of thc fingcrs. With 3 fingers tlie central fingcr for impact pressure, 
then Inore exactly mcasurzd than by 2 fingers. Turning of the probc by 90' facilitates also a 
meitsurcmrrit of the static pressure. b) Cylindrical probc Tor plane fldw. c) Spherical probe by van 
dcr Hegge Zijnen for spatial flow. d )  Hemispherical probe for spatial flow, diameter down to 3 mm. 
C) Cliisel shapc probc with small diameter d = 1,5 m m ;  surface angle T 45', for planc flow. 
f) Boundary layer probe for plane flow after Reichardt, surface angle T 45". g) Conical probc with 
adjustable ring (see also Fig. 9.4.1. c) for spatial flow alter Corlrad, vertex angle 30', d = 4 t o  7 mm 
19.1271. 

df Wedge shapetl or  conical probes: d 1) Double hole chisel probe, Fig. 9.4.3e, advanta- 
gcous small diameter down to 1,5 mm. d2) Double hole boundary layer probe d t e r  
R~ichliar-dt, Fig. 9.4.3f. for the finding of the velocity direction in thin boundary layers 
with plane flow. d 3) 6-'hole conical probe after Conrad [9.109] Fig. 9.4.3g, with an axially 
movabie ring behind the static pressure tappings for eliminating the Reynolds number 
influence on the indicat.ion of static pressure. Fig. 9.4.4 shows the characteristics of such 
a probe after IT Kiilrnel [9.74] for a flow in the plane of the probe's stem and the axis of 
'he probe's head (1 = 0). The differential pressure p,. between the tappings due t o  the 
pitch angle y' grows nearly linearly with y' when it is related to  the uncorrected dynamic 
pressure 9'. The deviation of q' from the correct dynamic pressure ri = e c 2 / 2 ,  the devia- 
'ions of static pressure A p  and total pressure A g  are shown also as function of the 



Fig. 3.4.4. Cli,\ractcr- 
13tic of ;1 6-llolC colt- 
rt~il  prohc in ; \ i r  as 
frlnction o: Rcynol,js 
nu~nbcr for a' - 0. 

P,. iiiflcrcntial pressure 
due to pitch angle yl, 
p st:ltic pressure, 
totill pressure, A de- 
viation, rlplq cor- 
rection of p. ~ft~. 
Kiihnrl [9.127]. 

1 
4 
B 

i 

Reynolds number. d4) 6-hole conical probe with wide U-turn of its stem-for measure 
of relative flow especially close to the vane surface, with minimum innhence of the s 
on the probe's head, after M.: Kiihnel [9.72] (Fig. 9.4.5). 

- Disturbing influences: 

;I) Influence of velocity gradient on directional probes. For a giver. gradient the influ 
011 measurement of direction diminishes with reduced probe diameter. A probe of 
ilnu~n gradient sensitivity has been developed by Reichardt, Fig. 9.4.3f, with a direct1 
error of less than 0,lC. For wedge probes with three holes a directional error of 
kno\vn [9.108]. 
b) Influence of vibration: The vibration of the probe also produces oscillstion~ 
liquid columns from the probe to the manometer. A lateral oscillation of the probes 
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ig. 9.4.5. Conical 6-hole probc with wide U-turn. to reduce 
il,fl~lcncC on the head of rot;iting probc, after Ci;l~tlcl stein 

p.1271. 

near the tappings may falsify the pressure indication a s  it results in a11 additional apparent 
impact pressure. 
c) Errors due to time-averaging procedure of non dynamic measure~nent:  A sinusoidal 
pulsation of the flow with amplitude c ,  creates a time-avcrased error of thc indicated 
mean dynamic pressure of :ibout Qcf/4.  For  a stationary probe such pulsations exist near 
to a rotor for the periodicity of the relative flow field through a vanec! cascade especially 
past the rotor due to the wakes. 

9.4.1.3. Pressurc measurcn~cnt by air injection: Fundamentals: Air is injected in to  ;he 
flowing liquid, passing the model measured through tappings at guiding walls o r  probes 
by a very small bubbling air flow from the tapping into the liquid. The air may  be 
preferably also uscd for the transmission of the pressure, to be measured from thc tapping 
lo the n~anolneter. As the density of air is small in comparison to that of water, crrors 
due to surfacc tension may be neglected in the case of not too small a pressure. The 
relati~fely small density of air especially i l l  the case of not too thigh pressures results also 
in negligibly small body forces in the air transn~ission pipe due to  gravity and  centrifugal 
action, when the pressure is transmitted from a rotary tapping to  a stationary manometer. 

Experienccs: This nlethod was uscd for the measurement of tlie rclative flow field along the vane of 
a Francis turbine runner by E. Biir [5.17] and G .  Schl~mrner [5.18]. I<. Juhti did ths samc with a 
Kaplan turbine [9.1 101. J.  Korciun applicd this method to the meesurcment of the rel:!ti\le flow Leld 
in a semi axial pump impeller [6.44]. 

- Error: A comparison of the torque measured by means of a spring-suspended torque reaction 
dynamometer with the torquc calculated froni the measure~nent of pressure gained by this method, 
shows a maximum error of 7O/" [5.17]. 
- Practical advice. Care has to be taken, that the pipe from the tapping to  t l ~ c  manometer is 
cornp!ctcly fillcd with air. This may be controlled by an artificially high air flow by operating a valve 
bL.tween a pressurized air vessel and the piping. 7'hc dcsired state of a slightly bubbling air flow out 
ofthe tapping lnny be observed eithcr by a manometer column comiilg to rest o r  (if possible) through 
a Partly transpnrcnt casing and rotor by means of a stroboscope. 

Example: Fig. 9.4.6 shows a test turbine [5.17] equipped with such a device. Here  the 
runner vanes for measuren~ents were made of Acryl glass. The  tapping is a bore in the 
antre  of a s~nal l  disk. This covcrs a larger bore of 5 mm drilled in the vane. In this hole 
the transnlission pipe ends. This is fixed in a slot of the vane. The  vane surhce  is finished 
In such a way, that no prqiection disturbs its smoothness. 



Fig. 9.1 6 .  \\ d[cr-opcratcd rnoJcl Francis turbi~:c. blcasuring vanes of acryl glass integrally cast 
\\:[!-I i!~iaici p~l:ch, e;icl~ Icading ircnl tappirig OII  thc vnnc si:rfacc \ , i i ~  a scanning v a l ~ c  (Fig. 9.4.3) to 
n stationar) m,?nom<tcr. after Bur [ 5  171. Inllow fio~fi a n  open tank via stay and guide vanes. Guide 
,ti:d tl~rust bczring i n  a tube scrcjved to thc stvingilig stator of thc torque reaciion djnrilnorncteq 
T t ~ b c  suided by l i q d r o ~ t a ~ i c  b a r i n g  a l ~ d  suspcndcd o n  torsion sod (Fig. 9.4.10). D = 0 , 4 5 5 9  

9.4.2. C:ilibrntion of probes for arbitrary flow 

The  calibra:;ori of a probe ~ e e d s  a water or  air tunnel. For  the elimination of w 
intlut:nce, \\ h ~ c h  is a considerable handicap for any probe [9.?2], this tunnel should 
a s im~la i  S ! L ~  possibly with a similar form as the duct in which the probe is used 

nrds. Probcs for steady flow are c,ilibrated in steady flow. Probcs for unsteady flow 
t~sually also cslibrated in stcady flow. Strictly speaking they sliould be calibrated in 
unsteady flotv of exactly the same type, as occurs in the test. Since this is impossible 
approximrition is made by a special and  typical urlsteady flow, c.g. a sint~soidal o 
cener:ited by a correspondingly moved piston. 
b 

9.4.3. Methods for dynamical measurement of unsteady flow 

9.4.3.1. Gcncrnl remarks on unsteady flou: The real temporal course of unsteady fl 
of growing intercst as i t  causes losses (by vortex'generation) and vibration in the gu 
structure. These 1 ibrations rnay be selfexcited or excited from external sources 
include the danger of resonance and fatisue cracks in the construction. Thi 
more in:porta:lt as the recent trend in modern design tends towards a larger size of u 
This entails :; greater structtirnl elasticity of the machine. Also the trend towards we1 
and  thereby more elastic structures favours hydroelastic response and thereby 
steadiness of the Ilow. 
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3.2. Vclocity mcasurcrnenl: Fundamentals: Contrary to  the measurement of steady 9.4.- 
sow, in an unsteady flow otily tlic taagliitude o r  anc  component of tlic vclocity can bc 
obt;,i~ied through direct measurement of one device, which uses tlirrmnl. optical o r  elnslic 
emc t~  of tlie flow with quick response. Morcover a simultaneoiis mcasurcment of illstan- 
,a,leous pressure and velocity is not possible by these direct velocity mc;lsurcnients. l ' h r  
,,,,aslirement of the velocity vector needs a method such a s  the Laser anenlometry, \vhicIl 
does not disturb tlie flow. Moreover it requires as many devices as velocity components 
,,jst. Principally the velocity vector now also can be measured by the simultaneous rne,l- 
,U,e~nent of instatitaneous pressure at difierent ports of one probe similar to the corre- 
iponding vectorial probes for steady flow. Such probes are described under the scctio~i 

measurenients'. They have a practical v;ilue only, if the gradient and the p - o ~ v t h  
r 3 t ~  of the \relocity is small in the space, occupied by the probe. Further, the interference 
of water hammer \\laves which are generated or  reflected by the probe's stem, with the 
probe itself does not allow an elimination of the influence of thc stem. At last the strictly 
needed calibration of such a probe in real unsteady flow is rather troublesome. 
- Designs of different probes: 
,) Probes using thcrtnal effects: 
a3) Hot wire probe: I t  uses the cooling effect of an electrically heated very thin wire which 
is exposed to the flow. Unfortunately this very sensitive device c a ~ i ~ ~ o t  be used in liquids 
with their strong impact stress and erosion. 
3b) Hot film probe: The probe, Fig. 9.4.7, has a front of a wedge formed glass body 

with a thin platinum layer (film). This is electrically heated to a constant temper- 
ature soniewliat above that of the surroundin_g s t r can~ ins  fluid. Tllis enables a heat flo\v 
from the film into !he fluid. The re f~ rc  the heating current through the film depends o n  
the heat flow into tlie fluid and its velocity. As thz film has a constant clecirical rcsistance 
and as its temperature is kept constant, the voltage between i ~ s  ends depends o n  the 
electric current pas5ing the film and on  tlic flow velocity. This voltase is measured and 
amplified. The probe is very sensitive. It needs a clean liquid without too many gas 
bubbles and without vapour cavities. The working life increases as  the velocity is reduced. 
At  about 2 m/s the durability within water of greater hardness ranges up to  50 hours 
i9.461. 
b) Probes using elastic effccts: Any obstruction in a flow in a certain direction. which is fixed by a 
laminated spring on the wall, dcviates with the velocity from its zero position by virtue of balancc 

5t- 9.4.7. Hot film probe for dynamic measurement of the velocity magnitude a) Probe, 1 glass, 2 
Prohe axis, 3 mean plane, 4 Iilm of platinum. b) Circuit diagram of probe: 1 constant resistor; 

variable resistor; 3 film of probe; 4 DC amplifier. c) Angular sensitivity of probe. Aftcr Mollerrkopj 
19.461. 



betweell the d r ;~g  and cpring-born force on this obsttuction. This cIcvi:~tic~n car1 bc collvcrt 
a n  clcct~ic signal. Such all instrument can also indicate ;I rcvcning os5il;11ing flow. 'The s 
" f l o ~  pcntlulum" consists of i~ disk of 1 rnln cli;~mctcr, subpcnclccl on ;I l a ~ n i n ~ ~ t c d  sprtng 
~ h r o u ~ h  ;I .;lot in the >trcan~lincd transducer, which is attilcll~d to the will1 b j  :I hollow shaft. 
end of the sprlng is clamped in the interior of this shaft. The mc;ln part of thc spring ca~rics 
corc. ,It rcst in the zero positiorl this corc is loci~tcd symrnctricnlly bctwcen two co~lc One 
is the primary the otl?er the sccond:\ry winding of ;I transformer. 130th the coils are connecte 
other, so that in thc zero position the voltnge bctween the ends of one of these coils is c 
by that of thc other coil. I f  the disk is shifted by the flow, the resulting voltage thcn induc 
as signal for thc velocity, provided the probe's exciting frequency differs from its natural one. 

c) Probes using optical effects: Here only Laser anemometers are mentioned: 
ca) FOCUS method: Laser beams are focussed on 2 stations a known distance from each 
other. The velocity is measured by the time interval a suspended particle needs to cover 
this distance. A 2-focus Laser was developed by Eckai-dt for an air compressor in 1976 
and recently has been applied on a model Kaplan turbine in water by Brnrirl and Se/bach 
[9.63]. 
cb) Interference pattern method. Here a pattern of streaks parallel to each other and wi 
known distance from each other is generated by the interference of a Laser beam wi 
itself after its reflection and correspondirlg phase shift. The velocity component norm 
to these fringes is measured by the time interval a particle needs to cover this know 
distance [9.66], [8.136]. 

- Problems arising with the Laser: An observation window is requircd with an out 
surfacc normal to the beam. For internal flow in fluid machines a back-scatter 
lnerlt is needed with its weakened light radiated back, whose signal strength i 
by wall and window flare as reportcd by Brand and Selbnch [9.63]. Generally see 
9.65; 9.671. 

9.4.3.3. Nleasurement of pressure: Fundamentals: Similar to the measurement o 
sure in steady flow the dynamic measurement of pressure in unsteady flow is restrict 
only to that on walls. A streamlined carrier of the proper ?robe, as used in steady flo 
experiences in unsteady flow a greatly varying angle of incidence. 

This induccs an additional unsteadiness by starting vortices originating from the rear of the 
and possibly also by stall. Mainly the piezo electric effect or the elastic deformation of 
loaded membrane of low inertia are used for conversion of unsteady instantaneous pressure 
electric sisnal. Here the elastic deformation induces an unsteady displacement of the flow which do 
not exist originally. 

- Piezo quartz indicator: Such probes operate by the principle, that the surface o 
quartz crystal is electrostatically charged if a pressure acts on it. Urifortunately the pro 
is rather large. It has a favorably high resistance against erosion. 
- Membrane with strain gause: By application of adequate material and not too s 
a size also such probes may be very highly resistant against corrosion and erosion. 
the usual sniall models the "Kulite type micro semi conductor probe" was deve 
[9.811. I t  consists of a disk, which is 2,3 mm in diameter ar,d which is soldered to a 
cylindrical box so as to be watertight. The interior of this box is exposed to a const 
reference pressure. The strain of the disk due to its pressure-induced bendir;g is measu 
by a semi conductor fixed on the surf~ce of the disk in the region of its largest strain un 
external pressure. This generates a voltage by change of resistance. 

Unfortunately the probe often shows a drift of its zero point, which has to be countered by repea 
calibration. Moreover the probe is not very resistant against a cavitating flow. 

3 54 



9 4.4. Problems arising with rotating probes 

9,4.4.1. General rcn ls rks  about rotating probes: Cal ibra t ion:  F o r  the c i~ l ib ra t ion  o f  a 
rotati~lg probe  it secms the best ih ing  is, to locate it a t  t he  s a m e  s ta t ion  a s  it will be used 
Inter o n  for taking measurements. I n  a n  a i r  test this  p rocedure  may be d o n c  at zero  
discharge wi thout  the  rotor. Secondary  flow, caused  by the  s t em of the probe  a s  \yell as 
the wakes o f  the  s tem mus t  be kept  off the  head  of the  ro ta t ing  probe,  usually or ien ted  
pcl.ipf~erall y. 

Rotating Kuli te  probes  m a y  be cal ibrated by  k n o w n  a i r  pressure conducted  by  a p i p i n s  
the ro to r  vane  f rom a pressure vessel at rest. 

- Turning the p r o b e  a b o u t  its s tem:  H e r e  an adjus table  s t a t iona ry  cam.  Fig. 9.4.S a. shif ts  
axially a rack, located o n  the axis of t h e  ro tor .  T h i s  rack t u r n s  tl~r radially d i rec ted  
rotating shaft  of the  probe by m e a n s  of a cog \\!heel. A source  of t rouble  in such  a device 
ma)! be backlash a n d  addit ional  uncontrol led deformat ion .  F u r t h e r m o r e  the  space re- 
quired is usunlly limited by tha t  available. 

Fig. 9.4.8. Devices used for rotating probes. a) Device for turning the radially oriented and rotating 
stem of a vectorial probc (hcrc spherical probc) about its axis. Probe is turned until velocity vcctor 
(of the assumed steady relative flow) coincides with the plane formed by the axis of stern and the axis 
of the probe's head; then the pressure in the tappings due to the yaw angle is equal. 1 radial stem 
of probe; 2 cam for axially shifting adjustment rod 4; 3 axis of machine and of rotation; 4 probe 
adjusting rod with drive of probe stem by rack-and-pinion scar. b) Transmission chamber for 
pressure from tapping on rotating probe to stationary manometer. I oil from high level tank;  2 seal 
chamber to both sides of prcssure transmission chamber 3; 4 boring to  tapping; 5 hose to stationary 
manometer. 

Therefore fixed p robes  or probes, which a r e  t u r n e d  by  e l ec t romoto r  fixed a t  t he  r o t o r  a r e  
preferred [6.44], see Fig. 6.4.4. 

- Strength problems: When the prove stem is hook-shaped o r  has a wide U-turn, Fig. 9.4.5, ccn- 
trifilgal forces may bcnd and twist it. Therefore a rotating probe should be very stifiin its stem. The 
unbalance caused by the probe must be balanced by countermasses as a function of  the  radial 
psition of the probe. T o  measure the flow bctween the rotor vanes over one pitch, a peripheral slot 

the h u b  is needed. This weakens the hub wall, which has to be taken care of. For a definite position 
of the probe the slot must be closed. Otherwise a secondary flow along thc shafi is generated. Such 
a flow exists also without the slor but on a smaller scale. Care must be taken that this flow does not 
meet ally tapping at the probe's head. 



9.4.4.2. Transmission of values rne:~sured from rotor to  stationary indicator 

- Rotating indicator: Hcrc the indicator, e.g rnanometcr, is fixed on the shaft, wllic 
therefore has to be vertical. The indicated value may be received either by a rotati 
camerr1 ur by a stationary camera with the aid of a rotoscope or  a st\-oboscope, in whi 
case the flon llas to bc steiidy. Disadvantage: Rotating masses, which must be balan 
Advantage: No addition;ll torque of the transmission cievice. No transinission err 
- Rotating transmitter: Electric signals o r  other signals tr:lnsrormed into such signals 
transmitted to a stationary receiver. Advantage: N o  frictional torque by trans111 
device, no  transmission error. Disadvantage: Expcnsivc, mcasured value must be tran 
formed into electric signal. 
- Stationary indicator for electrically transmitted signals: Here the electrical measu 
signals can be transmittzd by mercur:~ chambers. serking as sliding rings. Advant 
Small friction. Disadvantage: Transmission error, as transmitted currents are rat 
small [9.8 11. 
- Optical transmission: Indirect by stationary camera and stroboscope o r  rotoscope 
above o r  direct by Laser anernometry. Aclvantase: N o  tri=insmission error, no frictio 
Disadvantage: Very expensive. 
- Stationary indicator with mechanical transmission: For  the transmission of pressu 
from a tapping on the rotor to a stationary ~aanometer  (uszd as an indicator) a careful 
sealed :-in$ chamber. Fig. 9.4.8 b, is required. This may bc tightened on both sides 
radially elastic ring elenlents gliding on a polished and cliromed sleeve around the sh 
>!oreover this may be tightened by ring chambers, filled with pressurized oil on bot 
sides. The oil pressure hitherto has to be al?ove the pressure transmitted and is produce 
by an oil vessel located above the oil chamber. It must operate beforo the shaft star 
rot~lting [9.:27]. Advantage: No transmission error. Disadvantage: Frictioilal torque. 

9.4.4.3. Scanning valve for conncction of rotating tappirlgs wiih statiocary mtloomete 

Fundarn~ntals: Usually many rotating measuring tappings have to be connected t 
szveritl available stationary manometers. In the case considered of a steadily operatin 

Fig. 9 3.9. Scanning valve, con~ecting 
tappings on thc runner vane face to 3 stati 
ary inanometcr. 1 shaft \vith borings 
tappings 10 on vane fdce, 2 inner sleeve 
nccted to a siationary nallorneter 9 stepwl 
turniible rz!ative to 1 ; 3 outer sleeve connec 
to the swinging stator frame of brake I f  
means of lever 4. at up and do\\lu motion 0 

the friction of slipping parts turns the sle 
relative to 1 by one pitch; 5 inmost part 
nected to shaft 1 having external teeth. 5 
per internal gear rim, at which each 2nd to 
is omitted, is fastened on simila~Iy toothed 
tcrnal gear rim 5 b, tangentially turned ag ' 
5 a  by 1,'2 pitch; 5 c  fixed on 5 b; 6 disk 

7 oil se;il (Fig. 9.4.8. b); 8 spring pressing down 5 c and 2 against 1; 9 hose to stationary manom 
10 h o ~ e  from shaft to tappings on runner bane; 11 swinging frame of stator. 
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flacliine, t he  rot;iti~;g tappings can be conn*:cicd one after i~nother by n sc;tn~ling \ : 1 1 \ ~  
to the station;iry ~nano~ncter .  For the abbrcvirltio~~ of this procedure t\\*o tliiligs l ~ a \ c  to 
be provided. Firstly: Tllc hwitching operation  nus st be possible u n d e r  fu l l  spcctl. Second- 
ly: With i111y switching scveral tappings are connected wit11 the correspondin2 numbcr of 
stationary ~nanometers. 

~cchatlicill  design of a scanning valve: Fig. 9.4.9 shows n mcchanicul s \ v i t ch i~ i~  dcvicc. dcvclopcd 
by E. Biir- [5.17]. I t  operatcs as follo\vs: By thc rcciproc;~ting niotinn of Icter 4. parts .: illld 2 :iiove 
up and down, guidcd pcriphcr;tlly in the tccth 5,. 5,. The friction of tlic seal dcccleratcs the rotntilig 
part 2 ag:~inst pal-t 5 and 1: By this both parts arc rilovcd tan_eentially b y  nnc :oath pitch n ~ a i n s t  cach 
other. This is possiblc in tlic lif!cd position of thc !ever 4 due to thc clcarancc of one pitch in the 
tangential dircctioii (cffcctcd by !he omission of each sccond tooth) and also in thc lo\vcred position 

the lever due to similar tangential c l ea r a~~cc  (see Fig. 9.4.9). 

This switching by moving the levcr 4 up and down turns part 2 about the axis against part  1 in the 
desired manner, so that thc pick up bore in 2 ;~dvaiices along tllc seal 6 from one nlensuring port 
to thc next. The up and down motion of part 2 against shaft 1 is also nccdzd to avoid , I I , ~  ivcnr and 
friction during the s~ i t c l i i ng  ;tnd to  provide tightness of the joint flange bet~vecn p;lrt 1 a n d  3 ;ifter 
any switchirig by means of thc scal 6. 

Since thc scanning valvc is fixed on thc frame of the stator of the torque reaction dynaninn~etcr  (here 
two oil-operated radial 12 cylinder positive displacement pumps are used to o b t a i ~ ~  a s t r ons  arid 
steady braki~:g torquc down to zero speed), the frictional torquc of its scal 7 is elilninated as an 
interllal force. 

Fig. 9.4.10 shows the arrangement on a model Francis turbine with its pipes connecting 
the tappings or ports on the vane to the stationary manometer via the scanning valve 
shown in Fig. 9.4.9. 

9.4.5. Measurement d the torque 

- Fund:+mentals: The hydrodynamic torque exerted by the flo\\:ing fluid on thc  rotor 
may be measured by the twist of the shaft between the runner and the adjnccnt jovrnal 
bearing with the aid of strain gauges. As the shaft is rather stiff, very sensitive strain 
gauges must be applied or their output is very s~nall  and thcrcforz liable ti ,  crrors. htlore- 
over this doublful small electric \lalue must be transmitted to a stationary indicator. 
Therefore on models, iorque measurement by reaction torque dynamometers is preferred. 

Here the rcaction torque, which is nearly equal to the hydrodynamic torque of the I-unner, 
is measured at the quasi-stationary, slightly swinging stator of the brake. This can be 
done mechanically by weight or electrically via bending of a beam by means of strain 
gauges, as used e.g. in the lab of Hidroart, Milan "). To approximate the measured 
reaction torque as far as possible to the desired hydrodynamic torque on the runner, thc 
friction of the support of the brake's stator must be made as small as possible. This  can 
be done by incorporating the shaft bearings in  a tube which is attached to the stator of 
the brake, see Fig. 9.4.6 arid 10. This eliminates the bearing friction ;is an internal force 
of the system motor brake. The swinging quasi-stationary brake stator of this system 
should be supported a t  least by means of roller bearings. A more favorable solution is to 
Support it by oil- or air-lubricated 11ydrost;ltic bearings. This is done in Fig. 9.4.6 and 10 
with radial bcarings. Another solution is a spring suspension of the brake stator in such 
a way, that either no spring force is exerted on theqsystem, when it is in its measuring 

;;2------- 
) According to information givcn to the author by Mr. Lrccl/i. the lab of Ilydroart. Milan, appl~c's ~llis hind of 

strain g;illges to a snlall loaded bcani for all kinds of Iaad and torque mrnsuremcnts. In reccnt research work. 
the author's lab at TUM has also used this vc~y sensitt~e device successfully. 



Fig. 9.4.10. Torquc reaction dynamometer with scanning valve. Brake: two multipiston radial posi- 
tive displacement pumps with stator on swinging frame suspended on torsion rod. Upper end of 
latter fixed on staticnary part. Zero output by throttling oil flow. Reaction torque on the pump 
casing twists the torsion rod, the twist of which is lneasured by the deflection of a light beam. From. 

position, or that the tangential deformation of its suspension is used for the measurement 
of the torque and the deformation due to the axial suspension is used for the measurement 
of an additional axial thrust during operating of the machine, set: Cap. 9.6. 

- Special brake design: Fig. 9.4.10 shows a special brake design in which the last men- 
tioned principles are realised. At first the shaft of the turbine is radially and axial1 
supported in a tube attached to the brake stator, which eliminates the shaft friction as 
internal torque. 

This tube of the brake stator is radially supported by oil-lubricated hydrostatic bearings. 
tube-like system is axially supported by means of the twisted rod. This rod is tangentially clam 
:it its upper end by means of roller bearings, enabling only an axial motion of this rod end. At 
end the rod is fixed in the axial direction to a short axially elastic rod, fixcri at its upper end to 
rigid frame. This si~ort rod is covered with strain gauges, to measure the variable axial thrust und 
operation of the turbine. 

The reaction torque on the lower end of the elastic rod twists the latter. This twist 
optically indicated by a light bearn, which is emitted from a stationary lamp and th 



reflect~d by a mirror attached to  the twistcd rod. This device devclaped nt LeIi~.stuhl und 
Labo~. fur hydraulische Mnschincn und Anlagen der TU Miinchcn is c;ilibsated by n 
,,,,ig1~t-induccd torque. 

The interllal torque can also be mcasured by a simpler- brake if the bearing torque is 
,!iminated by n~casuremen t, see Fig. 9.4.1 1. 

~i~ 9.4.1 1. Scheme of torque metering on a 
hirb pressure test rig in the Brunnenmiihlc 
@:arch station of J. M. Voith, kleidenhcim, 
used for modcls of turbines and pumps. 1 gene- 
ntor motor; 2 cradled electric dyna~nomcter;  
3 load cell for coarse rncasurcments; 4 coarse 

balancing unit, 20x 10 kg weights; 5 
load cell for friction torque It; of turbine bear- 
ing; 6 load cell 200 N for precision measure- 
ment of FF; 7 constant preload 111,. = 2000 kN 
31 reversed direction of rotation; 8 normal 
direction of rotation and torque; 9 model 
machine. See 0. Eichler-, G. Hcir,lnilrl, L. Brur~dt 
19.581. Similar load cells in the f o ~ m  of bending 
cantilevers pasted with strain gaugcs arc used 
by Hydroart, Milano. An cliniination of the friction 
radial bearing load. This can be reached by putting a 
load on the bearing. 

torquc of the guide bearing requires anilullcd 
111 the torque in form of a couple wilhout radial 

9.4.6. Tl~e visui~.lization of flow 

- General rcmark: N o  measurement a t  a series of individual points can rcp!ace the 
visualization of the whole flow field. This holds true especially under off-design point 
operation and moreover in the cavitating regime. U p  to the prescnt there is no  device, 
which enables the measurement of pressure and velocity in a cavitatirig flow. 
- Absolute flow: A siinple method of vis\lalization consists in fixing light thrcads 011 the 
boundary walls of the flow field. Fo r  an  air flow, eiderdown enables good observation of 
wakes and the boundary layer adjacent t o  the wall under stallcd conditions. The injection 
of smoke in air, of coloured dyes or  gas bubbles in water, or  the electrolytic generation 
of bubbles there also enables an  observation of flow effects especially close to the wall. 

any rate the size of bubbles should be s~na l l  !o lirnit slip by pressure gradient. In this respect the 
use of polymcric suspension instead of water according to  Fleischnpr [9.11 I ]  facilitates an approxi- 
mate measurement of flow velocity. The spark nlethocf, introduced by IVeskr, and later on developed 
by Fisto. [9.113] and G~lllrs [9.114], shows the strain rate of a spark-ionized fluid path e.g., in rotor 
channels and hencc the tcmporal change of velocity profiles in badly accessible ducts. 

All these methods need at least one observation window and one  illurnination window, 
'he first with a plane external surface. Fo r  the observation of the flow in a rotor channel 
'hey require at  least a partly transparent shroud, hub or, in case of need, also vane. 
Moreover any  observation requires a high speed camera with a steady o r  speed-triggered 
(*lroboscopic) light source. 



- Reliltivc flow: ,\ perkct c,bscrvation of thc flow in :I r;~dial rotor is ohiaincd by a 
t1,lrlsparcrrt htll. and ;idj:~cent tr:1n5p;!rcnt c:~sing. This neccls cll.ive from tlie side of tile - 
shroud. A conkcniont ~ n c t  hod is offered by the rotoscope. 1 lcrc the calner;i rests. 

,I light beam f r o ~ n  the ob5crvcd rotor passe.; a prism which rotatcs with 5OU/o of the angular velocity 
of thc 1-utor (DOIC pris111). Thus thc rcilcctcd beam of the prism remains stationary. Thereforc the 
rccciving ciimera or human cye of  ;t resting observcr ciin also bc stationary. 

- Visui~lization of rclntivc flow dircction close to the vane: This method has bcen dcvclopcd by 
(;. Sc.l~lcilrrlle~- [9.Y3] for a 1rrrnc.r.s runner. Thc mean flow dircction a ccrtnin disti~ncc from the runner 
\.allc Si~cc citn be indicaictl by micro flags. Thcsc light ~nct;~llic flaps of trinngulnr form arc arranged 
so  as to rotate eas~ly about thcir shafts. At thc end of cnch shaft a piston-likc disk is fixcd. This lies 
with a vcry small axial clcarancc in a specially adaptcd cylindrical chamber within the runner vane 
surfklcc. This piston can be blocked by friction, when it is loaded by co~npressed air. This pressure 4 
lasts itlso during thc rt~ndown oS the turbine and the following dismantling of the individual rotor * 

Lanes. \Vith the aid of pi~ttern making scctions and radial sections, scratched on the runner blade, 
the "frozen" qilasistcady <lirection of  the tirne-averaged relative flow can be obtained easily from (his 4 
flag position (9.831, (5.181. *i 

9.3.7. Fluids to be used in tests 5 + 
'i 

11.1 practice water and air dominate as test fluids. The advantage of air consists in the easy g 

hanilli~?g of the light test equipment. This facilitates especially preliminary selective testa' 
Gas in 3 closed t e s ~  rig may also allow the Iieynolds number to be varied in a wide range 
for efficiency scale effects. This can be attained, e.g. by changing the kinematic viscosity 
by means of heating or pressurizing the fluid. I - 
34casurements carried out by Klr i r~  at Lehrs!uhl und Labor fiir hydraulische h4aschincn und Anla- 

" 
pcn at Tcchnicnl University Munich ~ l t h  air, Argon, CO, operating a 1;T have rcvealed that the 
efficiency charactcnstic. 5.2. the hill dingram, of a hydraulic machine does not only vary (as always 
silspcctcd) with the Reynolds numbcr but in a much stronger degree with some molecular properties 
of a fluid. 3 
Tt~cse  arc e.g. the number of atoms in a rnolecule and henc:: the adiabatic exponent. These changes 
concern as well the level as also the form of the characteristic. 

Thise invzsiiga:ions msy be considered as a proof, that a rcliable prediction of the characteristic o 
a hydraulic inachine tail be made only by tests in water and thcse under a Keynolds number as c10 
as possiblc to that of the prototype (9.1151. Changing the fluid results also in a change o f t  
calibration curves for the instruments use, e.g. Venrlrri nozzle etc. 

9.5. Measurement of unsteady relative and absolute flow in a 
Kaplan Turbine by a vectorial probe of quick response from D. Castorph 

9.5.1. Introduction 

For stress ca1culatio:ls in the runner vanes of a Kaplan turbine, the dynamic meas 
ment of the real unsteady flow field, around the runner vanc with periodically 
randomly varying fluctuations of pressure.and velocity, is of special interest. A 
nulnber of references described by Lotz [6.27; 6.281 and Lienharr [6.32] show that, in 
theoretical investigations, approximate computations of the fluctuations in the veloa 
field of two cascaties in serizs moving relative to each other, have been made, where 
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bc,-ausc of the cfl'c~~ivvc work involved, experiniental invcstig:rtions of thc unstc;~d]r 
no,v.irldi~ccd forces espccioll: acting on  Kopl:ln rllllncr vnlics arc rase. 

~l,.asurcme~~ts o f t k  stresses in the vane surfilcc by strain gaugcs ;,re givc~i hy (;i.c-itr illid Brli-p[ 10.37). iince fluct~~atio~ls of hydrodynamic forces are caused by fluctuntions of pressure and vclocit>. l i~i  
kno,,t~cdgc of the real unsteady flow field as the source of unsteady lo:~d i s  of iniportnnce. 

"sual method of dynamic measurr~nent in water arc based either on the nicasur.crnc.!lt of 
unstcndy flow velocity by means of hot film probes. as has been c;lrricd o11t by ~\lollc~trkr~~~/: [9.1(,]. 
or on the measurement of unstcady tofa1 pressure by nieans o fa  Pitnr probc \: i t h  built-in t r a n s ~ l ~ . ~ ~ ~ .  
,, by Ger.ic.11 19.451. Both methods s~lffer from tlic fact. that tlic sin~ult~ncous nleusurcrncnt of 
prc.ssure and velocity at a definitc statio~i is impossible illid that the \clocity tiirection can be mc,1- 
s,,rcd only in a limited range. 

9.5.2. Measurement of the absolute velocity field of the runner 

In order to avoid the above-mentioned disadvantages, a new conical vector probe, siniilar 
10 that of Conrotl (Fig. 9.5.1) but of quick response has  been developed by Cnsrorpll at 
~ ~ h r s t u h l  und Labor fiir hydraulische Mascllincn und Anlagen at Technical Universitv 
h.!unich, West Germany. This was for the measurement of the uiistzady flow field \~,ithi!l 
a KT operating in  water [9.116; 6.291. Six micro pl.essure-transducers of the type Kulitz 
~ Q L 0 8 0 - 2 5  (freqt~ency 70 kilo cps) enable the simultaneous indication of six fluctuating 
pressures in the six ports in the head of the probe. T11is is done by application of DC 
amplifiers acd a light beam oscillograph with moving coil galvanometer of 4 kilo cps. 

Qs:at(z=Ll 

Qtot ,, 

pa 1 

Fig. 9.5.1. Vectorial probe of quick response for simultaneous measurement of instantaneous prcs- 
Sure and velocity vector in water operated turbines, developed by Casrorph [6.29]. a )  Sect~onal vicnr 
0f6-hole probe. b) Pressure transducer, stations of pressures pbl ,  p I 2  due to pitch angle /i, P, ,  . pO2 
due to yaw angle u. 



1-our of the prcssrlre tr;~nsduccrs arc used for thc indication of the sp;lti;ll local vclocity clircction 
Oi>c ;lt tllc ;II>CY of tlic cone intlici~tcs the total prcssrlrc, slid tllc 1:1st 011c : ~ v c r ; ~ g i ~ ~ g  1.11~ values offou; 
ports uniformly distributctl  l lo rig the pcriphcry of thc cylinclric;~l pi~rt ,  i~ltlic;itcs thc pcripllcrnll Y 
avcragcd slatic prcssurc. Thc diflkrcncc of thcsc 1;1st two figures gives thc lociil dynamic prcssurc and 
hcncc thc vclocity. 

13cc;lusc of its comp;ict cons t r~~ct ion ,  the hcad of the probc has n di;ln~ctcr of only 8 mm, which is 
fairly sni;~ll compared with thc runner riiamctcr uscd of ci12 mrn. Ilccausc of the mcasurcmcnt in  cold 
wntcr and thc frcqiicntly m;rilc cotltrol of zero load point undcr ntmosphcric prcssurc uscd as a 
rcfcrcncc figure, the influence of tcrnper;~iilre and t i n ~ c  cli~pscd on thc calibration characteristic could 
bc practically clirninatcd. 

The prcssurc transducer 1b1Q L has a diaphragm of stainless stccl and a full Wheatstone bridgc on its 
back. The rcarsidc morcovcr is connected with thc atmosphere. Thus thc pressure i~ldicated coin- 
cides always with the gauge prcssure. T h e  simultaneous i~ldication of this figure by all the six 
tr:insduccrs in the hcad of the probe has bccn icsted undcr unsteady conditions. The wholc probe 
has been calibrated dynamically in thc pressure conditions of the prototypc turbinc, c.g. in a 
pulsating pipe flow. 

Since in unstcady flow the probe cannot be turned for a permanent compensation of its angle ofyaw 
-1 lbetwccn the vclocity vector and the probe hcad axis in a planc normal to thc probc shaft), the 
calibration curves depend on  the yaw angle x and the pitch anglc /? (between velocity vector and 
probe head axis in a planc containing both). 

9.5.2.2. Measuring planes, results upstrear11 and downstreani of the rotor 

The turbine, with a vertical shaft fed by a semi-spiral casing and equipped with a straight 4 
cortical draft tube, was operated in an open test circuit under the two heads of  fI = 1,8 m 
and 2,8 in. The location of the measuring planes and the positions of the probe relative ; 
to the runner are shown in Fig. 9.5.2. The following measurements were carried out at the $- 
bep with n , ,  = 127.5 r p ~ n ,  Q,, = 1,39 m3/s. '4 
- Measurements between the gate and runner: Fig. 9.5.3a shows the pressure fluctua- 
tions indicated by the six ports of the probe for a typical position. The components of the 
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vclocity resulting from this and the calibration chart are presented in Fis. 9.5.3 b. From 
the ccrves for the probc position s/s, = 0,17 the upstream influence of the four runner 
vanes on the absolute flow can be recognized (Fig, 9.5.3 b). 

For the cyli~ldrical scctivn near to the hub the influence of the runncr and the gates is 
reduced l o  almost nil. This may be due to  the large distance of the measuring station ~ I I  

the strcamwise direction either from the runner or  the gates. All the measurements have 
h e n  repealed by a conventional Conrad probe with its time-averaged indications. See 
19.1091. 
- Measurements past the runner: The  Fig. 9.5.4a shows the pressure fluctuations of the 

probe for a typical position. The  evaluated compone~lts  of the velocity are 
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shown in Fig. 9.5.Jb. Note the wakes of the four runner vanes. The presence of tip 
clearance vortices could be recognized by the large fluctuations in a measuring station 
close to the runner tip. 

At the outer cylindrical section s/s, = 0,32 the pressure fluctuations were found to have 
a frequency equal to that created by the gates. This means that the viscous wakes due t 
the gates extend even past the runner, naturally thcn sliced into pieces. 

Fig. 9.5.5 shows the comparison of the time-averaged (for one runner revolution) resul 
of the dynamically measuring probe with those of the Conrad probe for measuring plan 
VIA. 

364 



F ; ~ ,  0.5.5. Co~np;trison of timc-:lvcr- 
j f L , ~  1 L,l"~-il!. cnti1;wnculs ; ] I  11:c (11-aft 

illlct (s). h~;ld If := 2.8 rn. point 1, 
in ,,]allc S. ---- timc-;lvcr;~gccl vnlucs 
of d y ~ i : ~ n ~ i c  mc;~.;ul-emcnt with  thc 

dcvelopcd h y  Curlo~pR 16.291. 
- - _ timc-avcr;~gcd ~l~t;:si-ht:l~ion;~ry 
, , , , ,~~~1-~1ncnt I usrtal 6-whole 
,,,,,ic;ll 17rol)c: ant1 rccortfs by mercury 
l l l n , , ~ ~ n e t c ~ ~ s .  After ( ' ( I . s I o ~ ~ ) / I  [6.?9]. 

For the c!etes~~iin;ttion of the influence of the gi1tt.s' pitch and the non-uniform inflow from 
the semi-spiral casing on the rclativc vclocitj; ficlcl, a PI-arldrl tube. Fig. 9.5.6a, also 
equipped \\lit11 two Kulitc p!-essul.c tsunsducers. has been fixed 011 thc runner face. The 
supply voltage its \\.ell as the signills of the transdl~cers have been transmitted from the 
rotating system through 311 eight channel ~nercury-opcrated ring chamber. 

For cr~librntion the timc-:tvcr-ased valucs o f  the ports within the relative flow field have 
been compared \\:it11 thc v;tli~cs indicated by respective ports under air injection. 

9.5.3.2. Espcri~~icntal rcslilts from t l ~ c  rotating probe 

Fig. 9.5.6b shvws the pr-essure distribution for two different p o s i t i ~ n s  given by the 
tiansduccrs of the Prtrr~tltl probc. At thc  outer section s/s, = 0,25 it can be recognized, 
that the frequency of !hc fluctui~tions of total pressure ecluals that of the gate number. 
Addi~ioiially thc i:lck of a~isynimetry in the flow due to the semi-spiral casing may be 
noled. 

The pressure fl~ictu:itions due to the gate pitch. have been fo~111d ai the outer sectior~ to 
bc eq~ i i~ l  to velocity floctu:ltions of F I to 3 % of the average value. The  computation of 
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wakes according to Kelitps and Sears [6.30] lends to velocity fluctuations depending on 
the gate pitch, which agree approximately with the values measured I*) .  

9.6. Ir~fluence of runner vane number on relative and absolute flow 
in axial turbines according to air tests and comparative-predictions 
carried out by W. Kiifznel 

9.6.1. Formulation of the problem 

The main aim of the following treatise on thc one hand is to obtain an experimental proof 
of  the real relative and absolute flow field in an axial reaction wheel with the typical 
design features of an hydraulic axial turbine. j 

") This seems to be slnall. Rut  in addition to this. there also exist velocity fluctuations up to 4% which 
independent of the guide vane pitch. This results in \elocity fluctuations of up to f 7% on the pressurc a d  
suction face of the blade. Thereby the tluctuntinn ,,I' the differentia! pressure may reach up to 14% of the 
average value. 
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On tllc otllcr h n n d  ;in nltcrnpt is 1n3de here to find which calcul3(inn ~~rcdicrz~i  rhczc Icat rcsul!s most 
,ccura tcly ivit l i  rcspcct to tkc solutions nv;~il;lhlc Irolii Sclr/ic.hrit~g [9.1 171. Korthc. (4.1 I ] .  Frtlkv ['I. 1 1 S]. 
~, , f i~ lr j ,  19.1 191. Joc.1rt.111 (9.1201, Ht~hr~to (5 ) .  12 I ] ,  St~~.sc.hcl~~r:l;y ['I. 122). C;llirrc~r.l (9. I ? ? ] .  Bir.r~l,o~rr,r 16.61. 
s ~ / I ~ ~ / I ~ I I I . s /  [6.7], Prrt~rt~ll (4.10; 9.1241, Ur rz  (0.125], In~hcr~.lr [9.126]. Kiilrr~c.l [!I. 1271. 

TO (hc present such tcsts Il;~ve been carried out ollly \\lit11 varying pitcl~ to chord ratio r 'L by Iflihtl 
[9.128] at corresponding cylindrical sectioils of thc rotor. 

The tcsts described here wcrc made on different turbine runners with the same h u b  t o  tip 
diameter ratio 0,5 and three, four, six and twclve rbnncr vanes as for esample on  a Kaplan 

As shown (Fig. 9.6.1 a)  the vanes are thin, have a sn~al l  camber and are  geomer- 
,jcally similar to each other in a certain cylindrical section. 

~ h c  parameters of the straight cascades, originated from unrolling the cylindrical sections 
inlo a plane; were retgined for sections on a distinct radius. Thus the pitch to chord ratic 
H ~ ~ d  angle 13,. the zero l i f t  direction makes with thc circumference, are rctained ivhereas 
the vane number varies. For simplified test conditions tile runner operates \\.it11 a \vhirl- 
free absol~ltc flow a t  inlet. This was obtained by a flow straightener upstream of the 
rnnner. For  the same reason air has been used for the tests. 

A whirl-free admission facilitates also a good examination of the secondary flow resulting 
from the relativc whirl (Cap. 5.5.5.4). Downstream of the runner cunsidsred, there is an 
abso l~~ te  whirl opposite in sense t o  the speecl of the runner (Cap. 9.6.3.3). Therefore the 
runner vane needs a snxtiler twist thail that due to a runner with inlet ~vhirl. I-Icnce thc? 
face of vane skeletons can be approximnted fairly well by spatially arranged bound vor- 
tex stars on a conical face, see Cap. 9.6.4.2. 

An essential difierence exists between runners with no pre\vhirl and those ~vi th  ;vhirljn_r 
inlet flow. Contrary to the first case in the second case the whi1.1 and hence the rrLdial 
pressure gradient decrease with increasing boundary layer thickness in the streaniivise 
direction. Nolv from this, two flow laminze within the boundary layer originate \\.it11 
oppositely oriented secondary flow (Cap. 5.5.5.3). 

9.6.2. Test devices and instrumentation used 

9.6.2.1. Air test rig 

The measurements were carried out in an  open air test rig (Fig. 9.6.1 b). Doivnstream of 
the diffuser 7 the flow passes an axial flow straightener with four screens in series distri- 
buting the flow uniformly over the inlet cross section 0.f the turbine. The transition to the 
test sectio11 is formed by a nozzle with a contraction of 5 to 1. 

An electric torque rcaction dynamometer was used to  load the turbine (Fig. 9.6.2 a). By 
extension of the runner shaft supported at the stations A and B, the dimensions of the 
dynamometer could be adapted to  the form of the hub. Moreover this allowed ior an 
overhung design, facilitating dismantling. Besides this the extension of the runner hub 
facilitates the inserting of the rotating probe without the hindrance of bearings. The 
wakes from the stay vanes generated in the generator region have nearly faded o u t  in the 
test section. Negligibly s~nal l  stall effects occurring in the zone of intersection of stay vanes 
and the casing wcre climinatcd by a trip wire. 

The following investigations have been carried out at  Lehrstuhl und Laboratorium fur 
Hydraulische Maschinen und Anlagen of The Technical University Munich, West 
Germany. 



Fig. 9.6.1. Runner and tcst rig for investigations. a) Bladc design of the 3 vancd runner in elevation (above) and plan (below). - pressure face of the  
vane --- suctio~r face of the vane. b) Schematic representation of the horizontal air test rig. 1 gauze; 2 intake nozzle; 3 settling chamber; 4 Venturi 
meter; 5 diffuser; 6 blowcr; 7 diffuser; 8 rectifier; 9 gauze section; 10 settling scction; 11 casing for brake generator; 12 stay ribs; 13 nozzle; 13 turbine 

-T - 
i u w  i 
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Fig. 9.6.2. Dctails of the tcst section. a) Pcrspcctive sectional drawing of the turbine with an electric reaction torque dynamometer and a weighing 
machine. S trip wirc; A, B stations of support for gcncrator rotor. b) Dctail of thc leaf spring suspension of thc generator stator; 1 uppcr half ring; 
2 lowcr Iialf ring; 3 bridging ring; 4 Icaf springs. c) Location of thc measuring cross scctions for mcasurcmcnt of the absoli~tc Ilow. Circular projcction 
of runner vane: -- .-z 3; ---z 4; - - -z  6; -z 12. Chord Icngth L ,  of a nlciln cylindrical scction, radius r,; L!: = chord lcngth of z-vancd runncr .  
Bl;~dc numbcr 1 2 , 6 , 4 , 3  in rcspcctivc ~ncasuring scctio~ls 211, 3/1,4/1, 5jl. d) Location of thc ~ncasuring scctions for thc mcasurcmcnt of rclativc flow 
within a runner. Circular projcction of runner vane: - .  .-z 2; - - - 2  4; ---z 6; - z 12. Chord length in a mean cylindrical section for z-vancd runner: 

$ L!:,!. Blade numbcr 12161413 in thc measuring scctiolls in thc runncr 12/13, 11/14. 10/15, and past thc runncr 13, 15, 16, 17. Aftcr Kiilrnel [9.127]. 



Thc greatest proirlc 111ic.kncsx clccrc;~\cs Iilic;~rIy ;ilons the r:ldius. being 2.1 inm at hub arid 
13 nim at tip. Tllc pitch to clior-d r a ~ i o  t 'L wits :ls~ulncd col~stilnl :IIIJ C ~ L I ~ I S  to one for 

;!I! tlic ritdii arid l>l:1i!i112. 

Fo r  the clcbign t l ~ c  flo\v \!it3 i~\surnccl to be ofcon.stiinl angilli~r momc~tlilni and hence of 
conbtant ericrgy \ \ i l l 1  a constant axial vclocity  long c;!cll rncllus ups1r::lrn the rotor. ~h~ 
perform;~nce daia arc ns Ihllows: Specific Iictld Y -  900 m'/s2, l1o\v Q = 5 m3/s, Speed 
11 = 1700 rpm. T l ~ c  ticbign \\.;is made unclel- thc ;lssii~nptioii of i t  p1:111c, in~onlpress ib]~  
no\\ without i11tcr11;11 fl-iction [9.124: 9.129: 4.101. 

9.6.2.3. .In.jtruincnts and probes uscrl 

1. Probes for :h\: ntcasurcmcn t of absolute ve1ocit;l: 
-- Six-l~ole probe: -Phe vclncil;! vector, llie t o ~ a l  a ~ l d  the static pressl.lrc of the assumed 
stcady rlbsolute fio~s- Lverc n~casurcd ilpstrcam an11 tlownstrci~m rhe rotor. T o  do this, 
a six-11olt: C O I I I - ~ ~ ~ !  probe [9.109] was liscd iF'12. 9.4.3 g).  To niiliilnize tllc error, measure- 
In?nts have been repeated by means of a two tingilr ~>i.obc (Fig. 9.4.3;1). The head of  the 
probc has a diameter- of 4 mix. 
1 I .  Rotating probcs for relar i~x flow: The  measurement of relative Ilotv I)e!~veen and past 
ti?c rotor has been car-ricci oilt by mc;\ils of ~1 probc I-otr:tins t c ~ c t h c r  \v i t l i  t!le runner. The 
probe stem reaclics itito the flow passing ,r1 slot within the hub \\.all. 
-- .-4cljustmertt ds\.il:t.s for rotating p~.obts :  Ttic clc..;ip~ of thc :~~!jtlstrncnt device for a 
rl.?t;ltiiic~ probe is shdi\ n in ~~rincipli:  in Fig. 9.4.8 a. 

- -  Each of [he  tappit~gj of tlic p r o l ~  is ~ O l ~ i i ~ ~ t ~ c l  b~ 1it)sc ~ I I I C I  brass pipcs \r.itllin thc liollow shaft 
v:iih on? of tlic ch;imbcrs of ~ h c  prcssul-c ~1-al i5nii t tcr  1T.'i?. 9.4.3 h). ?'hi. 1:robt: srcm could also be 
:r;ustcd Jul- ins  rotaiinn r o  cariccl tlie >;,;\. angle. 1-his \\.;I.; effcctcd by ~.IS~:II ~lispl;~ccnicnt or an 
;1~!,:1s:ri:~:ri! rod similar i t )  Fig. 0.4.8 a. co:~\i;ill:\. 1oc:trcd ivithin tlic shaft. This rod !i;ts on one of its 
ends a bldtred link-iikc lcver for turning rlic probc about its racli:~lly oriented stcln by lneans of a 
hlock-link ~nechallisnl. 
- Ilesigns of r0t3tii:g i3robes: Tc-o dcsigns of rotating probes Lvsrc LISCJ. 111 thc 11su:il ?)tie (Fig. 9.4.4) 
thc sttm is turned t h r ~ > u g h  n short U-slial>e ;tnd i n  the other fIrig. 9.4.5') throl.lg!i a wide U-turn. This 
\\.us ~nndc to ob\iaic an! iniluencc of tlic total pressure c;tirsed by the radial stein on tlie head of 
probe. 

- Cnlibrtliion: The calibration of the indication of the relative flow ang!e p' was made { 
4 

n.ithin the Ineasurlns section with thc rotating probe, but with the stltiner removed. ; 
111. kleasurement of flow: T o  measure the flow, a st:~ndardizcd Venturi meter with m Q 
iusa ratio HI = 0,j-I (Fig. 9.6.1 b) was used. The  rhroughllow cocflicient was evaluated by 
c;~libratio:l test. 

Thc velocity profilc tv:rs mcasurcd by 3 J'rcirrclrl probe i n  the narrou cross scction. Hence the flow 
\vas cbtrlincd by in~csration. Tlic dcviaticw of the results given 1 3 ~  the Venturi rlictcr was in the range 
of 2 0.240. Angal:ir. deviations from the axial flow direction amounted about +0,4'. 

IV. .Measuremznr of torque and speed: 'fhe torque ivas measurcd by mcans of a n  electric 
reaction torclue J~n;tmo:neter (Fig. 9.6.3;1!. The  fulcra of its stator colisist of two semi- 
circulrtr rinss conn~ctccl ni th  e;~ch,other by a pair of leaf springs norlniil to each other 
r Fig. 9.6.2 b). [9.13 11. 7Phc uppt'r half ~-itlg is con~lected with the stator. 7'he lower is fixed 
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llc ~[ ; i~ion' l ry n11d solid srlpport. With t11c aid of a c;ilil)rntion i t  is ensurcd t11:it thc 
b y ' S p r ~ ~ l g s  do  lloi exert any to~.qilc about the turbine axis in the 7cr0 positioll 01 11111 Id ,,ighi]lg 111:1cl1inc. 
% c 

ThC of the generator rotor is supposted so as to make the friction:iI torque in these 
warings a11 iiittcrnal load 011 the rotor (see Fig. 9.3.1 b). The sensitiiity of the nlessurilig 
&"ice amounts 10 0,05 % of the smallest torque. 

y. Mcasiircnlents of the pressurc: For the measurement of the pressure, an inclincd tube 
,,,,n~metcr a11J n projtclion manometer of the Bet: type were used (Cap. 9.4.1.1). 

9.6.3. Measurement of flow, discussion of results 

9.6.3.1. Illvcstiga tions of the absolute f lo ,~  

1. pteasuri~ig programme: Distribution of absolute velocity c, static pressure p and total 
pressure g was measured upstream and past the runner. Tests carried out at I5 s t n t i o ~ ~ s  
along the radius by 6-hole and two-finger probes (Fig. 9.4.2) after axisymmetry of f l o i v  
was tested. Each blading was assigned to a measuring section, at a distance of 0,4 times 
the chord length of the mean cylilldrical vane section from the plane of runncr vane ases 
(Fig. 9.6.2 c). 

~ . ) I C V ~ I ~ C S  werc fixed on thc hub.  Therefore a varying angle of attack of tlic rel;iti\.e flo\v \villi respect 
10 the cylindrical scclion o f  \lane was obtained by the variation of speed. The  range of thc  Reynold.; 
"umber varied bet\vccn R e  = 2 . lo5 ant1 3 . lo6 in which K c  = lv, L ~ Y ,  with 1 \ . ,  as the undisturbed 
velocity, dclined by ~ c ,  = Or, + n,)/2, w ,  and IV, being the reldtive \~elocitics at runner i i~ le t  2nd 
ouilct, and \vith 1, as the chord. Hence any disturbance by hub clcarancc flow was r e r n o ~ f c d .  

11. Evaluation of measure~nents: 
- Computation of the velocity components: The absolute velocity c i5 obtained as i l l  

Cap. 9.4.1.2 fl-0111 the dynamic pressure, sensed by the six-port probe as the differential 
pressure between the total prcssure y and the static pressure p, and in the casc of t1:e 
two-finger probc as the difkrential pressure pi between the two  ports of t l ~ c  probe. 

In the case of a six-hole probc, thc spatial flow direction is fixcd by the two angles x '  and  
7 = y' (Fig. 9.4.4). Thus the three components of velocity are obtained from 

C,  = - csincc'cosy = c c o s a c o s y ,  (9.6- 1) 

c, = c siny, (9.6- 3) 

r' being defined by a' = cr - n/2. The time-averaged measurements past the rotor show 
that 7 is sinall, hence cosy = 1. 

In the following text the subscript 1 is used for the section upstream of the runner and 
2 for the section 2, 3,4, 5 past the rotor. The bar over any value characterizes the mean 
value of a certain cross section. Hence 

Go = e yo = (e/2) 5; + Do, (9.6 - 4) 
which was kept constant as a reference value during the measurement by speed control 
of the blower. 

111. Analysis of measured results: 
- The volume flow: From the distribution of the axial velocity obtained by (9.6- 1 to 4) 
the flow can be calculated as 



T h e  solution of this relation agrces with the flow mcasurcd si~nultaneously by the Ventu" 
meter with a n  crror below 1 %. 
-- Torque: Application of the theorem of moment of momentum gives the torque for the 
existins case of vanishing inlet whirl as 

The  torque from the weighing machine equalled that from the velocities Kc,,,, Kc, ,  
nleasured with an  error u p  to  3,5 %. 

- Critical analysis of results measurcd: The valucs obtained by both thc probcs aforcmcntioned, for 
spczds of 1400, 1700.2000 rpm showcd good agreement. Considerable diffcrcnces exist between the 
rc;ults of thc six-hole probc and two-fingcr probc for working points with large deflection of the 
:?bsolutc flow, e.g. in the cases of 800 and 1100 rpm, espccially in the hub region and for the smallest 
:.ar,e numbcr z = 3. The two-finger probe was preferred as the more accuratc one. 

9.6.3.2. Investigation of the relative flow a 
I. ~~lcasuring program: The measurement of thc relative flow was carried out at spccds of 800 and 
1400 rpm since the bcp was in this range. The measuring stations were distributed for the runnen 
n.i th 3. 3, 6 vancs i n  three planes normal to the machinc axis (Fig. 9.6.2d), the first scctions 10, 11, 
1 1  being close bcllind the rotor's inlet edge, the second stations 13, 14, 15 upstream of the runnet 
ssit and the third past the latter. Due to a lack of space, thc mcitsurcments of the runner with 12 
..-anes were lirnitctl to thc flow past thc rotor, scction 13. Thc location of the mcasuring s:aticns rela- 
ri\c to the cascades of the unrollcd cylindrical sections collsidcrcd can be seen in Fig. 9.6.2d and the 
ioilowing corresponding figures. 

11. Evaluation of measurements: 

- Corrcctior,h clue to centrifugal force: The effect of centrifugal load on thc air columns encl 
cet\\.ecn rhc probc head and manometer as well as thc Mach numbcr effect under isothe 
bci;s~iou: of the gas wsre accountetl for. 

- Criticcll examination of the measured results: For a n  estimation of the disturbances by 
thz stem of the rotating probe on the relative Flow, the measurements at  800 rpm have 
been compared with a specially shaped six-hole probe (with wide U-turn in the ste 
Fig. 9.4.5). T h e  results with both probes coincide also in the wakes. Only at very sm 
distances between the probe tapping and  the runner vane face, the usual form of t 
six-hole probe indicates up t o  two degree larger o r  smhller flow angle than that indicate 
by the probe with an LI-shaped stem. 

This is due t o  the fact that the stem of the usual probe displaces the flow from the vane.. 

111. Pt-lotographic observations of the boundary layer flow: The flow direction within th 
boundary layer adjacent to the rotating wall has been visualized under stroboscopic 
i l lun~ination using eiderdowns fsmall feathers) fixed at one end t o  the vane face. Due 
irs small mass in relation to its large flow resistance the ratio of centrifugal force 
rssistance force under 1400 rpm, for instance is only 1 in 20. 

Therefore a photosrap11 of a rotating vane carrying eitierdowns illuminated strobosco 
cally facilitates qualitative analysis of the flow field close to  and  within the boundary la 
of  the rotating vane (Fig. 9.6.3a) relative flow is from left to right. 
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Fig. 9.6.3. Visunlizcd flow closc to thc riinncr vanc f;~cc. a)  Flow direction in thc boi~ndary laycr on the suction facc of the runncr with 3 bladcs: fabovc) 
and I ?  blndcs (bclow) ;it spccds of 800, 1100, and 2000 rpm \~isu:~lizcd by Eidcr down tufts pnstcd at onc of tllcir cnds on thc rotating runncr vanc 
facc, b) Comparativc ccntrirugnl tcsts with a woolcn tlircnd and Eidcr down fixcd on a rotating rod. Abovc: down and woolcn thrcad at 2000 rpm, 
down nc;lrly trlngcntinl in flo\\l tlircction; micldlc: do\\.n : ~ t  1400 rpm :~g:~in r?carly tnngcntial; bclow: Down and woolcn tlirc;~d at 800 rpm. down ag;~in 
nearly tangential in flo\v direction. After Kii lr~tc~l  [0.1271. 





b]adl: speed Ku. This means thc flow was ~ c n r l y  undeflccted (Fig. 9.6.4) Under :I spceci 
of j 400 rprn cvcn a pos~tive absolute whirl of 2 to 4 %  of Klr occut-s. A n  incl-ernent of h' \r.,, 

(llle 'ic1;itivc whirl) lownr(ls the suction face indicates tllc bcpinning of flow dcficction 
,,,itllin the cascade. 

The cul-ves of the static pressure, only depending on radius and speed, s l~o\ \~ a pronounced 
of low pressure caused by the flow around the head of the ~>rofilcs in the 

,,ighbourhood of the suction face. In connection with this, steep gradients of the flow 
f l  and the axial velocity Klv ,  are observed. 

~ l l e  pressure rise following the reduced pressure causcs a stall in the speed range between 
800 and 1100 rprn on the suction face past the inlet edge of runner vane. This can  easily 
bk ;cognized from the orientation of the eiderdowns pasled to the suction face 
(Fig 9.6.3). The rctation of the stalling region is seen to be opposed to the sense of tlie 
runner rotation for the case of the 3-vane runner at speeds of 800 rprn (Fig. 9.6.3). Thc 
staIlcd region is subjected to the influellce of centrifugal force and grows therefore from 
the hub towards the casing wall. The length and thickness of the stalled zone grows \\lit11 
&creasing vane number. 

- Flow effects within thc boundary layer: The course of the flow bctwecn the vanes and past them 
is essentially inflr~enced by secondary flow in the boundary layer region (Cap. 5.5.5.4). Rec;~use of the 
pressure trou_el~ i~nmediatcly past tile leading cdge a turbulelit boundary layer on the whole suction 
face may be expected. 

AS it has been found that the \+.hid Kc, increases along thc runner vanc in the streamwise direction, 
the radial pressure grcdicnt of the main flow also increases towards the casing. Vcry rol~ghly 

Since in an axial runner thc Coriolis force and centrifi~gal force due to rotation :Ire nearly radial in 
direction, the pressure gradient dyldr  outside the boundary layer acts through it. 

A dccrcase of thc relati\-c \clocity within the boundary layer froin \c to w' (Fig. 9.6.5a) causes a 
dccreasc of the whirl from c,, to ck with angle f i  retained. This leads by rclntion (9.6-7) to a 
disturbance of thc radial equilibrium, which exists in the main flow at thc outer edgc of the bounda:~ 

Fig. 9.6.5. Volocity trianglcs of a runncr with zcro prewhirl. a) Vclocity triangles for an axial runner 
with zcro preullirl in  the rcgion of boundary layer under the assumption of a plane flow parallel to 
[he v:tnc f:~ce. b) Velocity triangles in three dirncnsional flov! (flow in bctwcen irnd downstrcan~ of 
'he runncr vancs). c) Inlet and outlet trianglns (assuming ii floiv on coaxial cylindriitl stream faces, 
Cv = 0). After Kiiht~cl  [9.127]. 



I;~>c-r. l11c Illilrl c ' l~t~:ct?t~ 111 tI11: cblttcr rcgio~i oi thl: bo111iJ;iry Iaycr liiovc tow.irds tlic ;\XIS.  hi^ 
.I ~ ;OIISC,JI ICIICC ot' 1 1 1 ~  I\ 1111 1 h (., itlcrc,isilig i r i  I Iic >trc;lm\vlx tl~rccl Ion and t1111s c.iuSil~g ;in incrcnse 
of2t;itlc prz.,\iIrc :o\i,110, ill(: 1111 (1-ig. 9.6.5a). I<;iril;rl prcssurc gradlcnt and boilnd;iry laycr thick 
11icr1:;i~c ill 1112 SI  rc';~,llwisc dit c--lion. 

very cloxc I ( ,  11ic V,IIIC f;tcc tlic fluicl c1cnic1-its in tlic boundary 1;iycr arc !Iling tow:irds the casing wall 
In this rcpio~i tlic rc'l,itttc vclocity \V  dccreascs ~owards  the v:iluc w". TIILI.; wirh > c, the cclltrifug. 
force r,';r dc!l~inntcs ovcr tha pressure gradicnt dp/?r from outside thc bound:iry layer, resullin& 
from c i / r  3s in (9.6-7). 

If thc bl,~tlc :\pexi I ,  oil the innzrniost radius cqilals the whirl vclocity (.,, as niay happen with spccb 
of 800 and I I00 rpm. thcn the layer with thc dominating cclltrifugal forcc completely disappears and 
t he  boi!ndary I:i)cr n?ateri;~l is :lccumulated at  thc hub. In othcr parts of tlic runner the boundary 
laqe: licvt to thc w,tll is ccn~riiugcd and the external boundary laycr is sliiitcd towards the hub, 

T h e  tip clcarr~nce vortes: I?ctween the tip of the vane and the casing n gap exists with ;l' 
cltilrancc of 0.8 min. T!IC lcakagc through this gap is wound u p  together with the ten. 
trifuged boundary laxer fluid on the suctioli face into a vortex, transported streamwise 
bq t l ~ c  siiiroundin: flew ancl rotating in the seqse of the runner. 

T h e  hydrodynamic paranietcrs i~ifluenced by this tip cleararlce vortex are shown in 
Fis. 9.6.4. Its centrc line coincides with a minimum of total pressure. The static pressure 
rezchil?g i ~ s  minimum at the same station increases parabolically on both the sides of the 
vortex i:xis. The vortex causes slsn 15.31 an aclciitional radi'll flow component K w, with 
r c ~  erscd sign on both the sides from the vortex axis along a normal to the blade. Bi 

t\ convex plot of flow angle vs circumference hints at a vortex axis within the measuring 
sec~ inn  il- ig. 9.6.6 f s r  3 vanes). A concave shape (Fig. 9.6.6 for 4 and 6 vanes) indicates a 
vortel  centrc line outside this section. Becausr: of the !arge loss of total pressure due to 
tf.2 tip vor1c.x the relative velocity also dccreases in the nc~ghbourhood of this vortex. 

- Relative flo\v before the outlet edge of runner vane: Outsid2 the b o i ~ l ~ d a r y  layer and 
outside the tip clearance vortex the total pressure y,,,,'ij, within the relative flow remain( 
cor~stant  past the inlet edge of the rotor. Since at 14CO rpm the static pressure p/g, grows 
approximately parabolicaily vs the circumft.rel:ce from the suction to the pressure face, 
the relative velocity drops linearly along the unobstriictcd pitch. The curves of the axial 
component Kit., are nearly constant, with a slight growth tov:ards the prebsurc face. 

Therefore the variation of the relative velocity is cacsed mainly by the whirl component 
I< \v,, whose linear variation along the circumference is sigrlilicarlt over the whole measur- 
ing range. Mcnce tile relative flow does not fo1lc;w the dirzctio!i of the vane. At 800 rpm 
the growth of the static pressure is restricted (more than that at  1400 rprnj to the region 
close to the pressure face with a smaller differential pressure between adjacent vane faces. 

The l i r s c  difference the component K W ,  has past the inlet edge betweell suction an 
pressure f x e .  is nearly conlpensated. The  fluid elements ~vithin a plane perpendicular 
the turbine asis and moving with a nearly constant ax id  ~c loc i ty  rernain in rhis pla 
Relative to thc annular sector formed by two adjacent vanes, the casing and  hub, flu 
rotates with a n  a n ~ u l a r  velocity i nc reas in~  together with deflection from zero at inlet t 
a mrlximum at the outlet in the same sense 3s tile runner [5.62]. As a consequence of th 
a secondary flow due t o  the relative eddy is generated. This causes a positive radi 
velocity at the outer edge of the boundary layer on  the suct io~i  Fact a n d  oli the pressu 
face a radial negative velocity (Fig. 9.5.6). This flow can bc predicted according 
Cap. 5.5.5 but with a C, now negative because of the negative whirl c,, oriented ~ g a i  
the speed u. 
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Fig. 9.6.6. Relative flow upstream of the trailing edge of the runner vane at a spccd of 1400 rpm. Plot 
of rothalpy g,,,/ij,: static press~~rc  p /d , ,  components of relative velocity (coeficicnt) Krv,, Kw, ,  Kw,, 
and flow angle /? vs circumference. Furthermore also blade vclocity (coeficient) K I I  and vanc angle 
1,. S suction facc, P pressure face. Aftcr Kiihncl [9.127]. 

The components K w, show this effect for r / R  = 0,75, Fig. 9.6.6. It appears pronounced 
at the speed of 800 rpm, see Fig. 43 in [9.74]. Next to  the boundary layer the radial 
velocities reverse their direction. The boundary layer fluid, accumulated by the disturbed 
quilibriun? at the root of the suction face next to the hub, rotates about the streamlines. 

This streamwise vorticity can be recognized from the graphs of K tv, vs r / R  in the circum- 
ferential range - 0,3 < r9 / t  < 0,5. 

The boundary layer of the runners with 4 and 6 blades are  relatively thin because of the'ir 
short chords. Therefore the relativc flow leaves t l ~ e  blade smoothly and withou! st;lll. This 
contrasts t o  the boundary layers of the runner with 3 vanes in the regions of hub and tip. 
They are the thickest because of the longer chord. 



Jluucvcr.  in thc mean cylindric;~l scctic~n ( r / R  = 0,5) the 3-vane runncr with its Ionge 
chord po\\csses at thc lowcst specd of SOU rpm thc thinnest boi~tlcl:~ry laycr on the sllcti 
face, W / I C ~ C  i l l  2encr;ll tI1c boundary !:lycr should bc thickest. 11 loss an:~lysis shows 11 
thc  I O C ; I I  cficiency in thc mcan cyli~idrical section of the 3 blade rulincr becomes 
highest [9.127]. 

This follows from the above-mentioned interaction of centrifugal force of an elelnen$ 
wiihin the boundary layer and the whirl (c,,)-induced radial pressure gradicnt of the rnair;' 
flo\\. acting acrobh the layer. The correspc~nding secondary [low shifts the boundary layer 
material closc to the wall towards tlie tip and that close to  the outer edge of the bo1lndary 
layer towards the hub, so  as to denude the mean cylindrical vane section of the boundary 
layer. 

Since the boundary layer under the influence of the radial pressure gradient is thickened 
along the inner cylindrical vane section, the vane deflects the flow additionally in the 
circumferential direction in the neighbourhood of the hub, (r jR = 0,58) at 1400 rpm and' 
espec~ally a t  800 rprn. This deflection by the vanes in the circumferential direction in-- 
crease5 with vane length directly and inversely with the vane number. This is reconfirmed 
by measurements. 

Adjacent to  the casing ( r / R  = 0,97) on the suction facc of the vane the plot of  the hydro. 
d l  nanlic values IS governcd by the tip clearance vortex. The region in which the vortex 
lzaves the clearance of the gap is shifted to the profile's head with increasing angle of 
attack so that the range influenced by t h ~ s  vortex has been doubled at SO0 rpm compared 
;\ ith 1400 rpm, see Fig. 43 in [9.74] at r / R  = 0,97. The diameter of the tip clearance vortex 
core grows nearly proportional to the vane lcngth and hence inversely with the vaile 
number. 

- b5',lkzs doilvnstream of the runner exit: Past the exit of the runner the boundary layers 
of the suction and pressure faces touch each other. Thi1.S they form wakes in the graph , 

of thz lelocity \z and p (Fig. 9.6.7). In the neighbourhood of the casing ( r / R  = 0,97) and 
the hub ( I - i K  = 0,58) the vortices flowing off the suction face of vane are included in the; 
wakes. 

Thus  the total pressure curve contains two characteristic minimums. The left sink 
caused by the vane's wzke, the right by the vortex. As well as the boundary layers, t 
wakes are also subjected to a radial pressure gradient. 

Since the s:atic pressure of the flow outside the wake also acts across the wakes, t 
disturbance of radial equilibrium caused by the velocity drop within the wake leads 
negative radial velocities (Fig. 9.6.7) ( r / R  = 0,75 and 0.58). In the wakes past the out 
c!li~idrical section ()SIR = 0.97), the tip clearance vortex essentially determines the grap 
of the radial con~ponents and the other values. This appears pronouncedly in the grap 
of ?he 12-vane runner a t  radius r /R = 0,97. 

The compe~~snt ion  of the velocity differences between the wake and outer flow by turb 
!ent n ~ i ~ i n z  leads to a decrease of axial velocity and the flow angle P which is confirm 
b~ the measurements (Fig. 9.6.7). For the runner with 12 vanes /? is reduced lnostly in t 
h u b  region, leading to a displacement of the wake more to the tip region (Fig. 9. 

The wakes of long vanes dissipate more slowly than those of short vanes. This follows from t 
n,-ati\.e radial velocities and the rotating fluid of the wake. The breadth and depth of wakes in t 
sraphs of total pressure reflect the arnount of flow loss. A more detailed analysis of the loss can 
fouad In Kiihnt.l's dissertation [9.127]. 

375 



Fig. 9.6.7. Relative flow tlownstream of the trailing edge of a runncr vane (wake region) a t  a speed 
of 1400 rpm, plot of rothalpy g,,,ig,, static pressure p/$, .  components of the relative velocity 
(coeficient) KIV,,, K H ~ ~ ,  KIV,, and the flow anglc vs circumference. Furthermore blade velocity 
fcoeficient) K u  and vane angle P,. S suction face (left); I' pressure face (right), analogous to Fig. 9.6.6. 
After Kijhncl [9.127]. 

111. The absolute flow downstream of the runner: In the test sections past the runner- the 
radial distribution of the whirl Kc,, at speeds of 1400 and 1700 rpm fairly reflects the free 
vortex law. Therefore no remarkable influence of the vane number exists in this respect. 
Only near the hub and the casing smaller values occur. In the region of the tip, the 
deviations from the free vortex distribution appear as indentations in the curves. They 
shift towards the casing with rising vane number. 

The cause of these mther striking depressions, which appear in the graphs of the axial and 
radial velocity its radius (see [9.74], Fig. 25 and 26) and which arc especially pronounced 
In the graph of the total pressure glij,, is probably the tip clearance vortex. 



F<,r thc 3- ;~fid 4-\zinc rilnllcr thc zonc, irl which the whirl Kc,,, falls short of the \ r ; ~ l u ~  for ;I potcntiil 
vortcx. cxtcntlb a t  2000 rpm nlclrc ovcr a mean part of thc cross scction than i t  does IJOO rPtn to 
1700 I pin. thus having then a nearly lincnr drop of thc \clii:l Kc. , ,  versus r ovcr a wide ran g or 
r:~diu.;. 

-1'hc reason for these ~rnc.upcctcd irrcgul;tritics ancl also for the tlcviation near the hub is tho growth 
of the boundary layer under the inllucncc of centrifug:il force and r:ldi;ll prcssurc gradient. For the 
spccti I 100 rpm and espcci;llly for SO0 rprn only the 12-vaned runner ;~pproximatcly achieves the free 
vortcx relationship. The smallcr the vanc number thc more tllc V ~ U C S  of the whirl decrease near the 
casing and hub, whcrcas they grow in the mean vanc scction. 

Th,- rise of the axiill vcloci~y frorn thc casing towartls the hub, cnlargcd by clccrease of speed (set 
[9.'74], Fig. 25) can bc explnincd also by thc resulting drift of fluid within thc bound:~ry layer towards 
the axis whcn passing the runner. . 

9.6.4. 'Tl~eoretical computation of relative flow field and coriiparison 
between this and experiments 

9.6.4.1. Introduction 

The probleni considered consists in the computation of the relative flow through a known 
cascrtdc (indirect problem). 

A spatial singularity method was developed. This indeed allows in a sirrple manner the 
fulfilment of the kinematic boundary conditions on the faces of vanes, casing or hub but 
not for the secondary How produced by the relative eddy in a plane normal to the axis 
between the runner vanes. 

Tht:refore :he flow gencratcd by the singularities has to be superin~poscd on the flow pertinent to 
thc reiative eddy foilowing a proposal of liutibc [4.11], [5.62] .  [S.6], explairled in Cap. 5.5. 

In acc~rdnncc c.ith the assumptions rnadc with respect to the singularity rrlcthod the comparison 
of baluc, computcd and mcasurcd was lirnited to a speed n = 1400 rpm in the ncighbourhood ofthe 
bep. 

9.5.4.2. The spatial sinqularity method 

I. The model used for the bound vortices: In the following computation method the 
blading is rep!aced ~vith respect to its effects 011 the ifow by spatially arranged bound 
vortices (Fig. 9.6.8~1). The application of the procedure is limited to a) small-cambered 
(j','L < @,I),  and thin-vaned profiles jd /Lc 0,1), b) approximate constant runner vanc 
circulaiion along the radius, c) approximate location of the leading inlet edge and the 
trailing edge of runner vane within rneridional planes. 

The vortex filame~ts are a11 formed by continuously distributed elements of vortex stars. Each vortex 
star consists of 1 straight-lines vortex filaments, extending from the runner axis towards in fill it^ 
(Fig. 9.5.8 a). Sincc thc bortex filaments make a n  angle n/2 - v with the runner axis, the elementaq 
vor:iccs of a n  clemci:tary star are located on the surfacc of a circular cone, whose apex on the axu 
forms the common origin of the straight-'lined bound vortices. 

To  satisfy Ht~11,rholr:'s theorem, any straight vortex line of i ~ n  umbrella-like vortex star is split on thC 
apcx into tu.0 oppositely rotating axial vortices of the same magnitude reaching from the apex to 
both :hc ends of the turbine axis at infinity (Fig. 9.6.8). ~t 

Passing over the apex of thc cone of such an elementary umbrella-like vortex star from one of ib 
axial S I I ~ S  to the other. the circulation around the axis expel-icnces n step equal to the sum oft? 
circu1:ltions of all the z vane-linked elementary vortices for 3 definite radial scction. 



rig. 9.6.5. Sclicmc of Illc. spatial 
i I lgul :~ri t~ mcthod. a )  \'ortcx 
.l,clcl of ;I 3-b1;1~1c runncr \virh 
,,l,-t tri;lnglc. 1lcpl;:cclncrlt of 
hc bli~dc by a vortcs shcct 
ror~ned by con~i r~ i~ous ly  dis- 
,jbutcd c1cnlcnt:lry vortex stars 
,,: tlic inlet triil~~gle, the very 
,l;ill radial cnmponcnt has 
~ C I I  11egIcc1cd)). b) Induced 
c]ocitics of an clemcntary 
~ r t c x  star at a point of 
,.ference After k'iihr~el [9.127]. 

sin (a*-$) 

cos (a*-$) 

\ cglindria~l coordiliatc systenl was used, whose origin coincides with the apex of an elementary vor- 
ex star. The clcmcntary vortcx stms are peripherally turned and axially shifted against each other  
0 Illat the elcmcntary straight vortcx linc belonging t o  OIK vane intcrsccts a cylinticr of mean r :~dius 
,along a helix. Such a helix with constant angle with the periphery P, is identical to the chord of 
I p~ofilc's skeleton in a mcan cylindrical section of the vane. 

Linearizing the inclination tan v of an e!ementary bound vortex to the radius vs the 
lzirnuth 3' by 

tan v = b3'+ tan 11, (9.6 - 8) 

rith the present twist of the vane (Fig. 9.6.1 a) and  the snlall camber of its profile skeleton 
( / L  < 0,028, a fair approximation of the skeleton vane face is obtained by the vortex face. 

gradient 
b = (](tan v) /d$ '=  const, (9.6 - 9) 

:nd the inclillation ang!e v, of the vortex filament of the elementary vortex star located 
"hc origin are titken from the plan and eievation of the vane (Fig. 9.6.1 a). The largest 



tfist;incc hcrwccn skclcton fact ;lrltl vortcx Fact ;l~iioilnts in the present cnsc to 0,023 
licnce thc cqi~ation of thc vortex surface scads 

y* = -- rfll(,'Y ti111 /jln - tan yo) + (r - rffl) tiln \I. 

Dcnoting sin /Ifn + h cos /l,, = B, t hc last relation scads 

y* = tan vo I .  + h r 13' - (r,,, Blcos j3,) 9'. 
1 Tiic msgnitudc of the elclncntary vortcx filament in the elc~~lental-y vortex star, y ( 9 ' )  : 

8 4 as \ \ ~ l l  as  the inclination angle 11 are functions of tlie azimuth 3', where ~ ( 3 ' )  indicates the 
circulation pcr unit azimuth. the so-called vortex density. According to the assumptionq + 

ths circulation round a vane 1 

This. with constant specific flow energy Yo, gives, according to E ~ r l ~ r ' s  relation and Stokes9 ~ 

theorem for irlfinitcljl thin runner vanes, at 17, = const, 
- 

17, Yo = - o r2 c,, = [Z coj(2 x)] &, (9.6 - 13) 

nhich requires 21 free whirl past the runner (c,,r2 = const). 

The I d b t  recluirement is satisfied fdirly \\ell at  speeds of 14U0 rpm and 1700 rprn (see [9.74] Fig. 24, 28). 
To obtain the existir?? zero \ \hid at thc ~nlet ,  a straight vortcx of the c i rcu la l i~n  1; along the runner 
a\is is superimposed. 

11. I ~ d u c e d  velocitier: According to the law of Biot and S ~ ) ~ a r t  an individual straight 
wmi-infinite!y estenclcct e l eme~ta ry  vortex filanlcnt induces at the point of reference P 
( Fig. 9 6.5 b), 

(iu, - [tlP/(4 xcr)] [(I + cos r):sin r] (so x pO), (9.6- 14) 

sQbeins the unit vector of the elementary vortex with circulation dT, and the unit 
vector in direction 0' (Fig. 9.6.5). Since u = r { l  -t [(y* - y')/r]2)"2 sinr  and COST = 
s" . the last equation can be converted into 

(ir.,. - [ i l  f.'(4 n r)] (so x pO)/{(l + [(y* -- y')/r]2)1'2(1 - SO . PO)). (9.6- 15) 

In  thc following the substitutions introduced by Finke [9.118] are adopted 

(y* - yl)/r = t a n p  = sinh?., (y ;  - yl)/r = tan v = sinh?.,. (9.6- 16) 

Obviously the unit vectors can be reduced t o  their components in a x, y, r-system as 
fl2llo\vs: 

so = -- [sin (9* - 9'):cosh I.,] x0 + tanh ?.,yo + [cos(9* - S1)/cosh A, ]  rO,  

Con~put ing  from this the products so x and so . and inserting thcse in (9.6- 15) gives 

dl -  [sinh i., - sinh j. cos(9* -- 3')j x0 + sin(3* - 9') yo - sinh?. sin($* - 9') r0 
L I F ~  = - - --- 

4 n r  cos h [cosh (1. - R ,) - cos (Q* - Q1)] 
- (9.6- 18) 

Borh the semi-infinite vortices along the machine axis with their circulation induce in the 
p ~ r i p h e r i ~ l  direction at the point P 

~ d t l , ,  -- - [ t l r / (4nr ) ]  tanh Ax0. (9.6- 19) 



-rhc vt'!ocity t lv induced by all the vortex filaments of an elcnientnry vortex star at tl>c 
,,,l~ioii P W N I I I S  from [lie :idditiu~l of dv., a11d dv,?, over the v;ltle nomber z ,  where 11,; 
3Zinloth of  t l ~ c  n t l i  vane n~us t  bc erprcssed by !J: = 8'+ 2nrlj: and thc summati011 I,:lj 
to bc made from r l  = O to rl = z -- 1. Applying the sum formula of 1-iizkc [9.1 181, the 

z -  1 

con1ponel:ts of dv = C dv, + dv,, take the fornl 
n = 0 

z dl-' sinh z (2  - A,) 
d ~ ,  = - - -- 

4x1- coshz(1 - A,) - cosz(9" - 3')' 

zdr' 1 duo = -- -- 
sin z (9* ,  9') 

(9.6-21) 
4nr cosh ), cosh z ( 1  - I,,) - cos z(9* - 8') ' 

zdr' sin z(9* - 3') 
dv, = - - tanh 1. 

4 n r  cosh z( i .  - 2,)  - cos z(3* - 3') ' 

(9.6 - 8) and sin B,, + b cos P I ,  = B it follows 

y' = - r,,, B :)'/cos fin,. (9.6- 23) 

The ar-gun~cl~ts i and i, delined by (9.6- 16) can be expressed with (9.6-23) and a k1lo\vn 
identity [9.132] as 

I. = ln (y*/r + [I;,, R 3'/r cos /I,,] + ([y*/i. + r,,, B $'/(I- cos /?,)I2 + 1 ) ' I 2 ) ,  

I., = 111 (tan v, + R3'+ [(tan \lo + b 3')2 + (9.6 - 23) 

For convenience the last two rclatiol1s are seduced to  

The circulation rlT is expressed by the stren_cth y (3') of the bound vortex elernrnt between 
adjacent meridians, angular distance 03, as 

nr = ~ ( ~ 9 9  nsl. (9.6 - 2 9  
p - - - - - - - - - - - - - - - - - - -  

Using the pitch t = 2xr / ; ,  inserting I., R,  in (9.6-20) through (9.6-22). integrating along 
thc peripheral length of t!~e vanc from 3'= 0 to  19,:, adding to these induccd \'clocitics in 
the axial direction the throughflo\i vclocity \ti, and in the peripheral c!i~cciic>l~ t l~c  t c m  
- ro due to the relative eddy, then after Kiihizel the following vciocity cuu?poncllts 
appear at a certain point P(y*, 3*, r) [9.74] 

1 9~ 2f (3', Y*,  4 
)1.', = - j y (9 ' )  -------- 

t 9 s  = O  [ f ( s f ,  y*, r)12 + 1 
sin z(9* - 3)  

- -  , (9.6-23) 

f (9'9 Y*, 



sin z(,9* - 9') . - - (13'. (9.6 - 29) 
-- -- 

Y*, 

111. Distribution o f  the bound vortices: As :I distributive fitnction for the vortex 
density ~ ( 3 ' )  in the azimuthal direction a Glnlrei't series is used. Hence with @'= 
arccos (1 - 23'13,): 

y (3') = ~ ( 0 ' )  = (2 \r:,,r,,,/cos /I,,) (A, tan 0 '12  + C A, sin k Of). (9.6-30) 
k =  1 

T h e  coefficients A, are obtained from the kinematic boundary condition according to 
which the vector )v must be normal to the face of the vane skeleton. 

9.5.4.3. Coniparison of cornputed results with measured 

Three kinds of distributions for the points of refcrencc have been applied for the situation 
that tils points of reference are locatetl on  the face of the skcletor~ as well as on the face 
of thc vortes sheet. They were: 

a)  Three points on  the mear. cylindrical section in a circumferential sequence following 
the 3 th ci:urd theorem: &3,, &3,, %,!I,; 
b) 3 poin:s on  the above section in the sequence h3,, &3,, 3, (approximated distri- 
bu tion after Birithn~rnl): 
c) 3 points. three of which have been located o n  the or-ttermost, the nliddle and the 
innermost cylindrical section in the sequence of the th chord theorem [9.117]. 

The best agreement between measured and computed velocities has been achieved with 
nlethod b). 

.Apart from the boundary layer and  the field' of the tip clearance vortex the measured 
results d o  not show any rslevant influence of the vane n u ~ n b e r  (Fig. 9.6.9a). S h e  same can 
also be proved for the theoretical prediction of the relative flow field. 

It is of interest to  see, that the influence of the relative eddy, when added to the flow of 
the singulari ties improves agreement betweer, measurements and the method sketched in 
Cap. 5.5.5 (Fig. 9.6.9b). 

A!so the two dimensional mcthod of Schlicllting has been used for the comparison 
bel\seen experimcn t and theory. 
- 
I he results show that the velocity distribution along a mean cylindrical vane section is 
nearly identical with the spatial si~lgularity'method. This reveals the fact that the vane 
ni1mbc.r has n:most no influence on  the flow field from the theoretical poilit of view when 
usinp a potential flow. The differences due  to the vanc number result more o r  less all from 
the boundr~ry layer and :he tip clearance. 
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Fig. 9.6.9. Comparison between mcasured and calculatcd vclocitics. 
a) Comparison of calculatcd and measured components of the relative - 0,2 - 0,2 o 0,2 O,L -- 
velocity (coefficient) downstream of the runncr bladc's lcading cdgc at a 1 

speed of 1400 rprn: Kw,: whirl component of thc rclativc vclocity (cocflicient), Kw,:  axial componcnt of the relative velocity (coefficient), Kw,:  radial 
component of the relative ~felocity (,cocl'ficient). Mcasurcd vclocilics for z 3 blades: (+ + +). z 4 blades: ( V  V V), z 6 bladcs: ( .  3 ) .  Vclocity componcrits 
computed by the n~e thod  of singu1a:itics alonc at z 3, 4. 6, 12: , at z 3: -..-; at z 6: ---. Only the rclativcly very small radial components show 
small dependence on vane r,ilmhcr. b) Comparison of computcd atid measured 1.adiol componcnts of tlic vclocity bcforc thc tr;~illing edgc o f a  runner 
bladc at SO0 rprn (z3:  + + + ; z 4 :  V V V ;  z 6 :  . . . .) (Calc~~l ;~ t ion  i~ftcr 1tx1bc [5.6.?], z3:  -. .-, z4 :  -- . -.). Aflcr Ki ihnc l  19.1271. 
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9.7.1. Introduction 6 

A non axisy~ii~nctric and p~ils:iting :ibsoli~tc l low is p~ -oducc~ l  pi~st tlre goidc npp:lrotuS 
a w;lter t i~rbine liy the \v:ikes olils irliirl gcncr:ltiiig c ! c ~ i r ~ ~ ~ i l s  lhpi~.:il c:iiinf. stay :~nd  guide 
va~lcs). Th11s ;I pcriodiciill!~ or ri~~idonily p~ils:iti~ip rel:ili\;c flow :ll)pc:irS io tlic ru l lny  
vane cllanriels and ;IS :I consctjilcncc unstciidy \.:liic lo;ldiiig iilii~:li freclucotly leilds to 
vane or macilinc vibratiorl. ci\llsirig fatigue c~.;icks or  in tltc \\!oI.s[ c:ise :I rllpture rll,,ner 

vancs, [hen t;)und i n  the draft tube. 

Sevzri~l ni~tiiors. e.?. .\lullci~liip/ [Ll.4h]. ( ; ~ r i c / ~  [Y. 1331, Sc~/~lc~rrii~l~r. 15. IS]. : I I I ~  C'[l.sfoi.p/~ [9.8\ ; 9.1 16, 
h ~ r v c  prove,.! b~ rncasurir~icri ts  ant l  obscr \a t ions  011 K:iplan :11:d I ~ ' l ~ a r ~ c i s - t t ~ r i ~ i ~ i c s  [hc ~ ' ~ i s t ~ ~ ~ ~  d 
!luctuati:ig t:.;11:c o r  stall 31.ci1s in tlic absolute nunr  p :~t tcrn  ~ n t l  :11\0 i l l  tile st'l;~tivc flow pallcrn 

h'ejrlp and Sc,trr..s [6.30]> K u ~ r ~ c o r  [9.13-1]3 and 1,0/: (6.281 I I ; I W  cilrricd out I ' i~ncl :~nicnta l  rcsc;lrcll 
thc dctcrrnin;~tion ~ . f  thc r n ~ : t ~ ~ : i I  inllucncc of acljiiccnt blade ro\\.s \ \ h c ~ i  the!. I ~ O \ . C  rclaiivc to tach 
othcr also i l ?  the  c i rbr :  of S P ~ I L ~ L I I  !low. 

,4ccording to the simplified statcnients of t l ~ c  rcsuarch iisork cassicd out. the intlurnccs or 
unsteady floiv in boundary layers prudi~ccd by the c1,cnt.; in t1:c maill flow must be left 
ou t  of consideration. 

An exact dctcrrninotion of iinsteady v:lnc forces rcqi~i~.cs !<rlu\\'lcclgc of  the uiistc~dy 
dytianic pressure i ~ c t i n ~  o n  the vanc klccs ivithin the boiin(.!ary I:~;.cr. Tlie principal 
subject of thc rolioi\.ing sectiori is the tly~i;i~iiic jiiuasilrciiiellt 01' the c~nstetidy flow near to 
the runner v:ii:es a:itl tviihin their bouncin~.).: layer-s in thc case of axial and mixed flow 
I Francis) ti~sbines. 

9.7.2. Expc~.i~i t .nts  on a l i ap lan  nntei. turbine   nod el 

1. Four port p;-obt. with q11ick response: 1--or ihc annlj.sis of  this 11nste:~cly boundary 1;lycr 
flow a suit::blr instrulnenr l~aa  been developed by F ~ ~ - t / w t .  3.t 1,elisstulll ~ ~ n d  J..nbor fiir 
h~,draulischc. Maschinen und Anlrr~en. T U  hliincht.11. \Vest Gei.m:iny. (Fig. 9.7.1 a) 
[9.135]. A s  i t  is ne,ir to the \\,all. the flow ic'as :tssunzd to bc p:irallel to :hc known wall 
face. Mcncz o~i ly  Fdur por!s 1i'cre ncedcu for the sim~iltancoiis nic:isurenlcnt of the spatial 
i.slocity \rt.cto~. and  the stitiic pressure. The port B \vas t~secl for [he tot21 pressure, ports 
.-l and C for tlit. !,an angle the \,elocity makes \vith the axis of the probe's hc;ld and the 
port D for itle static pressure. (Fig. 9.7.1 a). 

Each port iir:~s connected 11 ~ t i i  ;I Kulite trnnsducer, dcccribecl in 9.5. TIIC probe could bc 
shiftcd in btep; of 0 05 mni  b j  hand. 111 a Iatcr version, 11sed on the FT. this probe could 
be adji~sted 'on s ~ t e '  by a Ioc'h at draft tube eli t .  Then l l r .  i\'~.iryl from the above institu- 
tion cfc~elo.7peci n hjclrostatic ;ictllatoi. 15 mnl high :ind of 20 lrlni di~trncter. on the vsnc 
'KC opposite to that needed for merlsurcment and supp11t:d by pipes h id  in smoothly 
c ~ - ~ . e r c J  grooies  in t h ~  \Inlie. c o ~ t i i ~ i ~  from ;i ? i t r \ ~ i o ~ l ~ ~ ~  i;cs\ci v i : ~  a transmitti112 chamber 
around the sli:ift. A uVc.rrn and locking ge:tr in the iictuator enitblcd a steptvisc shift of the 
probe by remote control [9.83; 9.131, Fig. 9.7.1 b. 

11. bleasoring points: Msnsurements were 1n;lde on ;L runner mirh 4 vanes. diameter ' 
D = 6 12 mni. i ~ t  be€ \ifit11 I i ,  , = 127,j rpm and Q ,  , = 1.39 1il3/s. On each sidt: of the vane 
9 measuring points itrere pro~, ided,  3 eltcI.1 at i~ltersections \i1it1l three different coaxial cyl- , 



Fig. 9.7.1. 4-hole quick response boundary laycr probe on runner \lane after Fur-trror (9.1 351 with 
micro transducers, 2 mm in diameter. a) Perspective view and frontal view of the probc. A .  C ports 
for directional rncasurement; R port for total pressure; D port for static pressure. b) Hydraulic device 
fdcilitati~ig a stepwise axial adjustment of rotating probe by nicans ofg;isoline fed a n ~ l i ~ l a r  scrvcnio- 
tor, supplied by pipes from a stationary head via shaft and vane. 1 probe; 2 threaded bush; 3 scrcw 
for adjustmcnt with grooved ball bearings; 4 annular piston; 5 axial piston; 6 restoring spring; 7 free 
wheel device; 8 relieving boring; 9 pressure borc for axial piston; 10 pressure borc for annular piston; 
I I toothed ring for fccdback; 12 contact for feedback; 13 head cover and guide of probe; 14 probe's 
guide bearing; 15 adjustment screw for prestressing thc bearing; 16 runner blade. Note the annular 
piston in Section C-D. After Furrner [9.135]. 

inders (Fig. 9.7.2a). The positioning device, incorporated into the vane permits displace- 
ment of the probe head up to 9 Inm normal to the vane surface. 

111. Time-averaged measurements: Quasi steady investigation of the relative flow in the 
proximity of the vane face was made possible by averaging the synchronoi~s records of 
pressure fluctuations from the 4 ports vs elapsed time obtained by a light beam oscil- 
lograph over a certain period, say one runner revolution (Fig. 9.7.2 b). Hencc the \!aria- 
lions of the velocity components in the radial and circumferential directions on both sides 
of the vane can be obtained. An essential chnracteristic of this flow pattern is the 
secondary flow, directed towards the outside wall on the pressure face and towards the 
hub on the suction face of the vane (Fig. 9.7.2b). This follows from the rcliltive eddy 
(Cap. 5.5.5.4). 

IV. Con~parison between time-averaged results with predictions by the method of singu- 
larities and boundary layer theory: Velocities parallel t o  the surface as functions of the 



Fig. 9.7.2. Time-aieraged vclocitics from dynamic mcasurerncnts aftcr iV. Flr).tllc)r. a) Scheme of 
n?cnsuring stations. L chord; c cstcrnnl cylindrical section, radius r- = 0,3 r,; m nlcati cylindrical 
zccrion, radius r = 0.77 i - , :  i internal cylindrical section, radius !* - 0.56 r,, I., runner tip r;tdius. 
b) Schcmatic \.ie\v <>f proiilcs of the relative velocity on a Kaplnn t ~ ~ i b i l l c  runlicr vatic close to the 
ivu!l. P prcbsurc race: S suctior? fi~ce. Out\vard; ~ r i c n t c d  radial vclocitics on t11c pressure LICC, inwardS 
i)rientc': O i l  the suction f;:cl-.. 11 = 0,615 rn; bcp. c) Compnrison of thc c:~lcul;~tcd anti measured 
l~cloririzs ir: :lie cyli~?dr ical st.i.iio.ls, c;~lcul:itiol~ by thc singularity mc[hocl iiftcr . \ ILI~ .~~/ IsL ' I I  and Jttcob 
[6.7: 6.31. o point r:leasi~rc.d. --- l i ~ c  ca l c~~ l s t cd .  After F i i r t i ~ o  [9.135]. 

actual vane zeotnctry and the infloiil and outflovi angles mexsured by Ca?ror.pk [9.116] 
\:;ere comptited by  msar:b of the method of singularities of ,l.I(7rterlserl rind .Iuc.o!~ [6.2; 6.31. 
Rcstllts sho\v a icr! good azreemefit with the time-averased velocities ~ne;~sured at the 
outer edge of tire bo!~rlclnry 1:1yer, Fie. 9 .7 .2~ .  

Characterixtics of the boundary layers at the three cylindrical vane sections have been 
computed. ~ibitlg ;:a integratioii mt:ih~d desclibed by Rotta [9.136]. Approxim;ltion of the 
timc-averaged bounclar laycr prc~filea by means of e~poncn t i a l  functions and their 
integrations. yielded thc values determined experimentally. Only the results obtained for 
the outer c~iindricrll scction ivere very satisfactory [9.82]. 

V. Unsieitd; measurements: Esse~ltinlly the wake areas of thc 24 guide vanes in the 
relative flt~il. ca!l on11 bc found by pressure ~~~ t . a su remcn t s  it1 the unsteady state. The 
resi~ltitig ~ncxiifications of relative vzlocity 111 magnitude and direction were of the order 
of 20 7'0 of the nican relati! .- velocity and  6 degrees. This gives, by the way, an amplitude 
of  the hydi-odynrlnlic lift. rlt l e ~ ~ s t  in the outer cylindricril section of the order of 40% of 
r he time-ai sraged lift. 

11na~ ine  that this i luctuatin~i 'orce attacks the vane with a Icng nloment arm with respect 
to  the vane's root at the h:lb. creating tlizre a11 oscillating bending stress of the same 
order. and in connection with fatiple affects a gossible rupture of the vane from the disk. 

The  usual cause for sucli wake-induced stress I'luctuations is on  the one hand the endeav- 
ou r  to  run with oi7ergare and  then to  shift the gate's stem towards the shaft so as to have 



o~crga te ,  suidc  vanes that  e:.:cnd deeply into the flow with Ihclr rc;irw;tl-d edytl.s a n d  . 
,llc ;~cij;ice~~l blutli lower front f;~ces ("lowsr" at ;I tiirbinc with ;.crticul sll;if~) 

~ ~ ~ n u s e  of thc csccssive thickness of the gatcs ( \ ~ l n s  thickncss to cl ios~l ratios oi 1 : 5 ; ~ r c  
the g:itc slsucture from wcldcd plntcs ;~lso oil the rc;lr, ;~nd the impoxsibillty o! 

stlch n welded guide writ: at  its lower front s u r h c c  in ths  s t rcnni \~isc  dir-cctior.. 
Ihc opened guide vane lcavcs a big wake in this direction. 

,, [allows from tlleorstical considerations that fluctu:ttions of direction : I I I ~  nl:tgnitudc of \.c.locitv 
,*d hcncc also prcssure will incrciisc 011 appro:~cliing thc vane sul-f:lce. This is confilmcd by 
,.,,c,surerncnts (Fig. 9.7.2). According to the findings of SP.YI [9.137] wit!i rcspcct to a n  n s c i l l i ~ ~ i n ~  
bminur flow (not a had model siricc any flow has a laminar sublayer), thc niiisimiim of the oscilla- 
t;,lls induced by the gates with 112 cyclcs must be loc;~tcd at a \\J;III dist;t~ice (i* of 

obviou~ly this range cannot bc covcrcd by the probo. 

Even if fluctuations of the velocity in magnitude and direction  long tlie leading etlge oT 
the vane are  of the same nature  both on the prcssvre and suction faces of tlit. ~~: inc . ,  tlieir 
further de~lelopment in the strcamwise direction differs strongly along both the faces. 

f'lg.9.7.3. Vclocity fluctuations aic!ng thc rucner vane. a)  Fluct~~ations of the rclatite velocity at  
43 Dagain5t wall distance in the strcam\vise direction oi> thc suction fitce. stations 9,Y, 7 of Fig. 9.7.2. 
I ~ ~ r c a s c  of the fluctuation in the streamwise dircc~ion and also to\\,urtls thc wall. b) Ilitto on the 
PRsure face. Hcre also an illcrease of f luctuatio~?~ ton.;lrds the wall, but a decrease 5tre:lrn-\vise. In 
Rncral a s!ream\vise decrease, or incrcase of lluctustions w i l h  stre:tm\\.ise d c c r c ; ~ ~ ~ .  o r  i~icrci~?;c of 
pasllre in tlic main flow, in accord;~ncc with turbitlcnce theory. After Fur.o~er [9.135]. 

) (~surernents  m:~de  on the outniost  cylindrical vane section (Fig. 9.7.3) shou- 21 pro- 
'Lounced streamwise increasc oi i l u c t u a t i o ! ~ ~  o n  tile suction face, whcreas f luctui~t ions  
bd 10 decrease on the pressurc lace. This is in agreement rvith tile da!ilpin- o r  c ~ c i t i n g  
'at of turbl~lcnt  disturbilr~ccs under a main flow having n pressure d r o p  or  n pscssule 

in thc streamrvise direction [5.4]. 



Fig. 9.7 2. U>!?arn~: n:i..izilr.crncItt o f  1 1 1 ~  rcl.l[i\c flo\\ clc~su to n rlitlllcr vrinc of 3 Francis turbink 
;it R : ~ ~ l i a l  :iriJ p,ltri.rn > c c i i ~ > ~ !  in c lc \ar inn (;ii>o\.e) and plan (bclo\v) with stritions o i ~ n c a s u r i n g  point 

- 

Ich h,tnal briic. ,In .i I~!I..II? irrc.\r;l >:~~lilcc. on rhe suctlon fact S (,ibovc), ancl on thc. prcssurc fa( 
l'(bclo\s I. - r , ~ t ~ o n  6. 5 .  4 ,:cc.,>rd~~;g t o  ,I! r \ f t~ i .  Fu~. t r~cr .  [9.135]. 



~ l i ~ n  i~oundnry layer s~~ggcs t s  the presence of a laminar hound;~ry  1,1!,cr ns a l1:isis 
col;li,;~~-i.;o~~ with rhal o n  ;I p l i ~ t ~ .  Quite contrary, on the s~iclion Llce of thc V;IIIC il 

,, i~lcl-ci\sc i l l  thickness o f  rhc boundary layer in the direction of flow and also fsom 
\v;lrds thc shroud is I;->und. Increasing distortions of the velocity profiles in the tlo\v 

) ~ ~ , . ~ ~ ~ n  (Fig. Y.7.4b) is a re:lsnn for ;issuming tllc formation of \fortex layer\ in the 
Qrc J:lry layer. 
(har3cte~-istics for this conliguratiotls are the drop of total and static pressure in the area 
d , , f l t e ~  axes, as deterinincd i l l  the course of investigating pressure variations 011 t!~e 

I;ol, face [9.135]. The steady pressure variations on the pressure face are quite con- 
iui 

,,, From the nleaSUrelnentS it is seen how in the region of mnxinlum vane curvature 
trjr. 8) thc static pressI1I.e increases on approaching tllc vane surface. - 
flidClltly time inodilicatiens here are attributed to centrifugal forces acting o n  the 

P' 
Iricles, linkcd to the sharp vane curvature. 

unsteady measurements: Unsteady measurements permit the demonstration of the 

P- sence of the wakes of 28 stay vanes and 12 guide vanes at  141 rpln which corresponds 
60.4 Hz in the relative flow. Unequal spacing of the guide elements is respoilsiblt? I'or 

;alcrfcrence frequencies up to 980 I-lz. This leads at this measuring point to aver:ige 
E~oci t~  fl~~ctuations of 18 % of the mean velocity with directioilal fluctuations of approx- 
m~tcly 12'. 

lo with measurements carried out on the axial turbine, velocity fluctuations in 
the mixed f lo~v runner show a reduction of velocity fluctuations 011 the pressure fact for 
rnclcrated general flow. On the suclion face the fluctuations are increased as the senera1 
k w  is deceleratcd. 

9.8. Ji~vestigation on unsteady flour in a Francis turbine 
by R. Gericll and G. Molienkopf 

9.8.1. Introduction 

The bulk of flydroelectric energy demand now is covered with Francis turbines. By virtue 
d their adjustable gates they are also predestined for the supply of pcak load. Un- 
kxtunately this is usually connected with working away from the bep with a restilting 
unsteady flow, as was mentioned in Cap. 9.2 and 5.5.5. This can be predicted only o n  the 
basis of model tests. 

hfollowing research has been carried out in a closcd test rig by Mollenkopf[9.46] and Gericll [9.45] 
the Lab. f. hydraulische Maschincn und Anlagen, T U  Miinchen, West Ger~nany. The shell 

%Yarn of the turbine with its individual operating points is shown in Fig. 9.8.1. For the protection 
dlhc hot filn~ probe used the research work has been carried out under cavitation free operation 
4fd with a head of H = 2 n. The tests were made on a model with D = 272 mm and a bep at 
'11 = 768 rpm, Q , ,  = 1,275 m3/s [9.45]. 

'4.2. Unsteady flow and turbulence level at runner exit 

These investigntions were carried out  by means of a measuring device shown in 
hg 9.8.3a, in which the semi-co~lductor probe shown in the drawing was substituted by 

film anemometer. The rnetllod of holding the instrument enabled the probe t o  be 



Fig. 9.8.1. Efiiciency hiil diagram of 1:r;inc.i~ t \~rSinc  invcstig:~:cd \vith periodical flt~ctu:ltions of total 
;3rc.;;!:r.r . I I - , ; i '  at the bnttui-ri ring beforc thc runner. plant. V :! (scc Fig. 9.8.31, fro111 thc cork screw 
c!r::fi tube \.ortci. (1Vhi:c ;trc;i.) 111 tlis haichctl arc;i non pcrioctici~l fliici~~;ltions f~.om the  draft tube 
vorlcs. rigkt limit of a band wit11 whirl-frcc anti surgo-frcc operation of a n  app ro~ ima te  width 
: l i l  i i l  thc hpccd axis direction: .4t1 11 - 0.2. Data o i  thc FT at Dcp: Q , ,  = 1.275 m3!s, I ] , ,  - 76,8 rpm, 
1 1 ,  = S6,7 rpln; test head il = 2 rn. See Go-icl~ [0.137]. Strongur prcssurc 1luctuntic)ns ilppcar under 
o\.ersatc (hntc11t.d area;. Xi  point 32. and OII  ths ~ v r t l i  o!'the ilrart t ~ ~ h c  inlet, thcj  can ; ~ t t ; ~ i n  see (9.1331 
lO?,,b of thz  head. and even 70% of Iicad in rhc mixing laycr of 111:: drzift tube vortex core. 

turned about its S~ZI I I  during its rotation with the runncr. The  electrical signal was 
transmitted b! me:.lns of mercury chambers. 

Fig. 9.5.3 a shows the distribution of the time-averaged relative velocity at the iildividual 
points of dperation. F ioI11 this i t  is recognized that the wakes are not symmetric to the 
runnzr vane. They s h o ~  a nearly constant thicknebs past ' the boundary lnyer on the 
pressure face. The  vslocity distribution to~vards  the suction face and especially the wake 
past it varies stronglx n i t h  the point of operation and is ~ ~ s u a l l y  thicker th;,!~ that frorn 
the pressurc face. Becnusc of the extrerne large angle of incidericc especi:~lly the operation- 
rtl points 4 and 31 show periodical stall of the flow past t h ~  runner'". 

Tliis is reconfirmed by thz lcvc-1 of turbulence (Fig. 9.5.2 b). In general this level increases 
within the  ith he to\snrds its cenrreIine except point 4. As a n  avzraze mngni tudz of these 
fluctuations 1 1 YO of the mean relative velocity were measured. Periodic fluctuations of 
relative velocitx due t . ~  the pitch of {he gates could be recognized clearly at  points of large 
sa t e  opcfiing, e.g.  poi11t !6 with 6,5?6 of IV. 

") Stu also tjotnote '). 
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fig9.8.2. Relative vc!ocity and Icvcl of' turbule~lce past t l ~ c  runncr vane closc to thc shroud at 
B a 2 . m  rneasurcd by a hot film probc from Gerich [9.133] and .llolle~ll;o,?f~[9.36]. Numbers msrk 
ktcst point on the hill diagram of Fig 9.8.1. :I) Relative vclocity v> circumfercncc across thc pitch. 
#Level of isotropic (assumed) turbulence. Note probe pobition rcla~ivl: to runncr \.;lnc cxil ctlgc. 

hctuations of the relative ve!ocity due to the prcccssion and frequency of  the llnstiihic 
@fk Screw part load vortex p i l ~ t  tile runner could bc observcd in the neigbbourliood of 

shroud only in the extrcnie parl load points 4 and 11, with small and irregular 
h~litudcs. Ncnr to thc hob thcsc fluctuations have been registralcd; ;is expected. with 

amplitude. 
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Fig. 9.8.3. Dynamic mcasurcmcnt ol'total prcssurc in a rotating : ~ n d  stationary framc of rcfcrcncc, n) Elevation of turbine tcst section ~ i t h  a rotating 
Kulite scmi-conductor probc of quick response for dyn ;~n i i c  mcasLil.ciiicni of :otal p i c s ~ ~ ~ r c :  in tlic rclativc, or absolutc systcm. b) Distribution of thc 
refcrred time-averagcd total prcssurc minus tlic vapour pressure in the rcl:itivc flow at runncr oullct, close to shroud vs circumfercncc, in measuring 
plane VII/A, sec a) nu~nbcr indicating tcst points a c c o ~ d i n ~  to Fig. 9.8.1. z 13 vailcs. b) Distribution of the surpl~ls of tlie total pressureg,,, in the rclati\'e 
system over the vapour pressure, rcfcrred to head 1: at runncr outlet near tlic shroud measuring plane VIIjA (see a). Vane number z 1 , .  Detail A :  
probe orientation against outlet edge of runner vane. c) Measuring plane V/1 
to head A Y,/Y across the runner inlet, plane V/1. e) Turbulence level Tu acrg 



9.8. 3. j;luctuntions of total prcssure at runrlcr exit 

nest fluctuations \\-ere ~neasrired in pl:lne V!I/A. For thc measurement thc nrl-angemcn~ rig. 9.8.3a was crnployed with a transducer of 2 mn1 diameter for thc djrnamic meo- ' cmel~t of total head. The curves in Fig. 9.8.3 b show the distribution of tirne-averngcd 
rtlr . , aunllable- 
A,,loeo~~s to the distl-ibution of tlie relative velocity a rathcr steep change of total 

ssill.c in the \\lake past the pressure face is seen here, whercas in the wake due to  the 
F. r u c t , o ~ ~  face the range of total pressure drop  vs circumference becomes more broac! and 

more on the individual point of operation. Only at operating point 31 a rather 
dcp trougll of total pressure extends across the wake, probably duc to a vortex there. brgc 
1hc  fluctuation of total pressure reachcs a n ~ a x i ~ n u m  within the transicn t rcpion betweel; 
t~ boundary layer or wake and thc main flow. The maximum of totnl pressure fluctua- 
tions due to gate position 16 occurs there a t  overgate. 

9.8.4. Unsteady abso?ote flow between gate and runner 

This unsteady flow is generated mai~lly by the two bladed cascades of runner a l ~ d  gate 
a p i n s t  each other. Besides them fluctuations of lower frequency are expected clue 

the action of thc asymmetric and precessing flow field within the draft tube at past load 
&o propagating into the runner. In Fig. 9.8.3 d the fluctuations of total pressure during 
&period of a runner \lane and the resulting turbuleilce level, are p l ~ t t e d  \.ersus the span 
d the gates. They are generated by displacement of the runner biade. 'The strong increase 
dthese fluctuations towards the shroud and with increased gate opening is caused by the 
decreasing distance bctween gate exit and runner. Hence the pulsations originating froin 
cutting of the wakes from the gates by the runner vanes become enhanced. (Note that  the 
turbulence level increases towards both the ~valls, Fig. 9.8.3e.) 

fhc precessing cork screw vortex under part load within the draft t~rbc. produces also periodic:tl 
nrialions of flow both before rind past the runner. The conscqucnces are more or less strong 
bctuations of pressure and velocity propagating also in to  the spiral casing and ihe  penstock. A 
gowlh of the wake reglon past the hub and an  incrcase of the vortex core dialnctcl n i th  dzcrzaslng 
b w  and increasing moment of momentum past the runner causes an increase of pressure fluciua- 
*ns due to the draft tube vortex with increasing distance frnrn the bep. 
Af a certain gate opening, they belong to a draft tube vor ~ c x  cf a certain form and origin, which 
e n d s  as well on the runner design. So, c.g. at part load witk i!b i:oi-k screw vortex, the origin may 
kon the hub, sometimes deep in the vaned zonc of thc runner as was dcscribcd by S ~ ~ l ~ l ~ r ~ i n i e r ,  Gerich 

Koabe I9.831, or it  may be on the top of the hub cone as was described by Ilcnrjl [10.49]. The 
9rat diversity of torch-like, rope-like, twin, axial, helicoidal, steadily precessing and unsteadily 
lroccssing draft tube vortices as a function of speed and discharge of the working point a t  a certain 

has bccn shown by Schlenlr~ic~r [5.18] for a given Francis turbine. 

Usually only the fluctuations due to the draft tube vortex could be recognized from the 
wsuring signals of the static or  the total pressure or  the velocity. The  broad spectrum 
4aII the disturbances ;tppenring could not be determined from the apparently stocllas- 

measuring signals. As all the signals have been combined with considerable noise, 
a andysis of frequencies has been carried out for the most important si_enals. 

I9.1331 has registered several power spectra of pressure fluctuations a t  the head 
"er and within the intcrspace between runner and gate by means of a correlator and  

transformer. Besides the expected resonance frequencies /. of pressure surges 
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pc:iotl o f  s runner rf\-olution. I1 = 2 rn, ~ ~ i c u s i ~ r i n g  pianc I l l  (172. 9.5.31. c)  Dis~ril)ution of the 
~ Y A S ~ S C  I?~tcti!aiion~ sf thc total prcssurt rcfcrrcd tu ~ h c  head, s j . n i h r ~ l ? ~ l ~ ~  \\.ill] ;I pl-eccssing dt-;ift 
rut;;. vvr1c.r 1ie3r thc dr;iSt ::~bc \\;all in  relation to ilic differ~:nt v:ilr~cs of ~ ! i c  r;~:i,, of unit speed ( / I : , )  

to ihr unit spc:d with zcrc>y\\-!)is1 ( I ] , ,  ,,.,-,), :.lrcorJing to 111s sketch. :it cliFkrcnt r::tios I?S:IIC 33te i l ~ i g l ~  
1, to thc garc ;tngls of the - . - -  line crossii~g thc hcp. (See shctcli.) Ai:.cl.r Gcv-ic-11 [9.133]. 

ivi:i~ j; (runner). .I.- (runner blade), f; (draft tube vorte:tl and -f, (vibration of casing) a 
~nu!:itudc of other resonance freq~~encies exists. 

Fro111 the sixctrii o f  t!ie tut;ll pressure within the pen st^^!; rlnd in thc  nci~hbourhood of 
the drafc tubc wall. a stxienlent could be tnade nbou! thc reiction of tile penslock on the 
pressure fluctuatior~s oi [lie draft tube compnring the "power" of the signals nizasured on 



p s ~ o ~ k  ~ I K I  draft tuhc. The ratio of both the Inst figures was ~.cco@nized to ~ I I C ~ C : I S C  \vitl~ 
inrrs;l~i~lg distance of the olrcra~ing point from the stripe of 7ero \vliirl past the run1;er 

d hcncC' quiet opcration. 
an 

9.8.5 Unsteady flow in tlie draft tube of the turbine 

n i s  isr~estigation is limited to part load operation. In a systcm rotating with the vortex 

core. the tir~c-alleraged distlibution of total pressure across the draft tube section shows 
nnerallg n parabolic drop of the pressure towards the eccentric axis of the vortex core 

certain instant, (Fig. 9.8.4a). At a certain load this distribution is independent o f  the rt a 
bold provided the core docs not cavitate (as usually happens). Then the vortex core is 
c~iiracterized by constant critical pressure (Fig. 9.8.4a). 

The origin of the vortex core is usual!y in the runner and due to a rotating stall by flow 
Lsyll~metry Greeter stall in the runner happens with growing distance from the line of  

operation without whirl. Hence the periodicity and the form of the draft tube vortex 
are subjected to  stronger changes. 

The variation of  moment of mpmentu~n past the runner and the throughflow distribution 
and the variation of the vortex core combined herewith cause pressure fluctuations o n  the 
draft tube wall with varying amplitudes. 

~ ~ ~ r o x i r n a t e l y  it can be said, that the ainplitudes increase with growing moment of 
momentum at runner exit and with increasing distance from the bep, Fig. 9 .8.4~.  (Note 
that also the frequency of the surge increases with its amplitude.) 

9.8.6. Remedies against draft tube surge and power swing 

I. Guide ribs at  the hub: The l iydsa~~l ic  fundamentals for this remedy consists in  the 
following. Any llo\v guided by vanes o r  baffles arranged in a pitch to chord ratio below 
'one' follo\vs Inore or less the direction of these devices. Rut this is at the expensc of 
so-called inlet shock loss under a flow not along this device at  its inlet, Cap. 5.3 (8.951. 

Ilence the whirl c , ,  in the draft tube as the origin of the vortex formation may be 
suppressed by such guide ribs attached to  the hub  as the local origin of the effect. Bu t  this 
functions only at  a certain desired gate position and shifts the bep irito this position. This 
occurs in connection with eventual shock loss at  the inlet of the guide ribs and hence at 
the expense of optimum efliciency. 

Moreover the loss due to inlet shock in connection with possible stall there may worsen 
!he efficiency over a Inrger operating range. In an  imaginary design the lowest part of the 
hub's end may be arranged axially adjustable by means of a servonlotor which comes into 
action only a t  the desired point. 

On the basis of his thesis work also dealing with this phenomenon. Mr. Schlei~rrner at Lehrstuhl und 
Labor iiir hydrat~lischc Maschinen und Anlagcn dcr TU Miinchen, madc such a proposal about 
1972, but in vain since the author, hcading the lab did not believe in it. Afterwards thc author learncd 
'.b from other inves~igators, Mr. Grein from Sulzcr Eschcr Wyss, and Mr. A1esri.q from KaMeWa, 

such i t  remcd jl would help in the case of cnlergcncy (by the way the adjustable hub was never 
Udc) [8.95]. 

'I- Guide ribs at draft tube wall: I-lere the ribs may have the same effect. But they a re  not 
@effective, since they are now more distant from the hub region as the origin of the 
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I V. Air injection: This can he c k c t e d  by s~liftiiig v:llvcs ccl~incsting the vortex core 
(pro~~idcc!  t l~cy founcl it! ;vit!l the atmosphcrc. But i1 can be cionc also by press!~rizr.d 
~consun?p t io~ i  I IJ,:, ol ratcri ilurv n;c:l\i~red at nornial niJjs) to different slelions. They nlay 
~ I C  bcfcl-I.  ti:^ ru1iiit:r. 011 the \Y:III ~f tlie throat rins, at tllc h u b  (t111.0ligll the h ~ l l o w  shaft) 
and in the centre of d ~ ; ~ f i  rnhc inlet 19.13X; 9.1391. 

i n  t l ?c  I;l!lcr cas: tllc sir injection Inax bc through ;I pcrfor:~tcc! pi11 ~ . ; l ~ - r i c d  b y  tripod on thc draft 
t l lbc ,>r  [!lro!!gh a pig:, pcnctrating thc bclicl of [lie c l r ;~i[  iui>c. ?'hc I ;~ t tcf  resuit5 i l l  ;I ratller 
.:ifj-c!L,,igil. . . \ i l  t]i:.;c. dcviccs in;t>. s ~ ~ ! f c r  from \\/car. t c ;~ r  : ~ r l t l  vibration. , \ i~-  inicction along the runner 
\ 2 1 1 ~  f:tCC m;1> o<cajjonall; rcc.lucc so~-~ic\:'!l;lt tlic clr;~? and hence i;iit-~.:\sc the crficicncy. /\ pos;iblc 
2fiici2nc5 tlr-op -jLlch dc\iccs ir~crc;~.;~.; with thc sl>ccil'ic spcccl of the turbine, \ ~ I I C I : : I S  the weor 
(?:?cl-<:l>cs. 

V. 'The rc;ll rc~rreciy: :\ pr~pcj- ly  plan~icd plant. especially in dc\;c.lopir!2 coi~ntrics shonld 
;~ii\.e a f irs t  scr tiimensiont:cl a.s tc I-ricet the first ~.)o\\~t'r dcm;lnil by opzr-nti!l,y ;~rul;nd its 
hcp. I f  a ~ : t  is forced t o  \\.ark f:~r i~n -ay  from its 'ncp tluring lor~ycr pcr.iods t1ii.n :i ti~rbine 
\\-it11 ad!l~,?;tblc run!lc.r :.ant: ( K ; i p : a n  -f.  Deriaz F)  shou!cf be prt.ferl-c:l. i f  thc head range 
;ii!u\i.s tili.;. TIic!- alone frlciii:a~c a \.vhi~.l-i'rce opc~.ation p:~st 1I1c riinnct- at any  load and 
',icncc ab(j!i~ii  tile milin source of pressure srlrze in  thc draft tube. 

From tociit!-'s point of view. Laser. Dopplcr Anernometry (LDA) surely is the most 
rnodern and as i\.2 think best Lvay of tnensuring velocities in turbulent flows. Especially 
i!? the ;licinitj of n;lils. LD.4-technique is supcl-ior to all othcr anemonleters, because no 
probe is pl:~ce~l in the f l c~v  passage. The only disadvantages of I,DA's are the rather high 
price and  r he complicated handling. - - -  

\ i  the Lcl~rl~uhl fiir h~draulischc hlaschiucn und Anlngcn of ~ h e  'Teclinic;~l University Illunlch, 
LLIA's huvc L~c: l  urcd in no\\ nicnsurcnlcnt ior ten years (1953). Ecforc describing assignments, 
\\!:irationcll I~IOJCS. ~ i g i l ~ l  pr~ccssing units, let us have a sliort view uithe physical pri~iciplcs of Laser 
Doppler Ar;~.momslr>. i8.1361, (9.661. 

.-\s expressed by its name, the  bnsic principle of I,DA measurement is the optical Doppler- 
el'kect [9.140]. Although i t  is not precise in all crlscs, the basic theory is more easily 
described by the so-cslled inrtrfurenct: model. Two focussed laser beams produce in the 
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,r~,shing-scction a stalion:lry fringe p:!ltern. T l ~ c  dist:~licc A.v of the fringes is give11 by the 
rsl;ltin~l: 1 

(see Fig. 9.9.1.1 ) 

*.hel.c: = wavelength of laser beam 
O = cross-angle between the two beams. 

Fig. 3.9.1. Illustrating the me;lsuring princi- 
plcs in Laser ancn~on~ctr)t. I )  Interference 
rnodcl with  sintionary fringe pattern, \relocity 
nmponent I>,, ~ne;isured by thc Laser, ~najor 
,xis I ; ,  111inor a\is 1: of the prohe. 2) The 
probe's \loliimc close to the wall, u glass ~vall. 
b liquid with the same refractive index as glass. 

Nearly every kind of flonl, carries n~icroscopicallp snlall particles with i t .  These scattcring 
piarticles, cause a poslion of scattered light, passing through the probe volume ( =  crosb- 
section of the laser beams). I f  the flow dces not carry cnough scattering particles, one must 
inject synthetic ones. The size of scattering particles 11as to  be smaller than A.u!2. The 
frcquency A 1, of the scattel-ed light is directly proportional t o  the particle-velocity, accord- 
ing to the equation: 

In a way, we d o  not measure flow velocity, but particle velocity. Rut if the scattering 
particles sa tisfy c ~ r t a i n  conditions, they represent the flow velocity, because they are 
carried by the flow nearly without inertia. Fo r  Inore infor~nation about this see: Dlrl-st, 
\!cliiilg, \Z'hifc~la\c. [9.140]. 

Dificultics in applying LDA-technique often appear by diffraction of light beams at 
optical col~tilct surfaces, complicating the determination of the probe volume. Redress 
an be n ~ a d e  by tuning thc se!rnctivc index. 

In doing so, a fluid is used, having at a certain temperature the same refractive index as 
'st: observation window of the test section. A: our  laboratory decisive successes were 
nade with this technique by measuring Re),nolds stresses in a n  u ~ s t e a d y  turbulent pipe 
low. One of the main advantages by tuning the refractive index is beside the siinple 
jetermination of the probe volulne's coordinates, that we are able to  approach to the wall 
*ith the narrow edge of the probe volumc. Probe volumes usually s re  ten times larger 
'long the major axis thcn along the minor axis. This means that we may approach the 

with the rlnrrow cdgc ien times closer without toucl~ing the wall (Fig. 9.9.1.2). Probc  
'~lumes hitting the wi~ll. are ;I critical point in LDA measurement, as they produce "wall 
'gnals", caused by particles adhering to the wall. 
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Rclk~cncc bca~.rl \ ) \ l c ' ~ i i  for I-di~ncnsioni~l ~ncosurcmcnt. 

Doublc rcfcrcncc I>c' :~ni  \ystcn~ (?-dim. ~ncasurcrncnt). 

1 - o r ~ n r d  an(! I,,~ch sc,i~tzri~ig fringe syste111 for 1 ,  2, and 3 bclocity componcIits. 

blcnsi~rcnit.nt of flow vcIocitics in all kind of Iriinsprlrcnt media at Jifkrent tcrnpcral 

h.lc.;~sutc'~iicnts i:i thc viciriity of walls without any disturbancc of the flow. 

Using frequency sliifting, forward and backward turbulent velocities of high frcqucncy 
nated bctwcen. 

Sizntrl procvssit~g 

Frequency tracking processors. 

Counting processors. 

Transient recorders. 

9.9.2. Example of a flow measurement, carried out by lncans 
of a two dimensioni11 l,D,4 with tracking processors 

III  the lab of Lehrstuhl fiir hydraulischr: k.1aschincn und i1nlagt.n of ?'[Jbl, Munich in a 
periodically r~nstcady, fully developed turbulent pipe flow, the ~urbulerrt kitlctic energy -- 
q.'iZ and the Rc.!trtol~!s stress - _om were measured. Becau:ie all velocities and even the 
mean ones were ti111e-dependent: an electronic data h:tndling system was indispensable. 
A period of this iiow nlay look as shown in Fig. 9.9.2. The er~semble mean values of the 
vc!ocitics were ca;cul;~ted within a small time-space A t ,  in which ihe flow was considered 
io bs steady. Thc flow period T was divided into up  to 100 time-sptices according to . 
Fis. 3.9.2. I n  cach mean values and Keyrtol(!s stresses were cornputod and stored. This was 
done by repeating LY times the salrle mean flow condition. The pulsation period also was 
measured and controlled by the computer. Fig. 9.9.3 is a scheme of the electronic equip- 
mcnt, used for the measurements. The oncoming analogtie data froin the tracking pro- 
cessors were digitalized by a fast 12-bit AD-unit and transmitted to the computcr, doing 
the calculations and stori~lgs of the mean values for evcry time-space. So in two series ~f 
msasurcments the radial and temporal distributions of U, ~i ' ,  v',  w' aild thereby the 

Fig. 9.9.2. Graph of an axisymmetric 
pulsating fldw in a straight circular pipe, 
showing the \relocity 11 in the direction of 
pipe axis : vcrsus time elapsed t, a certain 
cross section given by 2 ,  and at a radius r,. 
:It t i ~ n c  increment at :he instant to. T 
period. After llartn<r. 



Fig. 9.9.3. Scheme of electronic equipment used for ~neasurement and data acquisition. 1 Laser- 
beam, 2 optical hend. 3 measuring section (pipe), measurement of the instantaneous velocity compo- 
~ n t s  in the 3 coordinate directions 11, 5, w.  4 detecting unit; 5.1 photo multiplier for -I- VV,  1,; 5.2 
ditto for + V u, \r; 6 Doppler signal; 7.1 Doppler signal processor type Brow11 Bovsri and Cie for 
";7.2 ditto for v and it.; 8 loop closed signal; 9 signal noise ratio ok;  10 L.., \v: 1 1 11; 12 computer PSI 80 

F= ,-===7-- 
Kontron, analog digital conversion of (I, V. U: LIP, T, p, J17'2, ,1 \vP2, 11 11 , 11' wf, tl' \v'; 

1 3  trigger signal; 14 inductive pressure transducers to  measure the instantaneous pressures p i  and 
I2 ~irnultaneously at stations 1 and 2 a distance apart Ar in the streamwise direction: 15 p , ,  p,; 16 
arrier frequency amplifier KWSI 3 s - 5  type Hottinger Baldwin: 17 pressure gradient L3P;.I::  
1 8  terminal; 19 data logger, discs; 20 to subsequent treatment in the computer centre. After Ifarrner 
19.1 331. 

dynamic pressure q 2 / 2  and the most interesting value u' were obtained. Logical signals 
from the Dopplel. processor told the conlputer whether the oncoming velocity signals 
wcre good or  not. These signals were "SNR-ok" ( =  signal noise ratio ok) and  "loop 

1 dosed" (= signal processor has found a Doppler signal). In  this way oniy good Dopplcr 
signals were taken by the computer. 

An example of the measurement results is given below in the Fig. 9.9.4. At a constant 
point of time, radial distributions of t l ' " ,  vl*, wl*, q2/2 ,  and tl'v' were plotted. 

N = counting variable 
T L- period of pulsation 
J I = time-space 
ti, V = mean velocity component in the direction of the pipe axis, normal to it 
8). d, 10' = fluct~~ating vclocity compnncnts in the z, r, cp-directions 
* - * - root-mean-square valucs of 11'. u', w' 
d d  = Re).r~ol(l.s-shcnr-stress pcr unit inass 
Ax = fringe distance 

b = mens~~red  velocity component by LDA 
k r . 9  
I 

= cylindrical coordinates in axial. radial and azilnuthal direction, respectively 

8 
= wavclenglh of light 
= cross-angle between illumination beams 

1 v 
= Doppler frequency 

I = density 



Fig. 9.9.4. Exainplcs for measurement of a pulsating pipe flow at a certain cross section versus 
dimer?sionlcss pipe radius: Reynolds ~ l i ~ m b e r  of thc timc-averaged flow Re = 20,l . lo3; period 
T = 1 s;  ratio of stroke of pulsation generator to pipe radius OS = 2,03; ratio of amplitude of thc 
sinusoidally oscillating pnrt af the flow to the timc-averaged flow rate P = Q,/Q = 0,197; Womersley 
P;irameter R = K = 53.5. The root-mean-square values of the fluctuating vclocity compo- 
nents u'". c'". \v" are made dim~:nsionle~s by dividing by tile wall shcar velocity 11,; the ki~?ctic energy 
of the turbulent motion is rnadc dinlensionless by dividing by the squared wall shcar velcicity uf; 
phase relationship: full I~ne: 0,075 T; hatched line; 0,563 T. a) Root-mean-sqaurc values ti'" of 
velocity fluctuation in thc pipe axis direction; b) ditto a'" in the radial direction; c) ditto \v'" in the 
tan~ential  direction; d) kinetic encrgy of turbulent motion; e) correlation rr' corresponding to 
apparcnt (Reynolds) shear stress on a coaxial cylinder and in direction of the pipe axis. After Hcrrtner 
[S. 1361. 

Concluding remarks on measuring techniques: 

The conversion of any mcasurcment into a signal as a computcr input by analogue or digital 
technique iuld its computerized e~nluation for the dcsired output as described above, may be 
considered to bc the present trend in any up to-date experimental techniques. Tlle computerized 
processing c.f ~neasuring signals is of special value for dynamic measurements of unsteady phenome- 
na. Quickly repcatcd measurements at a certain measuring point in connection with the high 
processing speed of a computer also yielas the timc-averaged mean value of any measurement and 
its time-aver:~gtd errors during a ccrtain observation period. Hence human errors in observation will 
be excludcd more and more. 



10. The turbomachine, its design and construction 

10.1. Introduction 

hjany types of hydro turbo machines exist. This is a consequence of their different duties 
as 

a) turbining alone, 
b) pumping and turbining in a pump-turbine, 
c) direct and reversed turbining and pumping in tidal power plants, and 
d) pumping in a pumped starage plant with a ternary (tandem) set. 

~ u t  it is also a consequence of the varying water requirements and topography, the hydro 
turbo machine has to be adapted to. 

~~arnessing of low head requires axial turbines (AT) with high percentage reaction and 
susceptibility to cavitation. Thcir appearance is characterized on the one hand by the 
classical design of I! Kaj~lait,  nanlcly the Kaplan turbine (KT) with vertical shaft and a 
spiral or  semispiral czsing as the generator of angular momentum required, an elbow 
draft tube and a runner usually with adjustable vanes. The  version with full spiral casing 
overlaps the range dominated earlier by the F-rancis turbine (FT). 

In the lower head range the AT has the variant of the tubular turbine (TT). This  is 
characterized by a straighter water duct than the original KT. Here the generation of 
wl~irl is left to the stay and gate vanes. The variants of the T T  are manifold. With the 
generator in a submersible bulb, they.appear a s  bulb turbines (BT). 

Tiley have also the generator outside the water duct directly coupled o r  connected by a 
bevel gear. Then they may have the straightest possible water duct in the form of a rim 
generator type (RGT) o r  Straflo type (ST). 

In the lowest head range, the I T  may enable the harnessing of the kinetic energy in river 
rapids. T o  date, the TT, especially in its straflo version, seems to be the effective tool for 
harnessing tidal power. But there, in the usual case of a one basin plant, the function of 
a reversible turbine and pump requires special consideration and compromises of the 
blading, when the runner vane position is nearly retained. 

The conical and axial distributor of a TT is a rather poor generator of whirl and  needs 
careful consideration of the flow in the gates both with respect to geometry a n d  loss. 

The design of a KT has to start from the runner tip diameter either with respect to 
lntenlal loss or  suction requirements. Emphasis has to  be given also to  the proper draft 
lube design, since the kinetic energy a t  runner exit may amount to 80% at  overgate. 
Therefore TTs, with two bends in the draft tube to allow the shaft passing through the 
bller, may have additional losses. 

f ie layout of a turbine has to account for the stresses in the rotor vanes, the hub  a n d  the 



:;l~r.,,~icl 1111cIcs [hc ~:iiergcncy C ; ~ S C  of run;rw;ly. Yllc: sl:.i~ft clcsig~i should shift the 1 
CI-i~ic:il spcccl ;!tlo\c tlljs tlircshold. 

= - % - 
I-11,- ticsign of ;iccc\sorles like be:it-ings, s11:lft se:\ls ~ t c . .  slloulrl f ~ l l o \ v  tlic clircciioll or ' 

stiflctling tlic sh.lR a i t l l  respect to l i l t  critic:il speed. Murcover tllcre elcn~ents [nust bve 
c;!sy acccsslbilil y for assembly and clisrnnntling. 

Tlic circi~lation of the lubricant ,hould be cffectecl by thc shaft itself. 1 Icad cover, gakq 
stay vanes and tlicir rings and the spiral casing have to bc clcsisned for low values of1 

0% dzfnlm;ilion, and ndmissible stress even under cn~wgency loads, like water hammer, and 
runaway. ant1 fc>r :I limited radial extension, p:irticularly of the outrnost pasts like the 
spiral casing, stay vane and gate ring. 

In vertical scts, thc accessibility of the lov~er  parts such as thc runner and the bottom 
cover of gates slic~ll(l be fxilitatctl by auxiliary cranes, inspection doors in the draft tube 
o r  intermediate shaft pieces to be removed for dismantling of the runner. 

Fliirnessing higher heads requires Frallcis turbincs (FT) with mcdiiim percentage reac- 
tion. For highcst heads, sm;~llest discharges, acd mean heads, in~pulzc t~-lrbines of the 
Yeiton type (PT) witl~out any reaction are applied. Wide zoncs c;f overlapping exist 
between FT and K T  on the one hand and FT aild PT on the other. 

Thc  cross flow turbine, a cross-breed between reaction and sction turbines, but more an 
action turbinc. orisinally designed by Michell arid Ranki, and now built by Ossbergcr, 
appears mcstly in micro power plants. I t  nlay be interposed bctween FT and KT 
especially i l l  cases of highly varying discharge, head, and tail water level. 

The !latr?ess of the erticiency vs flow and the bep efficiency ch:lrncteristics of a FT depend 
m::ir;ly on the hsacl and hence on the given specific speed. This figure determines deci- 
s i ~ c l y  :he _geometry in the sectional view of a FT. 
- 
I ~anspor t r~ t ion .  fibsicarion on site, submergence of the set, mode of working and overall 
economy, sand zrosion and simplicity of d i s n a n t l i n ~ ,  and maintenance may further 
decide the final type of a turbine. 

Flow field and strength of a FT runner are  related to  geometry of the runner vane and 
slirouds. The limitation of output for a  give^! runpcr dianeter  results mainly from its 
relative span of vanzs, and the permissible stress of runner vane material under emergency 
zorlditior,~ such as runaway. 

The desisu of a pump-turbine has to start from that of a mere pump. It is based on suction 
requiiements, optimum efficizncy, different hill diagrams during pumping and  turbining 
and speecl clianse. 

The broac! 5eld ofhydrcturbomachinery is reflected in a long reference list. i10.1 to 10.51, [1.50], [6.Q], 
[6.35], i8.1321 give 2 survey on machinery. Kaplan turbines are treated in general in [10.6], special 
c o ~ ~ s t r u c t i o ~ s  =f them. nrith emphasis on high-head design, in [10.7 to lC.191, their layout, based on 
modern tendencieb 1:1 [10.1 I], special design problems, like geometry of the runner chankber, in 
[10.12]. thc torque on the runner vane spind!e in [1U.l3], pteclicted and calc~~lated flow in [10.14], its 
losses, gencrall? in j10.15]. and on t'nc runner bladcs in [10.10; lG.171. The tubular turbine, as the 
cthcr important variant of tlie axial turbine, is presented in n survey of bulb turbines [13.18], in 
general treatises [lo. i 9 to 10.211 by studies of individual constr~~ctions [i0.22; 10.231, with its 
prob1er.l~ a1 tl:e intakc [10.24]. \iith experiences on its operation (10.25; 10.261. by a comparison of 
predicted and measbred stresses (10.271. 

A spccial diagonal turbine emerged from the bulb turbine [10.28], then the Straflo design [10.29; 
10.301, also used :o cxploit tidal power l10.31; 10.321. 



hlodr.rn trends in Francis turbine dcsign arc given in (10.331, somc\vhat older i t ]  [10.34]. the 
const; ti~.fion:il limits of  I ' ~ ; I I I C ~ S  turbines in [10.35], its computer-aidcd design in snnle n c t ~ ~ a l  con- 
Str,tctic)ns In [10.37 to 10.3!]. its his!] head dosigns in [10.42 111 10.441, 11s ~elativc 1 1 ~ ) ~  in [10.35 to 
]0.47], its draft tube surgcs in 110.48 to 10.501. the welding of onc of its 1;lrgcst runners in  [lO.jl], 
be slrcsses in runners in [10.52]. Operating cxpericncc on Francis t i~rbincs and problems d u e  to thc' 

of large units arc rcportcd in [10.53 to 10.581, the features of its single gate scrvolnotors in 
llfi59], ils start up in [10.60]. ilnd the design of blildi~lg in [IO.hl]. 

~ j ~ d c r n  trends of Pclton turbinc design arc found in [l0.62], the alternative of Fr;incis o r  Pelton 
t U r b i l ~ ~  is discussed in (10.631. details of i~ctu;ll l'cltor, turbines are found in [10.64; 10.651, the stresses 
ln their important parts in [10.66; 10.671, and the qucstionablc potential reduction of thcir runalvay 
,peed ratio in (10.681. 

Storage pumps of ternary scts (tandem scts) for puinpcd storagc are treated in [10.69 to 10.721, 
problcllIS of pumpcd storagc plants in (10.731. The pump-tul-binc in general is described in [!0.7!, 
110.75 to 10.791, niodern design trends in [10.80; lO.Sl], some actuiil constructions in (10.82 to lO.S9], 
operating expcricnces in I10.90 to 10.921, its oprirnizntion. with rcspcct to  loss and cavitation 
features, in [10.93]. 

~ h c f ~ l i o w i n g  other topics, related to pump-turbines, are treated: limit of head per stagc (10.941, start 
upillto p u i n p i n ~  Inode [13.35]. dynamic load [10.96], transients [10.97], axial thrust [10.98], runaiiay 
110.991, part load opcration [10.100], the strcshcs on its components [10.101], a possible hysteresis of 
lfi ch;lractcristics (10.1 011 g ~ t c  vibrations [10.103 to 10.105], gatc spiildlc torque under misaligned 
gates [10.106], start up through boostcr J:rancis turbinc [lo. 1971. the sloehastic radial forccs on its 
rotor [10.108 to 10.1 101. 

A n o \ ~ c l t ~  is the gale-rcgulatcd two-stasc piimp turbine [10.1 1 I]. Unregulated multistage pump 
turbines (10.1 12 to 10.1 141 and the lsogyrc dcsign [lo. 1 151 arc sporndicallp used. 

With rising s i x  i111d spcttd of the set, its critic:~l shaft vibration, its rcsponse to r:itlial forces and  the 
sddcd mass d u s  to  flcxiiral kibrntions bcco~ne 1111cresting [ lo .]  17 t o  10.121], also the bchaviour of 
ciastic adjustable gatcs [ 10.1221. 

Losscs i r ~  the spiral casiny [!0.123], its stress calculation (10.124: 10.135], reduced to a conical shell 
jIO.T26]. i?rusc! IifundTFcydcs of pumpcd storagc [10.127], i t >  dcsign with a stay ring of parallel 
plates [10.128j, the distribution of the dynaniic pressure on i t  [10.129] are treated; further the fatigi~c 
problcn~s of stay vanes [IQ. 1301 and thcir dynamic bchr;viour [IO.l-3l j .  

Thc thrust bearing of the tiltcd pad typc [10.13:! to 10.134]. and of ths newly i n t rod~~ced  hydrostatic 
type (10.135] Ivcrc dcscribcd. also sclf lubrication of trunnions ivithout any lubric21nt (10.1 361, sh:ifc 
vals j10.1371, the condcnscr operation of pumped storagc sets [10.136], and colnputcr aided dcsign 
l10.36].[I0.122], [10.139]. supported by the fi~litc clement mcthod (10.1-40; 10.141]. I'lle standardiza- 
tion of srnall turbines makcs progress [10.142]. Spccial features of stnall turbinc types have been 
invcsligated, e.g. thc influcncc of the jet and wl~cel sizc on the perforlnnnce of inclined jet ilnpulse 
turbines [10.143]. 

10.2. Project and construction of axinl turbines 

10.2.1. Geseral survey of types 

Axial turbines exist actoally in ttvo variants. One  usually with a vertical shaft, radial 
hlributor, adjusiablc runner blades wit 11 t'ulcrt~nl in the hub is an i~lvention of V K r ~ p l u n  
'nd hcnce callcd KT. This is also valid for the K1' with fixed runner blades the so-called 
ProPcller turbine. 

n e x c o n d  axi;il turbillc type used, has a m o r e  o r  less horizo~lt;il shaft, an axial o r  conical 
d~slributor as  the pencrilror or the whirl component c,, before the runner, and a n  axial 



ruilncr o f  t11c K T  type with tisunlly adjiist:~blc ninncr vii!lcs. I t  is aclincd llrre as a t~~hu lp r  
t\lrbinc (-TT). 711e :1x1:11 turbine wit11 hori,:ui~t;~l shalt ;111t1 its ycncr.~tur s!l~-unh on its 
shroud, ;iccorcling to ;in US patc~it of ilarza from I9 19, rcnlizcd :lt first hy 11. Fi.scllpr 
Escher Wyss, b c l o ~ ~ g s  ;IISO to this type of KT. I t  will bc considcrt.d more in detail. 

Adjiistzbility of runner vanes originillly was rnrc in this desig:~. With a hydrostatic 
watcr-lubria~tcrl. self-iidjusting radial ar;d axial bcarii~g for thc i l ~ i i l I  thrust arranged on 
thc shroud, to facilitate runner vane adjustn~ent, this typc now has besn revived under 
the name of Str:iflo turbine. This was a specin! development of  the Swiss firm &her 
Wyssi h joint vcntgre of the Sulzcr Concern, hencc named Sulzcr Eschcr Wyss. 

10.2.2. The true Xaplnn turbine 

This has usually (Figs. 10.2.1 to 7) a vertical axis and a generator outside the watcr duct. 
The flow admission is usually by a radial gate precetlcd by a spiral casing when tile 
turbine has a larger size. This tends to be a semi-spiral casing (Fig. 3.4.12; 14) with a 
trapezoidal cross section of concrete in the lower head range. For higher heads, the full 
spiral casing is used of circular cross sectioil, either lined with steel, or welded from steel 
(Figs. 3.4.15 and 10.2.5). In conjunction with radial gates, the generation of a constant 
angular monlentum bcfore the runner is achieved easily. 

In a few cases, small high head KTs have also a horizontal shaft and a rnetal spiral casing 
(Fig. 3.4.17). In the usual design with a vertical axis, the machine is equipped with an 
clbow draft tube. Its bend increases the diffuser loss which becomes important for the low 
head K T  with its relative high kinetic energy (up to 80 %) a t  the runner exit. Therefore 
this elenlen t (Figs. 3.4.12, 13, 14) has to be carefully di~mensioned. 

The large cavitction coefficient 0 of s K T  may require subtnergcnce cven at modest heads. 
Thereby the head of KTs is limited [10.7] up to 70(80) m. 

Bzcailse of its h i ~ h  degree of rcaction up  to 90% and the impossibility of an axial double 
flow cdesisn, rlie KT has a high axial thrust. This rnay lead with high heads to a diameter 
of thrust bearing even larger than that of the runner. Hence the axial thrust also limits 
the head of KTs. 

The width of a power house with vertical sets results from the lateral distance of 3 or 4 
runner diameters for semi or  full spiral casings (Fig. 3.4.45). 

10.2.3. The tubular turbine (TT) 

The previously mentioned features of performance of design also occiir in TT with the 
difference that the straizht draft txbe used here has a low difTuser loss and requircs a 
smaller excavztion. Further the distance between sets can be reduced to 2 runner diame- 
ters. h4oreover the 'TT saves the flow deflection between gate and runner (see Fig. 10.2.9). 

For its smaller drzft tube loss the TT is more susceptible to cavitation than a usual KT. 
Therefore its head is limited to  about 20 m. A weak point of the T T  is its nearly 1101.izontal 
shaft in the case of the bulb turbine (Figs. 10.2.10 to 16). 

I-?ere the assembly is complicated by the shaft's bending line in order to retain the small 
gaps of both the rotors within their stationary part (throat ring, generator stator). In the 
L 

usual case of a directly coupled ~ ~ l t e r n a t o r  and small admission hatch to  the bulb through 
a vertical hollow rib, the asse~nhly and disnlantling of the generator through rr hatch at 
the downstream end of the bulb becomes diflicult. 



Fig. 10.2.1. Elevation of the K T  at Schaffhausen, Rhine, Switzerland (oS#ncr: EW Schaffl~auscn, 
Switzerland), design Sulzer Eschcr Wyss H = 9,3 m; 1 1  = 71,4 rpm; P = 14,5 hlW.  Widely wcldcd 
dcsign, thrust bearing easily accessible after dismantling and lifting the connecting ring between thc 
shaft and the gencrator rotor. Facilitated by leading off the tliruqt via a tall truncated cone and head 
cover into the stay vancs without strcssing the concrete of the pit. This principle of shortest flux of 
force is also implcmentcd by propping 2 pairs of oppositely locatcd gate servomotors (only a couple 
On the gate operating ring) on the head covcr. Only 2 guide bearings thus loads statically determined. 
Small high pressure runner servomotor underneath the blades shifts the runner's centre of gravity 
towards that of the adjaccnt bearing. Servomotor piston bolted on the hub facilitates oil admission 
horn an oilhead abovc the rotor. Generator rotor of umbrella design, with n ccntre of gravity in the 
plane of upper guide bcaring. 1 stay vane; 2 guidc vane bottom ring elliptically curved (otherwise 
f'all and increased scnsitivity to cavitation of the outer part of the runncr bladc); 3 guide shicld with 
Inspection window for thc runner shaft scal and "stand still" seal to renlove or inspcct the shaft scal; 

@ate scrvornotors; 5 runner servomotor; 6 thrust bearing; 7 alternator rotor; 8 jacking and brake 
for the rotating parts; 9 exciter; 10 scal. (Drawing courtesy Sulzer Eschcr Wyss) 



Fig. 10.2.2. Elevation of tbc KT, at Jupia, Kio Parani, Brazil (owner Centrais Elcctricas dc Sgo 
Paulo CESP). 14 KTs built by Sulzcr Esciier Wyss, Switzerland and Hydroart, hliian, Italy under 
CIE as main contractor. II  = 24.4 m; n = 78,3 rpm; P = 103 MW. To date the largest block of KT 
power bililt in thc West. Runner: 1311 Chrornium!Nickel stainless steel blades; D = 8,4 m; axial 
thrust 2300 tons. Thrust bearing with balancing hydraulic chamber (Hydroart) well accessible below 
eleciric rotur iikz that in iiig. 10.2.1. 1 oil head, oil admission to the runner servomotor by te!escopie 
tubes; 2 thrusr bearing; 3 alternator stator support %ria stiff arniour platc on the stay vanes; 4 pairs 
of gate rinp servomotors on the head cover; 5 beil-shaped permanently lubricated lower guide 
bearing; 6 shalt ssal; 7 runner servomotor with piston screwcd on t!ie hub. (Drawing courtesy 
Hydroart, Milan, Italy) 



Fig. 10.2.3. Elevation of high head KT Pirttikoski, Finland. 2 sets built by Sulzer Escher Wyss. 
11 = 27 m; n - 115,4 rpm; P = 66,3 MW. Runner I> = 5,8 m; 6 blades. Good accessibility of t!le 
Important parts such as the pivot of the gates and thrust bearing. 1 shaf:; 2 hub: 3 runner blade: 4 
hladc drivc; 5 servomotor cylinder as part of hub; 6 piston; 7 oil supply by telescopic tubes; 8 oil 
b a d  and runner blade fecd back; 10 lower throat ring; 11 upper throat ricg removablc to dismantle 

runner; 12 insert ring dismantablc with 11; 13 bottom gate ring; I4  draft tube stecl lining; 15 
W s ;  17 head cover; 18 bushing of gate stem; 19 guide vane lever; 20 stay vane ring: 21 stay vane 
with long tic rods to  transmit its tension into the concrete; 22 water guide shield with a man hole 
arthe seal; 23 lower guide bearing; 24 shaft seal; 25 leakage pump; 26 gate operating ring; 27 link; 
3 4  pairs of gate servomotors; 29 supporting tube; 30 connecting ring betwecn shaft and generator 

to facilitate easy revision of the thrust bearing; 31 support ring; 32 pads; 34 support of the 
Juide bcaring 35; 36 oil pan; 37 thrust bearing case; 38 spider for guidc bcaring; 39 brake rlnd jacking 
kvicc for thc alternator rotor; 40 alternator rotor; 41 alternator stator; 42 spider of exciter: 43 
"titer; 44 pendulum generator; 45 throttle bush; 46 outlet pipc; 47 leak oil chamber; 48 pressure 
'dieving bore;49 leak oil chamber; 50 emergency shut down pendulum; 51 oil circulation pump for 

thrust bearing; 52 ditto for the governor. (Drawing courtesy Sulzer Eschcr Wyss) 
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Fig. 10.2.5. a )  Sectional drawing of K T  Lilla Edet, Gota AIV, Swedcn (owner, Swedish state po\\cr 
board), ordcrzd 1922 and built by KaMcWa AB,  Kristinehanl. S ~ c d c n ,  data: H = 6.5 m, 
n = 66,7 rpm. p,,, = 14 MW, runner diameter D = 5.8 m. The first Kaplan turbine in the world of 
I;lrge dimensions, dcsigncd by 0101- Englesson, chief cngincer of KaMcWa and active there bct\\cen 
1906 and 1953. Contrary to V. K;tplan's patent with a stationary runner scrvonlotor operating rhc 
runner blades via a s~ationary rocking lcvcr with blocks which axially ~novcd a grooved ring arcund 
11ic shaft, thc runr~cr servomotor was arranged in the hub. Well informed about prcvious fr?ilures on 
thc European continent, the S ~ c d i s h  engineers paid the greatest attention to the cavitarion 
problem. A speci;~l test tunnel was built and put to work in 1924. This was, according to  Hansson 
probably thc first cavitation test stand in the world for cavitation research at a turbinc manutac- 
lurer's shop. Efficiency tests, carricd out in 1926 by H. Duhl, showed a bcp efficiency of 92.5%, an 
cficiency above 90°/0 between 3,5 and 10,5 M W  and above 82,7% berwcen 2,s and 14,3 hlW.  Flow 
admission by a semi-spiral casing of  reinforced concrete with a cylindcr as core, 12 stay vancs. 24 
gates with shc;~r pins against ovel.stressing, runner chamber cast iron, hub of cast steel and of 
cylindrical shape, 3 blades of cast steel attached by a bronze coated bearing, screwed on  the hub 
body. Inside the bearing ring arc crank pins bolted to the blade with a block, sliding in a groove of 
the cross head "nderneath thc piston. The cil pressure of 20 bar is si~pplied through a steel pipe in 
the central bore of the shaft. The control valve is located inside the piston and actuated from the 
combinator cam on the top of the generator by means of the oil pipc. Thc lowcr part of the hub is 
filled with low pressure oil, which is brought t o  cirulate through all bearings including the b!ade 
pivoting bearings by mcans of a piston pump and by the movcmcnt of thc blade mechanism. At thc 
blade flanges there arc doublc acting seals of leather which effectively prevent oil from leaking out 
and water from entering the hub. The relatively long lower guidc bcaring is lubricated with self 
circulating oil. The shaft scal of thc labyrinth typc. The thrust bearing is placed on a spidcr l~bove 
Ihe alternator stator. Its load is carricd by 16 segment pads supported on a grcat number of coil 

The average oil pressure on tlie bearing surthce corresponding to  the maximun~ axial thrust, ' & 2 5  bill. There is an external pump circulating tlle lubricating oil. Thc draft tube is of the elbow type 
ova1 sections in the ot~tlct of tlic bend. It is made of rcinforccd concretc with a plate lining in 

'Is upper conical part. (Dritwing courtesy KaMcWa AB, Kristineharn, Swcden) 



Fis. !O.Z.j. b) Sectional d r ~ \ \ i n g  of a K T  at Solber~foss, Norway (owner Oslo Lyswerkcr). commi- 
sioncd it1 !?SI. Dntn If = 20 m. r r  = 78.9 rpm, P = 106.7 h IW.  Runiicr D = 8,3 m. tlollow thin 
\\alli.d ne1dr.d shaft with an outermost dinrncter equal to that of the thrust bcaring collar on tts lower 
end. hence n ki\our,iblz I O U  ratio of wctght to torstonal stifiness. Thriibt bearing directly supported 
on \\eldcd 11:,1d covcr. r\dcqitatc curvatitre of the nriter dcflect111g sliicld creates a spacious head 
coler  \\it11 good access to tllc I O H C ~  gltidc bearing. 'Thc latrer is bcil sliaped and subtncrscd in the 
oil pan, f:lcilitati~?g start up \ \ i l i ~  liquid friction. Stay vane iie rods to t r~nsmi t  its tension into the 
concrzte surrounding the spiral casing. Runner servoclotor in the hub above the blades with 
nlo: ~ b l c  piston aftcr Englcsson. (Drawing courtesy KaMeWa AB, Kristineham, Sheden) 



10.2.6. I~lc\latinn of KT I'orto Primavera, 
Fig. . 
Brnz l l  (I>csig~i Ncyrpic). t l  : IS,3 ni; n =. 

6 9 , ~  rpri~; P = 103 hl W. Itunnor servomotor 
istoll scrc\ved on thc hub. Runner blade with 

~c lac~~; lb lC  pivot. (Drawing courtesy Neyrpic, 
C;renobl~, Fraiice) 

The latter is facilitated by wide vertical and streamlined admission shaft and a highly 
geared and thus small generator (Figs. 10.2 16 and 13 b) usually equipped with a plane- 
tary gear. This design is limited in output because of the gear (about 15 MW). 

Because of the flow-conditioned limited external diameter of the bulb in relation to the 
turbine runner and the increasing diameter of the generator with decreasing head, a direct 
coupling is preferred at heads above 10 In. In West Germany a t  present, because of  some 
troubles with planetary gears, there is partially a tendency to restrict use of this gear in 
favour of direct coupling even in plants with heads below 10 m. 

Because of its radially limited bulb, the bulb turbine, with the generator inside the bulb, 
has a rather small fly-wheel mass. This is contrary to the requirements of stable rzgula- 
tion. In this respect all designs of TTs with the generator outside the water duct are 
superior. These are, e.g. the bulb turbine with bevel gear, the so-called S-turbine (see 
below), and above all, the Straflo turbine. 

A special feature of adjustable conical or  axial gates (usually found in TTs) is the fact that 
the tight closure usually required, restricts a vane design with twist, needed for the 
generation of a constant moment of momentum vs radius before the runner. 

Since the gate operating ring turns about the sllaft and the gates about a stem on a cone, 
Le lillks between gate lever and gate operating ring require spherical joints. 



l..ic. IO.? 7. l'lcv;11in11 or y,. 
11.,~11 ( i . 1 1 ~ .  I ) ~ l l 1 l l l ~ ~ .  l~,l l , , ; , l , i3,  

Y I I I  I (j 

R , I I ~ I ; I I ~ ~ ~ I I I .  k S ~ I S  Y I I ~ O S ~ ; , , , ~ ~ ~  
st:~tc ~o:\.cI. bt::~rit). ( ~ ) ~ ~ i ~ ~  
[ d c l i i ~ ~ s r ; ~ d  ;\ICI;II Works l-hlz- 
IJSSR) .3 scts built by ~~~i~~ 
. Ku~n;~nin.  1 1 , ~  = 
35.4b rn; r r  -= rpm; % = 
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fur ;I ti.[' in tile nrorId. Rotor: 
t j  b l i i d ~ ~ :  D - 1),5 rn. Servo- 
motor houscc! in the hub ,\hO,zC 
the bl;lclc. drivc with p l ~ 1 1 ~ ~ ~ ~  
pnssins through the cy\indtr 
covcr. Thrust bearing slip- 
portctl by :I truncatctl cone on 

hcaJ L'OVCI-: 7 TOWS of lilted 
pads in lnl-;lllt:l. Start up  
the pads rct;~i!lcd by slide dogs 
1 th?: wtur  slightly hy- 
draulic;\lly lifrcd hy the gcn- 
er;\tor brake tlicn usetl as a jack. 
Smooth opcr:ltion. but serious 
cavitation pittin& on blni!~ tip 
after n:cr.lo,~d. (I1r:lwing cour- 
tesy Rcsit:.~ Works, Rumania)  

Thr: 2ener:itor ci . :~  bc outsiile thc lilnin l l o ~ ,  eitllcr driven by n bcvel 3e:eilr (Fig. 3.4.10) or 
hy ;I shait passinn the draft tube double curved (Fig. 3.4.27), (S-turbines). 

These v:t!-{ants :\re lirnitcd to small turbines. Tlie type ~vii!l a shaft passill:: through the 
clraft tube also f'lilciiitntes the syphon design (Fig. 3.4.29) favourable for quick ancl simple 
sh :~t  down of  the set by aeration. 

Altllough iilc S-turbine desien lias an additional loss due to its extra beild and the 
disturbance of thc flow by the rotatins shaft, its generator is more easily accessible. In  
areas n-i!h !ow rainfall, not requiring a power house, with its protective roof for the 
senerator. i t  e~iables :he lowest specific investment cost of n plant (51.1. f ig.  3.4.25). 

Another rnri;lr~t is the rim generator turbins (Figs. 10.2.17 and 3.4.30). This was dcsi~ned 
bet\veen 1936 r~nd 1953 in about 70 nearly equal turbines of about D - 1,s In by the firm 
Escher \\:);ss (now Suizer Eacher Wyss), after an initiative of A. Fischer, 011 the West 
Gsrmnn rivers Iller. Lech, Saalach. 

H c ; ~  tllc rotor of tiit '  nlterilntor shrank on the rim of the runner is effxtivcly water-cooled 
il~ld possisses \he desired high fly-wlieel mass. Fip. 10.2.17 shows the decisive seal on the 
frant hces of the shroud (rim), that reduces the leakage to some lis (in case of about 2 m 
S U ~ I I I ; ~  diameter). bur onl! proof iigainst water with no sand suspension. Ziirrr~rr [10.25] 
reported good opetiitin: experiences but also initial troubles wi:h those ninchines during 
service. 





Fig. 10.3.9. Co~np;irison of the 
works ~ C ~ H ' C C I I  ;I vcr[ic;~I K ; I ~ I ; I I I  I 
zonti~l bulb un i t ,  f rv~i l  Ct:rillon [3. 

civil 
.ill-hinc 
1231. 

vert~cal shaft Kaplan turbine I 

bulb unit 

Except for orie double yeguiated turbine shown in Fig. 10.2.17, this design was ~~\r?cic with 
fixed runner vanes. Since the runner blade adjustment needs a radial clearance of the 
outer pivot of the vane, u,hich must transmit the torque, a quiet running rim needs at least 
a radial support by a guide bearing. This is found in the Straflo turbine 110.22; 10.29 to 
10.321. 

In any TT the axial thrust of the runner has to be transmitted from the thrust bearing 
support in the bulb via stay vanes into the surrounding concrete by long anchors (because 
the ad~nissible shear stress between iron and concrete is only 2 bar). If an outer radial 
support of tlie rim generator is required for runner vane adjustment, it is also possible to 
trcnsmit the axial thrust originating from the runner vano (at least partiaily) through the 
latier to  an axial thrust bearing on the rim. Hence the hub and its stay vanes, now 
disloaded from the torque and possibly pa1 tially from the axial thrust may be designed 
slim and usefully streamlined to the flow. 

This was also the main idea of the "Straflo" design of Sulzcr Escher WysS. Here the radial 
aad ever~tualIy also the axial bearing of the rim consists of a number of water-lubricated, 
self-adjtlsting hydrosta?ic water heads (supporting sources), uniformly dis!ributect over 
the circumference. These water heads serve simultaneously also, in connection with 
labyrinths and rubber Iloses, to repulse sand from the working water (if existing). See 
Figs. 10.2.18 and 19 [10.29 to 10.311. 

Fig. 10.2.20 shows the self adjustment of such a supporting water head in the case of any 
disturbance by tilting. Ta obtain the same tangential force from all the outer blade 
trunnions, these are linked to the altcrnator rotor by nearly tangential oriented plungers. 
The load on the latter is equalized by interconnecting their oil cylinders, which are 
attached to the alternator rotor. 



Fig. 10.2.10. Elevation of BT Rock Island, Columbia, Washington, USA (owner public utility no  
1 Chelan County Washington). (Neyrpic design). 19, = 12,l m; n = 85,7 rpm; P = 53 MU'. T o  date 
the largcst bulb turbine with rcspect to output. 3 guide bearings. Runner D = 7,4 m;  servomotor in 
the shaft. (Drawing courtesy Neyrpic). 

Spherical articulations at the ends of the connecting rods also facilitate a tangential load 
compensation when the alternator rotor is not coaxial to the runner. 

The space requirements of different types of axial turbines call be secn from Fig. 10.2.21. 
This shows that at a given runner diameter, the Straflo turbine requircs only 70% of the 
space a bulb turbine needs. Therefore the Stratlo turbine design seems to be predestined 
for the harnessing of tidal power in its largest style. 

To prove this, a prototype with 7,6 m runner diameter and P = 20 MW rnaximum output 
is now installed in the Canadian tidal power plant Annapolis, which has a single pool 
scheme with single effect (Figs. 10.2.22 and 23) [10.32]. 



Fig. 10.2.1 1. Elevation ~ r f  BT Racinc. C?!~io. US,\. (Desi;!i Suller Escher Wyss) 2 sets. H, = 7 m; 
1 1  = h2,l rpm; P - 24.6 \ l \V.  1.0 date thc largcst UT \vi:Ii rcspcct to runner diameter: D = 7,7 In. 
Altertlator overhut~p. semi-iimbrcll;~ dcsigrl, 2 guidc bc::rir~gs. Piston of the runner servomotor 
screwed on thc h ~ t b .  Rulb crnbcJ(lcJ In coricrcte of the int.ihc pillar. From :\I. l~ollerntt.in, I.1! Soland: 
Dic Rohrturbinei~ i'iir das Krnftwcrk !<acinc. Ci i '  Mitt. 19S1;52 no 1 p. 13i16. (Draning courtesy 
Siiizzr Escher IVyss). 

T o  date tidal po:vel- has been harnessed in a larger scale in the French station Rance. This 
is r l  sinzlc pool :an(! doublc effect scheme equipped with reversible lixirll pump turbines 
of the bulb type. the prototype of \.chic11 is seen in Fig. 10.2.15 [10.145; 10.1461. 

With respect to their adjustable runner vanes, all turbines with this device are basing on 
Kaplan's patent. This includes also dirlgol~al turbines of the Deriaz typc (Fig. 3.4.32). This 
turbine may also Lippear ni th  a horizontal shaft then beins a cross breeding between 
dii~sonal and  bulb turbines, as has been implc~nented in the machines of the plant Guijo 
de Granridilla, Spain, built by Sulzzr Escher illyss (Fig. 10.2.24) [10.28]. 

10.2.4. General li~llitntions and reasons for Kaplan turbines 

a) In  the field of plants with small and  stronsly varying head, greatly varying discharge 
consumed by a few sets only, KTs with runner vane adjustment at leilst, are the more 
economical solution. provided the head is below about 30 m. This follows mainly from 
the higher speed of  a K T  ( K u  between 1,2 and 2,4) compared with a F T  ( K u  between 0,65 
and  1.1) at the same head and output. 



Fig. 10.2.12. Elevation of J3T Mclk, Danubc, Austria (owner ~stcrrcichischc Donaukraft\\.crkc AG). 
9scts, 3 built by Vocst Alpine, l.inz, Austria. H = 8,2 m;  11 = 85,7 rprn; 1' = 22,3 Mi+'. Prcliniinary 
model tcsts by Vocst, final tcsts at  Anstro, Grnz. Ru~:ncr: D - 6,3 m ;  4 bladcs cast in sininlcss stcel 
Cr/Ni 1316; hub cast in stainles-; steel Cr/Ni 1314. Throat ring with lining of slainlcss stcel. 2 guide 
bearings; all be:~rings oil pressure lubricated from o ~ e r h c i ~ d  tank. For start up and shut clown special 
pumps. Spccial alternator hatch. Welded guidc vanes with sclf-lubricated bcarings for the tri~nnions, 
links and regulating ring, operated by 2 servolnotors with closing weights. Links with safety devices 
(telescope springs), gate ring locked in the end positions. (Drawing courtesy Voest Alpine, 1,inc 
Austria). 

b) For heads larger than 30 m, a K T  has always a larger runner diameter D than a FT. 
This results mainly from about 25 % blockage the throat section of a KT experiences 
from its hub. Hence above 30 m head (Fig. 10.2.25), a KT  is installed only if large 
variation in head and discharge justify this design for its flatter eficicncy vs discharge 
curve and hence for its supcrior efficiency, when operating away from the bep. This 
advantage rnust be more wcighty than the additional cost of a K T  which is radially and 
axially rnorc extensive than a FT. 
C) If the higher submergence of a K T  does not result in large additional excavation cost, 
Cg. if the KT  is located at the base of a dam whose reservoir serves as tailwater. 
d) If thc customer insists on the runner being fabricated in the workshop and if the 
hading gauge of the admission roads o r  railroads is limited, thcn by separating the hub 
during transport a KT allows for the installation of a more powerful set than a FT 
design. 



FIS. I O  3.17. a) S ~ i t i ~ ~ ? a l  drawing of UT Asele, Swede11 (owner Swedlsh state power board built by 
KaMciVa XB, S ~ c d e n )  H = 10,l m, P = 28,3 MLV,  n = 93.8 r-pnl, runner D = 6,l rn. Alternative 
design with overhuilg alternator rotor and thrust bearing betwecn the guide bearings (below) 
(draning courtesy S;Yhl&a, k is t incham,  Sweden). 

Since tile runner vanes of a KT cartbe transpor!ed separately, the upper limit of size, the 
requirement of transport usually imposes on the hub, is actually conceived to be 4,4 m 
( Fig. 10.2.7). 
eI Provicled the suppositions under b) to d) are accomplished, no difficulty exists nowa- 
days f"r [he installation 01 I<Ts up to a head of about 90 ti1 and outputs up to 200 MW. 
f )  The upper head limit actually reached by KTs is now 111 = 73 m at Orlik, Vultava, 
Czechoslovakia ~vith 2 sets of SO MW output. 

In the head range up to 25 to 30 m the K T  i,c installed in semi-spiral casings of concrete 
rcicforced as the head rises. Above 30 m full spiral casings of reinforced concrete, lined 
with stecl are used. 



Fig. 10.2.13. b) Perspective sectional view of BT at Avesta-1,illfors (owner Avesta Jernverks AD). 2 
I T S  built by KaMeWa AB, Sweden, commissioned 1981, 1952. gcr~erator with planetary step up  gear 
d 2 stages. H, = 5,3 m, H, = 6,25 m, P, = 14,3 blW, 11, = 65,2 rpm, ,I, = 750 rpm. Runner 
D = 6,1 m. Most powerful geared BT. Gear efficiency 99,2%, gear weight I 8  tons manufactured by 
kal Lrtval. Generator 10 kV, efficiency 98 %, weight 33 tons. Total weight of unit 461 tons. Standar- 
dizcd high speed synchronous generator. Reduced bulb diameter and herice narrower water pass- 
&@. All internal parts can be dismantled through a large access hatchway without dewatering the 
'nil. Erection time only 16 months for the sets. The rated voltage can be adapted to the voltage of 

grid up to 13,s kV. The unit transformer is thus eliminated. A fly-whcel can be attached to the 
high speed shaft to improve governing properties. The design opens possibilities for standardization 
d lhe co~nplete plant. The final result will lcwer the investment cost and improve the overall 
-nomy. (Drawing cotirtesy KaMeWa, Kristineham, Sweden). 

. 

pitting by cavitation, runner vanes of stainless steel are used for heads above 
I0ln. For heads lower than 10 m, at least the outermost part of the runner blade must 
hlined with stainless steel. In any case the throat ring should be lined with stainless steel. 
his holds good especially for throat rings embedded in concrete. The draft tube iniet 
%on is lined with steel in stations, where the velocity is larger than 6 m/s. 



Fig. 10.1.14. I:i<\ii!ic)tl  of tllc IIT Kiciv. D~ijcpr. IJSSIl (owner State Po\vcr R o d  of USSR), 20 SC(s 

l d u s i ~ n  LSiZi. El = 7.7 111: 1 1  -- 166.6 rpm; I' = 16 CIMi. (Dra\:.iii$ courtesy I hl%, 1-cningr;,d, 
CSSR). 

Fig. 10.2.15. Elevation of BT Eeaumont-Monteus. France (owner EdE') (Design Alsthom Neyrpii 
H = 1 1,3 m: rl = 150 rpm: P =. 9 31 W. Prototype for tidal power nlachioes of !he "Kancke". ( D m  
ing courtesy Nzyrpic Grenoblc, France). 



Fig. 10.2.16. Elevation of a B'T with inclined shaft ar Trier, Mosel, West Germany (owner Ilheinisch 
\~estfilische Elektrizitatswcrke AG, Essen) 4 sets (Design Sulzer Escher Wyss) with planetary gears 
Krupp Stockicht. ti = 7,7 m; I I  = 781750 rpm; P = 4,4 MW. Runner D = 4,6 In, 3 bl;ldcs; servo- 
motor welded ni th piston bolted on the hub. Generator rnountcd through streamlined ;iccess pit to 
the bulb. Drive of the conical guide apparalus wit11 spherical :trticuldtions. Safety d c ~ l c c :  bucklinc~ 
links. A flexible cxtcrn;il gear and gear coupling between the sunwhecl and the alternator rotor 
f~cilitate uniform load distribution of the 3 planet pinions f ~ r  outputs up to 10 MW. A11 Mosel BTs 
scre equipped with such gears. Minor failures of these gears and thus lost working time havz 
~nduccd the owner to limit their use in future designs. (Drawing courtesy Sulzer Escher Wyss). 

10.2.5. The design of ail axial turbine 

10.2.5.1. The optimization of runner diameter D 

I. With respect to  efficiency: As known from Cap. 5.5, the runner loss of an axial machine 
can be approximated by h:, = r: K O  Ku/K c,, where E is the glide angle of the average 
cylindrical vane section, Kc,, = c,,/(2 g ~ ) " Q h e  coeficient of a mean meridional velocity. 
K u  = lrl(2 g ~ ) ' ' 2  the coefficient or the blade tip speed, K O  the following function of  the 
hub to tip diameter ratio N: K O  = (2/3)(1 - N2)/(1 - N 3 ) .  N follows from Table J0.2.1. 

For the case of whirl-free flow downstrea;,l of the runner, the draft tube loss as the other 
relevant loss in the turbine reads after Cap. 5.5: IT: ,  = (, K c i ,  where [,is the diffuser loss 
mfficient. Hencc the loss ratio of a KT is approximately 

h;,  = E KO Klr!l< c,, + (,, Kc:,. (10.2- 1 )  

k m e  a certain design, for which the operating data, namely head H ,  flow Q a n d  the 
%ular velocity w are known. Then continuity and the relation u = o D / 2  give the 
docity coefficients as  functions of the runner tip diameter D as follows 





Fig. 10.2.18. Elevation of a double regulated straflo turbine Weinzodl, Austria, 1952. 2 sets built by 
Sultcr Eschcr Wyss (patentee). 11 = 10,3 m; 1' = 8,35 MW. Shroud axially and radially supported 
by self adjusling water hcads according to Fig. 10.2.20. Therefore the thrust led off into the hub is 
rtlatively small. Contrary to the dcsign in Fig. 10.2.17 the runner blade adjustment is trouble free. 
Also for sandy watcr. (Drawing courtesy Sulzer Escher Wyss). 

Inserting this in (10.2- 1) thc loss reads 

"here K ,  and K 2  are parameters, depending on the design ( E ,  i,, N and KO) and the 
"orking data (o, Q, yH).  Making the loss a minimum by dh:,,/dD = 0, gives an optimum 
diameter with respect to elliciency (4) according to Keller [4.9] 

1 L  With respect to suction requirement: According to Cap. 8.2 the suction head reads 
'1 = l-I, - h,, - a H, where the barometric pressure head I-I,, the head of critical pressure 
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Fig. 10.2.21. Scl~emes 3f d i k r e n t  axial turbine designs and their. space requirements for civil engi-. 
noering work in elevation and plan. 1 straflo turbine, 2 bulb turbine, 3 tubular S turbine, 4 vertical 
Kaplan turbine. From ~lli'llcr, H.: Choicc of hydro elcctric cquipmcnt for tidal encrgy. Papar; 
Symposiunt tidal power, Scoul, Korea 1978, special issue Sulzer Eschcr Wyss. 
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~ i ~ .  10.2.22 Longitudi- 
na l  section of power 
h o u s ~  311d strnflo ~ L I I  bine 
,,,,,l;lpolic, I-.untl y Hay, 
C3n3Ja (.At l:111t ic Coast). 
prototype of sirlglc effect 

power 1.dant. Annu-  
al 50 G\Vh. 
From A. DOUJPIU, G. n. 
srr\%lurt "ld dV 11leier 

11.591. 

h, and the head I1 are given. According to Cap. 8.2, NPSH cnn be expressed by the 
pressure number of the critical point on the runner vane face 1 and the draft  tube 
clficie~lcy = 1 - CD as NI'SN = I11 [i. Klr2 + (ilD + 1,) Kc:,]. Inserting here Kc,,, and K I I  
froln ( 1  0.2 - 2 )  gives 

 lak king a a. minimum and hence also h, by d h T P S N / d D  = 0 gives the runner diameter 
with respect to suction requirements 

111. Critical comparison of both the optimum diameters on the base of cost: Both the 
optimum diametcrs after (10.2-4) and (10.2--6) optimize the turbine under certain 
aspects. Experience shows tha t  Do,., < Do,,,,,,. Usually the suction head 11, is small 
compared with L). In case of ;i K T  ;h.lth a vertical shaft the bottom of the dr;l!'t tube bend 
is more than 2,5 D beloiv t!le runner exit. This gives additional exca\ration cost propor- 
tional to L)" Thus D,,,,,,,, > Do,, is not always the cheapest solution. 

This reveals that only in the case of a KT with a horizontal shaft does Do, N,,I, result in 
a more economical solution with respect to  excavation cost. 

Ifthe diameter is small as comp;ired with the suction head (high head) then also Do,v,,r,H 
gives the more economical solution conce r~~ ing  excavation cost. JJoi~ever  the excr:vatlon 
cost depends also on the structure of the ground. Moreover it is only a portion of the cost 
due to fabricating, erecting and operaling n set. This last item merits a more detailed 
considera tion. 

The cost of making a set, including erection but without ground excavation is assumed 
lo be K ,  = k ,  Dn', where r n  = 2,3 to 2,5 and k ,  an empirical cost factor for a s i~ni lar  turbine 
with D = 1 m diameter. The excavation cost is approximately described by K,, = k,, .?I3 
where k,, is an empirical cost factor depending on the quality of the ground. 

To this might be addcd tLc following operation-linked cost of thc set during its z years 
of useful life: 

f ie  set has a unit power P , , .  Then by the similarity Inws the output of a set, head gH, 
diameter D, is P = PI,  D? ( O ~ ) 3 1 2 .  During the z years of its useful life it might work 
annually for h hours under rated load P and might suppiy its energy at a constant 



Fig. 10.2.23. Elevation of a gate regulated straflo tsrbine of the single effect tidal power plant 
Annapolis. Fundy Bay, Canada. H = 1,4 to 7,1 m; H, = 5,5 in; n = 50 rpm; n,, = 98 rpm; 
I: = 18 MW; P, = 20 MW. Runner: D = 7,6 m;  4 blades. 18 adjustable conical guide vanes. To date 
the largest tidal power and straflo turbine. Flywheel moment G D Z  = 12800 t m2. Rated voltage at 
alternator terminals 4.16 kV. Governor pressure 100 bar. Guaranteed bep efiiciency 0,89. From 
A. Doun~a 3. G. D. Ste~vurf :  Annapolis Straflo. Special issue Sulzer Escher Wyss. 

electricity rate k,, which also comprises the operation, maintenance and replacement cost. 
With the interest factor a (Cap. 4.2), the present value of the loss (10.2- 3) during z years 
at  the beginning of power generation reads 



Fig. 10.2.24. a) Elevation of a newly developed high hcad diagonal bulb PUT also applicable t o  tidal 
po\llcr. Plant Guijo dc Granadilla, Spain (owner: HEE, Madrid); design Sulzer Escher Wysc. If = 21 
10 25 m; n - 130,4 rprn; P = 27 to 26,3 MW. 2 sets, rotor tip diameter at outermost point of blade 
axis D = 4,74 m. 2 guide bearings, both rotors of overhung design. T o  transmit the axial thrust into 
the concrete, the flange of the stay ring is fixed by long tie rods. Special hatch for the generator. 
b) Schematic vicw in elevation and plan with space requirements in terms of the above rotor 
diameter. (Drawing courtesy Sulzer Escher Wyss.) 

Hencc t h e  resulting cost  o f  t he  mach ine  d u r i n g  its z years  of ope ra t ion  a r e  

When t h e  d i ame te r  varies by  AD t h e  resul t ing cos t  varies b y  

AK,,, = [m k, Dm- ' + 3 k,, D2 
+ k,ak PI, (g1 i )312(5  K l  (0D4 - 2K2 D e 3 ) ]  A D .  (10.2- 8) 

f i b m e  tha t  t h e  variat ion of  d i ame te r  corresponds t o  the  difference AD = D,,,,s,, - D,,,,,,according to (10 .2-4) ,  ( 10 .2 -6 ) .  If AD in t roduced i n  ( 1 0 . 2 - 8 )  yields a posi t ive 

value oKAK,,, then the  o p t i m u m  d i a m e t e r  Do,,  has t o  be prcfcrred. T h i s  d e p e n d s  
decisivelyon t h e  difference (5  K ,  o D4 - 2 K 2  D - 3 ) ,  where  
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Fig 10.2.25. Anticavitation fin on a K T  runner blade. K T  runner of Vangen Norway (owner Oslo 
Lys\vcrkcr) in tiic Vevey Engineering Works, Switzerland. H = 50 m; tl = 250 rpm; P = 35 MW; 
8 runner bladcs. (Photograph courtesy Vevey Engineering Works, Switzerland). 

10.2.5.2. The "best possible" type number (specific speed) 

AK, , ,  = 0 yields an optimum oJ(10.2 - 8). Ignoring a vanishing square bracket value of 
(10.2-5), this needs A D  = 0 or  

Dop N P S H  = Dop q - (10.2- 10) 

Obviously such a turbine combirles the lowest possible internal loss with the cheapest 
suction requirements. provided the operating data yEi, Q and o are given, and the 
parameters E, CD, N, I., tlD = 1 - iD  are known. Thc last relati011 yields a nondimensio~ial 
specific speed (type number), according to  Cap. 9.2. nb = o Q1i2/(gH)314, depending only 
on tile above mentioned parameters due to the suction qualities and efficiency 

Once H and Q are known the last relation determines the optimum angular velocity of 
the set by 

q N P S H  = nb o p q  N u s H  ( ~ H ) ~ ' ~ / Q ' ~ ~  (10.2- 12) 



. . 
Obvio~Sly in rclittion (10.2- I l ) ,  in connection n-it11 (10.2- 121, if  n~,lp,,.,s,, IS In 111,: riln$e 

;lxinl turbine. which ilccds r(, > l ~ z ~ , , , , ~ , , , , ,  might be callcd "the he51 possible tgpc 
nu&cr" (specific speed) of an  axial turbirie. 

The known diameter gives by lneans of Q, gH and (10.2-2) thc velocity coeficients Klr 
and Kc,, .  The velocity coefticicnt due to thc so-called deflection dc, = cU2 - c,, is ob- 
t3ined from E~lev's relation by K A  c, = q,/(2 Ku) ,  where I!,, is the peripheral efficiency. For  
the bcp the whirl at the runner exit approxirnately vanishes. Hence Kc,,, = 0 .  

for sin~p!icity the meridional velocity c,, is assumed constant over the radius. Hence a!so 
KC", = COIIS~ .  With K I I ,  KC,,,, KAc,,, K c , ,  , the velocity triangles may be p1ot:ed for an  

cylindrical section. I-Ience also the so-called undisturbed throu~hflo\v velocity 
K = (1; lv l  + K 1v2)/2 (Cap. 6.2). For  c,,, variable, see 10.2.8. 

10.2.5.4. Design features of axial turbines 

Table 10.2.1 shows some i~nporlant  design parameters of axial turbines as filnctions of 
the specific spccds I ] , ,  II,, 1 1 ; .  From this it is seen, that the hub diameter D, increases in 
relation to  the tip diameter L) with the head H .  This follows from the fact, that all axial 
turbine has a large reaction degree (0,6 t o  O.9), hence the specific axial thl.ust nearly 
equals @ O H .  This loads the ring-formed cross sectional area of the rotor's flow passage. 
The strength requires retaining the axial thrust per runncr blade and hence an  increase 
of vane number with head. This also implies an increase of thc hub  diamcter, since the 
hub has to house the vane drive linkage due to a rising vane number. 

To reduce the cost of excavation, N P S H  = G H increases less than proportionally to the 
head H. Hence the cavitntiori index a varies more than inverse to  the head. T o  retain the 
cavitation susceptibility the chord to  pitch ratio Ll t  of the outmost cylindrical section 
varies with H,,,,,. The ratio I,/t of the inmost cylindrical section can be unders~oncl, if the 
Bauersjkld equation (Cap. 6.3) is accounted for 

where c,, is the lift coefficient in the cascade, roughly K  ~r?, = K u .  From Errlcr's relation 
K Ac, = 11,,/(2 Ku). This in the last relation gives iAG % ( t / L )  r l , , / ~ ~ r 2 .  Since t lL vs r- varies 
between 1/r and constant and since Ktr - I., the lift coefficient after the last relation 

- becomes largest at  the hub. I-Ience C A G  ,,,, - I , ,  ,. 
To avoid stall C A G i  I 1,4. Hence with Ku,  = N K u  

With the above, the pitch to chord ratio a t  the hub  follows from (10.2- 13) with lAG = 1,4 
(or so). Usually Llt drops somewhat with the radius. This may raise the susceptibility of 
the outmost cylindrical section to cavitation in favour of a lower mass of blade and  hence 
of torque about the pivot iri  consequence of centrifugal load. Ftirther procedure for vane 
design, Cap. 10.2.10 and [10.11]. 

ra2.6. Rapids turbines for using kinetic energy only 

10.2.6.1,~undamcntals, design, head, discharge 
\ In its 1owef;t head range, namely 1,5 to  2,5 rn, and in its variant as tubular turbine, the 

KT can be ekpployed to use only the kinetic energy of river rapids. The problc~n concerns 
\ 



4 
rapids with vclocitiss of 5.5 m,!s i111d nlorc 3s they may occur, c.g.. in tbc Am;lzok~ 
\;iluec corrccl,ond to a head :~hout  I ,  nl. Such :I turllil~e (Fi:. 10.2.26) is kept 
stream o l  ;I si.:er. possibly by 1nc:liis of a float. a.lchorccl to the pro~illd (Fig. 10, - 
I n  tlicse !urbines thc kinztic energy of the flow is exclusively used by difrusio~i in th 

elr( iubc. In the intake of this design the kinetic encrgy amounts to about IFO?/o ofthehi 
now-defined a s  g l I  = (c i ,  - c:)/2. Flcrice this part has to  be made :IS sl?ost as possibli 
minirnize losses. > 4 

In b set uithout guide vanes beforc the rullner and hence a whirl velocity c,,, Pal 
runir?r, the stay vanes, wliich support the bulb of the dr;lft tube, may be used to nu,,, 
this whirl velor-ity up  to the draft tube exit (Fig. 10.2.26). .d 
Because of thc low speed due to  the srllall head, the application of  a step up gear betv 

- 7  

turbine and sererator  seems to be advisable to reduce the cost of tile generator. 
"; 

This  can L;: cffectetl by a spur gear (Fig. 10.2.26) with a g e ~ e r n t o r  laterally displa$ 
tvi thin the hub. With such a simple gear, which any turbine maker is capable of machiniC 

Section A-A B - A 

Fig. 10.2.26. Longitudinal section znd cross 
section of a BT for river rapids. Author's 
proposal. 1 run1:cr without guide apparatus; 
2 bulb 13terally squec7ed to house a 3-stage 
step u p  sprlrgcar 3 for the alternator 4; 5 stay 
towcr; 6 stay cable; 7 tie rod in the rocky river 
ground ( i f  esisting): S adjustment screw; 9 
curvcd stay vane to nullify the whirl past the 
runner. 

Fig. 10.2.27. Longitudinlll section of a BT 
for river rapids with a 2-stagz step up 
plai~ctary-gear 3 for the alternator 4 in the 
bulb. 5 draft tube; 6 exit; 7 adjustable stay 
cables; 8 floet; 9 aerofoils; 10 stabilizing 
fin; 11 ir~let velocity profile; 12 river level. I 
intake, 2 runner, 14 eventual bends at inlet 
and outlet. At depth t i  and river level alti- 
tude hi given (i = L, II), the altitude of point 
i becornes hi = hi - ti. Proposal of author. 

.. - -  Only possible in rocky bed. 



llis ow11 \vorkshop. tllc ~nnkcr  docs not depend on f n r c ~ ~ r i  sllpplicrs in cnqc of hilure. 
in I t  c.111 he done ~ I S O  h\. means of i1 plilll~till.). E C : I ~  br~nying t h ~  ~lipllt illid 011tp~1t S1l.lfth 
But lint (1:lg. 10.2.27). f ;~c~ l~ t : i t~ng  :I stre;iml~lled Iiub. 

case of :I directly coi~plcd 2cncr:ltor (Fig. 3.4.29) i t  sccms advisable. to pins the sllaft 
,hrougI~ the bend of thc draft tube, on \ilhicli as i t  \ircre tllc gencrntor no\ \  rides. 

nc llloorine of tllese sets 111ust bc so flexible ;IS to illlow tlic set to follo\v the river lc\-el 
., 10.2.26). The (Icsi2n of such ;I ti11 hinc has to start from the head. gi\en by (Fie 

Y = 91-1 = [ I  - ( A , , / A , ) ~ ]  cf, j2,  (10.2- 15) 

,,,here c,, is the flo\t.-averaged velocity at thc intake 11, A , ,  the cross sectional area of thc 
biter, A,  the same of the exit I. Assume c,, to be ~lniformlj. distributed o\.er ..4,,. 
colltinuity gives the discharge as 

Since ground cxcn~~at ion here is no problem. the turbine 1-un11cr is to be optimized \vith 
to efficiency. Inserting the above head rind discharge \\lit11 the ;~bbreviation 

3 = A , , / A ,  in the formul:: for l l , , , ,  (10.2 -4) gi1.e~ 

Combining both thc terms wit11 c , ,  in this relation 2nd introducing the diameter ratio 
I = Dog l , , /Dl ,  = D i l l l I  then 

ti from (10.2 - 15) ant1 Q frum (10.2 16) yields the rcsulring po\\.cr, shaft ef'ficicncy 11, of 
i sets as 

~ = ~ ~ ~ l Q i ~ j N = n i ~ ~ f ~ ~ ~ ~ ~ ~ ( l  - , ' J 2 ) 8 .  (10.2- 19) 

In general the dtnmclcr of the exit is kno\~rn from the depth of the ri\.cr. \ l i t11  the ratio 
3 = A , , / A ,  betiveen 0,5 to O,I ,  an  efficicnc) due to diffusion could be defined as 
g,,, = 1 - 3', being between 0,75 to 0.99. Once ,') IS  bet, [he inlet diameter follows from 
A,  known and A , ,  = 3 / I l .  The power of one sct I S  P - 1: 1 .  

Expressing P, by (10.2- 19), putting no\v  D l ,  = D , , , ! z  \i;ith I),,,, from (10.2- 18).  rhe 
optimum angular velocity reads 

An example may illustrate the application of the above rclatlons: Given P, = 10 M W  
-, = 10 - 10" W. (.,, = 8 m/s (corresponding to  a hcad of 1-I = 3.36 m); 3 = 0.1 ; A' = 0.39; 

K O =  0,745; I,, = 0,85; c = 0,03; p = 10%g/ms; 11 = 0,85; 11, = 6.3 m ;  3 = 1,2. 

From this with 8 = ( D , , / D , ) '  the inlet di;imotcr is obtaiiicd as D l ,  = 2 m. Thcn  from 
= IT ilf, c:, 11 ( l - ,9')/8, thc o u t p ~ i t  of onc sct: P = 6x8 . 1 O" W = 0,668 M W. klencc 

Ihe numbcr of scts by i = Y,/P = 14,s. in round figi~rcs i = 15 sets. Inserting I-' irl 



( 0 2 - 0 I = I ,  r I I ( 0  I = I 5  rp!n. I I C I I C ~  thc rullller blild 
\;x.ckl 1 1  = 0,j ( 1 )  Y D l ,  _- Itl:! 111 s W ~ t h  ~ l i c  Iicatl Ihc cocl'licicrit oI' bladc l i p  

K I I  = 2.-13. ~ I ; I \  r:~tlicr 111gIl V , I I L I C  co~.rc~poritIs to Io \v  1ic;id. Tlic f l t ~ ~  r e s l ~ l t ~  
C J ~ .  10 2 i Q : 2 . 3  111 ', 5 ,  whc~lcc ib1111 y t l  = 3 1 .S rn', s' Ilic type n 
,I; = (11 Q1 2 , ( [ 1 1 / ) '  = 4.67, or  1 1 ,  :!l,ou~ 1000 (see l'ablc 10.3.1). Furtlicr D = 

= 6,5 m s; / ) ,  - 18.4 Kotntion;\l spcet! realized: 1 1  - 156 for ;i grid with GO Hz. C.", . 

10.2.7. Sornc remarks abol~t the riirlr~er chillnber arid distributor 
'# 7 

The schern;~tic elevation (Fig. 10.2.28) sho?vs thc proportions of lhc runner chamber. F~~ , 
tHc lower hcad range up to H = 30 m thc throat ring Iias a sc~ni-spIlt.rical form. Hell@ 
at least past the plane of the blncle axis, the runncr black has ii constant clearanct..  hi^ 
arrangement Facilitates all asscrnbly and dis~iin~itling of the rotor. 

Fig. 10.2.25. Illcvalion of a K T  with 4 to 5 
bladcs. 

For heads above 40 m, a spherical throa: ring above the blade axis is preferred. This 
requires a separate insert of the throat ring which has to be rerno\:ed before dismantling 
the runncr, (Fig. 10.2.3). 

I11 a nelded clcsigt;, the elliptic profile of tnc flow deflection shicld on thc head cover may be 
appro.uim,rtr.d b!. a pol~pon. To prevent stall and hence cavitation and uristeatly flon~ at the outmost 
s! I ~ i ~ d ~ i ~ a l  runner vrlne section, the elliptic proiile of thc gatc bnsc ring cannot bc approximated by 
h u c h  ,i bvcldcti polygon construction, even if this is made sometimes. 

The flow bcfore thc runricr through the v;incless spacc is dctcrminccl by thc gatc positio~~ and the 
seomctry of the ciistribtltor. This is trentcd in thc followin_g for the gcncral case of a conical 
distributor under the itssumption of axisynin~etric flow but accounting for the streamline-linked loss. 

10.2.8. Flow prediction in the vaneless space and distributor 

I. The flow in the vaneless space between the gate and runner: 
The following assumptioris are made: Steady axisymmetric flow along the skeletons of the 



Pa 
1, v;~ncs. Stre:imLlcc-linked loss and n l o ~ n e ~ l t  of momentum. The loss is accounted for 

try nsst~ming thc grndie~it oliihsolute flo\v cllcrgy in  an nxisymmetric f lcw l:lnii~l:~ of depth 
bsilh liydral~lic dia~netcr 2 1) to be (grad Y,I = i c 2 / ( 4  b) ,  \ ~ ~ l i r r e  is a loss col:f!icient, and 

the ;lbsnlute velocity at the station considered. 

Frolll the equation of motion grad Ya = c  x curl c ,  tile component in the 11-direction, 
norlnel to  the stream facc becomes 

([/4 h) c 2  rio = (c  x curl c) ,  t i 0  , ( 1 0 . 2 - 2 1 )  

*,here r ro  is the unit vector in 11-direction. This leads to  the following relation for c,, 
and c,, 

dc;,/dn + ci, ( 2 / R  - [/4 b )  = - ( 1 / r 2 )  d  (c ,  r)2/lin + [ (c,, r )2 / (2  b  r') , ( 10.2 - 22)  

*-here the moment oC mo~nentum c ,  r  due to  a stream face is assumed to be ki io~\ .n  from 
flow pattern preliminarily set and then improved, and the c,,, distribution at the gate  exit 

in ,,-direction (treated later on). R is the radius of curvature of the streamface in the 
meridian. The solution of the last equation is given by 

where 
(n)  = 2 / R  - CI(4 h ) ,  

f2 ( n )  = - ( 1  / r2 )  d (c ,  ~ ) ~ / d r ~  - [ (cu r )2 / (2  b  r2 )  . (10.2-25) 

The values r ,  R and c, r  are streamline bound and  therefore func:ions of 1 1 .  They are found 
by trial and error from a reasonable strea~nline pattern. c,,, = c ,  (iz = 0) results f rom the 
given flow by ineans of continuity 

where ni is due to the hub. 

11. The flow within the vaned conical distributor: As a geolnetrical feature, the anglc r 
is introduced in a plane normal to the gate axis between the vane skeletorl and circum- 
rerence. The  gate stem makes an angle 11 ,  with the axis of the turbine. At an  arbitrary 
itation, the mcridional streamline makes an  angle 11 with the radius (Fig. 10.2.29). The  
lssumed flow along the vane requires 

C, = C ,  cos (11 - pO) cot a .  (10 .2 -  27)  

hserting this in (10 .2 -22 )  brings 

f4 (n) = 2 / R  - ( [ / 4  b )  [ 1  + 2  cos2 ( p  - p,) cot2 a] 
+ (111-9 d [r  cos ( p  - / lo)  cot a] ' / d n .  

t. r, 11 and a are functions of n and linked t o  the flow pattern pre1imina:ly set, a n d  then 
nproved by trial and error. Approximately 1/R = 0, / I  - p, = 0, a = const, r = r ,  
- n sin / l o .  The  solutiori of (10 .2-28)  is given by 



Fig. 10.2.29. Elevation of the B'r at /\Itenworth, I>:tnubc, Austria (owner &terreicliischc Donau- 
krnfttvcrkc AG). H,, = 1 3 3 7  nl; 11 = 103,4 rpm; P, = 41.2 MLV (Voith design). For rnounting a 
special hatch of the alternator. 3 guide bearings. Conical guidc apparatus with closing weight. 
D = 6 m. !Ilrawing courtesy Voith). 

where c,, = c, ( n  = 0 )  is obtained from the known flow Q by continuity of the form 
(10.2-25).  

Example: Axial distributor with 11 = 11, = n/2, a = const, [ = 0, dn = - clr. Now 
A = 1 + cot2 x = ],/sin2 r ;  j; = - (2 /r )  cot2 a;]:,./ f, = - (2 / r )  cos2 cc and 

, cos2 a Irt ( r / ra)  = 2 In (r, /r)  cos2 a. - j u 4 ~ j , ) d n  = - 
0 

Hence c,, = c,, (r,/r)'"" ' and c,  = c,, cot x (r.,/r)c0'2 ". Continuity yields 

c,,, = Q ( l  i- sin2r)/(2nr:[1 - ( ~ ' ~ / r ~ ) ~ + ~ ~ " ~ ' ] ) .  

A 3-dimensions: calcula!ion of thc flow from the euide vane to the rucncr was presented by Protic 
[10.146]. In order to reduce the loss and t o  obtain a peripherally uniform inflllx, a modcl of the flow 
ill a semi-spiral casing was developed by Cornigliorz [10.147]. An experimental analysis of the flow 
in the axial region of rhe runner was given by Bettochi [10.148]. 



10.2.9. Tidal power turbines, layol~t 

1. ~ e n e r a l  rcnl~i~rks: The  low h c ~ d  dile to thc lidss prcdcter-mi~~cs the axial t l~rbine in its 
desigll as a BT, ST 0:. a ?'T (scc Fig. 10.2.15) to harness tidal po~vcr.  For the case nf double 
a c t i ~ ~ l  plants with one basin (Fig. 10.2.30, 1 b), this is done by a rnncliine cap;tblc of direct 
and reversed turbining, and - if  necessary - also of direct atid reversed p i ~ t n p i ~ ~ g ,  see 
F ~ s  1.6.2. 

~]~crt'Kare the special features of such a n  axial tubular pump-turbine for direct and 
reversed flow in both the modes of operation are considered. 

Imagine a turbine of the bulb type (Fig. 10.2.15). The flow enters the runner from the side 
of the bulb with a whirl produced in the stay and mainly in the griidc \.anes of il co~lical 
distributor. In this case of n so-called direct flo\v whilst turbinillg. the draft tube operates 
as a diffi~ser. Ob\liously this works at a higlier efficiency as a turbine t!lan under reversed 
flow, when the gate operates as a diffuser. 

This direct turbining usually is combined with a flow from the reservoir to the ocean 
[10.149]. If the basin is situated at the mouth of a river, then i l l  consequence of the latter's 
energy, larger work is done, combined with a higher efficiency. 

When reversedly turbining, the in!et whirl of the rotor vanishes, as the draft tube is not 
equipped \vith vanes. Then the channels between the guide vanes operate, evcn if u n d c ~  
modest pressure recovery, as a diffuser. For  the design of gates, it is important thai in 
enlergency they close tight. 

Fig. 10.2.30. Various tidal schemes with constant geometry ducts at intake and flow off. Notations: 
S -, spillage (sll.licing) in ccrtain direction +; S e spillage (sluicing) in both clireotions; T - till-bining 
in certain direction 4; P 4 pumping in ccrtain dircction -+; PT % pumping and t~lrbiniilg In bat11 
(jirections. (In c ; ~ c l ~  case, pimping can bc omitted.) I Schemes with 1 basin: 12 single effcc! (action); 
i f  the basill has an  inflow, T: basin-sea; P: sca-basin; S: basin-scu. If thc b::sin with or ~virhorlt an 
inflow: P, T, S in arbitrary dircction; I h double effect (action): T,  P, S subsequently in direction sea 
basin and vice versa. 2 schemes with 2 basins; 2a single effect (action): No  P; S, T in the same 
direction (A head water pond, D tailwatcr pond). 2 b  between the sea and the hasin A double effect 
with S; P, 2' subsequently in the dircction sea b3sin and vice versa. R.lorcover bet\vcen the sea and 
the basin B single effect T and P. Pool U cmptied by P. Then for peak load T at rclativcly high head. 
2~ between the sca and the pool A double effect with S, P, T subsequectly in the dircction sea-basin 
and vice versa. Upper pool C (requiring mountains near coast) filled by surplus energy through P. 
For pcak load T pool C to A (or sea). O power house. 



.T'tic:rci;~rc nearly untwistt-cl v;;ncs arc nectlcd. For tlie diffcrc~it operations :lnd tile ,-orre. 
spol:ding g:rtc positions. t l ~ c  stroke of t:ic g;rtc servomotor ~niist IIC ratlicr loiig. I-lowever *, 

this c:ln I)c oh[,linccl e,lsily on a stationary part. 3 * 
r *  C:ontr:iry to the above. the rotor with its overhung design nceds a b1:ldc ildjustment d i  

mech;lni\ni with tlic s~iiollest possible stroke. Thcrefore i t  scelns ;ldvis;lble to operate the 
pump-turbinc under all its modes of operation with ncarly one and the same position of 

3 
the rotor blades. 

For a lack of  sufficient tinic between the different operations, due t9 speeds, reversed to 
each' btiier, the rotor vanes should also be capable of operating as a hydraulic brake. rhus 
a pitch to chord ratio below 1 should enable a turnover of the blades through the closed ' 

position. 

11. Some peculiarities of tlie velocity triangles during dlrect and reversed turbining and 
pumping: Contrary to thc use made so far in this book, the rotor edge towards the 
reservoir is dcr,oted by subscript 2 and the opposite edge with 1. 

I 

1) Direct turbining: Flow from the distributor to thc: draft tube. Vane arlgle at overgate 
about 70-. On the rotor inlet, a whirl in the sense of speed t i .  Relative flow at rotor inlet 
more inclined to the circunlfcrence than at the exit. Zero whirl at the rotor exit (c,, = 0). 
Hence (Fig. 10.2.3 1.1) n forward curved rotor vane is required. Flow from basin to ocean. 
2) Direct pumping: Flow from basin to ocean. Gate angle of 90" frrcilitates a vanishing 
whirl at the rotor inlet. At the rotor exit, whirl is in the setlse of ratation. Sirice this gives 
a bad prcssille recovery, :dso a gate angle of more than 90" may be applied, which causes 
a whirl at the rotor Inlet contrary to its speed but avoids the whirl at the outlet. Rotation 
in tlic scilst. of casc 1). Compared with c;ise 1) the rotor requires backward curved vanes 
(Fis. 10.2.31.2). 
3) licver;t.d turhining: Flow from ocean to basin and from draft tube to gates. Rotation 
reverses its sense compared with 2). Therefore fast brakin2 is required at the end of the 
foregoing operation 2 )  by turning the blades through its zero position in a plane normal 
to the axis. The gates now opened by about 90" operate as a part of diffuser. For the 
generation of torque, thc whirl at the rotor exit must be opposite to the latter's speed, 
since c,,, = 0. Now back:vard curved vanes required as in case 2) (Fig. 10.2.31.3). 
4) Reversed pumping: Flow from ocean to basin. Zero whirl at rotor inlet. Hcnce at the 
rotor exit, whirl is in the di~ection of rotation. Gates, now operating as a part ofa  diffuser, 
make a n  angle about 90' with the circumference. Forward curved rotor vanes are re- 
quired (Fiz. 10.2.31.4), as in case 1). 

To  reverse the speed for transition frcm 4) to l), a turnover of rotor vanes for braking 
is required. Fig. 1.6.2 shows the timing of the operations 1 to 4 needed for a one pool 
double effect tidal power plant, e.g. the French "Rance". 

Conclutling, the following requirements can be stated for the design of a tubular pump 
turbine, for direct and reversed flow, in both the modes of operation, for such a tidal 
power plant: 

a )  The stroke of the gate must enable a gate-position of about 90" with the circumference. 
The sate vane must be rounded a t  both its ends, since they may both serve as entrance 
(,Fig. 10.2.3 1.5 a). 
b) The rotor vane ad;ustn~ent must enable a vane position of about 20" with the circum- 
ference for normal operation and a position of - 10" for brakirg (Fig. 10.2.31.5 b). 
C) The required camber of the roior blade is the same for direct turhining and reversed 
pumping, namely that due to forward curved blades. For the other two operations 



Fig 10 2.3 1 .  Kccll~ired posiiion, camber Direr t. Turbining basin ocenn 
311d roundctl irllct cdgcs for the gntcs and 
,hc rotor bladcs at rhe following 4 modes 
ofoPcrating: 1 direct turbirling(basin-sea); 

jircct pumping (basin-sea); 3 rcversed 7) 
;urbining ocean-basin; 4 rcvcrscd pump- 
ing ocertn-basin. 5 compromises to bc Gz needed 
In3de for all thc 4 modes of operating runner blade 
rncntion~d previously: a large stroke of 

and gate blade rounded on both cnds; Direr f Pumping basin ocean 
t, rotor hladc doublc cambered and 
l,u~~ded on the both cnds. For hydraulic 
braking: pitchlchord ratio smaller 1. 11 

*) c2-f 
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namely reversed turbining and direct pumping, the opposite camber is required. To  
overcome this discrepancy, double-cambered blades are realized as a compromise with 
both ends rounded, in the Rance tidal power plant [10.149], Fig. 10.2.31.5. 

Another colnpromise would be the use of non-cambered skeletons. Tests made by Rayin- 
dran [10.150] showed clearly the superiority of this double-cambered solution compared 
with non-cambered solution with one blade end sharpened. 

Since the suction face of the rotor bladc is oriented towards the draft tube during the 



operiltio~i-; I! ancl 4) and oriented tow;~rds tile g.ltes during the opcr:ltions 2) and 31, hot 
the f;~ccs o l  thc ro!or bl:ldc ~ n u r t  be li~iisbed s~lioollily so as to R ~ ~ ~ c t i o n  as a suction raw 
cI) Tlie guide hc:lrings of the sct havc to enable lubric:ition in hot11 SCIISCS of rotatiOK 8 
C) Silicc tllc i l ~ i i l l  thrust chiltiges its direction whc'11 the head wntcr clinnges from the .+ 
Imsin to tllc oceiln, ttie sct nceds two thrust berlrings for both axial flow directions. ,, 
f )  Tlle distributor with its adjustable gales must operate as a ili!Tilscr in the case of the -$ 

"b 

revccsed turbine :lr l i I  direct pump flow. Therefore both ends of the distributor vanes mus< % 
be'proliled carefully. l~ccause of thc rather poor pressure recovery of a distributor ,, a 
clilTuscr the cflic~cncy of :I machine opcrating that way is lower than that of a machine 
operating the other W,IJ with a draft tube as a dinuser. 

iJence best efficiency car1 be achieved only, when the flow direction is retained. This can 
be done either by complicntcd bifi~rcations and valvcs at both encls of the machine (also 
draft tubes which may bc turned on hinges have been proposed, surely not reliable) or 
bq' a single actio~; working cyclc (Fig. 10.2.33.). In the largest tidal power unit of Annapolis 
Canada (Fig. 10.2.22) designed by Sulzer Escher Wyss the singit. action was preferred of 
using a Straflo turbine wit11 rim generator, 110.321. 

Fig. 10.2.32. Thc sequence of operating modes in a tidal 
powcr plaat with 1 basin and single uffcct (action): 1 filling; 
2 waiting plus eventual pumping; 3 turbining. 0 level sea; 

1 2 3 b level basin; p.levcl basin with pumping. Utility lifted by 

l l , , , ,  , , , , I -  
some sets suitcd to return flow. (Drawing courtesy EdF). 

111. The energy _gain by additional pumping: Imagine the head during pumping changes 
p:~rabolically with t i ~ n c  according to Hp = k r 2 .  When [ I ,  has rcaclicd a value H,,, after 
1 period t , ,  tu1-bii~ing starts. Whence k = f lp , / tb .  Assumin:. nn electricity rate ke, 
efficiency q,, and accounting for unit flow e l l ,  whilst pumping, the expenditure during 
pumping Secon~es 

%'hen the plant turbines without pumping during the period t,., the following profit is 
11iadc by the s;ile of energy at a constant turbir.:: efficiericy 1 1 ,  and electricity rate k ,  with 
a unit flow Q, ,, under tilrbining at a head H T o  

Then generating the same time t ,  with a head incrzased by AH,  as a consequellce of 
prtmping would increase the profit by 

Ah',  = (312) k,qT Q1 l T @ ( ~ p o g ) 3 ' 2  tT(l - dN!HPU) D2. (10.2-33) 

For  profitable purnying the ratio f = A K J K ,  must be larger than one. Hence 

Ascuming Ql,,!Q, ,, = 1,3; 1 1 ~  = 0,9; q, = 0,s; then the condition f > 1 leads to 
( tp / rr ) ( l  - A H / H p G )  > 4 7 2 .  This gives for AH/ l lp ,  = 0,2 the time ratio t,/.rp > 0,9. This 
proyes the rule that t o  make a profit by pumping, the duration of tu r l~~n ing  should be 
equal or larger than that cf pumping. 



I\'. Problems with two hasins: A typc of plant not made to dntc may bc bet~veen tu.0 
r e s c r ~ ~ i r ~  (Fig. 10.2.30.2 a). 'The one is kept at high Icvel by connectins i t  with the occ;ln 
nu~.illg a time period from somewhat before high tide up to  high tide. The other is kept 
a t  low level by co~lnecting it with the ocean during a period from sorncwhat before lo\v 
tide up to low tide. This is eflected by sluice gates. 

Even if the flow is now more continuous, this arrangement also shows the general 
disadvantages of tidal power. The first is the linkage of power production to the lunar 
position when there is no storage capacity, and hence the in~possibility to cover peak load 
demand. The second is the rather low head and hence large and expensive sets. 

This situation can bc improved, when the topography permits it. by building a second 
basin C above the basin of a one basin plant in the neighbourhood of the Irltter 
(Fig. 10.2.30.2~). Imagine this second reservoir, whose time-averaged level elevation 
above thc lirst is Hp to be filled during a period t,, when the electricity rate k c .  is lour, 
by a flow Qp zt a pump elliciency 11,. Hence the expenditure of this filling 
Kp = k e p  _O Qp ~ H p f p l ~ , .  
This stored energy may be used to cover peak load demand, electricity rate k,,, d~lr ing 
the period r, ,  under a time-averaged head H , ,  flow QT, efficiency q,. l-lence the earning 
by the sale of energy K T  = keTeQ,gHTtrqT. Imagine the live storage volume of the 
upper basin A V  = Q, t ,  = (2, t , .  'Then the surplus made during both thc last operations 

In the utmost favourable case, pumping is during high tide and turbining during low tide. 
Then 11,- = H,, + A H ,  ,1Ij being thc tidal stroke. Then the maximum surplus becomes 

The base load produced by this plant with live storage volume AVl brings under the tidal 
stroke A l l  at least 

Hence the ratio of maximum surplus by means of st1 addition&] basin for pumped storage 
to minimum earning with a tidal cycle \vithout storing capacity becomes 

sn,oA/Emin = ( A  v/AJ'l) (J3f'/A1a (keT/kel>) - (kel>/lieT)/(r~T + A1l!ljPl - 
(10.2-- 37) 

Examplc: k,,/k,, = 2; H,,/AII = 10; AV/AV, = 10; 11, = 0,85; 1 1 ,  = 0,9; S ,,,, /El , , ,  
= 89,3. However, this procedure suffers from a lack of availability of the plant. 

A special form of the multi-pool schen~e is the two-pool scheme proposed by Shaw in his 
paper on: "Some considerations of a possible new role for tidal power", presented at the 
international conference on the utili~ation of tidal power in Halifax, 1970 (see 
Fig. 10.2.30). 

Here the smaller pool, basin B, is pumped empty with surplus energy, so that for peak 
load production, water can be passed through the turbines from sea to basin zt a 
relalively high head. A large pool, basin A, is operated in single or double effect in the 
same way as described above. 

V. Plant wit11 a c c n t r ~ l  generator: The usually small tida! range requires even for the 
highest tidal range, c.g., Rance, a runner tip diameter of 5 nl for 10 MM1 output. There- 
fore, 11. Fiscltcr. Ilas proposed one central generator should be driven by a large number 



of (may hc ui> to !CO) turbincs by means of hydrostatic gear to savc first cost. Here each 
turbine gcnt'ratt's a pressur.izcd oil flow by :i rnultipiston bcvcl clisk pump. 
The flow resulting from all the turbincs of one group propcls the rotor of thc ccntral generator, 

This can bc clone, c.g., by a niultipiston bcvcl disk positivc displaccmcnt motor. By adjustment or 
the bcvcl disk in thc ccntral gcncrator, thc gcar ratio bctween turbinc anci ahcrnator can be changed 
under constant altcrnator spccd. 

~ h t k ' t h e  ;aijustable bcvcl disk allows an adaptation of the turbine's optimum speed to the head, 
whicll varics continuously in a titl;tl power plant. Thc improvcd cflicicncy has to compensate the cost 
and loss of cncrgy duc to thc gcar. Moreover such n gcar enables an economically high speed for 
thc altcrnator, which would bc cheaper than a slowly rotating direct couplcd one. 

VI. Plant with turbines for sluicing operation: A further increase in energy production 
can be achieved if the turbines may run also in the sluicing operation to fill or to empty 
the basin, when the water levels of the sea and the basin are nearly the same. 

VII. Economic consideratiotls: In his paper "Choice of hydroelectric equipment for tidal 
energy" presented at the Korean tidal power symposium, Seoul in 1975, H .  lMiller 
reported that the direct costs of different Fundy Bay schemes are distributed as follows: 

a) Electromechanical equipment 46,7%, 
b) Power i.louse 21,6%, 
c) Sluice\vays 13,7 %, 
d) Dikes 16,3 %, e) Fixed site cost 1,7 %. 

Hence the hydroelectric equipment, directly influences about 50% of the costs, and 
indirectly about 35%, since the power house and sluiceways depend largely on the 
machine's sluicing capacity. 
For the single pool single effect scheme, an optimally designed turbine can be used. 
However, within the usual range of operation HIH,, = 0,2 the pump efficiency of the 
turbine goes down to 50% of the turbine's bep efficiency. If therefore there is no pumping 
a fixzd b!ade propeller would suffice. 
This reduces the machine price by about 12%, together with lower maintenance costs. 
S i ~ c e  sufficient discharge is always available, the turbine can always operate at its bep. 

Whzn compared with the single effect scheme, the double effect scheme, as a compromise, 
results in a lower mean efficiency and in a lower energy output per tidal cycle. Accord- 
ingly a larger number of units is required. This decreases the benefit-cost ratio. Hence, the 
latest results of studies on Fundy Bay have reconfirmed the single effect schemes to be 
the most economical. 

All rittemp:~ to eliminate, e.g., by added pumped storage, the intermittent energy produc- 
tion, are unsatisfactory, since they require: 

1) Increase of investment, 
2) more complicated hydroelectric equipment, 
3) higher maintenance costs, 
4) shorter working life. 

Therefore tidal power can be economic when it solely converts the available tidal energy 
directly into electric energy. 

VIII. The superiority of straflo design compared with bulb design: Again following 
124illur, simplicity and compactness are requirements t o  make use of caisson constructio* 
which has proved so successful in the building of dikes. These requirements are not 
fulfilled by the vertical Kaplan turbine o r  the tubular S-turbine. 



file ilqe of bulb tiirbines for tidal power to d:ltc originated from the fact. th;u the 1:irgc 
~urbinc tlccded was not available, and t l i ; i t  the bulb turbinc can fu l f i l  sc>n;c of tllc S t r ~  

rcquil.cmsnts of i~ tidal power machine. I-lowever bulb tl~rhirles have some lilnitations. 

Collsid~r the gcnerator out put 

P =  K D ~ L ~ ,  

,here K is thc compactness factor, DR the rotor tip diameter, L the rotor length. and 11 the spccd. 
mc slim bulb, hydraulically rcquircd. makcs thc generator rotor dinnicter D,  considerably sm:llIcr 
lhan the turbine runncr diameter. Therefore, thc gcncrator length L, and the compitctncss factor li 
,,,,,t bc incrcirsed, which both increases thc temperature. This may require complicated \vatu-- 
cooling in a badly accessible gcnerator even at smaller outputs (about 10 MW). 

1hc small rotor diameter results also in a low inrrtii~ of the set. This contradicts the rcquircments 
or stable regulation, rspeciallv when thc plant supplies a grid by itself. Moreover a Ilirge inertia 
nJuceS the consequenccs of power swing, a tid;il unit is subjected by wave-induced pressure 
fl,ctuations. I t  would help also to reduce thc fluctuating loading on thc critical connections of the 

and windings due to this powcr swing. l'hesc problenls yield a lo\vcr limit for tlic runner 
diameter, which lies, accordi~ig to recent studies o n  Fundy Bay, at 7500 mm. 

In the compact bulb, it is dificult to carry out extensive repairs, especially on the stator. Therefore 
generator sliould be removable through a special hatch on the top of the bulb (Fig. 10.2.1 1). 

~~rnoving the gcnzrator through the turbinc pit requires removal of the whole unit, jvhich alolie 
lakes about 6 months for units of the size needed. 

1" the Straflo turbilie all the disadvantages mentioned above have been eliminated, 
namely 

1) 50% larger generator diameter than for a BT; effectively cooled generator, 
2) no limitation to size of turbine and generator, 
3) 3 to 4 times as much inertia makes the gcnerator more stable and stabilizes the 
regulation, 
4) turbine and generator in the same vertical plane require only 1 erection pit, 
5) good accessibility to ge~e ra to r .  

A comparison by hlillcr bctwcen a straflo turbine plant having 18 units, 25 M W  each, and a tulb 
turbine plant, having 30 units, 15 M W  each; results in the following: At a width of 421 ni for the 
Straflo plant, thc bulb plant ha5 a width that is 1,27 times larger, and a price of hydro electric 
equipment, that is 1,5 times larger than the rcspcctive valucs of thc Straflo piant. Hence tlie Straflo 
turbine seems to be thc tool to utilize tidal power at  rcduccd cost. 

10.2.10. Runner design, simple procedure 

I .  Runner vane design by cascade theory: For given velocity triangles with their cocffi- 
ciellts h'u, Kw,, K w , ,  K Ac,, from 10.2.5.3, the maximum lift coeficient a t  the hub 
CAC = 1,4, with the vane number z from Table 10.2.1, the known hub diameter D,, the 
pitch chord ratio from relation (10.2- 13) gives the chord Li a t  the hub. 

Runner diameter D, vane number 2, the hence given tip pitch and  the pitch to chord ratio: 
from Table 10.2.1 yields thc chord La a t  the runner tip. Since the inlet edge and rear edge 
of the runner vane should be as straight as  possible for reasons of stable flow a n d  vane 
Strength, the.pitch chorct ratio and hence the chord is given for an  arbitrary cylindrical 
Rotion, for which the velocity triangles are also known. The  relation (10.2- 13) yields the 
lift coeficient in the cascade c,,. 



'Then fro111 Table 6.2.1 thc ci~scrldc coc.fiicit.~lls C, ,  C , ,  C , ,  C., L I I C  cieternlirlcd :IS functiolls 
ol ' t /L a ~ l d  thc anflc 11, which may be approxinlated to /I,, I'rorn t l ~ c  trii~ngles, as the angle 
)r, =Z Or, + w 2 ) / 2  n~akcs  with the circumference. Then from (6.2-47) the physical angle 
of attack (So = i,, (C, /C, )  is obtained. 
Now the vane skeleton must be set. This may be done with respect to pressure distribu- 
tion tcavit;~tion sensitivity) or  the hydrodynan~ic torque abaut the pivot of the blade. 
Then ~lcicrmination of the angles 9i the skeleton makes with its chord at Birnbaun~ '~  3 
stations (Cap. 6.2-37). Hcnce K , ,  K , ,  K ,  and then the zero lift angle of attack 6 ( F A  = 01, 
are obt'lincd by (6.2-4). Thus the anglc the chord of the cylindrical sectiorl makes with 
the circumference /I, = 0 ,  -t 6 (FA = O),. 

The skeletons then are built up so that the centre of gravity of each cylindrical section 
coincides with the blade axis. 

For blades with a usual standard profile such as those of the basic Giittinger series or the basic 
NACA scries [10.151] the centre of gravity is aproximntely a distance 0,4 L from the profile's leading 
edge. 

Hcnce there is no bending stress at the blade's pivot due to centrifugal load of the blade. 
The real thickness of the blade must be determined at first on the base of the blade on 
the hub. 

Mere the bending moment as the relevant load caused by the hydrodynamic lift may be 
approximated as 

iV being the hub to tip diameter ratio, z the vane number. The root cross section of the 
blade on the hub dlsk is nearly a rectangle, whose length equals the diameter D,  of the 
blade disk (Fig. 10.2.33). Roughly D ,  = 0,4 Dlz. This gives the sectional modulus of this 
cross sectional area as hi,, 0,/6, where hmi is the maximum blade thickness at the hub 
section. 

VJith the carefully set admissible bending s:ress a,, (which is strictly speaking only about fi 
399'0 of the stress acting there, as a consequence of centrifugal load-induced torque, * 

torque due to hydrodynamic lift, to mention the most important ones), the maximum 
b l ~ d e  thickness is a 
According to Barp and Krller [10.152], in blades of alloyed chromium steel, the assess- 
ment of a,3, has to account for fatigue effects. T o  reduce the latter a fillet is provided a10 
the corner between the disk and the blade. Moreover a rounded cut out should 
provided at the corner between the disk and blade in the plan view. 

This cut out has to be closed by an insert bolted on the blade to prevent leakage betwe 
pressure and suction face of the blade. 

The :hickness distr~bution of the real profile of a given cylindrical section based on a certain seri 
e.g., IVACA is set so as to strain the chosen rnodel profile normal to its centre line at any sta 
proportiolial to the ratio of calculated maximu~n thickness, to maximum thickness of the m 
profile. 

The mnximuni thickness required at an arbitrary cylindrical section h , ,  drops continuously wi 
radius from its maximum h,, on the hub towards a value h,, at tip diameter, tolerable for le 
and tip clearance cavitation erosion. T o  reduce the latter. an anti-cavitation fin may be welded a 
a part of the blade's tip (sec Fig. 10.2.25). The fin is usually worn off by tip clearance cavitation 
therefore in general not pravided. 
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Fig. 10.3.21. Hill diagram of a FT with n, = 70 in the bep, obtained by tests on a model with 
D = 0,455 m runner diameter. With relative velocity w and angle /? with circumference at runner inlet 
at different operating points according to the measurements of Schlemtner, in a mean flow plane 
[5.18]. Beginning and increase of -.urging in the runner indicated by arrows A: suction face, shroud; 
B: suction face, hub; C: suction face, shroud unsteady flow, pressure face shroud, and hub; 
E: suction face, shroud. 

tun1 drops nearly linearly from the leading inlet edge (there having a m a g n i t ~ d e  
c,,  r ,  = (gH 9, - c , ,  r ,  o)/w) towards the value c , ,  r ,  at the outlet edge of the rotor. The 
above tests also show the derivative of angular momentum along a normal n to  the 
meridional strea~nlines (d(c ,r ) /dn)  to be vanishing small at the bep and away from the 
leading edge of the runner vane, see below. 
For the case of the bep c, ,  = 0. Ijence the whirl at a certain station with the radius r, 

where AY,(s,,)  is an arbitrary steadily falling function vs the meridional stream path s,,, 
measured from the inlet edge and being gH quo, at the outlet. 
Such Zn arbitrary drop of the flow energy Y, within the runner in the streamwise direction 
can be sct only along one elementary turbine. The relation (6 .5 -3 )  for the distribution of 
the meiidional velocity as a function of the distribution of angular momentum normal 
to the streamlines shows that only in the case of a loss free flow and d(c ,r ) ldn = 0, the 
distribution of the meridional velocity in the n-direction (nonxal to the meridionill 
streamlines) becomes independent of the c ,  r  distribution normal to the streamlines. 
Assuming heilce this sin~ple case, then two things have to  bc satisfied: 
a) The c , r  distributior~ along the other elementary turbines has now to account for the 
one prescribed c, r-course such as to have a1 ~ a y s  a jc, r) jd~z = 0. See also tests [5.18]. 
b) According to (6.5-4),  the c, distribution now ren~aining, follows the law 
dc,/dn + c m / R  = I), where R is the radius of curvature of the streamline in the meridian. 
The last mentioned dilTere~!tial equation for c ,  is that of a poten!ial flow in rhe meridian. 
Hence strictly speaking the graphical method described in Cap. 5.2 has to be employed 
to obtain the more correct distribution of the n~eridional velocity instead of the rough 
estimate with the factor 5'. But this holds good only for a design with a(c , r ) /Sn  == 0. 



/- 

Fig. 10.2.34. Loads on the hub of  a KT. a) Deformation of the hub under the centrifugal load of 
blades and their linkage at runaway. Highest bending moment in thc mcridio~~al  section of the blade 
axis, needing a certain sectional modulus. b) Cross section of thc hub. A n  inclination of the links 
requires axial guide bars in the hub for the guide cross to transmit a tangential force on the hub, thus 
twisting the latter. 



10.3.36. Ilcsign of the pat- '' r ec l i i ,~ l  of " I<T runner sc i n t l l ~  e l c ~  ;,tion and pl:ln 
11,~lr i m i ~ t i o ~  from 

Ice 
l l n r ~ l l ~ d  cylindricnl vane 

diolls assigned to each othcr 

h' 
lhcir common centrc of grav- 

i;r. 

d ~ c e  along a pattcrn section. To obtain one point of this scction PI-ncccd as f o I l o ~ > :  Drop a 
?crpcndicular from pc~int I.',;:? oftlic solltd out cylind!-ic:ll sccrion in its clc\.arion onto the  pi::^^. Therc 
ais a tdngent, R I I ~ C I I  touchcs tllc cjrclc of this cjlindriun? scction at its intersection ui th  thc blitdc 
nis. Then ~.oll ~p thc straight sectivn of this Iangent bclwecn its poin: oi contiict and the prujection 
dP:, oilto it on thc circle of the c)-li~)drical scctio~:. This gives the point $:, of illc pattcln section 
n the plan. 

~a~hcclev,~tion the formation of points  long a curtain pattern sectio~l is on a pcrpendicul:ir t o  the 
ralbine axis. I n  the plan this formation of points makcs a c u r ~ e d  line. 

fnohtnin ;I smooth surfacc of the blntle i t  secnis adviqable to  make an amplified drau ing  a n d  to 
snnect the points obtained by curves with a cu~- \~a tu re  that varies cont inuou~ly ( ~ p l i n e  cur\es)  

10.3. The project and construction of Francis turbines (FT) 
with llillts at Pelton turbi~~cs (PT) 

10.3.1. General remarks 

Yilcd flow (semi axial) turbines, named after J .  E. Frrrr~cis ( ~ + . h o  only described the 
r of a forerunner of tile actual i-rancis turbine (FT), a simple radial centripet:~l 

on a patent of S. Ilo\r.d, USA) forn: thc backbone of h y d r o  clec~~*icity 
the world. Thcsc turbines, will1 their head range of (3)40 m c H 

'm(750) m predominate i n  lllc range of availnbie net 11e;id. ivhich possesses the largest 
''nion of usable potential. 



Thcrclorc ;n prcsc~l t FTs attain tlic 1;lrgcst output. as icen in the crilolples of 
Fif. 3.4.16, iind tile Fipi~rcs 10.3.1 to Fig. 10.3.8, n l ~ i c h  :~ t t ;~ ins  now a value 
800 h.lM1 or 1 108 000 lips. This is tlie largc.;t output a olle-stagc t ~ i r b ~ ~ ~ , ~ : ,  
Co~itrary to the ;!xiill turbine with ils perccolngc rciiction up to 80(90)"/., taSb 
n rcactioil ~nacliine, has a percentage rcnction of about 50%0. 

In rormer days i t  \v\.ns and is still found in micro plo~its, heeds dowtl to 3 rn. 20 yea$ 
the 6c l l~viour  of a FT tnodcl with 4 h1W undcr 650 tn head \ , V ~ S  tested by ulir/, 11, 
at Pqrtlieneo, r l ~ ~ t r i i l  (owner: Vor:irlbergcr Illwerke). LK Alcier [10.153] madr a Smo 
study of thc construction of a IT in ;I splierical casing for 1000 m head, which 
work as ;l pump-turbine (sce Fig. 10.3.9). The  4 turbines with the highest head ofthist) 
in scrvice operate in Rosshag, Austria 11,,, = 670 m. P = 58 MW, n = 750 rp 
Fig. 10.3.10, desig11t.d by Escher Vv'yss and Andritz, Austria. At the moment Sulzer 
Wyss have an order for two 1110 M W  FTs for the Austrian p lmt  liiilrslir~rr f10.1911 i, , 

- I I .  

Fig. 10.3.1. Distributor section of the FT Grand Coulee, Columbia River, Washington. USA (owner 
US Bureau of Reclamation). 3 sets. H = 87 m; n = 35,7 rpm; P, (against criginally expected and 
rated 700 MW? = S37 M W  = (1,123 million hp!). To date with respect to output and mass (runner 
weight 450 t) the largest turbine in the world. More infortnation in 2.3.2. (Drawing courtesy Allis 
Ch:ilmers Corporation, Milwaukee, Wisconsin, USA.) 



rig. 10 3.9. Elevation of rhc ciis!rit..utor 
Se,-tio~~ of n I-T at Krasnojnrsk, 
\ i cn~~ i s s~ i ,  IISSI: (owner State Power 
Board [JSSR) (I>csig~l Lh~l%). Runner  
scldcd, 14 bliides, strcss rclicvcd in 
~ ~ Z . a n d  then transported by  ship to 
,he s~tc, weight 250 1. Shaft welded, 

bearing water lubricated. Axial 
l l l r u ~ t  (\!fcight of altcrn;~tor rotor 
7000 1) vk truncated cone on the head 
,,vcr. Spiriil casing with 2 pressure 
nangcs. II =-= 100 nl; 11 = 93,8 rpni; 
p = 12 - 507 MW. (From G. A.  Bro- 
nol\lski a. J. Galpcritl: Some special fca- 
lures in the constructiofi of Krasno- 
yarsk turbines. Energomasino stroenije 
g (1965) no 3 p. 32. 

Zillertaler .Alps (owner Tauernkraftwerke AG, Salzburg), with a record maximum head 
of 744 m (see Fig. 10.3.1 1 )  [l.i'6]. Rated heads about  85C nl are considered seriously. 

I11 FTs, thc specific speed according to Cap. 9.2 and  defined by ,I, = 11 (rpm) ./P (kW)/  
H ( n ~ ) ~ ' "  varies from 55 to 350. The trend, to shift 11 ,  of a certain type to higher head, is 
reflected in increasing nP1-i. In Hiiusling, this product attains the value of 
79.  lo9 rpm kW m. The Francis turbine with the actually highest 11 P H  ( = 02 - 10') is in 
the 4 pumped-storage tandem sets Wehr, Federal Republic of Gerrnany with the v:oi-king 
data Ii,,, = 645 m, n = 600 rpm, P = 257 MW,  see Fig. 10.3.12, built by Sulzer Esclier 
Wyss. 

Problems arising in thc upper head range may be summarized by their causes as  follows: 
Grid-linked, widely-staged high speed, stresses in the a l t e r ~ a t o r  rotor at  runnv:ajr, effcc- 
tive cooling of the alternator, excavation cost due  to deep submergence, strength of 
turbine rotor, spiral casing, stay vanes and distributor and hence small hydraulic chanrlel 
radius, wear in the distributor, the runner labyrinths and the runner vanes due to sand 
erosion, cavitation, and high velocities relative to  the walls there, noise and fatigue effects 
due to vibrations, load change and water hammer (10.43; 10.441. 

htodcrn trends of FT design are given in [10.33]. 

10.3.2. Comparison of Francis (FT) and Pelton (PT) turbines 

In some cases a decision must be made whether a FT or  a PT s h o ~ ~ l d  be installed [10.63]. 
In the case of large units the specific speed n, (Cap. 9.2) may be used as guide. A f ~ r  
Z(1tlobctti [10.34] the bep efficiency of a FT in the range n, < 145 (n, from now o n  taken 
wit11 P[kW]) according to Cap. 9.2 may be approximated by 

- q,, - ~,,,, - 0,7 . 10-'(145 - I I , ) ~ ,  (1 0.3 - 1) 



Fig. 10.3.3. Elevation of thc high head FT Churchill Falls, Churchill River, Labrador, Canada 
(owner Churchill Falls Corporation) 11 scts, 6 of them (see figure) built by Marine Engineering Ltd, 
Montreal, Canada under licence of Neyrpic, Grenoble France, 5 of them built by Dominion 
Engineering Ltd, Montreal. 'rhe latter differ mainly in the runner blading, e.g., in having non skcwed 
inlet edges of the runner vanes, a design exciting more vibrations on the turbine. H, = 312 m; 
11 = 200 rpm; P, = 453 MW. Runner D = 4,34 m. T o  date, with a unit power per weight of 
0.53 kW/kg the most compact built hydro turbine. See also 2.4.1. (Drawing courtesy Neyrpic, 
G renoble, France.) 



Fig. 10.31 Eleuation of the FT Tucuri, Tocantin. Brazil (owner Elccfronortc). (Design Neyrpic) 6 
I '  ets, H ,  = 67,6 m; ,I = 81,s rpm; I: = 369 MW. -Thrust bearing pads hydrostatically supported (Fig. 

10-5.8); &tcs with single ser\lornotors (sce Fig. 11.2.10b). Parallel plate spiral casing, sce also [10.125]. 
(Drawidg courtesy Neyrpic, Grcnoble, France.) 





,,.here r l , , , , ,  is thc best attainable eficiency, dcpcnding 011 s i x  and the state of thc art ( for  
,.cry big nlacllincs currcntlg I{ , , , , , , ,  "11 to 0,95). hftcr tlic Inst rclation llic I?cp cfficicnc!. d 

lnrgc F J *  \vit!l 1 1 ,  = 51 becomes I!,,, = 0,s'). hpes iencc  s h o ~ i ~ s  that the bcp cBiciency o f  
a large I'T ollly just exceeds I;, ,  = 0,9i. This is mainly caused by ~ h c  sh:lllow rx t angu la r  
cross section the jet has wllcn leaving the bucket. 

gut the problcm exists if a certain rt,, fixed by the operating data H, Q,  11 of 3 plant can 
be by a PT design. From Cap. 9.2 a vertical PT with 6 jets and the suit:ible j e t  
dialneter ratio d o / D  = 111 1,5 atrains n, = 49. On  the other hand from (10.3.- 1) a FT of 

= 0,91 would need 11, = 77. Obviously a gap  exists bct~veen the lo\vest possible 
~ O P  

n* = 77 of a F T  and the highest possible n, = 49 of a PT both having 91 % be13 efiiciency. 

T, obtain an idca how the jet diameter ratio d,/D influences the hcp cificicnc~, the fol!o\\ in? fi_rurzs 
by ~~ . lnru is  [10.1] may scrvc as guide: Djd,(rl,,): 6,5(0,82): 7.5(O.S6): lO(O.89): 20(0.9!. 

~ h e s c  values :Ire valid for a nicdium sized machine wi th  only one nozzle per nchce!. \trith a risins 
number of jets, the efficiency drops at the same jet diameter ratio. 

~ccordillg to Sulzer Escher VJyss an overlap exists between FT and PT in the H ( Q )  plane 
(Fig. 10.3.16). 'This has s n  upper limit at  H = 750 m and a lower limit described by: 
In 11 (nl) = 4,l + 0,54 In Q (rn3/s); H and Q rated figures. 

11 may be mentioned that the cross flow turbine originated by Michell and Tjanki, nou1 
actually ]made by the West German firm Ossberger (see Figs. 3.4.5; 3.4.9; 3.4.10) may 
overlap this gap at the lower head and flow range. Below the above limits the FT rules 
out the P7' by the lowcr cost of its set or  by lower operating cost. 

Reasons: For  a certain head the bucket speed coefficient of a P T  being Klr = 0,42..  .0,52 
is below that of a FT wit11 Klr = 0,7.. . 1,l (upper limit for loiver head). bloreove: the unit 
discharge Q , ,  (Cap. 9.2) of a P T  is much smaller than that of a FT. For  a certain head 
and output this leads to  an  increase of speed by 30 to  50% of a FT over :I PT. Hence 
torque and size of set of a F T  is smaller than that of a PT. Accordiilgly also the distance 
of adjacel~t sets and the power house required becomes smaller for a FT than for a PT.  

On the other hand a FT may require more expenditure than a PT due to its submergence. 
This argument in favour of a P T  may disappear in the case of an  underground station. 
For low heads and large wheel diameters the head loss due t o  the free height above the 
tail water level may favour a FT, where the free height is used in the diffuser. The PT must 
have this free height to avoid disc friction and excessive windage loss (Cap. 5.5). 

Further reasons affecting the decision between PT and FT, see also [10.63]: 

a) In high head plants with strongly erosive sandy water (with quartz sand) the conse- 
quences of excessive wear, e.g., in the labyrinths of a FT may be worse than those in the 
nozzle and oil the needle of a PT, since the first enlarges considerably the clearance of the 
labyrinth gaps and hence the leakage loss especially in high head FTs with their rather 
small ruilner breadth to tiianicter ratio b/D (Figs. 10.3.9; 10; 12), a loss which does not 
exist in a PT. 
6) The FT has a more pronounced efficiency peak vs load P at bep than a PT and hence 
&more suitable for constant base load demand. Contrary to  this the PT has the flattest 
tficienc) vs load curve. Thereby a PT may be preferred if tile plant frequently has to  
Su~ply v rying peak load and hence often operates in the part  load range. b 
For exahple the supply of traction power in West Germany, Switzerland and Austria, 
which h ~ v c  a special grid with 163 Hz for this purpose, is often effected by PT sets. 

The harts needing frequent repair and replacelnent in a F T  opcrated by highly erosive 
"nd$ater are [he labyrillth rings, the guidz vanes, the wear rings of the distributor and  



Fig. 10.3.6. a) Elevation of n FT set, Karaknyi~. Euphrat, Turkey (owner State Wstcr Authori~ 
Turkey). 6 sots (FT design Sulzer Eschcr Wys.. Generator &sign BRC. both S\\itzerlanc 
H ,  = 150111; r r  - lS0rprn; 5 = 336MW; P, = 340 h1W: runner D = 5 9 5  m. All.- LI liator rot( 
weisht 652 !: fly-wheel rno~ncnt G D ~  = 51 - 10' tm2; ?I,,, = 290 rpnl. To date the most powcrf 
turbine bbilt in S\vitzerland. 1 alternator rotor; 2 alternator st:\tor; 3 FT; 4 t!irusl bearing; 5 3 guic 
beariiigs; 6 hpiral casing (parallel plate design); 7 stay vane; S blip ring; 9 generator termini 
10 jacking and braking cylinder; 1 1  air coolcr. Anti  surge ncration thr'ugh throat ring. shaft cent1 
and bolts. From Brown Boveri Review [I :.65] b) Dct;lils of F T  (Dr'~*ing courtesy Sulzer Esch 
Wyss). 







Fig. 10.3.7. b) Sectional drawing of vertical shaft FT at Guri, 2nd polvcr house, Rio Carorli. 
\lcnczuela (owner Corporation Vcnezolana dc Guayana, Republic of \ l c n c ~ ~ ~ c l a )  built by Hit;~s;hi 
Ltd, Japan. H = 1 1  l to 146 m, P = 476 to 730 M W  continuous, temporary output 767 Mi\'. 
n = 112,5 rpm. After previous designs, commissioncd bctwccn 1968 and 1977 \vith ou tp t~ t s  of 
P = 218 to 400 M W at heads of H = 1 1  5 m to 136 m, thesc 10 units. commisioned 198 1 arc at 
present the most potverful FTs built in Japan. Simplified design \vith par:tllc.l p1;1ic spiral c;ising. 
conical hub, slag-welded shaft. The runner is a onc-piece casting of 13 % Cr - 1 "/o Ni stainless stes!. 
Iodate the largcst of this kind in the \vorld of 7,17 n1 outermost diametcr, and a tveight of 130 t o n r .  
For these machines the hcad of the Guri plant has becn increascd from 1 1  1 m to 146 m by increasing 
the crest height of the concretc gravity dam. The submergence equals that of the prcvious design,. 
According to the author's in~pression on sitc, the 400 M W  FTs showed bad cavitation pitting after 
one ycar of full load operation under the smaller hcad of 11 I m. (Drawing courtesy Hitachi, Ltd. 
Japan.) 

Fig. 10.3.7. a) Sectional drawing of vertical shaft F T  at Hbrspranget, 1,ulc river: Swedcn (owncr 
Swedish state power board) 4 th  unit built by KaMeWa AB, Kristineham, Stvcdcn. H = 103 m. 
P = 182,8 MW,  n = 166,7 rpm. Runner throat diameter Dl  = 4,235 m. For I~ighest reliability the 
stay vanes were inscrtcd into corresponding holcs of the stay rlng weldcd from steel plater. ant1 tlrcr! 
connected with thc wetted face of the stay ring on both sides by means of a corner \veld. When 
commissioncd in 1952 thc average annual p rodx t ion  of 2020 G W h  of Hirsprangct made a contri- 
bution of more than 2G% o: Sweden's electricity production. With an extension in 1974 to SO the 
Production of Hirsprangct ;:.as raised to 2240 G W h  and the installed capacity to 935 hIW. Thc lasi 
and 5 t h  unit then installed by KaMcWa had an output of P = 450 bIW (n = 83.3 rpm) with an axial 

tons, and was since that time the most powcrful hydro turbine in Europe. The water 
s usual in Sweden) of a vertical penstock to the underground power station and a very 
1 tailrace tunnel with an upstream gate. A 400 kV AC transnlission linc with a Icngth 
first of its kind in the world was built in 1952 from Hirsprangct to central Swedcn. 

locatio~l (north of thc Arctic Circle) and the need f o ;  expcrienccd and skilled 
town with the ncccssary social scrvices had 1 3  be built at sitc. Thc town 

m"sistcd of houses for 1200 employees and their families in all 2200 people. as well as shops, 
bs~itnls, post and police station, other social services such as sport and leisurc htcilitics and church. 
'Dr wing courtesy KaMcWa AB, Kristincham, Sweden.) p 



Fig. 10.3.8. Elcv:~tion of tl;c I T  1tap;iric;l. rio Siio I~rnnciscc, 13rnzil lowncr Colnpanhia tIidroe1C.c. 
[ricn tlo Siio Franciscc.) In sets (design I-l).dronrt. hliian). 11, = 53,2 m; t i  = Y 1.8 rpnl; P, = 264 MW. 
Spirai casing p:~ral!cl pliltc rype ol'stccl plates \veldcd o n  site, inlet cliutncter '1.5 ni. Kunncr made up  
b y  ncldin!; \vith ccp;i::l!c c:~rbo!l stccl b!arlus, 7.925 ni ili;~rnetcr, weight IS@ tolls. Thrnst bearing: 
1600 tons load. \.ia t r~~ricated cone on [lie licad cover, with high prcssurc oil i~~jcct ion.  (Drawing 
courtcyy CIydroart. \,lilan, Italy.) 

the ranner vanc channels. especially the inlet edge of the runner vaces. In a PT such 
dal-rlage is restricted tc the mouth of the nozzle, the point of the niedle and the cutting 
edsz anti the jet crltout of the bucket. As these mcrnbers are much easier to get a t  any 
revision is ~ n u c h  casier in a PT. 

Thc dismantlins and cxchi~nge of a PT's wheel need much less time than that of a FT 
runner. Also thc repairs of a PT, e.g., the wclding and the buildirig up  welding and 
grindi!~g of a bucket of ~1 PT is m ~ l c h  easier to carry out and t o  check tllari the correspond- 
ing repair on a F T  runner. 
d) I11 the case of very small output the application of a FT would lead to rotational speeds 
above the upper limit of a two-pole alternator. The reciuction gear then needed would 
raise the price of a FT set, whence a PT with its red~iced speed is preferably employed. 

Sorile S ~ I C ~ L  ill1 I . C U I ( ~ I - ~ S  ~*oi~c~c~rniit ,q Peltnil rlrl-bines: 
The Peltori turbine. not especially treated here, is usually considered a safe machine. But 
i t  certainly has some problems. One  problem, namely sand erosion occurs mainly on 
needle and nozzle anti can be attributed to  the high velocities there. It increases roughly 
with the 2nd to 3rd power of the head, and with the occurrence of hard ingredients in the 
water such as quartz. 

In some cases sand erosion cannot bc eliminated even by means of sand separators at the 



fig. 
l().3.T I'rojcct o f  n high 

hcatj l , .r;l~~cis pt~~nl>-turl , i l~c 
1000 rn. Xl;~chinc in 

I31 .- I t ank:  cylindric;ll 
pier From 11: d l r i c ,  or ul.: 
Single- 2nd multi-st:lge 
pump-turhines for high 
head storagc plants. Paper 
, 4 ~ 3 1 E  Pump turbinc 
$hcmcs. 171uids E~ginecr ing 
conf., Niagara Falls, New 
I'ork 1979. 110.1 533 (Draw- 
, courtesy Sulzcr Escher mc 

\ \ ' J '~~.)  

~ntrtke. In this casc the sand particles are so small as to be kept suspended by Brownian 
motion of the surrcunding liquid e.g., glaciated rock. 

Another problcm is the erosion by a droplet impact. It corresponds essentially to that  by 
avitation. Moreover droplcts increase disk friction, when they impinge on the wheel with 
r slip in the tangential direction (Cap. 5.5). 

An erosive droplct impact prcferably occurs on the back of the buckets, close to the cut 
oul. This originates from the wheel's overtaking slow droplets. Such detrimental droplets 
rcsult from : 

I )  slow fluid particles at the outer edge of the jet, especially when the bucket cut ou t  is 
100 narrowly spaced, 
3 droplets that are discharged from neighbouring buckets in the case of more than one 
i t , 
1) droplets that are reflccted from a casing wall too near to the wheel. 
0 droplcts reflected from a tailwater surface which is not sufficielltly away from the 
bottom of the wheel. 

the laiter factors increase their detrimental influence decisively with the flow rate and  
@mewhat wvjth the hcad, but also when the bucket's cut out edges are too close t o  the 

of the jlet. 

e free height of a Pclton wheel and the spacing of its casing should be 
the number of jets, and with the jet to wheel diameter ratio. 

k u s e  d t h e  two bcnds in series and in different planes, upstream of the nozzle within 
hmain 'of  a PT with vertical shaft, the formation of a streamwise vorticity in the main 

459 



Fig. 10.3.10. Elevation of a FT  in thc peak load and pumped storage plant Kosshag, Zemm, Tyrol, 
Austria (owner Taucrnkraftwerke AG, Salzburg) 4 scts (FT design Sulzcr Escher Wyss and hlaschi- 
nenLlbrik lindritr, Graz, Austria). Shaft end passing the draft tube bend, during pumping engaged 
\\.it11 the 2-stage single flow storage pump by a gear coupling and torque converter (design Voith). 
H,., - 672 m ;  r= 750 rpm: 1: = 55,2 MW. Spiral czsing welded plate design, welded on cast stay 
vane ring. Gate with stem in 2 bearings, overhung design. Integrally cast runner of stainless steel 
CrjNi with staged and staged comb labyrinths. Labyrinth teeth in the comb labyrinth on the shroud 
with larger cienrance towards thc shdft for damping the bendilig oscillations of thc latter. Due to  a 
bad weather. da~nmaging the sand trap of a tunnel feeder, the distributor has been badly eroded. 
Henceforth its walls were lined with resistant material. O n  the one hand the through-shaft to  storage 
pump decreases the efficiency only slightly (small value of Kc:,), on the other hand it stops the 
formatioa of surging draft tube vortex. (Drawing courtesy hlaschinenfabrik Andritz and Sulzer 
Escher Wyss.) 
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Fig. 10.3.1 1 .  Model runner of the FT at tliiuslinp, Ziller, Tyrol, Austria (o\vner Taucrnkraftwerke 
AG, Sallburg) 2 sets peak load and pumped storage plant, FTs built by Sulzer Escher Wyss, 
Switzerland. Data of prototype: H = 620 to 744 m; n = 600 rpm; P = 180 MW. Runner: 
D = 2,767 rn. To date the FT \+ith the highest hcad in the world. ,I . H - P amounts only PO0/0 of that 
d Wehr (Fig. 10.3.12), but is 380% that of Rosshag. The product n - H . P of Wehr is 160% that  of 
Grand Coulee I l l ,  and 330% that of Churchill Falls. Scroll casing of rolled steel plates with high 
Ykld point, spot-welded on integrally cast 10-vane stay ring of stainless stcel. Pseudo parallel plate 
design as in Fig. 1.6.4 b. (Photograpti courtesy Sulzer Escher Wyss arid Andritz.) 

flow of the nozzle is favoured (Cap. 7.2). Thereby the acceleration of flow in the nozzle 
Urains the streamwise vortex filaments. This increases the kinetic energy of the latter, lost 
for shaft work. Thereforc eflorts should be made in the design to ~ninimizc this effect by 
avoiding too strong a curvature of the main in planes inclined to each other and  by 
aequate flow admission (Cap. 3.4). 

h e  above mentioned loss in the nozzle of an impulse turbine seems to be the reason for 
a negative scalc effect in the overload range (Cap. 5.5). Hence a prototype's efficiency 
YY drop below that of the model, but curiously usually only at overload. 

me Cross flow on the bucket (Cap. 5.5) as mother  source of this loss behsviour should 



Fig. 10.3.12. Horizonial high head FT of thc ternzry pumpcd storagc plant Wchr, Wehra, West 
Gcrmnny (owncr Scliluclissc AG, Freiburg). 4 sets with FTs built by Sulzer Esclicr Wyss and 4 
2-?!age tlouble flo..v storage pumps with torclue converters built by Voith (see Fig. 1.6.4 a). Horizon- 
tal shalt, dctachablc during pi~niping by means of an overriding clutch. FT for H,, = 645 m; 
r r  = 6OU rpm; = 257.5 XIW. Runner: D = 2,685 m. T o  date the F T  with tlic largest H . n . P. 
/ l l t~rn : i~o:  with air-cooled rotor and water-coolcd stator. Initial troubles with stator laminations 
hcattxl too ~nucli.  ;~nd  11;11rlj1ic cracks in the stay vanc'part hint at 3 limiting hydro-clcctric design 
in 1972. Thc v;~ryin= span of the stay vanes rcquircs a carefill strcss calcuiation also with respect to 
frlrig~~e cffcct. sce Greiir [10.127]. Bccausc of the high vclocitics, wcar of wctted parts cncountcred by 
c;3rcl'ul niatcrial selcction. Runner 1 and rotary labyrinth rings: integrally cast of Cr/Ni 1314 steel. 
Stationary eschanpnble lining around runner in rcgions 01 high velocity: cast of Cr/Ni 1311 bteel. 
Components in the regions of lower velocity: Cast iron, Ni, Mo-alloyed. Gate vanes: Forged Cr/Ni 
13/4 stcel: protective laycr on thc gate vane channel wall of<:r/Ni by built up welding. Spiral casing8 
linc gr;~in stcel, welded from platcs of 3600 bar yicld point. Stay ring: CrjNi 171.1 cast steel; stay vane 
surlilce: metal spray layer of Ni-AI-13 Cr  steel. Through shaft 2 lined with hard chromium layer, 
ncccssriry to  decouplc turbine duricg punlping by means of a special self shifting synchronizing 
ovcrriding clutch, type SSS. Because of the pump, minimum subrnergcnce about 70 m. Tailrace 
tunncl 1.5 km long with 2-chamber surge tank. Maximu~n working pressure-90 bar. Fly-whecl 
mo:ncnt so that start up  time T, = 7,8 s. Rclativc overspeed after load rejection 50%. F r o n  special 
ixsue. Scliluchsecwerk 3 , 4  bearings, 5 covers, 6 gate, 7 gate ring, 9 draft tube, 10 sh:~ft seal, 1 1  clutch 
adjustmcnt. (Drawing courtesy Sulzer Eschcr Wyss, Switzer.land.) 

be kept in limits. Therefore the initial curvature of the bucket cross section close to the 
inlet edge should be as small as possible. 
In a limiting design, in consequence of stress concentration and wear near the cutting edge of a 
bucket, the unit outplit per bucket can be increased only by blunting the edge at the cost of efficiency. 

.Modern trends in the design of PTs are given in (10.621. Recent designs arc shown in the 
Figs. 10.3.13 to 15. 



Fig. 10.3.13. a) Wheel pit of the Pelton turbines of Sy Sima plant. Norway. 5 nozzle vertical PT in 
operation since spring 195 1 and since that time the world's most powerful Pelton turbine. 
H = 885 In: rt = 3110 rprn; P, = 315 MW; e, = 350 M W ,  built by Kvaerner I3rugg A/S, Oslo. 
Nor\vay. b) From thc same manufacturcl-, 2 Pelton turbines of thc Lang Sima plant under erection, 
in operation since 1980. They are vertical 5-nozzle units with I],, = 1 151 m; rl - 428 rpm; 

W (rated value H, = 1006 m. = 260 MW). In this plant, at highest head the 11 . If . P 
of Sy Sima plant, and 175%) that of Wehr. Note thc bridge of j c t  deflector, bucket 

cut-out, Vuckct edge, and stiffening ribs on the back of bucket. (Photograph courtcsy Kwaernc-r 
Brugg S/+, Oslo, Norway.) 



Fig. 10.3.14. Elevation of 5 jet vertical PT L'Eau d'Olle, France (Owner EdF). Plant is the upper stage o 
the barrage Grand'Maison, an earth-fill gravity dam, crest height 140 m. width 550 m. live s t o r a ~  v o l e  1 
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Fig. 10.3.1 5. a) Cross section through one of the 5 horizontal shaft sets with ?-wheel. 2-nozzle PT 
,I prutz, Knunertnl, Austria (o\vner Tiroler Wasserkraftwerkc, Innsbruck) built by J .  XI. I*i)it/i. 
H = 890 m, n = 500 rpm, P = 7S,8 MW. Sm;ill dcflcction ariglc of y-fitting and small curv:iturc of 
the pipe at the ends of the y-bra~iches diminish disturbances of uniformity in thc flow admission to 
~ h c  nozzles (so called "tongs design"). Whccl of intcgr;~lly cast stair~less stcel, D = 2,31 m, nccctlc 
servo motor in the nozzle pipe with fcedback linkage of both the nozzles joined together. Ivhich givss 
acertain position of the jet deflector via a carn to a given ncedle position. Both jet deflectors operated 
\:ia linkage by a common servo nio!or. Smnll brake nozzlc between the 2 main noz~les. jet splittcr 
on the top of lo\icr nozzle to minimizc jet disturbnncc from the other jct. C.ising cquippcd I\-ith guicic 
plates to deflcct jct towards the tailwatcr in the case of runaway. Occasi~nally Dndly snndcroded by 
fatigue-conditior~cd failure of the surgc tank lining. (Drawing courtcsy J. I!!. I'birh.) 

- -. . . - -- - - - .. - - -- - - -- . . . . 

Fig. 10.3.1 5. b) Cross section of I-wheel, I-jet horizontnl shaft PT Salanfe Mii\.illc. S\vitzerlai;d built 
by Vcvey-Charniilles Engineering Works, Switzcrlnnd. Straight admission pipe, necdlc scrvoniotor 
in the nozz e pipe, jet prcsser, brake no7.zlc. Because of thc high l~ead ,  sm;lll jct tvhccl diametcr ratio. 
H = 1447 , rr = 500 rpm, P = 35,2 MW.  This is the 3 rd higl~cst hcnd of the tvorlri iisecl by tr PT. i PTs ith the highest !,cads in the world, n;llncly Chandolinc. Grancie Discncc. Switzcrlanti 
( H  = 1710 /n, I' = 36.6 M W) and Reisscck, Austria (ti = 1765 m. P = 22,8 h , W )  arc also of the I 

I nobzlc type and wcrc built also by Vcvcy Charniillcs Enginwring \+'orks. S\vitzcrland. 
(Dri1wing cdllrtcsy Vcvcy Charmillcs Engineering Works.) 



10.3..3. 'l'lle litnits of a F7' in the lower Ilcad range 

Accorrling to the expcricncc of S u l ~ c r  1scllt.r Wyss, tI1c1-c exists also a Lone of over] %%& 
OP ;;1 

with thc K;lpl;ln tt~rbinc (KT) .  This r:lni.,e has npprorini:ltsly :tn l l p p r  limit :lt a head of 
ahout 70 rn. S o n ~ e  K T  l)l:~nts with :111 upper he;ld limi! :~bovc this figlire are usually 
locatcd at tile base of a dani storing their tailwatcr and needing n o  esscnti:~l excavation ' 3 
for su bniergence. f 
In th'e range of low flows between 1.5 and 2.2 m3/s up to n Itcad of 23 in, the upper head 

* 

limit IE(m) of this zone rcads (F ig  10.3.16): 111 H = 1.33 t 2.42 111 Q, Q in rn3/s. In the head : 
'-34 range between 23 m to 67 m and the flow range between 2,2 m3/s to 13 mJ/s this litnit is 
% 

given by: Ir l  H = 2,55 + 0,672 In Q. b 
2 

In the head rarlge below 70 m and a flow above 27 m3/s thc limit between FT and KT " 

follows from In H = 0,665 In Q. 

These formulas reflect only the actual state of the art. This changes in coilrse of time so - 
as to raise the output and head limit for a KT in thc fiiturc. This holds especially for lower 
flows between 13 to 350 rn3/s. Tile causes for this evolution may be traced to the following 
reasons: 

First the low-head FT with hig1:est specific speed has a strongly hook-forrnecl q (P) graph 
' 

O W s  1 2 5 10 20 50 100 200 5 0 0 .  1000 

Fig. 10.3.16. Range of applicdtion for the various hydro turbomachines on a Q(H)-graph according 
to Sulzer Escher Wyss. 



$th a pronounced q peak at bep, whereas a KT especially the double regulated one, b- 
a f l  atter curve around the bep. Thereby the KT can be adapted better to a changing 
&rnand of power. This item must be put aside in a plant with a large nurnbcr of s e ~  

~ ~ ~ t h e r m o r e  the KT operating with constant speed can be adapted much better than a 
FT to head variations at nearly constant eficiency. Further the runner of a FT witb 

n, ' 350 is axially too elastic and is mechanically not suitable for elevated heads, whereas 
a KT runner of this n,-range is no problem. Finally the level of bep efidency of a FT 
Nnner with highest specific speed n, 2 350 of this type is rather low. 

Examples of large and medium FTs in this range of n, are shown in Fig. 10.3.8 and 
~ j g .  10.3.17. 

10.3.4. Efficiency of a F'T as a function of specific speed 

After a systematic survey carried out on 340 FTs, Zanobetti found the efficiency at bep 
to depend as follows on the specific speed n, in the range 145 < n, < 340 [10.34]: 

For qopm see (10.3- 1). Hence for a given head the designer should tend to set n and P,,, 
x, as to obtain n, = 145. At full load with an efficiency drop Aq of about 2 %  the efficiency 
according to Zanobetti [10.34] becomes 

Fhlally the same author found the efliciency at 50% of full-load output Po,, ,,, to be 
expressed by 

'loss = o p  - 0,0521 (~1,1145 - - (10.3-4) 

In the above qopm = 0,935 (0,925) and 70,s ,, = qopm - 0,04. The relations demon- 
strate clearly that the efficiencies qop; l l , , l ;  qOs5 decrease when n, increases above 145. Note 
that these values apply to very large units. Hence for a FT with n, = 420: qo, = 0,92; 
ql,l = 0,87; = 0,72. This figure makes clear the limits of n, due to a FT. 

A rather bad feature of a FT, also occurring on a KT with fixed runner vanes, is the 
pressure surge in the draft tube, when the machine operates away from the bep (Cap. 5.5, 
8.2 and 9.8) and if its runner is of the overhung design. 

Contrary to a KT the FT has a more moderate submergence in consequence of its smal!er 
cavitation index (see Table 9.2.1). 

Also the runaway speed the set has to withstand, which increases with rising n, from 1,4 
to 2 times the normal speed, is considerably smal!er for a FT than for a KT. This appears 
in the dangerous case of off-cam operation at low heads up to 3,5 times the normal speed 
[8.132]. 

10.3.5. The design of a Francis turbine 

The design of a FT starts from H, Q given the topography and the hydrograph. The speed 
f l  must be compatible with the grid frequency and the integer number of pole pairs of the 
alternator but set, if possible, so as to get a specific speed n, = 145, where n, = 
"('prn) (Pill (kW))'12/H (m)5'4. As outlined in Cap. 9.2, for reasons of limited submergence 
and runner strength, a certain n, is assigned to H, a relation which corresponds to  the 



Fig. 10.3.17. Elevation of the FT at Hartwell, Ohio, USA, built by Voest Alpine, Linz, Austria. 
H .= 51,s m; n = 112,5 rpm; P = SO MW. Runner D = 4,877 m. Simplified design of the runner hub. 
Bell-shaped guide bearing, machined from shaft, submerged in the oil pan to facilitate lubrication 
whilst starting up. Parallel plate spiral casing, head cover and bottom ring split into halves for 
transportation, bolted together on the site. Gate lever with a shear pin as breaking device, if a foreign 
body is squeezed between adjacent gates. (Drawing courtesy Voest-Alpine, L i n ~  Austria.) 



te of the art, which in the future will move to assign higher n,(ns)  values to a certain 
sf= 
wd- 
gctdng ns above the actual limit for H, means firstly higher submergcllcc and hence 
aovation cost. Then the runner is more highly stressed, so as to require a stronger 
wtcrial or to need a more careful stress calculntion (10.521, e.g., by finite element method 

1391. This holds especially for larger and hence more elastic units as seen in 
[lo' 10.3.17 and 10.3.8. Fig 

rab1e 10.3.1. Empirical values for a Francis turbine runner as a function of the specific 
n - ~ Q ~ / ~ H - ~ / ~  n Ipeed 9 -  

, rpm, Q m3/s, H m. 

1. rpm 17 29 4 3 57 70 85 100 - 
m x H  m 700 
Q l l  111 m3/s 0,123 
81 1 rpm 61 
maxn,, rpm 105 
Q I I  JQII 111 0,8 1 
li L 0,88 

0,845 2 y 2  0,024 
# 0,045 
D, ilD 1 ,o 
DJD 1,04 
DS1D 0,6 
* d D  0,055 
Ii'D 0,36 
yo 0,27 

qil efficiencies for model runners of 0,3 to 0,6 m 0 under a head of 5 to  60 m 



For ;I gibsn spe~ific spced 1 1 ,  or :I,,. t l ~ c  r,ited unit dischilrgt' Q , ,  :lnd ~ i i l i t  speed n,, nr 
obtilincd fl-orn Tablc 10.3.1. Ilcncc, rhc runncr tlirln~ctcr altcrnntivcly (for control) 

!\s ;I third control thc blade tip speed coefficient Ka may also bc @ptirnizctl with respect 
to il n~axiniuin surplus during the useful life of the turbine, following the lincs of Cap. 4 4 - . 
Oiicc ri(rpm) and = 7t 11/30 arc known, thcn Y 

0 n c ' c ' ~  is known aild the figures D2JD, D,/D. bJD, IJD, l i /D ,  D,/D are taken from 
Table 10.3.1 as a function of n,, the elevation of the runner, inclusive of the gate's outlet ." 
edee C and draft tube inlet may be plotted, aided by the contours of thc runner given in the 
above table as it function of r?,. (For qlI1 = 0,9: 11, = 2,97 n,.) 

I t  must be emphasized that the contour is more o r  less set a t  will and reflects the 
experience of a special maker. 

In the following some design features (as a function of H o r  n,) may be mentioned, found 
in the survey of modern trends in the design of FTs by de Siervo and cle Leva [10.33] 

n, = 3470 H - ~ . ~ ~ ~ ,  KU = 0,323 + 2,2 rt,. (10.3-7) 

*Thc outer diamtter of the runner outlet edge Dl, follows from the rated output P,,, and 
a coefficient usu;~lly referred to as the coefficient of the largest runner outlet diameter C,, 
a figure Ivhich for machines above i-\ r ~ ,  about 200 corresponds to what is called the runner 
throat coeficient 

Dla = Cl  ( P , ~ ~ ) ~ ~ ~ .  (10.3-8) 

This rule folloivs t!le experience that the flow through a device o r  machine under a certain 
head is l;sually dictated by the size of its narrowest passage. C ,  may be !raced to the 
similarit:: laws (Cap. 9.2). according to which, wit11 D = D,, Dl ,  = D l ,  the speed may be 
expressed by t~ = C Ku(D,,'D,) I I ' / ~ / D ,  with C as n dimension-l~nked constant. Elimi- 
nating tz from this by means of the definition of n, =. n(P,ll)112/H51" gives 

C, = C Ku(D,/D,)/(n, H3I4). (10.3-9) 

Since the values Kli, n, ,  !i and Dl  jD, depend on n,, C,  also is a function of n,. According 
ta Znnob?tti's review [10.34] 

C, = 0,075 + O,S55 . n,. (10.3- 10) 

For the output, according to Cap. 9.2: P = PI, D2 H3I2. Hence by logarithmic differen- 
tiation and putting tlP = P - PI/, and dH = H - IIlI,: PIP,, = - 0,5 + 1,5 H/HIIl.  Af- 
ter ZanoSrtti for the machines reviewed 

P,'Plll = - 0,433 + 1,44 H/Hli l .  (10.3- 11) 

The span of the gate depends according to  de Sierro [10.33] on  11, as  

b,iD, = 0,188 + 0,5 - 10-3n,. (10.3-12) 

The axial depth 'a' of runner (Fig. 10.3.18) as the distance of the outmost point on the 
runner outlet edge from the distributor's centre line, according to  de Siervo and de Leva, 
is given by [10.33] 

a /D ,  = - 0,05 + 42/n,, (50 < n, < 110) 
a/Dl=1/(3,16-0,0013nS), (110<nS<350) .  . (10.3- 13) 



10.3.18. Elevation of set with the 
figimeterr to calculate earth excavation, and 
pa' cbaracteristi~ relations for the lay-out o f  a FT. 

f i e  distance of the centre lines due to  adjacent sets is after [10.34] in relation to D l  

Hence AID, = 5,06 and 3,75, at n, = 100 and 300. 

The submergence (or the suction head h,) of the runner outlet follows by the well-known 
nlation of Cap. 8.3 by means of a cavitation index from Table 10.3. From de Siervo 
[10.33] the cavitation index a reads as a function of ns 

This approximates the values recommended by D. Thoma. 

- Draft tube: Depth of draft tube bottom below the runner outlet (Fig. 10.3.18), from 
de Siervo [10.33] 

The same author recommends for the horizontal length h of an elbow draft tube 
(Fig. 10.3.18) taken from its centre line 

hlD, = ns/(- 9,28 + 0,25 n,). (10.3- 17) 

Depth of draft tube bottom below the deepest point of the runner outlet edge 2,5 to 3 D l .  
Length of draft tube cone 0,8 Dl  . Horizontal distance of bend outlet from the turbine axis 
about 1,35 Dl  (Fig. 10.3.18). IIeight of bend outlet section 0,6 D,. Radius of curvature of 
the bend's centre line 1,4 D l .  

- Spiral casing: Mean velocity in the spiral intake at full load flow Q,,, for n, = 60 t o  350 
[8.132]: 

c,, ,,, = (0,15 to 0,25)(2  g H ) 1 ' 2 .  

Hence inlet diameter D,, of spiral casing by continuity. Internal diameter of spiral casing 
at  stay vane inlet for a non-parallel plate stayring: D,, = (1,4 to 2,4) D,,, at n, = 77 to  240. 
The last value is subjected to large changes. This follows from the ratio of stay vane 
number to gate vane number and from the gate vane  lumber itself. For large machines 
both vane numbers are equal. Moreover the gate number increases from say 8 for very 
small units to 28 for very large ones. 



- 3 1:inally thc  d i i~metcr  is inflncnccd by the h c t  wliet!~cr the  sp i ra l  ciising is of tllc pnralld 
pl;ltc dcsign nficr 1'ig:lct (Fig. 10.3.4) 13.1281 o r  the sl;~ssic:ll dcsigo (Fig. 10.3.5). The latter 
is rno1.e sp;lce consuminp. and strcsscs the s tay  va~ ic s ,  i ts c r o w n  ;lad bo t tom cover more 
t h a n  i n  t he  first design b u t  i f  offers a m o r e  s m o o t h  in t ake  for  the s t ay  vanes. 

As a gcncral rulc attention has to be paid to the strcngth of the spiral, stay vane rings and stay van 
CQ, hcad and bottom cover and distributor vanes under the following rclcv;ult lond9 especially devcl- 

oped at closed p t e s :  Water load ur.dcr test pressure, which is ust~aliy 1,5 times the highest working 
prcssu'rc composed of thc static prcssurc plus the highcst adn~issiblc prcssurc surge due to 
hammer. 

b 
Load of the thrust bearing, whcn this is supported by a truncated cone on the head cover. Membrane 
stress from the shell of the spiral casing usually calculated so  as t o  assume the top most quasi 
cylindrical section through thc spiral casing wall as free of shear parallel t c  the machine axis. Besides 
the junction bctwcen spiral casing wall and thc stay vane rings (usually casings) also transfers 
bending moments The strength of the stay vane ring is the core of a F T  design. 

By adopting Piguet's contracted spiral casing with parallcl platcs of the stay vane ring, the ca1cula. 
tion bccomcs more reliable and transparent, since the stay vanes are then of constant span over their 
streamwise length, and are attacked more centrally by the membrane pu!l from the spiral casing wall. 

'The bending moment in the junction of a spiral casing is a conscquence of  t'nc closure of an imaginary 
gap that would cxist if the load-induccd deformations of the stay ring and spiral casing were 
consitiercd indepcndcnt of each other. This gap would exist alotlg the circular junction of stay ring 
and spiral casing. In rcality it is closed mainly by the action of an internal bending moment around 
a tangent of this circle. This causes a bending stress in the meridional direction, which has to be 
superimposed on the meridional melnbran stress due to internal pressure of the spiral casing. In a 
wclded design, for reasons of fr~brication, this highly btrcssed junction is implemented by a weld seam. 
Manhole and pedestal of the spiral casing, or  the concretc propping it, must not overstress it. 

Moreover thcre are fatigue problems in the spiral casing. the stay rings, and the stay vanes of sets 
w!lich often change their mode of operation [10.124 to 10.1311. 

The stress calculation of the gate and its drive in closed position under squeezing adjacent gates 
necds ths same care tv~th respect to strength [10.59; 10.89; 10.1221. Here thc "submergence" of the 
gate dribe (see Fips. 10.3.1 or  10.4.17) into the hcad covcr ( i f  possible) avoids jamming of the gate stem 
by defor~nation of head cover. enable5 statically dctcrrnined support of thc gates (two bearing 
arrangement) and eliminates the fatigue problem at the tramition between stem and blade of the 
gate. Thc latter follows from the fact that in a two bcaring arrangement, this section with its strongly 
varying sectiona! modulus is not subjected to axial bendins stresses (acting parallcl to the stem), 
ivl~ose flux would there experience a strong contraction connected with notch effects i2.231. However 
such a design is restricted to heads below 450 nl (the FTs of Grand Coulee 111 built by Allis Chalmers 
can be considered to be an  exemplary constrt~ction of this type). (See Cap. 2.3.) 

The head cover of huge and high head machines must be stiff so as t o  avoid deformation causing 
fouling of thc runner within the labyrinths and exciting runner vibrations by variation of the 
labyrinth's gap clearance [8.132]. 

T h e  circumferential deve lopmen t  of  t he  cross sect ional  area of the  spiral casing tube 
follows from the intent ion t o  d is t r ibute  t h e  flow t o  the runner uniformly ove r  t h e  circum- 
ference, wi th  an angu la r  m o m e n t u m  nea r  t o  tha t  requi red  by the  runner.  

T o  reduce the loss in the case of highest heads, usually the angular monlentum within the spiral tube 
is smaller than required by the runner. T o  save space in the case of low-he:~d plants with scmi-spiral 
casings, the angular nlomentum in the duct of the latter is larger than required. Because of the 
relatively smal! kinetic energy in the ducts of the guide apparatus there, this does not influence the 
eficiency. At any rate, the change to angular momenturn required is effected by the stay and guide 
vanes. 

D imens ion ing  of t h e  cross sec t ions  is based on t h e  a s sumpt ion  t h a t  a t  least in the first 
t h ree  qua r t e r s  of the  circumference a velocity distr ibut ion is genera ted  that corresponds 



to that of a free vortex. Hence the distance e of the outmost spiral wall from the machine 
depends as follows on the azimuthal distance cp from the radius due to the inlet 

section of the spiral case near its tongue: cp(e/D,,) 90" ( 1 3 . .  .2,5); 180" (1,7.. .2,3); 
270" (1,5 . . .1,9); 360" (1,3.. . 1,4). 
For heads below about 30 m also semi-spiral casings are applied. Inlet width: 2,9 - D. 
Eccentricity: related to the axis of the turbine: 0,2 D. Maximum height: 1,4 - D. Maxi- 
mum lateral distance of the spiral chamber wall from the axis: 1,4 - D, [10.147]. 

10.3.6. Design of the runner vane, simplified method 

1) ~iv i s ion  of the runner vane channel into i elementary turbines (i = 2 for small n, ,  i = 5 
for high n,, according to Fig. 10.3.19), having the same flow A Q  = Q,,,!i. QSp follows from 
the ratio Q l l  .,/Ql1 ,,, in Table 10.3.1. Continuity for an elementary turbine, local span 
~ b ,  local distance from axis r, local meridional velocity c,, local contraction coefficient 
@ (due to vane and boundary layer), requires 

AQ G= 2 n A b r c , @  = const. (10.3- 18) 

The procedure is best satisfied along a normal to the preliminarily set meridional 
streamlines in the n-direction. Strictly speaking introduction of c, requires knowledge 
of the c,  distribution, Cap. 10.6 or  6.4. A simplified mean value of c,, follows from 

Fig. 10.3.19. Elevation and plan of an arbitrary FT (hcre with n, = 100) with ch-nentary turbines, 
mdial and pattern sections and angles. 
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c,, - Q,,p ! ?  ii: I.,, h +), \ Y ~ L ' I - C  I )  is the local brc:ldth of rdtor, i s , ,  tile mean 11ist;rnce of this 
t~rc:rdt!l Croln : I \ ; , .  Tlic~! (.,, - < c,,,, ,f.  hlore rigorously is ob~itined from thc potelltial 
How p;i! tcrn i n  I he meridt;~n, !:unccl by thc ~raph ica l  method after Cap. 5.2; ro~g'illy with 
1 1 ,  = 60 .  . 3  10. o n  the 41roucl < = 1 . . . 1,S ancl on the hub  5: - 1 . . .0,5. The contraction 
cocfiicicn t ~ 1 )  1nay bc prclilr1;narily estimated between 0,9 and 0,7. 

Strictly speaking (b depends on the real vane thickness It, the anglc /I' between the pilttcrn 
making vane sectior, and tl?e periphery, thc angle O between the radial vane section and 
radius, the r:ttiius r and thc vane numbcr z :IS follows [8.132] 

L 

(b = 1 - [ I t  2 / ( 2  n r ) ]  (1 + cot /I'/sin2 @)'I2 . (10.3- 19) 

~ t r i c t l ~  spcilking It contains also the displacement thickness of the boundary layers on 
both the faces. R o ~ ~ g h l y  h corresponds t o  the vane thickness resulting from the stress 
calculatior! given later on. 

In  general the vane nurnber z is odd t o  avoid excitation of torsionai vibratioils at the 
instant the rotor vane cuts a wake from the gate, whose number is in general even. The 
numbcr of runner vanes may vary from z = 7 to 17 for hcads of 20 to  700 m. , 

2) Ass~~rnpt ion of ttic strca~nwise c l~ange  of aiigular mornenturn: After tests on Francis 
turbines by Uiir [5.17] a!ld Schler)~nzer [5.18] (Figs. 10.3.20 and  10.3.21), earl-ied out at 
Lehrstuhl und L a b ~ r  fiir Flydraulische Maschinen und Anlagen T U  Miinchen, West 
Germany, in a streamwise d i r e c t i o ~ ~  at a working point near the bep. the angular momen- 

Fig. 10.3.20. Test results, show- 
ing thc graph of the'absolute 
flow cnergy Y, and rothalpy Y,, 
both related to specific head gH 
vs unrolled lllcridional stream 

i f liiw length s for various elemen- 
tary tur'oincs of a FT with 
n, = 70 at bep according to the 
hill diagram. of Fig. 10.3.21. 
B elementary turbine close to 
the shroud; F ditto close to the 
hub. Plccordingly lines C, D, E 
belonging to the mean meridi- 
onal streamlines of the elemen- 
tary turbincs from thz shroud lo 
the hub. Frorn E. Bar: Messung 
des relativen Strijn~ungsfeldes in 
Wasser an der ~aufschaufel 

0 eincr schnelliiufigcn Francistut- 
o bine. Forschung Ing. Wesen 36 

coordinate s ( I  970), no 2. p. 54/61. . 



1;o 1.2 nll/"llopt 

Fig. 10.3.21. Hill diagram of a FT with n, = 70 in the bep, obtained by tests on a model with 
D = 0,455 m runner diameter. With relative velocity w and angle j3 with circumference at runner inlet 
at different operating points according to the measurements of Schlemmer, in a mean flow plane 
(5.181. Beginning and increase of surging in the runner indicated by arrows A: suction face, shroud; 
B: suction face, hub; C: suction' face, shroud unsteady flow, pressure face shroud, and hub; 
E: suction face, shroud. 

turn drops nearly linearly from the leading inlet edge (there having a m a g n i t ~ d e  
cU2 r2 = (gH qu - c, r l  o)/o) towards the value c,, r, at the outlet edge of the rotor. The 
above tests also show the derivative of angular momentum along a normal n t o  the 
meridional streamlines (d(c,r)/an) to be vanishing small at the bep and away from the 
leading edge of the runner vane, see below. 
For the case of the bep c, ,  = 0. Hence the whirl at a certain station with the radius r, 

where AY,(S,~) is an arbitrary steadily falling function vs the meridional stream path s,, 
measured from the inlet edge and being gH quo, at the outlet. 
Such an arbitrary drop of the flow energy Yo within the runner in the streamwise direction 
a n  be set only along one elementary turbine. The relation (6.5-4) for the distribution of 
he meiidional velocity as a function of the distribution of angular momentum normal 
0 the streamlines shows that only in the case of a loss free flow and a (c, r)lan = 0, the 
iistribution of the meridional velocity in the n-direction (normal to the meridional 
Jreamlines) becomes independent of the c u r  distribution normal to  the streamlines. 
\ssuming heace this sinlple case, then two things have to be satisfied: 
1) The c u r  distribution along the other elementary turbines has now to account for the 
)ne prescribed c, r-course such as to have always d (c, r)/dil = 0. See also tests [5.18]. 
)) According to (6.5-4), the c ,  distribution now remaining, follows the law 
'c,,,/dn + cm/R = 0, where R is the radius of curvature of the streamline in the meridian. 
l e  last mentioned differential equation for c, is that of a potential flow in the meridian. 
Ience strictly speaking the graphical method described in Cap. 5.2 has to be employed 

obtain the more correct distribution of the meridional velocity instead of the rough 
$tinlate with the factor <. But this holds good only for a dcsign with a(cur)/dn = 0. 
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Fig. 10.3.22. Relative flow in a FT runner according to the test carried out by Schlemnier (5.181. a) time-averagcd mcridionnl streamlines at the bcp 
(point 3 in the llill diagram of Fig. 10.3.21) on pressurc face (----) and on the suction face (-) indicated by b) n~icrofl~~gs I a or I b on a rod 2, with 
a friction collar 3, on a piston 4, loaded by pressurized air 5; the whole inserted in a runncr vane 6. By mcans of the friction collar, the rime-averazcd 
direction of the flag and thus of the relative flow could be retained after the runner was stopped and the separately inserted vane (Acryl glass) was 
dismounted. c) coefficients of the relative velocity measured at bcp. c l )  K w  vs unrolled meridiomJ streamline (see a)) on thc suction face S: - in 
7.5 mm distance from the vane face, --- in 1,7 mm distance from it. c 2 )  Kw ditto on the pressure face P. From Schlemmer 15.1 81. 

, 



 his hint may be sufficient, as i t  shows how the method works. Assume in the folloivin~ 
that the above conditions are satisfied and the absolute flow field is given. This flow field 
and the resulting relative flow field is assumed to be a pitch-averaged flow field and to 
be along the runner vane. 

3) Calculation of the flow angle Q: Once the whirl velocity c,, the meridional velocity c, 
and the peripheral blade speed u = wr are known at any station of the runner, then from 
the velocity triangle of the channel centre line (Fig. 5.21 f), the angle P between relative 

w and circumference results from (w, c,, c, now valid at centre line) 

B = arctan [c,/(u - c,)] . (10.3-21) 

Hence the relative velocity along the channel centre line follows from 

The corresponding relative velocities on the suction and pressure face at the same parallel 
circle, radius r, follow from the relations (5.2-32 to 34). The latter facilitates a prediction 
of the cavitation index a according to Cap. 8.2.3. 

Fig. 10.3.22 shows the coefficient of relative velocity from measurements along the 
suction and pressure face of a Francis turbine with medium specific speed [5.17]. 

4) Calculating and setting of the pattern making and radial vane sections: This procedure 
is characterized by the intention to make the curvature of the relative streamline along 
the vane as small and as steadily varying as possible and by an effort to avoid any change 
in sign of the curvature in streamwise direction. 

After (6.5- 13), the angle between the pattern making section and periphery, the known 
angle P, the known angle 11 of the meridional streamline and radius and the angle O of 
the radial vane section with the radius are related to each other by 

tan p' = tan sin (O  + p)/sin 63. (10.3-22) 

At  the outlet edge, which usually is in a meridian, O is known. Along the other radial vane 
sections, the angle O may be set at will and depends mainly on the circumferel~tial 
extension of the vane in the plan (Fig. 10.3.19). Usually the inlet edge makes a dihedral 
angle and is not normal to the axisymmetric streamface. 

This reduces the excitation of torsional vibrations at the instant the runner vane's inlet 
edge cuts a wake from the gate's outlet edge, which is parallel to the turbine axis. By the 
skewed inlet edge, the rotor vane cuts the wake only at a certain station and not along 
its whole span as would be for a vane with its leading edge within a meridian. 

Once the angles O, p and Pare  known at any station, jl' then follows from (10.3- 22). Thus 
the vane skeleton is fixed point by point. Note that the flow so far is assumed axisym- 
metric and along the vane skeletons. Any prediction of the real flow along the vane, needs 
the methods described in Cap. 6.2 and 10.6. 

TO obtain a reasonable form of the rotor vane channel by the previously mentioned 
method, the radial vane sections have to  be set for a unifor~nly curved vane (see 
Fig. 10.3.19). 

The required thickness h of the vane, normal to  thk skeleton, follows from the stress 
alculation of the next section. With h, Q', 0, the vane thickness in the peripheral direction 
i. results from (Cap. 10.3.9) 



Aclcli11.1 11, 2 ti11 ho[ll ~ h c  i,tco, of tile \kclclotl iilonp its p;ltlcrll sec(iorr i n  circumgr 
direction yiclcls tllc p:lrtcr~l s c c ~ i v ~ l  cli~c to t l ~ c  re;11 s i ~ c t i t ~ ~ i  ~ L C C  :111d PrcSSur~ face 
vanc. 

10.3.7. Sin~ple strcss c t~ lc t~ l i~ t i~n  of a runner vane 

Assume ;l runner vanc to bc intersectcd by numerous acljnccnt cylindrical secti 
Imagine that :r11 thc bl:lclc sliccs so obt;~incd arc turned into one nicritiian. Thus the b 
is trahsformed into rr r;~di;ll rib with the same thickness h,, as thc rcnl blade i n  
peripheral direction [Y. 1321. 

This rib is consiticred ah a beam loaded nornlally by the hydraulic load component in 
tansential direction. Thc bean1 is clamped at both of i!s cnds on the hub and shroud 
rcspcctively so as to be displaceable parallel to itself at  the shroud's entl, see [10.1541, 

The centrifugal load is neglected, as it acts against the hydraulic ioacl. Its omission has 
to  L e  accounted for by an adequate choice of safety factor. 

The clecibive peripheral force at start up  is derived from the known full load torque -3 
A,Il,, = P , i l / u .  $ %1 
According to the torque vs speed characteristic, the bta!-titi~ torque is x ,  times the full 
load torclue (2, being 1.3 to 2 for 11, = 330 to 60). The tangential force clue to this starting 
torque is assumed to act on the rib, restrictetl as abovc. on the known pressure centre of 
the rotor vane, on :I station a distance from its clnmpzd c11d at tile hub (Fig. 10.3.23a). 
This eivcs the fixed end Inonlent there 

where r,, is the radics OII which the tan~eri t ia l  hydraulic load acts on the rib, r ,  accounts 
for thc diffcrer~t kincls of support possible a t  the shrouti's cnti of the bennl. More exactly, 

Fig. 10.3.23. Stressing of a FT runner. a) Circular projection of runncr vane onto a meridian with 
its cerltrc of pressure S for thc prriphcr;~l li!~droti~niirnic lu;id. S tierivcd from tlie mcnsuremcnt of 
the diiTcrentinl prcssarc ( I ) , ,  - p,) ( p ! q I I )  bet\\-een the prcssilrc. and suction I~cc, shown in b). 
b) Dis!ribution of tlic diffcrc~itial prcssurc , l p  in the bep of iI FT 11, = 70 (scc Fig. 10.3.21). From 
Sclrlcnln~rr [5.15]. 



the values lhi and r ,  follow from the measurement of the runner vane's differential 

Pr essi~re (Fig. 10.3.23 b). For a runner with shroud a, = 314, without a shroud a2 = 1. 

The innermost vane section of meridional length Li (Fig. 10.3.23) and maximum periph- 
cral thickness hum has a sectional modulus of about 

where a, % 116 for vanes of constant thickness and a, % 1/12 for streamlined vanes. 
From the last two relations the bending stress in the clamping section of the vane on the 

- 

( lb  has to be set with respect to the neglected centrifugal load. Then the above yields the 
vane thickness in the peripheral direction h U m i  at the hub. For a streamlined 

along the arc Li on the hub, the distribution of the real peripheral vane thickness 
starts from its maximum h m i  (4.111. The real vane thickness It, normal to the vane then 
follows from h, by means of (10.3-23) as jl' and O are known.. 

10.3.8. Simple stress calculation of the hub 

The cross section of the hub half has its centre of gravity in a distance r, from the axis 
(Fig. 10.3.24). With m, and m, as the masses of hub and the z vanes, the mean tensile stress 
in the tangential direction within a meridional section, area A, at runaway speed or, 
becomes 

2 
ow, = a,, (r, t11, + a4 z r,, nts)/(2 rc A), (10.3-27j 

where 2, = 112 for a runner with shroud and 1 for a runner without a shroud. A bending 
stress a,, has to be added to the tensile stress a,,. This results from a bending moment 
about the radial neutral axis of the cross section A. This bending moment M results from 
a tangential moment caused by the centrifugal loads of the vanes about the centre of 
gravity of A being r 4  m, z I-,, a: I, (Fig. 10.3.24) and a similar counteracting moment 
caused by the axial thrust on the hub being F,!,. This gives the bending stress [10.35] 

where I is the area moment of inertia of the face A about its radial neutral axis intersecting 
the centre of gravity, and e, the largest axial distance a point on the boundary of the 
section A has from the neutral axis (Fig. 10.3.24). 

Fig. 10.3.24. Loads acting on the hub of a Francis 
runner, causing a bending stress about the radial 
neutral axis through the centre of gravity S of a 
mcridional hub section. For safety I,F0/2n (the 
moment due to axial thrust on the hub) should be 
calculated for the case of a blocked leakage flow. 



To he o n  tllc safc side. r l ~ c  torquc ol' thc axial t h r i ~ s t  :tbout thc circ!c of radius rc, F 1 
a a should bc calculntcd for the dnngcrc>iis C , ~ X  of n blocked Icahagc flow ; ~ t  t l ~  hub. Then 

t l ~ e  axial thrust  can bc :~pproxim;ltcd by I.: = a p , ( ~ '  - 1 ) ; ) : ~  and its rnolne~lt nrln by 
I, = D/n - t1,,/2, where 11, is the throat  diameter as thc npproximntc tlianieter of the 
laby~.inlli of thc runncr, and  (1, thc  dinrnetcr of the bolt circle at the slii~ft Onngc. 

For ;I runncr split into 2 picccs, the bolts attaching tlic halves tu c:~cll other ~ ~ I V C  10 tr;~nslnit a 
tangcclial load that corresponds to that from thc resulting tiingcntinl strcss according to (10.3-27 
and 25). Attention has to be paid to the fact that thc bolts call only bc strcsscd in thc zoncs of tensile 
strcss,,within thc partition Ilange. 

10.3.9. Derivation of the relation (10.3-23) 

Considcr a. vnnc surfacc elcment in a cylindrical coordinate systcln (Fig. 10.3.25). Obviously the 
tangential plane of thc vane facc is detcrmincd by the pattcrn scction with its itngle fit with the 
circuinfercncc and a radial scctioii with its angle O with the radius. Imaginc the plnnc io be moved 

Fig. 10,3.25. Geometry of s runner vane element of constant thickncss. a) I~~linitesimal runner vane 
clcment, normal vector n, with a cylindrical coordinate system, where s rotor axis, r radius, 
!D tangential direction. b) Relation bctwcen the real vane thickness 11, normal to thc vane face, and 
the ~angcnlial vane thickness h, making the angle (n, k) with each othcr, where k unit vector in 
tangential direction. 

parallel to itself in the peripheral direc!ion k by a distance - 1. Then the vane surface is described 
by the filnction: -- s cot fl' ect O + r cot P' -rep = 1. I-lence the normal vector of the vane: 
n = - cot O cot $'i i- cot p'j - k. TIlus the peripheral component of the unit normal vector: 

cos ( k ,  no) = 1/(1 + cot2 /3'/sin2 0)112. (10.3-29) 
- 

Obviously (Fig. 10.3.25 b), the peripheral thickness h, of the vane as a function of the real thickness 
in thc direction no 

h, = hlcos (k, no). (10.3-30) 



10.4. Optimization of  pump-turbines in terms o f  efficiency 
cavitation also applicable to impeller pumps 1 3 )  

10.4.1. Introduction 

ps mentioned in Chapter 2, to date pumped storage is mainly effected by pump-turbines. 
the following, directions are given for the optimization of the main dimensions of a 

pump-turbine when its working data head gH and flow Q are known. These directions 
may be also used for the optimization of an  impeller pump in a ternary set. For the latter 
6 [10.69 to 10.721, [10.166 to 10.1701. 

n e  design of pump-turbines is based on the fact that a pump impeller can also be made 
to function as a turbine runner even though with somewhat less efficiency than a well- 
built turbine runner specially designed for the purpose. According to experience, a pump 
impeller engineered on optimum lines would reveal an outside diameter 40% greater 
than that of a turbine runner having the same type number. Even so, it is possible in 
principle to  replace the pump and turbine of thc ternary set in pumped storage plants by 
one reversible pump-turbine (binary set) [10.75], [1.50] and [8.132]. 

The first pump-turbines (with relatively low capacity) were installed during the early 1930's at the 
German Baldcney (2 MW) and Brazilian Pedreira (4 MW) facilities. The idea of the pump-turbine 
was not reverted to until after World War I 1  in the USA where the first pump-turbine to be installed 
on a larger scale was that at the Flat Iron facility in 1950. With the two Taum Sauk pump-turbine 
sets (head 780 ft  (240 m)) put into service in 1964, the USA achieved a spectacular breakthrough in 
penetrating the 250 M W  limit, see [10.155; 10.1561. A new dimension has since been attained on the 
sector of US pump-turbine development in the form of the four 392 M W sets non in operatior. at 
h e  Racoon 17acility along with the six 457 M W  Bath County sets scheduled for service in 1979 
(Fig. 10.4.1). Mentioned should also be the wourld's highest head pump-turbine (H = 600 n ~ )  in the 
Yugoslavian Bajina Basta plant built by Tcshiba, Japan [10.85]. 

For highest heads the non adjustable multistage P U T  was developed, see Fig. 10.4.2 and 
Fig. 3.4.37. The 2-stage P U T  with adjustable gates facilitates a better adaptation to 
varying loads whilst turbining, Fig. 3.4.36. IT Meier proposed an adaptation of a P U T  to 
the \larying modes of operation by changing the number of stages, see Fig. 19.4.3. 

European countries whose hydro-mechanical industries were able to point satisfactory 
results from the use of ternary sets installed at pumped storage plants. e.g., Italy, West 
Germany, Austria and France were slow to follo\v the US example, especially after having 
experienced some difficulty on their first large-scale pump-turbines at the point of 
transition from turbine to pump operation. Fig. 10.4.4 to 6 show examples of recent 
European pump-turbines [10.92; 10.1571. 

The following are a few of the "milestones" recorded in the field of pump-turbine development in 
West Germany. 

In 1965 the first large-scale pump-turbines were commissioned for the Ronkhausen facility, 
Fig. 10.4.7, by Sulzer Brothers and Escher Wyss when the latter was an independent firm [10.75; 
10.158; 10.1591. Another order came from the Vianden pun~ped storage plant in 1967 (already 
quipped with nine 100 M W  ternary sets) for an  additio~lal 200 MW pump-turbine Vianden built 
by Sulzer Eschcr Wyss and Voith, Fig. 10.4.8 (10.160; 10.1611. The guide vanes on thcse sets are 

- 
''1 Some sections o f  this subchapter have been published in the proccedir~gs o f  the ASCE. sce [10.93]. The 

Publishers are thanked for granting permission to use them Ilcrr. 



Fig. 10.4.1. I)istributc>r section ~f PUT B'lth C O U I I ; ~ .  Virgiili;~, USA (owner ~.i:ginia Electric & 
PoIvcr Company). 6 wts. [ I ,  = 329 rn; u = 257 rpm; P, = 457 W. To date tlic Iitrgest pump-turbine 
with respect to size arid o ~ t p u t .  Parallcl plat? spiral casing with a stay ring of cast 5tccl and rolled 
stcel plates v;eldsd on sitc. \\'eldc.d. hish hc;td cover spIit into picces for transporting and then bolted 
toguther. Thickness of the shroud and tllc h::b rcduccd towards the rotor tip diameter to minimize 
the disc friction. Integrally cast rotor with exuhangenblc scnls. Thr i~s t  collar machincd from the shaft, 
bell-shapcd. thus sub~ncrging the mean guitie bearing ill oil, to facilitate starting i~nder  fluid friction. 
L0bvi.r guidc bearicg lubricated by .flinger sl?ell with Pitot tube. Axial thrust derived into the stay 
vanes via a vcr! stifll~cad cover and 3 trunc~ttcd cone. Thc !titter silpports g:ttc operat i l l  ring driven 
by ;I pair of ser\.omotors propped on tlil: turbine pit. Thc  spiral casins uttac!iment point to the stay 
ring is selected for e x h  section separritely to provide optimum balance of thc nioinents due to head 
cover, spiral casing and pressure. The s t a  vane centre of gravity is shifted to the outer edge, 
tlius con~pron~isi~l_p its I?y~Ira:~lic pcrformnnce to  relicvc this outer edge from tensile strcss due to the 
mcmbranc pull from the spiral casing. In the dischargc ring design, only the inncr sole ring, attached 
to  the draft tube wall. and the outer sole ring. anchored by an articulation to the foundation, are 
transferrins vertical loads from the disch:?rgc rins to  the foundation [lO.S9]. (Diawing courtesy Allis 
Chalrners Corporation. IM ilwaukee, li'iscunsin, USA.) 



Fig. 10.4.2. a) Elevation of 5-stage non adjustable pump turbine La Coche, France, St Helene (owner 
EdF). Built by Ncyrpic, France and Vevey Engineering Works, Switzerland. n = 600 rpm. Turbin- 
Ing: H = 930,6 m; P = 80 M W ;  pumping: H = 943,9 m; P = 80 MW. Multistage comb labyrinths. 
(Drawing courtesy Neyrpic, Grenoble, France.) 



Fig. 10.4.2. b) Runncr and shaft in Vcvcy Engineering Works. Note the skcwcd outcr edges of the 
rotor vanc faces to rcduce the excitation of torsional vibrations and diffuser bladc stall by means of 
wakes. (Photograph ccurtesy Vevey-Charmilles Engineering Works, Switzerland.) 

operated by individual servomotors, and the motor-generator set is also capablc of spccding up the 
watcr-filled pump-turbinc into pumping action from the stationary phase with closed valve. 

In 1972 two 75 hfW pump-turbines were purchased from Voith for the Langenprozclten facility 
(1;ig. 10.4.9) a power station serving to generate single phasc traction power for the Federai Railway 
of \ilcst Germany. For the purpose of speeding up thc pump-turbine into pumping action, provision 
was made in this casc for a 27 bl W Francis turbine designed on simple lincs by Sulzer Escher Wyss 
to function as a starting turbine [10.162; 10 1631. 

I n  1972 thc 250 M W  Rodund pump-turbine, Fig. 10.4.10 [10.164], was ordcrcd from Voith to 
cornplcment existing ternary sets in servicc at the Austrian Liincrsec and Rodund 1 pumped storage 
plants. The head in this case amounts to 1140 ft (350 m). 

r2ccording to [277] thc further development of bep delivery head H,,.and rnaximi~m input P, of PUTS, 
ordered from Voith in the year indicated, is shown by the following plants: Coo, Belgium, 1975, 
H , ,  = 26s m, P, = 206 MW; Kuhtai, Austria, 1976, lf,, = 409 m, P, = 122 MW, Obravak, Yugosla- 
via, 1979, H,, .= 548 in, P, = 123 blW. 

Modern trends in the design of pump-turbines are given in [10.76; 10.77; 10.80; 10.811. Quite a 
number of papers have already been written on the subject of existing pump-turbines or pumped- 
storage sets of which only a brief selection can be cited here [10.103; 10.106; 10.157; 10.162; 10.165; 
10.166; 10.167; 10.168; 10.169; 10.170]. 

Normally such treatises are concerned with the distinguishing features of a certain plant. This being 
the case, there appears to be some necessity to approac:~ the subject of pump-turbine design from 
a more general theoretical angle based on practical results. 

The principal objective of this chapter is to draw dttention to a decisive factor, namely 
tha: of the costs rising from excavation work and mechanical losses occurring during the 
period of operation. 

The key to the optimum design of the impeller (the actual centerpiece of a pump-turbine) 
is a new process applied to computing the type nuinber of a semi-axial pump-turbine. 
Type number is fu~lctionally related to empirical loss coefficien:~ (aerodynamics also 
being drawn upon for purposes of analogy), cavitation factors, operating characteristics 
such as flow rate and head, as well as kcown geon~etrical dimensions of the impeller and 
diffuser. 





Fig. lC.4.4. i\'orhshop ,~s.;ernbly of the C'lplijna pump-turbinc (o\vn;r State Power Board 01 
Yugo.;la,-la) in the H:drcart shops, hlilan. Italy. 2 sets whose PuTs arc designed by I-lydroart for 
.I circular pit pcmcr housc. ,I = 300 rpm. Turbinin_g: H = 237 to 233 m; P = 250 to 202 MW 
Pumping. H = 2iO to 260 m; P = 218,s to 157,s MW. Rotor: Integr:~lly cast Cr/Ni 1314 stainlest 
steel. D = 4.6 ni: \wight 30 tons. Start up into pumping by connecting the AC grid, non-attenuatec 
with the alternatar. (Pl~otograph courtesy Hydroart hlilan, Italy.) 



Fig. 10.4.5. Elevation of the pump-turbine set Montezic, Truylre, France (owner EdJ:). 4 sets built 
by Neyrpic, France. n - 428 rpm. Turbining: H = 419 to 378,9 m ;  P = 230 to 193 M W .  Pumping: 

= 388 to  426 rn; P = 2 19 to 202 M W. rr , ,  = 685 rpm. Gate with single servomotors. Submergence 
under minimum tailwater level about 52 m. Maximum submergence 100 n;. Fly-wheel momenr 
GDZ = 2400 m2 tons. Rotor D = 4,01 m. Power absorbed of the dewatered rotor at synchronous 
'Peed 11,65 MW. (Drawing courtesy Neyrpic, Grenoble, France.) 



Fig. 10.4.6. Elcv:irion of Dinorwic 
pump-turbine, \Vales, Great 13ritain 
(owncr: firitis11 power board). 
Dcsigp of Boving, London, on  thc 
bast of I I ~ O ~ C ~  tests carricd out a t  
Kai\.IqWa (S\vcdcn), a joint venture 
of the Axcl Johnson group. 6 units 
comrnissioncd 1975 with the fol- 
lowing data: t r  = 500 rpm, turbine 
mode, H = 536 m. P = 31 7 MW, 
piimp mode, I-! = 545 m, Q = 
50 rn3/s, hcncc l t P H  = 85,5 . lo6 is 
the largest of all pimp-turbines. 
The most powerful European 
pumped storage plant. Runner 
D ,  = 2,03 rn, material stainless 
steel casting (13% Cr,  4 %  Ni). 
Efficiei?cy as ti~rbine 92,5 %, as 
pump 9:,7 0/<, (guarantee valucs for 
prototypcj 34 gates, all rotating 
parts water lubricated except the 
guide apparatus which is automati- 
cally grensc lubricated. 1 welded 
steel plate spiral casing, with a 
smooth transit to the guide plates of 
thc guide vanes, 2 rotor, 3 bottom 
cover, 4 tcj? covcr, 5 guide vane, 
6 guide apparatus, opcratcd by a 
pair of servomotors, supportect on the wall of the pit, via gate opernling ring, links and levers, the 
latter hauins a friction cmergcncy device, 7 shaft, 8 shaft seal. Compressed air is supplied via 
hydraulically operated val1.e~ in the interconnecting pipc work to the pump-turbine which rotates 
in nir when neither generating nor pumping. This allows a quick start time for either operation. 
(Drawing courtesy KaMeWa and Boving.) 

10.4.2. O p t i n ~ u n ~  outside diameter of impeller on pump-turbines 
in terms of efficiency 
Let us begin by making a study of impeller losses. In principle, the design of a pump- 
turbine is always required to proceed from a pump impeller. Only a pump impeller which, 
owing to the backward-bent vanes, reveals nonstalling relative flow and thus too, high 
efficiency 11,  when pumping, is capable of functioning as a turbine achieving quite a 
satisfactory degree of efficiency q ,  even in the case of reversed flow. Usually q ,  is greater ' 
than q,, but sometimes also q,  is the higher value. For example, tlie pump-turbine 
Leitzach (owner Stadtwerke Miinchen), P = 50 MW; n = 3 3 3 3  rprn; H = 126 m; built a 

by Sulzer Escher Wyss, attains in service q, = 0,925 and rl ,  = 0,909. (Start of operation 
in 1984). 

The resuiting costs K, of a centrifugal pump (or pump-turbine) can be approximated in 
the followirig way as a function of the impeller outside-diameter D: 

K, = k ,  Dm + k , . D 3  + k 3 .  D23/5  + k 4 -  D - ~  + kg. (10.4- 1) 



Fig. 10.4.7. Sectional drawing of pump-turbine Ronkhausen, Federal Republic of Germany (owner 
ElektrizitLtswerke Mark). Left half (I): built by Escher Wyss by thcn (1966) an independent firm; 
right half (11) built by Sulzer Brothers; H = 277,l to 253,6 m; 11 = 500 rpm; submergence 16 m; 
internal diameter of spherical valve: l,S rn; rotor vane number: 7; distributor (diffuser) vane number: 
16. In the following the data of I left without, and of I1 right within brackets. Turbine mode: 
74,8(79) to  63,8(70,8) MW; pump mode: 59.1 (58,s) to 66.2(62,4) M W ;  static runaway speed 
n,, = 690(687) rpm; dynamic runaway speed rr,,, = 780(790) rpm. Air injection rate during turbine 
mode: at 1 undcr 0 to 30 M W, 1000 m3/h through the water guide plate upstrearr. of the rotor; under 
65 to 74 MW; 520 m3/h through the water guide plate upstrcam of the rotor, and through the-draft 
rube wall: at I1 under 0 to 50 MW; 150 m3ih through the draft tube wall. Rotor tip diameter 
2,76(2,8) m. Starting up pumping: rotor dewatered by pressurized air, after synchronization gates 
opened by a few millimeters until a water ring is formed, then release of the air through a vent valve. 
(Drawing courtesy Sulzer Escher Wyss.) 

The 1st term ofequation (10.4- 1) having m = 2,2 to 2,4 indicates the costs of manufacture composed 
of processing costs (proportional D ~ )  and material costs (proportional D ~ ) .  The 2nd term combines 
the building and excavation costs for a large semi-axial machine having an extensive head and 
negative suction head. For cxample, on the pump-turbines newly installed at the Austrian Kuhtai 
facility, which registers a head of 1460 ft (450 m), the suction head is at - 144 ft (-48 m). This being 
the case it was essential to locate the power station in a pit having a depth about 330 ft ( I00 m). 

The 3rd term is used to indicate disc friction losses occurring on the outer surfaces of the shrouds 
of the impeller. These losses necessitate an increase in power consumption so that additional costs 
are incurred throughout thc entire service life of the machine which, given thc average yearly number 
of running hours alor?g with the average power costs per k w h ,  are capable of being computed. 

The 4th term reprcscnts diffuser losses which, like the disc friction losses (3rd term), tend to  force up 
the costs of energy as a function of decreasing diameter D. The final term describes losses that are 
" 1  directly associated with the impeller external diameter D, as  for instance leakage losses. 



Fip. 10.4 8. Elc\ ation of till: pump-turbir:~ sct \;i.lnden. 2. Lu~cmburg .  [Oi\.ncr Societk d'~lectricitk 
d'O:tr) PUT built b! thc c~?ll;iboration of \ ' c i ~ h  and Si~lzcr Escher Wyss. 11 = 333.3 rpm. Turbining: 
H,, = 2S6 nl: c,, :,= 105.8 I\I\i.: P u m p i u ~ :  t l  = 37! to 294 m; P = 1 1 5  to 202.5 XIW. Rotor: 
I )  = 2.446 rn. Gritcs opcratcd by sinele scr\.omotors. Axial !hrust derived into tlic s h y  vanes via 3 
trunc:~tcd cone and the hc:~d co\cr,Initi:~l fo111 of niis:~lig~icd gates wit11 rotor. Altcrnutor klcilitating 
:\n .IS\ n ~ h r o ~ i v i l s  start of p u ~ n p i ~ i g  w t~ l i  ;I lillcd machine (Drawing courtesy Voith.) 



Fig. 10.4.9. Elevation of the pump-turbine Langenprozelten, West Germany (o\vner Rhein Main 
Donau AG, Miinchen and Deutsche Bundesbahn) 2 sets built by Voith. For the generation of single 
phase AC with 16 213 Hz used for traction power. Since the power installed in this grid is limited, 
start up of the \vater filled machine into pumping service is done by a sinlple 30 M W booster FT 
on shaft. n = 500 rpm; turbining: H = 278,6 to  305 m ;  P = 73,5 to 78 MW. Pumping: FI = 289,5 to 
317,7 m;  P = 78,9 to 74,6 MW. Rotor 3,01 m. Spiral casing inlet 1,6 m. (Drawing courtesy Voith.) 

According to experience gained by the writer with hydraulic turbomachines primarily 
used to generate peak-load power, 1 % efficiency loss on tllese machines - in terms of the 
life expectancy of the machines - exceeds the production costs of a complete machine set 
including its percentage of excavation costs. Since centrifugal pumps normally reveal 
losses ranging from 8 to 12%, it follows that the last three terms from equation (10.41) 
are going to be more than 6 to 10 times greater than the first two terms. 

For the purpose of optiniizing D with respect to  minimum costs, the first two terms as 
well as the final term in equation (10.4- 1) may therefore be ignored. Moreover, in the 
relevant 3rd and 4th terms, the cost factor pertaining to the electric power during the 
operating time of the machine is assumed as constant. Thus we obtain the optimum 



Fig. 10.4.10. Elevation of the pump-turbine set Kodund 2, 111, Austria (Owner Vorarlberg lllwerke 
IIG, Brcgcnz) built by Voith. n = 375 rpm, turbining: H = 343 m; P = 270,9 MW. Pumping: 
H = 346 m: P = 246 hl\l'. Start of pumping with empty rotor by electric pony motor. Rotor 
D = 435 m. Shaft shortened. (Drawing courtesy J .  M. Voith.) 



diameter D by differentiation of the costs K ,  according to D from the equation 

In the above h:,  = specific disc friction losses, and h:, = specific diffuser losses. 

On the basis of test results using rotary discs [5.63] and using Fig. 10.4.1 I, the specific disc 
friction losses I t : ,  are computed as follows from the geometrical dimensions and 
operating data: 

hLR = 0,256 - v " ~ .  

In the above, v = kinematic viscosity of the fluid, f = average clearance between the 
impeller shrouds and housing, Ab = resulting wall thickness of both shrouds at the 
outside diameter, o = angular velocity, g = gravity acceleration, 11 = head, and Q = 
flow rate in the design point. 

The following applies to specific diffuser losses h:,  based on the assumption of non-swirl 
impeller influx and employing the designations contained in Fig. 10.4.1 1 

Fig.10.4.11. Sectional diagram of rotor, 
housing, and guide vanes applying the 
quantities d h, /, D, 

- -  - - 

/D, and a,. 

In the above, D, = D = outside diameter of the impeller, D, = inlet diameter af  the 
vaned diffuser, (" = diffuser loss factor, a, = angle between the diffuser vane skeleton 
structure and periphery at the diffuser inlet, qu = peripheral efficiency including flow 
losses inside the diffuser, impeller and suction pipe. 

The following introduces further the nondimensional type number 1 1 ,  

BY expressing the angular velocity o in the equations (10.4--3) and (10.4-4) by s; 
according to  equation (10.4-5) and afterwards carrying out the differentiation according 



In  tllc abut-c. C rcprcscnrs a nondilncnsionnl p;lr:;lr;ictcr which in t i~ rn  is dependent on 
nondimcnsio~lrl! opcr;tting data and gcometric:~l rclatiol~sliips: 

I t  should be noted t hiit /jD. Ahl l l  and D 2 / D 3  ore ~ i v c n  qt.~antities, even if they contain 
D = D,.  he same applies to c,, 11, and x , ,  these libewisc being given. 

From equa~ions ( 10.4 - - -  6). and (10.4 - 7) i t  will be observed that D,, is largely dependent 
on the type ni~!nber i l ;  ivliich is defificd in eq. (10.4- 5). 

The type nan~ber i l ;  irsclf is likewise cap:lblc of being optiiiiizcd as a fur?ction of geomet- 
ric;il d ; \ ~ a .  loss ;inti c:r\it;~tion cocfticients. Th i s  is described in greater detail in the 
following scction. 

10.4.3. S e w  forrnu!a for the type nl~mber of il semi-asi:11 cefitrifiigal pump impeller 

10.4.3.1. Opt in~um diameter of the inlpcllcr eye with respect to internal losses 

li1.4.3.1. I. Itnpeller loss 

F'urthcr computation is bascct on the followil~g simple assumptions (see also Fig. 10.4.12) 

I n  the above. c* = 3bsullite speed, H, = relative speed. /I = angle between relative speed 
and circunlfsrei~ce. c.,, = circunlft.renti;i! co~nporient of c.. and c,, =. meridian component 
of L..  Illdel 1 iridic.:!tch the irnyeller inlet :i11J indes 2 the impeller outlet. All quantities are 
rqean \.al:ic~ ascerr'iined between. both .\liroud and Iii~b, and the vane pressure and 
suction faces. The i ;lilts are assuned as bzil~g perpendicularly arranged on the impeller 
shroud and hub. 

The loss of input insid; t11c impeller passage is computed to the following: P, = rv . F,, in 
\vllich case F; ';- resistance force inside tile iri~peller passage parallel to lo. 

Along the vanes n co~lstrin; force per unit of length F, is inte~ided to act perpendicularly 
to  the v;:nc t~riit 35 011iIi11t'd i l l  Fis. 10.4.12. The circu~nferential component of this force, 
which acts upon ;i \.:i!ir unit of r;ldiai csteilsion clr, is computed as follows: dF, = 
I.', - (1,: cos !i. 11 rcpreselits the mean an& bztween a mean meridian flowline and the 
radius. Thus thc pcriphsrnl input is obtained necessary for the propulsion of an  impeller 



diameter D by differentiation of the costs K, according to D from the equation 

In the above h:, = specific disc friction losses, and h:,  = specific diffuser losses. 

On the basis of test results using rotary discs [5.63] and using Fig. 10.4.11, the specific disc 
friction losses h:,  are computed as follows from the geometrical dimensions and 
operating data: 

&, = 0,256. 1 0 - * . ~ ' ' ~ -  

In the above, v = kinematic viscosity of the fluid, f = average clearance between the 
impeller shrouds and housing, Ab = resulting wall thickness of both shrouds a t  the 
outside diameter, CL) = angular velocity, g = gravity acceleration, H = head, and Q - 
flow rate in the design point. 

The following applies to specific diffuser losses h i ,  based on the assumption of non-swirl 
impeller influx and employing the designations contained in Fig. 10.4.1 1 

Ab=Ab,+ Ah, 

Fig. 10.4.1 1. Sectional diagram of rotor, 
housing, and guide vanes applying the 

i 
quantities A h ,  f, DJD, and a,. 

In the above, D, = D = outside diameter of the impeller, D, = inlet diameter of the 
vaned diffuser, [, = diffuser loss factor, a, = angle between the diffuser vane skeleton 
structure and periphery at the diffuser inlet, q, = peripheral efficiency including flow 
losses inside the diffuser, impeller and suction pipe. 

The following introduces further the nondimensional type number nb 

By expressing the angular velocity o in the equations (10.4-3) and (10.4-4) by 11: 

according to equation (10.4-5) and afterwards carrying out the differentiation according 



to cqoation (10.4 - 2 )  ctnploying v;ilrles I I : , ~  and A:.,, from eqll:~tions (10.4-3) and (10.4-4) 
n c  arribc ;it thc following reli1tions11il-1 app1ic;tblc to thc opti~nnm outsicle impeller: 
diameter L),,: 

D = D  = C . ~ 1 7 1 3 J  8 1/33 
0 P I [ v ( ~ H )  I - (10.4-6) 

In the above, C represents a nondimensional par:lmeter which in turn is dependent on 
tlondimcnsional cpzrating data and gcometrical relrltionships: 

It should be noted that f/D, A h l D  and D2/D3 are given quantities, even if they contain 
D - D,. The same applies to i,, 11, and rr , ,  !hese likewise being given. 

From equations I 10.4 - 6), and (10.4- 7) it will be observed that Do,  is largely dependent 
on the type number n; which is defined in eq. (10.4-5). 

The type numbx n; itsclf is likewise capable of bcing optimized as a function of geomet- 
rical data, loss and cavitation coefficients. This is described in grcater detail in the 
followi~ig section. 

10.4.3. New formula for the type number of a semi-axial centrifugal pump in~peller 

10.4.3.1. Optinium diameter of the impeller eye with respect to internal losses 

lG.4.3.1.1. Iu~peilcr loss 

F ~ r t h e r  computation is based on the following simple assumptions (see also Fig. 10.4.12) 

C,, I = C,, = C ,  = COll.St, 

= I\': = \V = C O I l S t ,  - 

In the above, c = absolute speed, w = relative speed, /? = angle between relative speed 
and circurnt'erence, c ,  = circumferential component of c, and c, = meridian component 
of c.. lridzx 1 indicatzs the impeller inlct and index 2 the impelier outlet. Al! quantities are 
mean values ascertained between, both shroud and hub, and the vane pressure and 
suction faccs. The var?es ore assumed as being perpendicularly arranged on the impeller 
shroud and hub. 

'Tile loss of input inside the impeller passage is computed to the following: P, = w - F,, in 
\~;hicli case I-; = ~ c ~ i s t a n c e  force inside the impeller passage parallel to w. 

t l \ l i ) l i ~  the vanes a constant force per unit of length F, is intended to  act perpelldicularl~ 
t o  th.e vane unit 3s ~ l l i l ined  in Fig. 10.4.12. The circumferential component of this force, 
*?:hich acts upon c vans unit of radial extension dr, is comp:~ted as follows: dFu= 
F, dr'cosli. / i  represents the mean ansle between a mean meridian flowline and the 
mdi.us. Thus the peripheral icput is ~ b t a i n c d  necessilry for the propulsion of an impeller 



Fig 10.4.12. Simplified layout of the impeller 
@,j one vane. 

vane with angular velocity o: 

In the above, r = radius, r, = mean radius a t  the impeller outlet and r, = mean radius 
at the impeller inlet. 

As f i  is constant according to equation (10.4- lo), the following applies approximately to 
the resulting force F perpendicular to the impeller vane: 

F = F, . L = F0 (r, - r,)/(cos p . sin p). 
L signifies the mean vane length. 

The resistance force F, inside the vane passage can be split up into the component F,, 
originating from the opposite vane surfaces, and the component F,,, from the shroud and 
hub surfaces. F,, and F, , ,  should be related to each other in proportion to the respective 
wetted surfaces. Afterwards i t  is possible to represent F, in the form F, = i-;, 
+ F,,, = S2 - F, , ,  in which case R, with constant B (eq. (10.4- lo)), is determined approxi- 
mately thus: 

L? = 1 + n sin P(r,  + r,)/(z b , ) .  (10.4- 13) 

In this case, z = number of vanes and b, = mean breadth of the impeller passage. If, by - 

analogy t o  areofoil-wing theory, we were to introduce a gliding angle E, 

the specific impeller loss would be computed to  the following: 

hbL = P,/P, = (2 E R/sin /I) . {w/[o (r, + r2)J) . (1 0.4- 15) 

For the purpose of converting eq. (10.4- 15) use is made of the following relationships: 
Observing eqs. (10.4-8) to (10.4- lo), sin /? = c,/w = c,,/rv,. From eq. (10.4- 11) - by 
application or Pythagoras to the velocity triangle a t  the inlet - there results 
W: = 0 2 r :  + c;,. We proceed further to introduce the "hub to tip ratio" N, = r l i / r la r  in 
which case r l i  = radius of the inlet edge on the hub and r,, = radius of the inlet edge on 
the shroud (i-e. radius of the impeller eye, see Fig. 10.4.13). 



]:is. 10.4.13. r\ct\l;~l and ahhurncd rotor 
in p\~~iiping ordcr. 

. I-- r, =-- 
--- 

I 
real iniet edge  

assumed inlet edge  

ilssunling the inlet etlse to be str~right, relation r ,  = (r.,,,/2)(1 + N , )  will apply. 

Ir. addition \ve define a flo\\l cvcTficient cp,, 

i n  \+ h ~ c h  c,ibe c,,,,, = mcridi,~ri vclocity at  thc i~ilct edgc on thc shroud. Thus the specific 
1mpc1lt.1. loss I t ; ,  can. I'ollo\\ing conversion of equation (10.4-15), eventually be 
representcit ;I> lollo\ic: 

11; , = l ,  R ( ( o  J . ~ , ~  ~ . , ~ l ) [ ( l  + ~ 1 ) ~  + 4 . ( ~ r n l / ' ~ ~ n l l n ) ~  (~~111/[(1 + 'I)(' + r2/~1)]-  
(10.4- 17) 

10.4.3.1.2. Dilfuser- loss 

Obser: ills cij. ( 10.1- 8 )  ancl ( . , , ,  = (D21'D3)  c , , , ~ ,  thc specific clifftiscr loss Ill., i s  computed 
a >  I'ollo~\*s: 

11; = (I, sin' Y,). [c,',,!(2 11)] . ( D , / D , ) 2 .  (10.4- 18) 

111 the abo\-e. a!! chi~racters hnvc the same meaning as in cy. (10.4-4). 

10.4.3.1.3. Oprimunl diameter of the impeller eye in respect to internal loss 

c,,! can be quoted [assisted by the continuity ccluation) as  a function of the diameter of 
the in1pellt.r eJs  D l ,  Ii' n straight inlet edge is assumed in accord;ince with Fig. 10.4.13 
nlorig with c.,,,, b e i : ~ ~  the Incan meridian speed within the inlet area, the continuity 
cquation applied to the irnpcllcr inlet will reat1 thus: 

In t!le abo1.t.. Q = flo~v rate in the design point, 0, = mean angle between the radius and 
'nsi;ll \.;lnr seer ion \i ithin the arcn of [he inlet edgc. and ,ul = angle between the radius and 
a mean mcr id iTlllnflo\\.llneXtlle-l'filFtl~pppp~~-~p 

If ~ r - ;  no\\* proceed to insert rS,,,, from eq. (10.4- 19) into eqs. (10.4 - 17) and (10.4- 18) and4'-. 
also substitute for r , ,  in eq. (10.4- 17) the expression D1,/2, we shall, by adding)! 
eqs. ( 10.4 - 17) and ( 1  0.4- IS). obtain the resulting impeller and diffuser loss hiD 8 . i  
function of the diameter of the impeller eye D,,. 

It:., can be represented in the form: 



i( 1 
and K, are desizn-conditioned constants if r 2 / r l ,  N1, c , ~ / c , , ~ ,  D2 /D3  and cp,, are 

ass "med as given. As is known, the flow coefficient q,; defined in eq. (10.4- 16) is com- 

P uted, as a matter of convenience for reasons pertaining to cavitation, according to  the 
Nuation: 

ql0 = tan D l ,  = { A / [ 2  ( 1  + A + (10 .4-21)  

(See [6.8]). In this case A = the pressure number for the critical point with respect to 
cavitation on the vane surface, [ = suction-pipe loss factor. 

f i e  optimum diameter of the impeller eye D l a O p , ,  as regards efficiency, at which the 
losses hi ,  are minimized, is finally obtained from the condition d&,/dD,,  = 0 as 

follows: 

D l ,  .,, = 1 3 1  54 
+ r 2 / r 1 ) ( 1  + N 1 ) ( D 2 / D 3 ) 2  .cD 

sin2 a, [ / 1  + N 1 ) 2  + 4  - ( C , , , ~ / C , , , ) ~  - q f o ]  E o Q g~ 

Q cos 0 ,  

' { ( I  - ~ ; ) s i n ( p ,  + 0,)  
I3l7. 

10.4.3.2. Optimum diameter of the impeller eye with respect to cavitation 

The normal negative suction head h, is computed to ?I, = B' - NPSH, in which case . 
B' = barometric pressure head minus the critical pressure head and NPSH = net positive 
suction head of the pump. In order to minimize excavation costs, i.e., tke amount of h,. 
the net positive suction head NPSH is required to be minimized. Proceeding from 
con-swirl influx (eq. (10.4-11))  the follo\ving relationship applies to the net positive 
suction head according to [8.132] and Cap. 10.2.5.1 

2 g -  NPSH = ?,u:, + ( 1  + [ + 1)c : , , .  ( 1  0.4 - 23) 

In the above, u l p  = o D l a / 2 .  B y  means of this, the net positive suction head N P S H  is 
obtained - after introducing c,,, from eq. (10 .4-  19) into eq. (10 .4-23)  - (the ratio c m 1 / c , : ,  
being given) as  a function of the impeller inlet diameter D l , .  NPSH may be represented 
in the following form: 

K, and K, are design-conditioned constants, a t  least a t  the bep. 

The optimum diameter of the impeller eye with regard to  cavitation D l ,  opiv , , I ,  at which 
the net positive suction head IVPSH and thus too, the excavation costs are minimized, 
is then computed from the condition d N P S H J d D , ,  = 0 to  the following: 

10.4.3.3. Optimum type number with respect to efficiency and cavitation 

By equating the diameters obtained from (10 .4-22)  and (10.4-25).  DloOp. ,  = DlaOpN, , ! ,  
the natural optimum nb .,, N!s-5H of the type number n, defined in equation (10 .4-  S) ,  is 
obtained. nb ., , .,,, is a function of the pump geometry (expressed by quantities SZ, r 2 / r l ,  
Q,,  p l ,  N ,  , a3), the velocity ratio c , , /c , , , ,  loss factors (such as [,, E )  and cavitation- 



conditioned quantities (such as )., (, y,,), scc also (10.2- 10): 

For @e purpose of optimizing the impeller outside diameter in accordance with equations 
(10.4-6) and (10.4- 7), this optimum type number is required to be introduced into the 
f ~ r m u l a  applicable to C (eq. (10.4-7)). 

An impeller designed on these lines represents a distinct optimum with regard to efi, 
ciency and costs of excavation. 

10.4.11. The discharge ratio as a function of the speed ratio 

Applying the customary speed coefficient 

Ku, = o r , / m ,  

(cf. [6.8]) we proceed to defining the speed ratio thus: 

In the above, K l i , ,  = speed coefficient applied to the process of pumping and 
K 11, = speed coefficient pertaining to turbining. 

X s o  required to bc defined is the discharge ratio at rated flows Q p  and QT 

In the above, Q = flow rate (discharge), Q 2  = contraction factor at the pressure edge, 
cm,  = meridian speed at that point, y, = cm2/u2, in which case u,  = ct, . r, = peripheral 
speed at the impcllzr outside diameter, = H p / H T  = head ratio. Index P detiotes the 
pumping process and T referes to the turbining operation at rated points. 

From the velocity triangles at the pressure edge (Index 2) it is possible to read off the 
following relationships applicable to the meridian speeds c,,, , , (pumping process) and - 

.i." 

c,, , (turbining process) in accordance with Fig. 10.4.14. 3 

In the above. P, = vane ansle at the pressure edge, p* = slip factor at that point, 
c:, = peripheral component of the absolute speed at the pressure edge (Index PIE 
pumpingjturbining process). 

By means of these data in conjunction with Euler's fundamental equation governing 
turbomachinery (Cap. 5.3) applying in accordance with equation (10.4- l l) ,  i t  is possibl6 
to quote the discharge ratio y as a function of the speed ratio x as follows: 

@L P 4 = -. x .  ;C1i2 [1 - (1 + PW k' 4 P v,,P)I (10.4-3 
@2 I- [' - (I + P ? ) x ~ v u T / ( ~ ~ u ; ~ ) I  ' 
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10.4.14. Impeller outlet triangle durins Fis , 

,mp~ng operation (P) and inlet triangle 
P .  during turbining operation IT). Rotor vane in- 
dicated by hatched line. Values without star 
torrespond to the relative flow along the vane. 

Turbining operation U 2T 

U2p Pumping operation 

In the above, q, = peripheral efficiency (hydraulic efficiency) in the turbining (Index T )  
and pumping (Index P) state. 
K k u , ,  may be computed from the speed'relationship between the type number n, and 
the speed coefficient K u,,. Taking into account eq. (10.4- 19), this relationship reads as 
follows: 

cos 0, . ,' 213. 

[(I - N:)sin(@, + p,) 1"' 9 

The optimum value for n; is known from eq. (10.4-26) (n, .., ..,,). 
10.4.5. Example for the computing optimum values of irnpeller diameter, 
type number and discharge ratio as  compared 
with corresponding quantities of an actual pump-turbine 

As an example let us study a pump-turbine with the following data: 

10.4.5.1. Data 

1) Impeller Geometry: 

r2/rlu = 1,69; N1 = 0,6; f/D = 0,Ol; Ah/D = O,C?; p2 = 27"; 
a, = 20"; no. of vanes z = 7; D2/D, = 0,94; b,/(r, + r,) = 0,2; 
O l = 6 O 0 ;  p l = 7 O 0 .  

Thus, from eq. (10.4- 13), 52 = 2,019. 

Assuming the inlet edge to be straight, r2/rl = 2(r2/rIa)/(l + N , )  = 2,113 will apply. 
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3) blain Operating Data of Pump-Turbine: 

The data quoted undcr I )  and 3) agree with those on the Austrian Rodund 2 pump- 
turbine as far as the laiter were available on si~nplc lines. This pump-turbine has a 
ro ta l io~~al  speed of n = 375 rpm i n  both modes of operation, the outside diameter of the 
iinpeller measuring D = 14,26 ft (4,35 m). 

10.4.5.2. Results 

By r e a n s  of these figures we obtain cp,, = 0,310 from eq. (10.4-21) and thus the vane 
angle of the inlet edge on the rim /I,, = arctan cp,, = 17,2". 

From eq. (10.4-26) we obtain n; ,, , .,,, = 0,728, thus from eq. (10.4-7) C = 2,365, from 
cq. (10.4-6) Do, =I l4,23 ft (4,34 m). 

From eq. (10.4- 33) we obtain K u , ,  = 1,044. 

D o p ,  I I ~ , , ~ ~ , ~ ~ ~ , ,  and S u,, agree well with the actual values of the Rodund 2 pump- 
turbine, which amount to D = 14,26 ft (4.35 m), n& = 0,724; K u,, = 1,037. 

From eq. (10.4- 17) Lve compute h:, = 0,044, and from eq. (10.4- 18) h:,  = 0,036. These 
vaiues require a peripheral efiiciency q, ,  = 1 - hi. - Iz:, 7 0,92, which agrees with the 
assurneti q u p  = 0,92 i f  loss in the stlction line is omitted. 

The actual speed rztio in accordance with eq. (10.4-28) reads K .= 0,985. Thus from 
eq. (10.4-32) we obtain q = 0,738, which agrees well with the actual value q = 0,747. 

10.4.6. Special operational features of pump-turbines 

Compromises Resulting from Shell Diagram and Practical Requirements: 

Outlined in Fig. 10.4.15 is the so-called "shell (hill)-diagram" (the curves with identical 
eficiency are "shell-shaped") plotted for a pump-turbine in both modes of operation in , 

the Y, cp-plane. Y indicates the pressure coefficient, Y = 2 g H j ( o ,  r2)2  and cp the flow 
coeficient. q~ = c,,i(w, r , )  = Q ] ( A 2  w, r,). (a, = angular velocity (design point), and d 
A ,  = cross sectional area at the impeller pressure edge.) 3 

a 
Evidently applicablr to the optimum points in pumping and turbining modes of opera-! 
tion according to Fig. 10.4.15 are the follo\ruling relationships 

Pop P < (POP T • (10.4-392 f 
i.e. the optimum point of the turbine zone is located further away from the origin ofi 
coordinates than the optimum point of the pump zone. Compared with the pump 



Fig. 10.4.15. Hill(shel1)diagram in the pump and turbine working order, schematic. 

the turbine section in the Y ,  cp-diagram is more closely limited by the runaway parabola 
(where torque is zero) and the parabola of maximum discharge (this is the envelope of the 
curves with identical rotational speed at maximum flow rate). From Fig. 10.4.15 it will be 
gathered that the curves of constant machine speed n cross through the peak of the 
constant efficiency curves over a greater length in the turbine zone than in the pump zone. 
This means that a deviation from the optimum point, maintaining constant rotational 
speed when pumping, involves a greater drop in efficiency than when turbining. 

In addition, by deviating from the optimum point when pumping, maintaining copstant 
rotational speed, the machine lands in an operating zone in which i t  is highly sensitive 
to cavitation. This would necessitate increasing the negative suction head. 

On a facility purely designed as a pumped storage plant the pressure coeficient 'Po, 
belonging to the average level-difference between the head and tailrace level, is normally 
the same in the pumping and turbining modes of operation. 

If, as is usually the case, provision is made for the same adapted rotational speed n,,,, for 
both modes of operation, the above circumstance calls for two courses of action to be 
taken (see Fig. 10.4.15). 

First, it is necessary for selection of the constant rotational speed n,,,, to be lower in the 
pumping mode and higher in the turbining mode than the speed due to the bep. 

Secondly, owing to the same pressure coefficient Yo = Yo, = Yo, in both modes of opera- 
tion, the actual turbine operating point T,,,, must be transferred into the partial-load 
region (see Fig. 10.4.15) where eficiency is lower and swirl occurs inside the suction pipe. 
This is mainly necessary in order to warrant optimum conditions as regards cavitation 
when pumping. 

From Fig. 10.4.15 it will also be noted that, even in the case of a two-speed motor-generator set 
(rarely used), which permits optimum rotational speeds no, ,/no,, in both modes of operation, not 
both optimum points Po, and T,, are attained if the level-difference (and thus too, the pressure 
coefficient Yo) is the same in pumping and turbining modes of  service. 



Fig. 10.4.16. Effect of wakes behind the impeller vanes at pumping at the inlet zone of gate. 

The discharge ratio q must (aside from the hydraulic optimum value) be determined with due 
consideration to the average duration of the base- and peak-load period in the course of a working 
cycle. Ftrrthermore, attention must be paid to balancing thc water quantities in the turbining and 
pumping modes of operation, also taking into account thc processes of inflow and outflow during 
the storage cycle provided the system is supplied by a river. 

&,laximum turbine cfficicncy is attained only at the beginning of turbining in the storage cycle owing 
to the presence of the maximum level-difl'erence and thus too, the highest pressure coefficient Y (see 
Fig. 10.4.15). Maximium output will then be yielded. 

10.4.7. Sources of troubles and remedies ' 

10.4.7.1. Normal pumping 

In the course of pumping, wakes occur on the impeller outlet (see Fig. 10.4.16). This 
produces a periodically highly varying angle of attack, on the guide vanes. If a wake 
passes a guide vane, the unfavourable angle of attack generates a momentary stall past 
the leading inlet edge of the vane (see Fig. 10.4.16). 

As a result of this the vane channel is temporarily blocked. At the same time a torque, 
snbject to periodic change, acts upon the guide vane in the opening direction. 

If this causes rupture to a safety member (provision for which is usualiy made on gates 
actuated using a central servomotor), the guide vane may strike against the adjacent vane* 
with its end projecting into the impeller. This causes destruction of the vane's ends andb* 
possibly to the coupling bolts'as well when gate lever stroke limiters are not provid% 

Such damage can be prevented by arranging for each of the guide vanes to be a c t h d -  
by an individual servomotor, these motors being s~bjected to synchronous controL $ 
The individual servomotor must provide a torque suficient to drive a vane even in c e  
the vane is temporarily in a misaligned position, see [10.106]. . .  *a  
In the course of pumping, care should be taken not to regulate the gate. It will be 
to block the guide vanes. If, for example, the upper vane pin is provided with a fhctl? 

i 



Fig. 10.4.17. Section of a pump-hrbine 

0 11 
the guide vane drive mecha- 

pism is placed in a hollow, ribbed head 
Author's proposal. 

collar, this collar can be pressed against the housing (by pressure applied to the front side 
of the lower trunnion) so as  to block the vane. 

~mploying short upper vane stems (corresponding to Fig. 10.3.17), the means of driving 
which are in the head cover, it is possible t o  prevent dangerous torsional vibrations from 
lever, stem and vane. 

10.4.7.2. Abnormal operating conditions 

The transitional operating conditions specified below and capable of occurring following 
load rejection while turbining or  failure of the pump drive, might possibly invo:\e 
extrelnely varying forces and moments acting on the guide vanes and thus too, heavy 
vibrations of the machine shaft and cover [10.75; 10.1571. 

a) Slight opening of the gate when pumpirlg at full rotational speed. 
b) Pump brake operation at low reversed flow ( (p < O), lower ro!ationril speed and slight 
opening of the gate: In this case the jet, partially deflected outwards by the runner vanes, 
exercises a fluctuating closing moment on  the guidc vanes. 
c) Centripetal turbine ( =  Fi-ancis turbine) operation with extensive reversed flow ( y  < 0) 
and reversed (negative) sense of rotation. 
d) Runaway of turbine (cp < 0): when accelerating a radial machine up to the point of 
runaway, the flow will be throltled owing to centrifugal forces, this causirig water 
hammer. Runaway whose operating point on the Y ,  cp-diagram (Fig. 10.4.15) i b  located 
on the runaway parabola = const .  (S,Z,, is a dangerous condition owing to a high 
rotational speed being present without normal speed control. While occurrence of  the 
operating conditions described under a) through d) may be "permanent" in a case of 
emergency, tile followi:~g two conditions occur only ten~porarily in the transitional 
Process. 
e) Turbinc brake operation above the runaway speed with reversed flow (q < 0): this 
zone, located on the If/, v-diagram (Fig. 10 4.1 5) between the runaway parabola and 
Ordinate, is passed through when the flow rate is reduced due  to closure of thc gate, while 
[he speed is almost equal owing to the inertia of the rotating pilrts. 
4 Reversed pumping (y, > 0) with reversed (negative) sense of rotation: this condition 
Occurs, proceeding from the turbining proccss, when water hammer is caused due  to  



Ut + Z T ~  
A Reversed Pump 

Fig. 10.4.18. Water hammer characteristics in the turbine, brake and reversed pump flow regime. 
For notation see Fig. 8.35. 

closure of the gate, and the rotational speed decreases only slowly owing to inertia. 
Fig. 10.4.18 i~ldicates, for example, the water Iiarnrner characteristics in the event of the 
load being switched off at a point of time t in the tlirbining mode of operation and the 
gate continuing to  close. Registered in Fig. 10.4.18 are the conditions at tile upper and 
lower end oC the pressure pipe (Of,.,TL or U,+,,J as well as on the pump-turbine (?;+,TL, 

B I . ~ + , , ~ ~ ,  Prf+,,,,) this being done at the times indicated in the index t + nT, 
( n  = 0, 1 ,2  . . .). T, = L l n  = transit time of the pressure wives in the pipeline ( L  = pipe 
length between 0 and U, n = sonic speed, T = turbining, Br = braking, Pr = reversed 
pumping). 

10.4.7.3. Begirrnifig of pumping 

Up to 80% of the full-load input is required to speed up a water-filled radial type 
centrifugal, pump with closed valve. 

Hence, speeding up into pumping action of the pump-turbine presents a problem. The - 

technical challenge and objective in this case is to  attain as short a start-up time as, i  
possible employing the smallest auxiliary set possible. T o  arrive at this solution numerous 4 
methods have already been devised, a few of which are mentioned below. i3 
The pump-turbine can be accelerated by the main motor-generator set directly provided 
this is capab!e of functioning as an asynchronous motor. Owing, however, to the low 
permissible motor temperature (80 "C), this necessitates the use of short-circuited full i 
pole pieces as for zxample a t  the Vianden 2 kciiity [lO.ltil] iowering alternator efficien 

0 1 1  radial pump-turbines with extensive head, the rcquired start-up power has, in m 
cases, so far been reduced by filling the impeller with air. Howeber, this solution exte 
the start-up time and transfers the ensuing problems to  the subsequent filling pro 

During the process of filling, the turbulent, vortex-affected two-phase mixture with its compre 
air-pockets may stimulate dangerous machine-shaft vibrations with frequencies below the 
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nous rotational speed. Thcse vibrations may be influenced by the design of the impeller seals 
*:ell as by the virtual mass of fluid linked with the vibrating impeller. Such problems need to be ' ,fully examined with regard to each individual machine and solved by applying nlodel tests. 

I Carrying out the process of filling from the suction pipe may, for one thing. force up the impeller 
tclllporarily besides causing some inlet shock to occur. 

fie upward-force effect can be prevented if (as on the Taum Sauk facility) compressed water is briefly 
dlowed to act on the double-sealed crown thus pressing the impeller downwards [10.155]. 

fie inlet shock can be avoided if, by means of a jet, a simulated vortex is briefly produced in the 
@fi tube mouth. No inlet shock occurs when filling from the gate owing to the speed coefficient I  ally incorporating the value K u, = 1. 

! usually both methods of filling are combined. The air-pockets in the centre of the suction pipe and 
,t the top. of the spiral housing must at  all events be removed carefully and quickly since these may 

shaft vibration as well as causing the drive power to fluctuate. As a means of preventing 
faults from occurring, the following recommendations should be observed: Gates, the cover, bearings 

shaft should be constructed as solid, stiff designs. Opening of the air-exhaust valves and gate 
must proceed in accordance with appropriate principles of timing. Speeding up the dewatered rotor 
peeds about 5 % of the rated input. It can be done by a pony motor or  a thyristor-controlled stator 
bid. The latter is vsed in the Leitzach-pump-turbine (see Cap. 10.4.2). 

10.4.8. Experimental research on Francis p"rnyturbines 

By Zu- Yan Mei, Professor, Department of Hydraulic Engineering Tsinghua University, 
Beijing, China. 

I. Introduction 

n i s  section summarizes the research work carried out to  investigate the hydraulic 
performance of Francis type pump-turbines at the department of Hydraulic Engineering 
at the Tsinghua University, Beijing, in the past several years. It is an English summary 
of Tsinghua University Scientific report QH-79006 1979. 

The research project was conducted with the prospect of application to three pumped- 
storage power stations under planning with operating heads of 50 m, 100 m and 300 m 
respectively. Development and testing of reversible runners were performed in cooper- 
ation with one industrial research institute and two manufacturers of hydraulic turbines. 

Testing work was carried out at the Hydraulic Machinery Laboratory mainly on  the 
dosed-cycle cavitation test stand with an maximum test head of 15 m while a few runners 
were testcd on the open-flume test circuit under 7 m head. A total of some 30 runners wit11 
diameters of 300, 350 and 400 mm were tested. 

11. Design of reversible runners 

AS no reversible pump-turbines of the Francis type has been designed and manufactured 
in the country and very little related experience accumulated, all design considerations 

 ration bad to be based on analysis of scattered information collected on machines in op- 
m foreign countries from openly published material. 

In Table 10.4.1 are listed the expected performance characteristics of the three series'of 
machines (50 m, 100 m and 300 m). The first two series of pump-turbines were intended 
for use in combination with conventional power generation units while the last series was 
10 be for pure pumped-storage service. 



Table 10.4.1. Expectcd petfonn,ince characieristics of radial pump tt1rbines. 
ACtcr Mei  

Hcad range Pump design point Turbirle design point 

The runner layouts were at first done by graphical procedure or by integration by hand 
calculators. A one-dimensional computer program was later developed to enable genera- 
tion of many more variants for comparative study. Still later a quasi-three dimensional 
flow analysis program was put to use to check on the merits of hand-drawn and 
computered-aided designs. More models were required to be tested in the early part of 
the programme, but fewer were needed as better means became available to evaluate the 
designs before model testing. 

The reversible runner was considered first for its performance in the punlping mode. Only 
supplementary calculatiolls were made to check the flow condition in the turbine mode 
to be within tolerable limits according to conventional hydraulic turbine design practice. 
Two or three specific speed options were considered for each of the three series of runners. 
Some model runners, especially the ones on which new design ideas were tried, were made 
of epoxy resin for easier and more speedy fabrication. 

111. Characteristics of reversible runners 

1. Pump operation 
In Table 10.4.2 are given for some runners the pertinent design index figures, the relative 
dimensions and blade sngles as designed, and the optimum point performance results. 
From the tzst data the unit flow Q,, and unit speed n,, were calculated for the bep 
(subscript 0). These compared with the designed values (subscript d) gave the ratios listed 
in Table 10.4.3. As can be seen for the 100 m and 300 m series, both discharge and speed 
exceeded the expected values by 5 % to 20 % which indicates the fact that adjusttnents 
in design constants are necessary. Fig. 10.4.19 shows a typical pump characteristic curve 
for a 50 m series runner (No. 12) showing clearly the influence of guide vane opening on 
performance. 

2. Turbine operation 
The expected performance in turbine operation was derived in the following way: Take 
the turbine optimum unit flow Q,, , as 1,l to 1,2 times that of pump Q,, ,, and tlie 
limiting value Q,! ,,, as 1,15 to 1,2 times Q,, ,. With these ratios it was expectsd that 
water quantities xn both directions would be nearly balanced and the power in both 
modes of operation computed on this basis would be in good match. However, not all 
runners met these expectations. Some runners showed Q, , , only close to Q , , , or even 



Table 10.4.2. Design and test data for some rotors of pump turbines. After Mei. 

Conf. Map.: Conformal Mapping; Int.: Integration 

Head 
Range 

50 

I* 

300 m 

Run- 
ner 

9 
12 
13 
15 

51 
54 
56 
66 

TC-10 
FT- 1 
A143 

20 
26 
31 
39 

Design Parameters 

Q 1 1  n 1 1  ns 
(m31s) ( r ~ m )  

0,50 107 275 
0,47 108 260 
0,47 108 260 
0,44 100 245 

0,32 92 190 
0,37 92 204 
0,32 92 190 
0,32 92 190 

0,13 84 110 
0,13 84 110 
0,15 84 118 
0,125 83 107 
0,13 84 110 
O,11 82 100 
0,16 85 120 

Method of 
Bladc Design 
, 

Conf. Map. 
Hand lntcgr. 
Canf, Map 
Conf. Map. 

Hand Int. 
Hand Int. 
Hand Int. 
Conlputcr 

Conf.Map. 
l-lnnd Int. 
Hand Int. 
Conf. Map. 
Conlputer 
Conlputcr 
Hsnd Int .  

Basic Dimensions 

D d  Ds E d  

(mm) 

275 0,765 0,20 
300 0,735 0,183 
300 0,735 0,183 
300 0,70 0,183 

300 0,70 0,175 
300 0.70 0,175 
300 0.70 0,18 
300 0.70 0.18 

400 0.50 0,10 
400 0.50 0,10 
400 0,60 0,10 
400 0,50 0,10 
400 0.50 0,10 
400 0,50 0,10 
400 0,55 0,10 

Blade Data 

2' P d  8, v 

7 20" 24" 95" 
6 23" 25" 102" 
6 19' 25" 100' 
6 23" 27" 110" 

6 18,3" 23,4" 116" 
6 21" 31" 105" 
6 18,5" 27" 110" 
6 18,3" 27" 138" 

6 28,8" 30" 122" 
6 23" 25" 141" 
6 21" 21" 169" 
6 22" 37" 136" 
6 22" 27" 142" 
6 22" 30" 127" 
6 21" 22" 152" 

Pump bep 

Q 1 1  ~ I I  B 01 

(m31s) ( r ~ m )  (%I 

0.56 97 85,6 , 0,19 
0,47 97 87,O 0,26 
0,50 100 86,5 0.28 
0,45 94 88,5 0,19 

0,32 92 85,O - 
0,39 93 85,O - 
0,41 98 83,5 - 
0,37 99 82,O - 

0,156 85 81,6 0,07 
0,17 89 82,O 0,09 
0,16 87 81,4 0.04 
0,175 91 81.8 0,123 
0,16 87 81,6 0,124 
0,167 89 80,6 - 

0,18 89 81,3 - 

Turbine bep 

Q l 1  "11 B 
(m31s) ( r ~ m )  (%I 

0,49 82 87,4 
0,48 86 863 
0,465 82,5 84.8 
0,36 79 87.3 

0.33 80 86,O 
0,45 89 86,3 
0,42 84,5 86,6 
0,40 87,5 87,5 

0,17 77 84,7 
0,17 75,3 82,5 
0,155 75 84,2 
0,17 773 833 
0,14 73 84.2 
0,18 77,5 82,6 
0,165 76,5 83,5 

Ratios 

Q l l ~  ~ I I P  -- 
Q~~ P rill r 

0,89 1,19 
1,02 1,13 
0.93 1,21 
0,80 1,19 

1,03 1,15 
1,15 1,04 
1,Ol l,I6 
1.10 1,13 

1,09 1.10 
I,oO 1,18 
0,97 1,15 
0,97 1.16 
0,90 1,18 
1.09 1,14 
0,92 1,16 



Table 10.4.3. Comparison of design and tested param- 
cters of ratliiil pump turbines. 
After hlei 

50 m Scrics 100 rn Series 300 m Scrics 

Fig. 10.4.19. Characteristic curves of a radial pump-turbine in pump mode. Above, efficiency q vs 
flow Q, middle, power P vs flow Q, below, head H vs flow Q, cnd cavitation index o vs flow Q, after 
Mei. 



Fig. 10.4.20. Hill diagram of a radial pump-turbine in turbine mode. Hatched line indicates the 
H vs Q line of pump operation. After Mei. 

smaller. Improvements were made in later designs to enlarge the spatial opening on the 
low pressure edge and more flow was obtained in the turbine mode. The above could also 
be due to  insufficient guide vane height as the 50 m models were tested in a casing 
originally designed for other parameters. 

Fig. 10.4.20 gives the turbine characteristic curve for runner No. 12 and shows the critical 
o values to be much lower than those for pump operation. The pump H, Q-envelope 
curve (along which the pump will be recommended to operate) is plotted on the turbine 
hill chart for comparison. Because of the intrinsic difference in optimum regime of the two 
operating modes and the priority given usually to pump operation, the turbine perfor- 
mance will always have to be away from its best efficiency region. Runners with hill 
contour more skewcd from the horizontal have better capability of providing better 
turbine performance. 

3. Relation between operating points of two modes 
Studies were made of the ratio of n,, and Q,, at bep of the two modes of operation. Plots 
of the ratios for the many runners tested are given in Fig. 10.4.21. I t  is apparent that good 
runners can be designed for different combinations of ratios if they fall within the band 
inclining downward from left to  right. For  application to pure pumped-storage plants, 
values around n,, , = 1,l n,, and Q,, = 1,15Ql,,, are ideal as recommended by Fuji 
Electric. 



Fig. 10.4.21. Speed ratio x = Ku, /Ku,  as defined by (10.4-28) vs invcrsed discharge ratio q - l  , . 
Qr/Qp -- QI T / Q I 1  as defined by (10.4-29), for several radial model pump-turbines, after Mei. The 
nurnb.:rs indicate different types of pump-turbine, whose special design features are not mentioned 
here. The purpose of this graph is to hint at the linkage of x and y to each other as given by the 
relation (10.4-32). 

IV. Conclusions 
1. From the tested performance of a large number of model runners, i t  can be concluded 
that reversible runners designed by centrifugal pump procedures can give good perfor- 
mance in both the pump and turbine modes, provided adequate adjustments of design 
constants obtained through careful studies are made. Nevertheless, the flatness of the 
H - Q curve remains to be a disadvantage for applications to power statior~s with large 
head variations. 
2. The turbine operation is satisfactory in the majority of cases even though very little 
consideration was given to this mode of operation in the design. The Francis type 
reversible runner has a fairly flat hiil contour so that it gives good performance in the high 
load region. 
3. In order to achieve full utilization of the motor-generator and also to better balance 
the water quantity on a short time basis, there exists a best ratio between unit flows in 
both modes of operation. This ratio is an index as important as any performance figure 
for each of the individual operations (see Cap. 10.4.4). 

10.5. Shaft, bearings, accessories of hydro power sets 

10.5.1. Layout of the shaft 

10.5.1 .l. General remarks 

Any shaft has to transmit the rated torque under rated specd and the design-linked 
starting torque, usually 1,4 to 2 times the rated torque. As a general rule the set should 
withstand r ~ n a \ ~ ~ a y  cocditions. Its lowest critical speeds with respect to flexural and 
torsional vibrations should not coincide with the operating speeds possible under varying 
head including runaway. 



10.5.1.2. Flexural vibrations 

AS a model to compute the lowest critical speed due to  flexural vibrations, a two mass 
configuration is considered (see Fig. 10.5.1). It accounts only for the rotating masses of 
the turbine runner 111, and the generator rotor m,, t~ which an adequate portion of the 
shaft's mass should be added, depending upon the method of supporting the shaft. Oil 
film and bearing assumed to be inelastic. Thus the flexibility of the shaft does not depend 
on the plane of its deformation and is determined only by the dimensions of the shaft and 
its material properties [8.132]. Added fluid mass of runner is neglected. 

Fig. 10.5.1. Scheme of a shaft W with 2 masses. R (rotor 
and L (runner) in overhung design with two 

bearings. y radial deflection of the shaft centre line 
e.g., under a centrifugal load when rotating. 

' &L~- 
W 

The following preliminary calculation fits for any arrangement of guide bearings, but 
fieglects the influence of axial thrust. The arrangement shown of two guide bearings 
(Fig. 10.5.2), practised at heads up to  about 300 m has the advantage of a statically 
determined bearing load. Here the usual arrangement of thrust bearing between the guide 
bearings does not influence rem~rkably  the shaft deflection. In a design with vertical shaft, 
a tension in the shaft, caused by a thrust bearing at the upper end, stiffens the shaft and 
hence increases the critical speed compared with the value attained when neglecting thz 
thrust. Contrary to this, a thrust bearing towards the lower end of a vertical shaft weakens 
somewhat this radial stiffness of shaft, and hence depresses the critical speed calculated 
without this influence. 

For the computation of the natural frequencies, assume an arbitrary radial deflection J, 

and )I, of the mass points m, and 111, representing hence the runner and generator rotor. 
They nligh! be in consequence of weight (horizontal shaft) or in consequence of an 
unbalance. 

Neglecting the elasticity of the oil films and assuming the elasticity of the shaft and its 
guide bearing to be independent of the orientation of the deflection, the following M a s -  
xull numbers arc attributed to the system as constant parameters: sr,, is the radial 
deflection of shaft at station m, by the radial unit force on m,, a,, the same a t  station 
) ) I R ,  a L R  = g R L  the radial deflection of shaft at station m,, or m, by the radial unit force 
O n  m, or m,. 

Moreover the alternator stator might exert a radial magnetic pull K ,  on the rotor In,, 

when deflected by y = 1. Under a deflection y, and y, a centrifugal load y k o 2 m R  and 
.~,cu~nl, acts on n ~ ,  and nr,. Assuming all the deflections in one plane which rotates with 
o, then the deflection y, of the runner results from y, = rrLLrn,yLo12 + a,,y, 
(n1,s2 + I(,,). Ilence follows the following linear and homogeneous system f ~ r  both the 
deflections y, ,  y, 

After Cramer's rule, a finite radial deflection at critical speed o,, requires the main 





Fig. 10.5.2. Sectional view of the KT, Aschach, Danube, Austria (owner 6sterreichische Donau- 
kraftwerke AG). 2 guide bearings, 2 rotor masses of turbine runner and alternator rotor with 

design. Thrust bearing between the guide bearings does no essentially influence the shaft 
deflection. Design Voith. (2 sets of Aschach built by Escher Wyss and Andr~tz are of similar design.) 
Data: H = 15 rn, n = 68,2 rpm; P, = 66 M W ;  P, = 75 MW. Runner 5 blades D = 8,4 m (largest 
runner diameter of KT in Western Europe) 12 welded stay vanes, concreted at lower end, carry the 
welded crown of the stay ring, concreted on its outer part. A welded head cover supports the thrust 
bearing by means of a welded connection of a ring plate, a truncated cone and a cylindrical shell. 
This also carries the lower guide bearing, the gate operating ring and its 2 pairs of toroidal 
servomotors exerting only a couple on the ring. Removable inserts facilitate dismantling of the 
individual gates. Runner with 5 blades of 13 % chromium steel, 2 part shaft, runner servomotor in 
the hub of the alternator rotor. Upper guide bearing also used as oilhead. Throat ring welded and 
embedded in the concrete. Draft tube lining welded on the throat ring with stiffening rings and iron 
ties. Revision of the runner through a door in the concrete of the semi-spiral cone. (Drawing courtesy 
Voitk.) 

determinant of this system to vanish. Hence: ao: - 2bwfr + c  = 0 with 
2 a= .mRmL(aRRaLL-a , , ) ,  c = 1 - u , , K , ,  

(10.5-3) 
b =  (1/2)(m,a, ,+m,a, .  + m , a ; , K , - m , ~ , R ~ , , K J .  

Thus the two critical angular velocities of the system 

Care must be taken, that o,,,i,, is about 15 % above the highest runaway speed cora,,, 
(rare exceptions see below). 

To obtain the critical speed of flexural vibrations in the case of more than two masses, the system 
has to be divided into two mass systems. Applying to them the above procedure and accounting for 
the compatibility of deflection at the station of a certain mass now assigned to  two systems, the 
procedure results in a linear system with the same number of unknown critical speeds as  a re  masses 
The same can be done with torsional vibrations which are treated in the following section. 

10.5.1.3. Torsional vibrations 

Torsional vibrations are excited by the alternator with a frequency equal and twice that 
of the grid. At short circuit they appear with largest intensity, especially in the case of 
short circuit between adjacent phases. 

They may appear also under hydraulic transients, at start and stoppage of a set, in 
consequence of rotating stall, cavity-induced vibrations, e.g., a precessing and cavitating 
draft tube vortex. 

Also here the natural frequency of the system must not coincide with the exciting one. . 

As a special case consider a tubular turbine with planetary gear, as used on the West 
German Mosel, Figs. 10.5.3; 10.2.16. The natural frequencies follow from the equation of 
motion for the individual parts of the gear, e.g., turbine shaft, generator shaft, sun wheel, 
planet pinion. Whence [10.17 11  

112 112 
01 2,,  = { ( A  + B)/2 + [ (A + BI2/4 - CI 1 , (10.5.- 5) 

at which 
A = c e ~ ( J e r + J / ) / ( J e r J ~ ) ,  B = c b a ( J e r + i 2 J a ) I ( J e r J a ) ,  (10.5-6) 
c = cba ce, (Jer + i2 Jd + J,)/( J,, J ,  J,) 9 



I-ig. 10.5.3. Schc~nstic c I c ~ ~ ( ~ ~ ~  
of thc rolary parts in ;I bulb 
turbine with plancti~ry gcnr. 
f runner, a illlcrnnlor rotor, 
b sun wllccl, e pinion cage, 
c pl;l~nct pinion, K curved teeth 
coap!ing. 

where cef  is the torsional spring rate of the turbine shaft, c,, tlle same of  alternator shaft, 
J the moment of inertia whose indices indicate by c due to the planet pinion, by a due 
to alternator rotor, by f due to runner, by e due to the pinion cage. With lnb being the 
resulting mass of the planetary wheels, re the radius of their centre line, and i the gear 
ratio: J,., = J ,  + tn,r; + [i/(i - 2)12 Jc + (i2/2) Ja .  

Since a short circuit may induce high load amplitudes, it seems advisable also to note 
some load amplitudes as a function of the exciting torque under short circuit 

M, = iLl,(sin o, t - (112) sin 2 0 ,  t ) ,  (10.5-7) 

oo being t l ~ e  cyclic frequency of the grid. M ,  becomes largest for a single phase short 
circuit under A voltage. With 

thc following torque amplitudes are obtained: M, at the generator rotor shaft, iM, at the 
turbine runner shaft, 1LiC at the gear casing, being in the worst case 

In the eventual case of resonance under short circuit, the decay of the exciting current is 
important, since then any load amplitude increases vs time. 

10.5.1.4. Excitation of shaft vibrations by runner seal 

In mixed flow machines, a wrong layout of runner labyrinths may excite flexural vibra- 
tions. The best remedy there is the provision of the so-called damper design in connection 
with comb labyrinth on the hub (Fig. 10.3.10). Here the outside located gap of a runner 
labyrinth tooth has a relatively smaller clearance than the adjacent inside located gap. 
Imagine that the runner is displaced radially outward. This squeezes the outer gap, 
increases the pressure there and widens the inner gap simultaneously reducing the pres- 
sure there. This centres the shaft again. 

According to  Lomakin [10.172], in axial machines, a shaft deflection reduces locally, 
clearance and leakage: which increases the tangential force therc. Hence the deflection is 
turned by 90" thus ln~tiating a circular shaft vibration. 



10,5.2. Influence of bearings on shaft vibration 

10.5.2.1. General remarks 

The rotor of the turbine and generator and the shaft are excited usually by rotating forces 
due to mechanical, hydromechanical and electrical unbalance of the rotor masses. in 
consequence of misalignment during assembly, imperfect balancing or  short circuit. The 

system of shaft and rotor masses, which is elnstically supported and damped by 
the bearings, responds to these excitations by shaft oscillations with finite amplitude of 
different kinds [lo. 12 11. 

flexural vibrations as  the most obvious type of vibrations are considered now separately. 1.e.. for 
the generator to work properly, vibration must not accelerate to levels at which it misht damage the 
components, o r  reach such an amplitude as  to  cause wear or wiping off the bearing's white metal. 
f i e  rotary system must be properly insulated from the stationary one, so as to avoid subjecting i t  
to excessive stresses. These differing requirements tend to  be in contrast, as a bearing system, which 
limits shaft vibration tends to  put greater forces on  the foundations and vice versa. 

The basic element of damping and elasticity between rotor and the foundation is the oil film in the 
bearings. As already stated, the general way t o  limit vibration amplitude, is to design the machine 
so, that its lowest critical speed is greater than any possible operatirlg speed (runaway). Hydraulic 
units have considerable shaft stiffness and the masses are limited by electrical, mechanical and 
governing requirements. 

So any method of increasing the critical speed depends on the possibility of reducing the elasticity 
of the guide bearings. In a very stiff system small values of the amplitude cf shnit vibrations can 
involve significant unbalanced stresses which can exert high forces on the foundations. 

For these reasons the traditional criterion of creating a large difference between critical speed due 
to shaft stiffness and the rotor masses and the working speed cannot be considered as an abscjlu~e 
guarantee of safety. 

I t  is necessary to  make a thourough analysis of the dynamic response of the rotor which takes into 
account three parameters: unbalance, vibration amplitude and the feature of the bcariugs. Sincc the 
bearing box and its support are usually rather stiff, as a minimum requirement of a good bearin: 
design, the features of the bearings are reduced t o  that of the lubricating film in the gap bctwecn seat 
and shaft. 

10.5.2.2. The spring rate of the film of lubricant 

As a model consider two plane faces parallel to each other, at distance y, with an  area 
A. The clearance is filled with a lubricant of bulk modulus E,., the boundaries might be 
completely leak proof. Expressing the spring-induced force by F = K dy, where K is the 
spring rate and Ay the compression of clearance, and using the relation (8.3-5) as the 
equation of state of the lubricant, the spring rate reads 

Hence the stiffness of an oil film increases with decreasing cleararlce y. Thus an oil fila 
loaded by an unbalance, by which the oil is squcezed out of the gap, becomes suddenly 
more stiff than an unloaded film existing in a well balanced system. 

10.5.2.3. The damping coefficient of the lubricant's film 

Imagine an  oil-filled gap, length I in the flow direction, width 5, clearance J*. Both the walls 
of this gap might be squeezed by a damping force F, with the clearance rate I;.. Hence by 
definition the damping coefficient d = &/j .  



-This sclrlcezing ;~ctui~res a prcssurc Ap which presses the oil out of thc grip in the 
stre;~mwise dirccr~on. It.ngtli I, k v i t l l  thc avcrnsc spcctl c. To bal:il~cc t i ~ c  will1 shear stress 
7: dp - ~ l / y .  N z ) \ l ~ ~ r ' s  law rcquires 7 - t l c / y .  Continuity rcquires c - j / /y .  Wit11 Ap, the 
dninping force becomes 

F, - Aplb -- z12b/y - rlc12b/y2 - t~yI'h/y'- dy. 

Reducing j yields the damping cocflicient of the film 

b might' be the axial length of a journal bearing and I the circumferential length of its 
loadcd face, )I the clearance of its gap. Hencc the damping coefficient of a bearing with 
an  unbalanced load, squeezing the oil out of the gap, increases with decreasing clearance, 
whereas the damping coefficient of a balanced system is nearly zero. 

10.5.2.4. Control of bearings 

Regular working of a large hydroelectric unit reql~ires a continuous measurement of 
amplitudes due  to shaft vibration to be installed, e.g., at the bearings of the rotor. Such 
a measuring set consists of vibration transducers, signal amplifier and an indicator and 
rocording device with an appropriate alarm and locking signal. In this way i t  is possible 
to  intervene quicklj in the case of alteratioli in the dynamic balance of the unit, caused 
by ~nomal ies  (short circuit, bearing wear) and also to forecast the need for any normal 
o r  emergency maintainance, [LO. 1211. 

10.5.3. nearing design and arrangement 

10.5.3.1. General remarks 

In consequence of their size and load, particularly in the axial direction the bearings of 
larger sets are only of the sliding type. Moreover the 12/licllell tilting pad bearing type is 
used exclusively for the axial load, composed of hydraulic axial thrust and the weight of 
rotating parts in the case of vertical shafts. For shaft diameters above about 1,5 m this 
bearing type is also preferred for the radial (guide) bearing. 

Any bearing has to transmit a certain heat flow through its casing into the supporting 
structure towards the foundations. This originates partly from tlie waste heat of the 
alternator (in the case of a bearing due to the latter) and partly from the bearing itself. 

Fig. 10.5.4. Principal bearing 
arrangements. a) 2 Radial bear- 
ings, both ' the rotors of 
overhung design, thrust bearing 
on the head cover. b) 3 Radial 
bearings, thrust bearing on the 
pit. Variants: middle or upper 
radial bearing omitted. c)3  
Radial bearings, thrust bearing 
or? the generator stator. 



several designs have been proposed to avoid additional stresses in this structure due to 
thermal expansion. One solution consists in radial arms transmittins any radial expan- 
sion via strongly prestressed springs into the concrete of the pit wall. 

Another solution uses arms which are slightly inclined to  the radius, so-called "skew 
spokes", [lo. 173). Thus heat expansion of these arms is converted into a central rotation 
of the bearing casing about its axis. Thereby the skew spokes are subjected to bcnding. 

With the largest heat expansion of the bearing's support, the clearance of a radial bearing 
must not fall short of the prescribed threshold. 

Fig. 10.5.4 shows typical bearing arrangements of hydro turbo generators with vertical 
shaft. To  this typical bearing arrangements of horizontal sets have to be added. See 
Figs. 3.4.1; 3.4.19; 3.4.20; 3.4.22; 3.4.23; 3.4.28; 3.4.33; 10.2.10 to 10.2.18. 

10.5.3.2. Guide bearings 

Usually two guide bearings are used, a s  their load is statically determined. Overhung 
design is preferred at the turbine runner especially in reaction turbines. This keeps the 
draft tube bend free of any obstruction by the shaft. In some ternary pumped-storage sets 
the runner can be disconnected either from the alternator-motor (Fig. 3.4.38) or  from the 
pump (Fig. 3.4.39). This requires two guide bearings on both sides of the runner. This 
holds also for rarely found double flow FTs with a twin runner supplied by one  spiral 
casing. 

The relatively big alternator rotor has an overhung design only up to heads of about 
250m and for vertical sets. In this head range the umbrella or semi-umbrella type of 
alternator rotor prevails (Fig. 10.5.4a). Above this head the alternator rotor is supported 
at both ends (Fig. 10.5.4b). 

In the high-head range the two and three bearing arrangement is used. In smaller low 
head sets with submerged turbine also three o r  more bearings are found, to make the 
generator easily accessible and to place it above the tail race level. 

The lubrication of the bearing requires the existence of wedge-fonned clearances between 
shaft and bearing sleeve in the order of 0,5 . times the shaft diameter [10.174]. To  
take out-of-balance loads like the magnetic pull the radial support of the bearing must 
be of solid design in all radial directions. 

10.5.3.3. Tllrust bearing design, brake 

Vertical sets, especially of higher head, with axial thrust downward oriented, need only 
one thrust bearing (Fig. 10.5.2). Horizontal sets need two (Figs. 10.2.10; 10.5.5). F o r  the 
brief and small reversed axial thrust in vertical sets during transients in KTs, a thrust 
collar is provided. This is usually on the lower extremity of the bell-shaped part of the 
shaft that is immersed in an annular oil tank, t o  facilitate lubrication of guide bearing 
during starting (see Fig. 10.5.6). 

The clearance of the surge face pad on the lower front of the guide bearing casing must 
be in thc order of the axial deflection which may be experienced under axial thrust. 

For heads up to 320 m (Fig. 10.5.4) the thrust bearing is underneath the alternator and 
then supported either by a spider oil the pit wall o r  a supporting truncated cone o n  the 
k i d  cover (Figs. 10.5.4a; 10.5.4 b). In small sets and under highest heads, e-g., in P T s  the 
firust bearing rests on the generator stator by means of a spider (Fig. 10.5.4~). 



Ie'ig. 10.5.5. Guide bearin 
two ;lxi;11 (thrust) bearin 
c.g., n T;T with liorizonta 
Oil circulation of thc t 
bcaring by a pulnp feed 
ring pipc 12, with radial 
chcs, blowinl: out the oil agai 
thc rotating thrust collar 1 
a starting lift by prcssurizc 
from the bore 25. 1 r 
thrust collar, 2 tilted 
3 prop with calotte to sup 
pad, callote pressed in ml 
iron ring, 5 spaccr cage of pads, 
6 pcdcstal of bcaring, cast iron, 
7 drivcr for 1,s oil level, 9 shah 
10 split support ring, 11 fast- 
ening ring for 10, 12 pipe con- 
nection for fresh oil, 13 injection 
pipe, 15 oil pan, 16 ovcflow 
edge, 20 bearing sleeve, 25 bore 
for prcssurizcd oil during Start. 

For an overhung alternator rotor the accessibility of the thrust bearing may be facilitated 
by a removable ring, connecting the upper end of the shaft with the upper front face of 
thc rotor (Fig. 10.2.1). Tliis ring then serves as a thrust collar, which transmits the axial 
thrust from the shaft tc the tilted segments. 

For a revision, both the rotors must be supported by other devices, e.g., the generator 
brake, then used as jack. Then after removing the connecting bolts and the ring the tilted 
pads become easily-accessible. 

Each pad may be supported by springs or it rests on a radial edge or a spherical calotte 
which presses in a ring of mild steel (Fig. 10.5.7). The pad may be supported also by a 
pressurized plunger piston in an elastic toroidal shell, supplied from a common oil 
pressure vessel, under the controlled pressure of all the pads together, Fig. 10.5.8 [10.134]. 

At heads above about 1000 In, a water-lubricated hydrostatic thrust bearing, at the lower 
end of the shaft, reduces the tip diameter of this besring and the corresponding disk 
friction loss [10.135]. This follows from the head-conditioned pressure, high if compared 
with the mean value of about 35 bar, which is attainable in the gap of a tilted pad, (see 
Fig. 10.5.9). 

In large units the elastic and thermal deformation of thc pad face from its desired plane 
form is sometimes automatically compensated by meails of a special construction 
[10.133]. Thus the centre of pressure distribution at the shoe is always retained. 



Fig. 10.5.6. Oil lubricated lower bell-type guide bearing 
of a KT. Small collar for the transitory uplift during a 
o top page. Cooling by the working fluid (water) on the 
water deflection shield. lnlct of the suction pipe near to 
the cooling surface. Oil circulation by the combined 
&on of viscosity, shaft rotation and inclined groves S 
(after Sulzer Escher Wyss). 

.- 

Before the start? each pad is fed through a flexible hose by pressurized oil, to  ensure fluid friction from 
the beginning of operation. To limit the period of mixed friction during runnins down, each set has 
a brake device. This is of particular importance for peak load or pumped storage sets with their 
frequent load change or their cyclic service of generating and pumping. 

The present tendency is to limit the proper mechanical braking to the final phase of deceleration, 
below 10 % of the rated speed. The brake is on the spider below the alternator rotor and presses its 
oil operated piston against the lower front face of this rotor. This mechanical braking is preceded 
either by hydraulic or electric short circuit braking. In this way problems of dust, wear, overheatins 
ofsliding surface and vibrations are minimized [11.69]. The brake is designed to cope with emergency 
situations which would arise up to 50% of rated speed. In Fig. 10.5.10 brake and jacking device are 
arranged separately. 

To eliminate any dust and wear during braking at the pun-lp-turbine set of Kiihtai. Austria, any 
mechanical braking has been cancelled in favour of an  electrodynamical stoppase. Usually then the 
oil-operated mechanical brake is left for the emergency case, and as jacking device during revision 
for the rotating parts [10.175]. 

Under rated speed the oil is circulated either by flinger bore holes in the thrust collar or  by a separate 
pump. The latter feeds a ring pipe with radial passages, from which the oil spouts against the !o\ser 
front face of the rotating thrust collar. Then it is drawn into the oil wedge on the pad. After the pad 
the heated oil is wiped off by a stripper. 

Fig. 10.5.7. Elevation of an axial thrust bearing 
with tilted segments, oil lubricated. Cooler in a 
non - pressurized oil tank. Circulation by axial 
booster pump H, radial bore B and bamc C past 
outlet from B. Oil flow through the bearing and 
the lubricating gap I in shunt to the oil flow 
Passing the cooler 2. Air separation from the oil 
after the cooler on the free level of the oil tank. 
(After Sulzer Escher Wyss.) 

Cool 

Cooling Water I l l  



Fig. 10.5.8. Elevation of the thrust bearing of large FT. Plant Tucurui, Tocantin, Brazil (owner 
Elcctrcnorte) built by Neyrpic. See Fig. 10.3.4. External diamster of casing 5,1, tilted pad cxter~al  
dinmetcr 4,205 m, internal diameter 2,75. Shaft diameter 1,75 m. Axial thrust 2410 tons. Oil: 8,5" 
Er.gler at 50 "C. Cooling water 90 m3/h. Oil volume 5,3 m3, auxiliary oil volume 4,3 m3. Tilted pad 
supported by a hyd;ostatically loaded piston 7 usually carried by pressurized oil in a toroidal axially 
flexible vessel 6, communicating with each other. In emergency the pad carried by the calotte 8. The 
toroidal vessel enables also a slight radial deflection, if the pad floats. Oil from cooler enters at the 
in!ler edge 11 of the bottom ring, is then centrifuged by the thrust collar 2 either between the pads 
directly, or through the lubricating gap into the outer part of the case. 1 Fastening of the thrust collar 
2, 3,ti!tcd pad, 4 joint. 5 oil injection for jacking at start up, 6 toroidal shell, 7 upper support disk 
of the pad, 8 calotte, 9 bottom support disk of the pad, 10 oil exit to the cooler, 11 oil inlet from the 
cooler, 12 oil level. 13 radial splint, 14 guide cage for the pad, 15 bottom plate of the pad with a pipe 
for pressurized oil from a balancing chamber. (Drawing courtesy Neyrpic, Grenoble, France). 



Fig. 10.5.9. Thrust bearing with hydrostatic water lubrication in one of the 6-stage storage pumps 
of San Fiorano pumped storage plant, (owner ENEL, Italy) with ternary sets built by Sulzer Escher 
Wyss de Pretto. H ,  = 1483 m, P, = 105,8 M W  (see also Fig. 1.6.8). 1 thrust collar, clamped on the 
shaft, with discharge orifice, 2 rotary thrust disk attached to 1, 3 stationary support of 2, 4 radial 
gap to relieve pressure chamber 14,s pressurized, sealed, and water filled calotte, 6 bore to balance 
the pressure in 5 and 14,7 valve for the admission of pressurized water from the penstock, 8 filter, 
9 flow control, 10 water head, 1 1  admission pipe for the pressurized water, 12 strain gauge to 
indicate water load, 13 throttle, 14 pressure chamber, 15 gap between stationary parts 3 and 5, 
16 leakage pan, 17 casing, 18 comb labyrinth, 19 transducer, 20 clearance indicator. 

10.5.4. Lubricants and their cooling 

In general oil is used as a lubricant, in some cases also grease water emulsion or (in the USSR) 
Purified water. The oil lubrication of the bearing next to the water side needs protection against 
Water pollution in the form of a shaft seal (Fig. 10.5.1 I). This requires a leakage sump between the 
oil collector and the shaft seal, whose level must be controlled by a float and a pump. 



Fig. 10.5.10. :\rr:lngcnlcnt of thc braking 
jacking cyli~~dcr-s on t I 1 ~  lowcr bcnring brae 
1 braking cylinclcr, 2 jacking cylinder, 3 b 
ing ring. (Ur;twing fronl Hrown Bovcri an 
Cic: Spcci;ll issue: Synchronous lnachines 14 
hydro clcctric power plilnts. Publ., no. CH-T 
130082 E p. 39, Fig. 82). 1, 3 oftcn combined 

- Cooling of the lubricant oil: For the guidc bearings next to the runner, c.g., in a KT, the oil may 
be coolcd by the working fluid, i.e. along the water deflection shield (Fig. 10.5.6). Here the cooling 
is the more effective the closcr the oil circuit intake is to the cooled wall. In othcr bearings more 
distant from thc discharge a special cooler must be providcd. This may be inside or outside the oil 
tailk. The oil flow and its temperature at inlet and outlet of the cooler must bc controlled. In the case 
of excessive temperature the sct is stopped automatically. Through the coolcr passes a flow which 
is a multiple of that, drawn into the wedge-formed gap of the bearing. This lubricating oil flow 
circulates in a shunt to the cooled oil flow so as to mix intcnsivcly at thc joints with the latter. The 
circulrition through the coolcr may bc via special pumps. Usually i t  is donc by flinger bores in the 
thrust collar (Fig. 10.5.7) or a flinger shell (Fig. 10.3.10). The conversion of the high oil speed into 
pressure, needed to overcome the friction in the cooler, may be effected by baffles or a Pitot tube 
(Fig. 10.3.10). The circulation of the cooling flow in the guide bearings also may be effected by viscous 
shear stress on the rotating shaft in connection with a hclical groove within the bearing sleeve 
(Fig. 10.5.6). 

10.5.5. Runaway and its problems 

10.5.5.1. General remarks 

In the case of runaway the specific head g H  is converted through dissipation into waste 
heat. I-Ience 

C D  = (29HlcD)1i2, (10.5- 12) 

where c ,  is a characteristic absolute velocity of the turbine and i, a coefficient. At 
runaway the torque becomes zero and hence by Euler's equation also the difference of 
angular momentum between the rotor inlet and outlet c,, r, - c, , r,. In a KT this 
condition reads Ac, = 0. Thus both the velocity triangles coincide here under runaway. 
Let c,  be the absolute velocity of this runaway triangle. Hence at a certain c,, the 
peripheral blade speed is the larger the smaller the angle B the blade makes with the 
circumference. Thus the highest possible runaway speed in a KT occurs at overgate and 
s~nall blade angle at cam-off operation. This may be caused by the longer opening time 
the runner servomotor has compared with that of the gates (Cap. 11.2). Such a situation 
may occur, when the co~ltrol loops of gate and runner are connected in series in which 



~ i g .  10.5.1 1.  Shaft seal with graphite ring pressed against 
a chromed sleeve by a ring spring. Conical joint between 

and inner ring causes slippage of both the rings against 
@ch other and thus an axial tightness of the ring chamber. 
Lubrication and cooling by the admission of purified block- 
age water 1 between the upper and the lower seal ring 
&amber. Left: standstill seal pressed down before a revision 
of the shaft seal. 

case the tachometer first actuates the gate servomotor. Therefore a connection of both 
the loops in parallel is preferred, e.g. by the French firm Neyrpic (Cap. 11.2). 

10.5.5.2. Protection of the set against runaway 

Contrary to practice with thermal turbo generators, the hydro turbo set in general has 
to withstand the rimaway speed n,, of its turbine. This is a multiple (1,4 to 3,3) of the rated 
speed, depending on the design (see Table 9.2.1). The first safety precaution is the speed 
governor of the set (if any at all). At least each set has an emergency shut down device 
for the case a certain overspeed (about 1,3 the rated one) is surpassed {41.21], [IS]. 

Since the closing time of gates is limited by water hammer-induced .pressure surge in the 
penstock, the set may reach rather high overspeed du'ring emergency shut down. When 
this device fails, e.g., by jamming, the then unloaded set may attain its runaway speed. 

As a general rule, i t  may be stated, that sophisticated devices for avoiding runaway (such 
as jet deflectors in impl~lse Ts or braking runner blades swinging out in axial Ts) are 
impracticable and not reliable in larger sets [10.68; 8.1 321. 

In micro power stations runaway may be the state in which the set passes the time between its 
working periods. In such plants the peripheral blade speed may be small, so as to have more an  idling 
period instead of runaway, useful to ensure the lubrication of bearings. 

Sometimes in double regulated KTs the runner servo motor may be short-circuited by an overspeed- 
actuated valve. Thereafter the blades can follow their inbuilt opening tendency to ensure the lowest 
possible runaway speed (see above). This implies that the outermost components of the alternator 
rotor like the poles are ovzrstrained so as  t o  need rewinding. But the core of the set has to withstand 
runaway until the bulkhcnds are insertcd [10.176]. 

In smaller units with step up gear for the alternator the latter may be protected against runaway by 
loosening the clutch then used to attach the gear casing to the ground. Remember that any gear 
needs a connection to the foundations so as to lead the difference in torque between the input and 
output shafr into the grobnd. When this connection is interrupted then the gear functions as a 

: coupling. Thereby thc alternator rotor is protected against runaway speed. Such a device has been 
Proved successfully in thc bulb turbine at Ossbergshausen on Aggcr, West Germany, with a plane- 
tary gear Knrp13-Stoeckic.hr, [10.177]. 

Thc high head PT sets at Silz in Tyrol, Austria, of thc Sellrain scheme arc an  exceptional example 
ofthe s i t~~at ion ,  that the lowest critical speed falls short of the runaway speed. Here a thickening of 
the shaft suflicient to raise the critical speed above the runaway specd would have required the use 

! of rather expensive material in the alternator rotor because of the resulting increased diameter. lo 



sucll n caw, carc must be taken, th,it undcr all imnglnnblc opcr;~tions thc fundway spccd ncvcr I\ 

co~ncidcq nit11 the critical S P I - C ~ .  Tlic I:~ttcr IS only p:lsscd d u r ~ n g  running tl~\!~n or  5pccdrng up. 
I 1 1  two rcccrltly buiit scts with Isogjrc punlpturbincs, Grimscl. Swirzcrl;~nd, Fig. 3.4.3, and lZ/laltn, 
upper stagc, Austrin, Fig. 1.6.7, [ I  1.70; 10.1 161, thc lowcst critical spccd f;~lls short of runaway - \pc~d.  
This may bc a rcasonnble practice, i f  the runawily spccd dcviates from thc lowest critical speed ulldcr 
all possiblc modcs o l  operation. 

Howcver, for the Malta set this is iiot assured, as the scts opcratc with a largc variation in head :l,,d 
runaway speed so  as to tlccd, by thc way, also a cl~unge polc alternator. Hcncc thc critical speed 
occasionnl!y may coincide with thc runaway spccd. In this case all thc cmcrgcncy shut down devices, 
like govciiior, ovcrspced governor, valves and gates must opcratc safely. 

10.6. The comyrltation of flow in a Francis runner 

10.6.1. Flaw prediction for given runner and working data 

10.6.1.1. Introduction 

This section is considered to be supplementary to the simplified runner design of a FT 
i i ~  Cap. 10.3.6, which may be used as a preparation. In the following the problem is 
treated of the distribution of relative velocity in a given runner vane channel under given 
flow rate with respect to face to face and shroud to hub distribution even with regard to 
loss and a slight twist of the streamface within the runner channel. 

10.6.1.2. Assumptions 

Consider the runner of a FT (Fig. 10.6.1) with given geometry under known working data 
y II, Q and 11 (o) around the bep. The flow does not stall and is steady. The absolute flow 
is irrotational. Thus the axisymmetric flow pattern i n  the mcridian gained by the net work 
mcthod due to potential flow, Cap. 5.2, is taken as a first approximation. From this 
stepwise approximation may be made to the real streamline pattern. 

The pheliome~ia at the ends of a vane'are neglected. Hence the flow is along the vane 
surfzce. The flow is treated on a surface with coordinates a and cp (Fig. 10.6.2). The 
azimuthal direction cp is peripherally orientated. It coincides with the sense of the angular 
velocity o of the runner. The a-lines are oriented liom the shroud towards the hub and 
follow at leas! on the runner vane face the direction of the latter. They make an angle 
n/2 - v with the periphery (Fig. 10.6.2a). They coincide (Fig. 10.6.1.2) on the runner inlet 
and outlet with the axisymmetric surfaces 2 and 1, touching the inlet and outlet edge 2 
and 1 of the runner vane. The other axisymmetric surfaces that contain the a-lines vary 
conti~iuously in streamwise direction between these faces 2 and 1 at the extremity of the 
rotor vane passage. 

The projections of the a-lines in the local meridian, denoted by a', make an angle 9 with 
the local rzdius r (Fig. 10.6.1.1). The a, cp-face has the advantage, that it neither intersects 
the axisym~netric faces 2 and 1 touching the extremities of the runner vanes, nor the 
runner vane itself, when proceeding along a direction from shroud to hub or when 
proceeding in the cp-direction from the suction face to the pressure face of the vane. With 
this system the blockage of the flow passage by the vane and its boundary layers must 
be accounted for by an adequate contraction coefticient. 



Fig. 10.6.1. 1) Runner of a Francis turbine showing a meridional streamline. of curvature 1/R,  at 
ladim r, with angle p to the latter. Lines a' coincide with the vane inlet and outlet edge, and make 
an angle 9 with r. Right: components of the relative eddy. 2) Runner vane with pattern sections gi 
a a plane normal to the axis and radial sections ti in meridional planes. The line 0' is a circular 

of line a onto the meridian in its neighbourhood. For  an infinitesimal change this 
projection of a can be replaced by a rectangular projection of o onto  its adjacent meridian. 

With the usual n', cp-system, whose n'-lines are in the meridian and normal t o  the 
axisymmetrically assumed streamfaces, consideration of the phenolnena at the ends of the 
vane (e.g., flow about the leading inlet edge of vane, formation of wake a t  the rearward 
edge of the vane) would be required. Since the inlet edge of a runner vane in general does 
not coincide with a meridian (Fig. 10.6.1.2), the angle 0, which a radial vane section 
makes with the radius, does not coincide at  the inlet with the angle 3, the line n' makes 
with the radius. 

At  or near the outlet edge 1, the radial vane sections and the lines a' usually coincide and 
hence also O and 3. Tests of Schlemmer [5.18] show approximately 

Fig. 10.6.2. a) Channel cross scction of a runner seen in the direction of the meridional streamlines 
on the n', u-face and II,II-face respectively (u  = rcp), depicted in a plane of drawing. ;l longitudinal 
dihedral angle, S suction face, P pressure face, I hub, A shroud, L bottom cover(ring) of the guide 
apparatus. b) Cornplcte cross section of a runncr vane channel in a, 11-face, depicted in a plane face. 
C) Approxitnate calculation of Aw, in a runner channel section (n', ri-plane) from the meridional 
component of the relative cddy. J hub, A shroud. 



nhcre c,, is the whirl component of absolute flow and r the distance from thc rotor 
Compnriitive C ~ I I C I ! ~ ~  lions show,  that the last relation may be sl~bstituted for the st 
equatiorl of motlon nt-cded for the sllroud to hub distribution of velocity. This is adva 
geous since the strict relation contains the curvature 1/R of the n~eridional stream] 
and the convective acceleration dw/ds of relative flow as unconvenie~~t terms. 

The streamface is prclimin;lrily assumed to be axisymmetric. Later on the twist of 
streamface is accounted for as a correction of the second order and this is in agreemen< 
with tests of Schlem~~ler [5.18]. The loss is introduced as a stream-line-linked term. 

. b 
10.6.2. I i s t  of symbols used: (Fig. 10.6.3 to 6) 

~7, = aa/dn;  a'-coordinate in the meridian making an angle E with a normal to the stream 
face ancl an angle 3 with the radius r, cr' is the projection of a onto the meridian, with 
which it makes an angle v; a-coordinate along the trace of the vane surface, which makes 
an angle 7r/2 - v with the circumference; n'-coordinate in the meridian normal to the 
streamline, which makes an angle y with line n along the vane (longitudinal dihedral 
angle); 11-coordinate along the vane trace in a surface normal to the axisymmetrical 
streamface; e-internal energy term; f = n' tan y; s -coordinate along the meridional "'. 
streamline; s,-coordinate or length in the peripheral direction, 11-peripheral coordinate or 
I+  s,; 11,  = au/i?,t; 117,-relative velocity component normal to  w caused by the twist of the 
streamface by the meridional corriponent of relative eddy; /3'-angle of pattern section with 
the periphery; ;I-longitudinal dihedral angle of vane trace n in the 1 1 ,  q-face with n'; 
p-acute angle of relative velocity IV with the periphery; &-angle between a' and n' in the 
mcridiar,; O-angle of the radial vane section with the radius; $-angle of a' and r in the 
meridian; 11-angle of the meridional streamline with the radius; v-angle of a' with a in the 
a, 9-face; q-azimuth; ;(-angle of a with n'; $-angle of s, with ( I ;  @-contraction coefficient. 

Sufices: 1-suction edge of runner vane; 2-pressure edge of runner vane; 1M-channel centre 
line; u-peripheral direction; s,-due to the direction of the meridional streamline; uO-unit 
vector in the u-direction; i-the ith step. 

10.6.3. Complitation of relative velocity distribution 

10.6.3.1. In the peripheral cp-direction 

Once the angles /I' of the pattern section, O of the radial section, 11 of the lneridional 
streamline are known for a flow along the vane surface, then the angle P of the relative 
flow with the periphery follows from (6.5- 13) as 

B = arc tan[sin O tanP/sin(O + p)]. (10.6-2) 

To simplify the derivation of the velocity distribution, which obviously is not influenced 
by the orientation of the runner shaft, the latter is assumed as vertical. 

Consider a unit mass of fluid of circumferential length r d q  (Fig. 10.6.3.1). At the rotating 
frame of reference, the following forces act on this mass in the peripheral q-direction 

a) - ( t i e )  ap/(l-alp) due to the tangential pressure gradient 
b) 2 0  cos pw sin p due to the Coriolis force in the streamface 
c) w' sin B/R,  due to streamline curvature 1 / R ,  in the streamface 
d) w a w l d s  cos due to the convective acceleration awlas  in the direction of the relative 
streamline (s). 



Fig. 10.6.3. Forces on a fluid element: 1) Forces on unit fluid mass, length r d y ,  in y-direction. 
1) Velocity triangle. 3) Force on  unit fluid mass, length da in a-direction in r, s,-plane. 4) Ditto in 
49-plane. 5)Relation between a h  and ar .  

Hence the equation of motion in the cp-direction 

- (lie) ap/(rdcp) f w cos pi?w/ds + \v2 sin P/R, + 2w cos pw sin p = 0. 
(1 0.6- 3 )  

With a streamline-linked loss term 'e '  the "rothalpy" reads 

Eliminating ( l / e )  apl(r8rp) in (10.6- 3) by (10.6-4) gives 

By discretizing the differentials into finite steps this faci!itates a stepwise solution of the 
~ ( 9 )  distribution along a strip, height d u  cos E cos v ,  for which the flow dQ is given. In  the 
last relation, the term aw/i?s is preliminarily obtained from the local velocity triangles 
with w , ,  w, and the length L of the local channel centre line by 21vla.s = (w, - w2)/L. 
Finally this term is found by trial and error from the w ( q )  distribution along adjacent 
pitches arranged in the relative streamwise direction. 

For a flow with forward curved streamlines the curvature 1/R, of the relative streamline 
In the streamface results from 

The term dplds follows at first from the local velocity triangles of the streamface consid- 
ered with their angles P , ,  P, and the channel length L by ddlds = ( / I ,  - P,)/L. Then it 



rnay bc improved by ( 10.6-2), from which 

tip/,ls = [cos2 fiIsi11 (O + 101 
- {[sin(@ + 11) cos O - cos(O + p) sin 01 tan PI dO/ds 

+ [sin(@ + p) sin @/cos2 p'] d/?'/ds 

- sin O tanp' cos(@ + p) d~i/ds). (10.6-7) .* 

I n  the assumed flow along the vane, thc derivatives of the a n ~ l c s  8, P', 11 (here signified 
by s) .with respect to s lollow by dxlds = (dxldr) drlds + (irslaz) dzltls, where z is the 
coordinate along the machine axis. The values ax/&-, ax/az herc follow from the given 
pattern and radial sections of the vane and the streamline pattern. The derivatives dr/ds, 
dzlds result from Figs. 10.6.3.1 and 10.6.3.3 by 

drlds = (drlds,) dsm/ds = - cosp sin p; 

ilz/cls = (dzlds,) dsm/ds = - sin !i sinp. 

With these relations and (10.6-7), the curvature term l/Rt is reduced to known figures 
like aplar, aIl/az, ap' ldr,  ap'laz, d@/ar, a@/az from the elevation and plan of the vane 
design with its pattern and radial vane sections. 

The loss term de/()ordcp) may be converted into kaw/(r?cp) by introducing r = kw2/2 ,  
with k as an empirical coef'licient. 

10.6.3.2. In the shroud to hub (= a)  direction 

Consider a unit mass of fluid of length da in the direction n (Fig. 10.6.3.3). 111 the following 
the centrifugal force w2r due to rotation and the gravity g are omitted, since they cannot 
influerice the desired velocity distribution. Then in the rotating frame of reference, the 
following forces act on this mass in the shroud to hub (a)-direction: 

a) - (I/g) dplaa due to the pressure gradient in the n-direction 
b) 2 0  ( \v ,  cos3 cos v + w, cosp sin\,) due to the radial and tangential components of 
Coriolis force, where 14, = \V cos P, W, = w sin P 
C) (\v2,'R,) (sin P sin Y - cosp cos v sin E) due to the tangential and meridional components 
of centrifugal force under a forward curved streamline with the curvature l/Rt in the 
axisymmetric streamface. 
dj ~t~(d\vjSs) (cosp sin v + sin jl cos v sin E) from the tangential and meridiorial compo- 
nents of body force due to the convective-acceleration in the streamwise direction of the 
relative flow. 
e) (lv:,/R) c o s ~  cosv from the componer~t of centrifugal force due to the curvature 1/X of 
tile meridional streamline. 

The equation of motion resulting from these forces after substituting the pressure gra- 
dient term a) from the "rothalpy" (10.6-4), differentiated with respect to a, but ignoring 
r20 ' /2  and the ylt term, yields the following relation for the distribution of w in the 
a-direction 

aw = - ( w  {sin2 /I cos v sin($ + p ) / R  - (cosp cosjllr + dplds) . 

[sin p sin v + cos p cos v .cos (9 + p)]} 
+ 2co(cosjlcos9 cosv + sinPcosp sinv) (10.6-8) 

+ (awlas) [cosp sin v - sinp cos v cos(9 + p)] + ae/(w Gu)) 2a. 



To obtain this, use was made of (10.6-6) and the following relation from Fig. 10.6.3.3 

c s  9 + p - ~ 1 2 .  

I 
: 10.6.3.3. Method of solution with exact w ( a )  distribution 

For a practicable stepwise solution, the last relation has to be discretizcd in the form 

*here wM is the relative velocity along the channel centre line whereas A and B follow 

horn ( 10.6-8). There again the term ae/(waa) may be brought into the form k2\v/?a.  
fie computation starts within a strip of tangential length r(n)  A q  crossing the a, cp-face 
tonsidered in a direction along the centre line from shroud to hub. The chosen angular 
dcrement A q  must be much smaller than the unobstructed pitch 2 n @ r / z  of the channel. 
4 being the contraction coefficient due to the thickness of the vane and its boundary 
layers. 

11 seems advisable to estimate w, on the basis of the potential flow pattern on the shroud 
11 a = 0. Whence w(a)  can be determined stepwise and in the first instance by (10.6-9) 
dong the aforementioned strip in the a'-direction. The flow passing this strip results from 
continuity as 

ai 

AQ = Acp j r(a) wM(a) cosv(a) cosc(a) da ,  (10.6- 10) 
o = o  

where ai is the coordinate a at the hub. Next compare d Q with the flow A Q, passing this 
suip by means of an axisymmetric potential flow using the mean contraction coefficient 
4." between shroud and hub and the given flow Q. Thus 

11 is assumed that the more correct flow through this strip corresponds to the last value. 
To improve the results, all the velocities w,, preliminarily computed have to be multi- 
plied by the quotient 3 = A Q,/AQ. Hence the second approximation of ?he vclocity along 
the centre line w,, results from the first approximation w,, , by w,, = [ w,, , . 
Once w,, is determined finally by the above method, the distribution of w in the 
direction may be implied on the base of (10.6-5) now written as 

With the aid of this stepwisely obtained w(a,cp)-distribution, check by means of the 
continuity relation 

dthe flow Q, through a channel corresponds to the prescribed vaiue Q/z. In general Q, 
may deviate from Q/z. Then 5 = Q/(zQ,) may differ from 1. Hence the second approxima- 
tion of velocity (now including also the ~ ( q )  distribution and hence denoted by w,,) is 
obtained from the first approximation w, , by w,, = < w, .. 

,n ed values such as Obviously any step changes the original flow pattern and the flow-I. k 
K R = ap/6sm. Moreover the entry in the above calculation of the ~ ( ( 1 )  distribution 
quires the values A and B as function of 0. For  this purpose some geometrical relations 
are required treated in the next section. 



10.6.3.4. Relations nccdctl for t l~c  c o c f f i c i c ~ ~ ! ~  A arid 11 

To detcrrnine A and U in (10.6 9), the angle r and its filaciioils sill r a i d  cOs v arc ileeded 
as functions of the known angles $', 11, 0, P(/?' ,  O, I(), 3 and hcncc as functions of the 
argument tr .  To obtain this, corlsidcr Fig. 10.6.4.1. The rcl:llions required rcsult rroln 
relations between i~~finitcsi~nal distances in thc directions of a', a, l t ' ,  11.. Therefore the 
consirlerations arc restricted to the following infi~litesi~nal increments r r ,  /, s,, s,,,, ,,; n. 
LI', u (Fig. 10.6.4.1). With refcrencc to the author's paper [10.46], the relations are resumed 
in the sequence of their mutual linkage. They arc partly obvious from Fig. 10.6.4.1 

. . u = f +  s,, s, =s,,cotp, f = n l  tally, a '=  nl/cos&, S, =) I '  tane, 

Hence v as function of E and the longitudinal dihedral angle y 

sin v = tan v (1 -t- tan2 1.)-'I2; cos v = (1 + tan2 v ) - ' / ~ .  O b v i ~ ~ s I y  (Fig. 10.6.4.1), when , 

- 
O A =  1: - z 112 s, = tan E, u = 80 tan v = tan vlcos E, y = (sin2& + tan v) /cos E ,  

- 
OC = (1  + y2)'I2 = ' I / (COSE COSV), (10.6- 16) 

whence: - 
cos 4 = 1/oc = cos E cos v, cos t,!j = s,,/OC = sin E cos V, (10.6- 17) 

where and {h are the angles the line a mzkes with s,, and n' respectively (Fig. 10.6.4.1). 
Hence rhe unit vectors a', n" and a0 needed for a, and u, below read with respect to the 
tripod s:,, rt' ', u0 

u O =  c o s v s i n ~ s ;  + C O S V C O S E ~ ~ ~ +  sinvuO, 

Fig, 10.6.4. Geometrical relztions of the infinitesimally assumed quantities: 
1 )  Between u, s,, I, rt y. z, a, n, a', n', I), y,  X,  E,  9, p. 
2) Between y of n, cp-face with ,u, 0, a) n' = cot 7. b) n' = tan 8. sin @/cos(Q + p). 



ghcnce da/dn and au/dn as scalar products 

da/an = a, = cos(a, n) = aOnO = cosy cos v cos E + sin v sin 7, 

au/dn = u, = cos(u, n) = uOnO = sin y, (10.6- 19) 

From Fig. 10.6.4.2 cot y = tan(@ + p) tanp. 

10.6.4. Simplified relation for shroud to hub distribution 

muation (10.6- 1) may be converted by means of the relation obvious from the velocity 
triangles (Fig. 10.6.3.2) 

cy = o r -  wcos/I, (10.6- 20) 

by means of the evident relations (Fig. 10.6.3.3 and 5) 

as,/aa = cos @ => sin E cos V,  (10.6-22) 

both the last of which result from (10.6- 17), and by means of the following relation, from 
(10.6-21) through (10.6-23) and E = 9 + ,u - 7112: 

drlda = (arlds,) ds,,,/da + (arlan') dn'lda = - cos v cos 9 ,  (10.6-24) 

into the following differential equation 

aw = - [w(tan pdp/da + cos v cos 3/r) + 2 o cos v cos S/cos f l  da.  (10.6- 25) 

The structure of this equation is the same in principle as that of relation (10.6-8). But for 
the absence of the curvature term w sin2 p cos vlR and the term awlds due to convective 
acceleration, the last relation is much simpler than (10.6-8). This relation contains the 
expression dQ/da. This can be related to the values dO/da, dg'lda, dpjda known from the 
geometry of the vane, as will be shown later, in a manner analogous to that applied to 
@Ids in (10.6-7). The assumed flow along the vane prohibits any derivative in the 
pdirection. Hence 

dplda = (dplar) rlrlda + (ap/az) dzlda, (10.6 - 28) 

where z is the upwardly oriented coordinate along the runner axis. The derivatives aO/?r, 
@/az may be obtained from the radial vane secti0r.s in the elevation, the derivatives 
EB'ldr, 3,Yldz from elevation and plan of the pattern sections and the derivatives i?p/Cr, 
3p/az from the pattern of the meridional streamlines. The coefficients dr/da and azl6a 
n the last relations are evident from Figs. 10.6.3.3 and 4 as 

drlda = (drlda') da'lda = - cos 9 cos v, (1 0.6 -- 29) 

dzlda = (dzldn') da'lda = sin 8 cos v. (1 0.6 - 30) 



U 

Fig. 10.6.5. 1 )  Coniputcd relative velocity from the suction face S to  the pressure face P, and from 
the shroud ,4 to the hub J in an unrolled mean a, u-plane (u = rcp), obtained by the exact relation 
( 10.6-8) ---- and by the approximate relation (10.6-25) ----. 2 )  Twibt of the mean stream surface, 
conlputed by (10.6-31) through the exact relation (10.6-25) - and the approximate relation 
( 1  0.6-25) ----. S suction face; P pressure face, M mean stream surface, itf, -, - mean a, u-face, 
3 )  Mcasurcd mcridional streamlines a l ~ n g  the outer edge of the boundary laycr on the suction and 
the pressure face (see Fig. 10.3.22) aficr Schlemmer [5.15]. Measurcmcnts and calculations for bep of 
a Fr with g H = 35,8 m2js2, Q = 0,324 m3/s, o = 31,6 radls; D = 0,455 n ~ .  

Fig. 10.6.5.1 shows the distribution of IV in the n, cp-face for certain data Q, gH, a, 
alternatively computed with the relations (10.6-25) and (10.6-8). t i  similar procedure 
was nude with the twist of stream faces treated in 10.6.5. The results differ slightly. 

10.6.5. The twist of the stream face in the runner channel 

Schleini~ter's tests in the author's lab at TU h4iinchen showed that even at bep the 
orientation of the relative velocity in the flow near to the outer edge of the boundary layer 
of a runner vane hints at a twist starting from the runner entrame and causing a deviation 
from the axisymmetric streamface assumed, (Fig. 10.6.5.3) I10.461. An attempt was made 
in the pertinent doctoral thesis f5.181 to explain the effect. As the velocity was measured 
outside the boundary layer, the reason for the effect seems to be the meridional compo- 
nent of the relative eddy (Fig. 10.6.6). This holds especially, as in this case the measured 
twist was in the same sense as this relative eddy component. 

The consequences are now considered under the assumption, that according to the tests, 
the twist is small so that it may be superimposed on the axisymmetric flow as an effcct 
of the second order. Consider an elementary parallelogram in an n', cp-face normal to the 
streamface. One pair of its sides is orientated in the tangential direction and the other pair 
parallel to the vane trace i ~ .  This makes the longitudinal dihedral angle y with n' normal 
to the st ream face (Fig. 10.6.6.1). 

According to the assumption of an absolute irrotational flow, the meridional component 
of the relative eddy is 2 0  sinp and normal to the parallelogram. I t  influences first the 
relative whirl component w,. Also a small velocity M,, must be introduced in the direction 
n and normal to ~ v .  This varies in the tangential direction. Stokes' theorem gives 

- dw,/(r dcp) - d ( w  r cos P)/(r a n )  = 2o cos y sin b. (10.6- 31) 



Fig. 10.6.6. Relations in context with the twist of the stream surface. 1)  Quasi parallelogram in a 
n', 9-plane - with the meridional - component - of the relative eddy 2co sinp. 2) Derivation of 
&/an: A C  = cos 6, = cos y, A C  = O A  s i ~ .  p, hence cos e = cos 6 sin 11, and i3rlSn = - cos 6 = 
- cosy sin p. 3) to the relation between dw,, w and ap (increment of twist in tangential direction). 

The derivative of the second term gives the terms ap/an, l ? ~ / d n  and i?r/?rt. Obvicusly 
(Fig. 10.6.6.2) dr/dn = - cosy sin p. I11 the followi~lg attention is focussed on the phenorn- 
cna in the a, cp-face. Hence the derivatives awlan and dp/dn  have to  be referred t o  the 
tilted coordinates a and rcp. Thus 

ag/dn = (dplaa) aaldn + (dplracp) au/8n = (aglda)  a, + (dplrdcpj 11,. 

(10.6- 32) 
The expressions a, = da/dn and u, = au/dn in these relations follow from (10.6- 19). As 
seen in Fig. 10.6.6.3 the increment of dw, can be related to the increment of the angle dp. 
Hence 

dw,.cosy = w sinpdp.  (10.6-33) 

Using the relations (10.6-32), (10.6-33) it follows from (10.6-31) 

awlaa + (d\v/r dcp) u,/a, - w {tan P[l / (a ,  cos y) ]  ap/ir dcpj + dP/da 

+ (u,/a,) Zp/(r a q )  + cos y sin ji/(a, r ) )  = - 2 o cos 7 sin ,U/(U, cos  p). 
(10.6- 34) 

After (10.6-8) or  (10.6-25) the term awlaa can be expressed in  terms of w, i?w/as (known 
from iteration), o, R, r, v, 9, p, p, dp/ds and de/da. After (10.6-5) the term dw/(r d p )  in the 



last relation can I,c related to w, /I, li, or accordirlg to (10.6-6) to /I. r, ji, abla 
by ( 1  0.6- 7). Hcncc with the :lssurnptiol~ d / I / ( rL l (p )  = 0, (10 .634)  is n dilTercntinl equation for 

tlle c o n ~ p u t a t i o ~ ~  or the twist dll/(ri?cp) of tlie strcrlm f x e .  

From Fis. 10.6.5.3a i t  is seen that at bep according to mcasure~~ic~l ts  dlr - 100. Ancr 
writing down (10.6-33) for 11 = 30" and y = 20", the quotient d ~ v , / ~ v  beconles - 0,I. F~~ 
a simple check of this result assume thc channel section in the r r ,  p-fact to be a Ilarrow 
par;illelogram. tiere tile eddy 2 0  s ing p rod~ces  mainly a velocity along the long side. B~ 
clefinition of curl (Cap. 5.2) with w r  = w/l .  nearly: A ~ v , / ~ v  = 4 n(b COSY sin ll/(z?.). For 
2 '15 vanes; @ = 0,7; 1 = 1,5; y = 20": A w,/w = 0,12 in fair agreement with the above. 

Measurements of &hc relative and partially the absolute flow field also in a Francis turbine 
were carried out by Biir [5.17] and Scl~lerilriter [5.18] by means of time-averaging instm- 
ments. Dynamic measurements of relative and partly absolute flow in a Francis turbine 
were carried out by Furtner [9.141], hlollenkopf (9.461, and Gericl~ [9.133]. 

10.6.6. The state of knowledge in predicting the relative flow 

Experimental and nunlerica! investigations of the behaviour of a reversible pump-turbine 
runner at design point and off design point were carried out by Verttronr, Mirandola and 
iVnvnr.ro [lo. 1781. 

Cat-iae,:a/e et al. [lo. 1791 made a theoretical and experimental analysis, Korcinn [6.44] an 
exp1:rimental investigation on il semi-axial pump, whose flow pattern niay be approxima- 
tely equated to that in a Francis pump-turbine in pumping mode. 

A theoretical approach of quasi-three-dimensional flow in a semi-axial machine was 
presented by Ererneef and Philibert [10.180]. A further theoretical approach of ideal 
steady relative flow in Francis turbines was treated by Voetter [10.181]. A critical compar- 
ison between 2tl and 3d calculations, and corresponding non-dynamical, and time- 
averaged dynamic measurements of the relative flow in a certain FT was presented by 
Pfoer t i~er  [6.22], and his conclusions were in favour of 2d methods. 

Another impulse to calculate the steady three dimensional (= 3 d) ideal flow in stationary 
or  rotating ducts came from Wu [10.182]. He uses the obvious fact, that any streamline 
can be considered as the intersection of two types of flow planes, represented by the 
streamfunctions Y/, and Y2, from which, e.g. Yl may be adaptable to the runner blade 
faces and Y2 to the faces of shroud and hub. Thus 

JV = grad Yl x grad Y2. ' (10.6-35) 

This vectorial equation is identical with three scalar equations. They read, in the case of 
cylindrical coordinates z,  r, cp as 

Putting these components of relative velocity into the equations of motion for the 
rotating frame of reference yields three quadratic differential equations for the uilknown 
stream functions Yl, Y2. In the case of an irrotational absolute flow, the equation of 



flotion simplifies to curl w = - 201. The axial component of this vectorial equation rer?ds 

Inserting w, and w, from (10.6-36) gives the following quadratic partial differential 
fluation for the stream functions Yl and Y2: 

f ie  other components of curl w = - 2w yield similar relations for the stream functions. They 
facilitate the elimination of one stream function so a s  to have ultimately one partial differential 
quation for one of the stream functions Yl and Y2. 

fie development of improved computer hardware stimulated the creation of corresponding com- 
~uter programs. The progress in numerical turbomachinery analysis was shown in a review by 
lopikse (10.1831. It can be considered as a prerequisite of a computer-aided blading of hydroturbo- 

a trend of the future. 

Starting from Wu, Bosman et al. demonstrate the feasibility of obtaining flow details through 
turbomachine blade passages by working iteratively with existins two-dimensional computer pro- 
grams, which solve alternately blade to blade and shroud to  hub streamsheets [10.184]. 

Novak et al. (10.1851 present a system, which is also modeled after the work of ll,ir, and which 
comprises two coordinated computer programs, one providing solutions on axisymmetric blade-to- 
blade surfaces and the second on streamsheets roughly parallel to  the blades. 

In this context. the method of Adler and Krimertnan has to be mentioned [10.186]. They used a finite 
clement method, to solve modified Wu equations. The method allows for non-axisymmetric blade- 
to-blade surfaces and uses iteratively the results known from the families of face-to-face and hub- 
to-shroud calculations. 

All known streamsurface methods suffer from the constraint, that the surfaces cannot pass across the 
edges of the blade passage and that the blade-to-blade surfaces which are split at the inlet edge shall 
meet in corresponding points at the outlet. After Bosnlan [10.187] the stream surface techniques 
become totally inadequate when applied to centrifugal impellers and radial turbines, where devia- 
lions of the blade-to-bladc surfaces from surfaces of revolution are large enough to make the 
distinction between the families of blade-to-blade and shroud-to-hub faces impossible. 

Since according to [10.187] there seems to be no easy way to overcome the limitations, the usefulness 
of streamsurface methods for the prediction of real flow effects in turbomachines is questionable. 

In the last few years another strong trend has been towards fully 3 dimensional methods, 
which solve the fluid dynamic equations with respect to  velocity and pressure. 

As an example for recent finite element methods the procedure proposed by H. Pfoertner 
[10.188] may be mentioned. He solves the equations of motion (Cap. 5.3) and continuity 
(see 5.2) for an incompressible 3-dimensional flow. The computational domain used (see 
Fig. 10.6.7) consists here of one blade passage with its adjacent regions upstream and 
downstream of the rotor channel. 

, nis domain is automatically divided into tetrahedron elements by two steps (see 
i Fig. 10.6.7). 

1) Preliminary division into bricks with 8 nodes given by the 3 families of bladewise, streamwise and 
pitchwise oriented surfaces. ! 9 Subdivision of the bricks into 5 or 6 tetrahedra, so as t o  obtain elements which are as  near as 
Possible to regular tetrahedra. 

1 



Fig. 10.6.7. Coniputational domain for 
3-dimc'nsio11:il finite element calcula- 
tions of rclntive flow in pump rotors 
after P'r tnr r .  [lo.] 881. 

Inserting a reasonable initial state in the momentum equation and coniinility yields residuals in each 
tetrahedron. Integrating the weighted residuals of thc elcrncnt's volume and summing up all the 
elements gives a resulting residual. A procedure follows which makes the luttcr as small as possible. 
Thus the continuity and momentum equation are best satisfied. 

The minimization is effected by a so-called conjugate gradient algorithm. Together with a gradient 
projecting technique, the latter is used to satisfy the boundiiry condition [10.188]. These projection 
techniques allow the fornlulation of linear K t s h s  betmen a W c  ncxfsl variables as, e.g. all the 
vclocity components in a peripheral oriented surface. This procedure can bc used to satisfy addi- 
tional side conditions such as a satisfaction of continuity over the whole passagc or a useful 
corldition for the outlet plane. Hence it is possible to prescribe a dcsircd attenuation of any pitch- 
periodic non-uniformity on thc distribution of the velocity components downstream of tho rotor. 

This method of Pjbertner has been successfully applied to a variety of geometric configurations such 
as radial ar,d scmi-axial punlp impellers, Francis turbine runners. coliical guide vanes for bulb 
turbiges etc. 

Ribcut [lo. 1891 treats the three dimensio~al divergent and rotational flow in turbomachines. Using 
potential theory a quasi three dimensional method is developed, which yields high numerical 
accuracy. The method includes the influence of the casing and blade boundary layers on the cascade 
circulation. l'hc usc of two vortex sheets. representing thc boundary surf:~ce. allows the calculation 
of stalled flows and secondary vorticity. The velocities of computcd divergent flow agrce fairly well 
wit11 the measurements. 

A careful analysis of the meridionai component of relative eddy in mixed flow machines was given 
by R. Lcwis and G .  Fuirhairn [10.190]. 



10.7. Computer aided design of hydroturbines 

10.7.1. Introduction 

computer aided design (CAD) is utilized by industry to  modernize the design process. 
The drawing board is replaced by a video display unit. Simultaneously rules are drawn 
up for designing a hydroturbomachine. In this manner the design is made more repeata- 
ble. 

10.7.2. General goals 

The immediate aim is to reduce costs by increasing the designer's productivity. Nearly as important 
is the reduction of the design period. The designer can examine numerous permutations of the design 
on the screen. This coupled with the computer's ability to quickly execute complex calculations 

an improvement of a typical design's quality. 

The user no longer is forced to carry out monotonous tasks, such as dimensioning and hatching. 
~ h u s  the quality of the workplace can be bettered. 

Some CAD programs can produce (eliminating the conventional drawing) a punched tape for the 
~lumerical control of machine tools. Ultimately, they could lead to the automated factory. 

10.7.3. Hardware for a CAD system 

The object which is to be designed is represented on a screen instead of on paper. As the screen is 
smaller than most paper formats, the user can usually define a window and move and magnify it .  
Suitable terminals are manufactured in numerous different varieties and sizes, with and without 
colour [10.191]. 

Commands are keyed in using a typewriter keyboard. Graphic information (i.e., the drawing) is 
usually entered with a light-pen or graphics tablets. Sometimes a workstation is equipped with a 
printer to produce lists. 

To reduce costs and to enable the exchange of information, several stations are served by a single 
computer. Most systems have their own n~inicomputer and are not connected to a firm's main-frame 
computer. Experience has shown that in the latter case response times are excessive. In the near 
future low cost microcomputers should be utilized, as their power is starting to rival that of the minis. 

The computer requires at least one relatively fast mass memory device to permanently store data (i.e. 
drawings). Disk storage units are mainly used. A slower, but more reliable storage medium should 
be used to safeguard the data, tape units are popular for this application. 

Drawings are made on paper by a plotter, which can operate on a mechanical or electrostatic basis. 

10.7.4. Software for the CAD system 

Without programs every computer is useless. Software can be divided into three major categories: 
Vstem software, applications software written by outside suppliers and application software written 
by the user. 

! Systems software usually is written by the computer manufacturer and enables the machine. to 
i Perform tasks on a very basic level, i.e., input and display data. Applications software permits the 
! machine to perform complex tasks, which are immediately useful. 1 the CAD field applications software written by outsiders usually can be classified as so-called 

drafting systems. These enable the designer to draw general mechanical designs. It is not important 



if :I bearing or a hydrcpowcr plant is bcing dcsigncd. Somc softwarc suppliers combine hardware 
and softwarc to makc a turnkcy CAD systcm. 

Obviously thc user buys thc softwarc hc nccds whcrl i t  is rcactily ;~vailablc, as thc pt~rchase price is 
bclnw the cost of wriiing the programs. On thc other hand, softwarc suitable for narrow fields ( 
hydroturbincs) simply is not available. Thc user will usually combinc commercially available 
drafting sofiwarc with spcci;~lizcd software of his own. Rcf. [10.192] offcrs soggcstions 011 obtaining 
further information on CAD hardware and software. 

10.7.5. Profile of a commercial computer aided design program 
for Francis turbines 

For several years the Voith company has been developing the Franzl system of programs. 
The stated goal was to automate the most often repeated parts of the mechanical design. 
Franzl should not be confused with CAD-programs that serve solely as drafting sy: . :ms. 
The Voith system combines calculation, selection and drafting procedures. Thus Voith 
officials prefer calling the program a computer design system. 

Franzl is utilized as a tool in the proposal and preliminary design stages of a project. 
These stages are often repeated and are relatively expensive and time consnming. Using 
a design handbook the program attempts to  offer a solution based upon one of 40 model 
turbines. The number and scope of the model turbines are continually increasing. 

Typically the program asks the user to key in  major parameters, e.g., guide var?e pitch 
diameter, specific speed and so on. Five modules successively treat the hydraulic outline, 
the shaft and coupling flange, the runner, the stay rings and the turbine covers. 

The program then prints the input data and calculated parameters such as physical 
di~nensions, stresses, weights, pressures, bearing forces, resonance frequencies etc. If satis- 
fied, the designer may have a section drawn on a graphics screen. The section can also 
be drawn by a plotter. 

The end result is a basic hydraulic outline, which the designer uses as a starting point for 
iurther design work. In this manner the problem of the blank sheet is avoided. 

If dissatisfied with the output, the desizner can actively intervene and change parameters 
in the various modules. Several program modules are either existent or  in planning stages 
to usc the data produced by Franzi. These include draft tube design, automatic cost 
calculation and an interface to a pure drafting system. Thus a Francis turbine could be 
designed from start to finish on a computer. The Franzl system is described in further 
detail in [10.36]. 
hlatsuda and Nagafuji [10.139] dcscribe the use of an automatic design program, developed in Japan 
in conjunction with a numerical control machining process which allows for 3 fast and economic 
manufacture of rotor models. This enables the design and performance development of turbines and 
pump-turbines to be carried out within a short period with little manual work. In this program a 
rotor is automatically designed by putting in all the necessary design parameters. It is also possible 
to check the effect of any of the input data on the performance charactcristics by changing selected 
elemcnts and comparing the experimental results of the rotor with the standard ones. 

The output of this design provides full information of the rotor blade surface coordinates. A program 
has been developed for automatic generation of the data required for a numerically controlled 
machining of a model rotor. T o  represent in detail the three-dimensional shape of the rotor, the 
drawings are plotted in radial and pattern making sections. 

There are two methods of making a model runner. The one is nlaching the blades from a solid disk. 
The othcr is finishing the runner from a piece which has been cast to form the rough blade shape. 



f i e  total system of n.c. machining, according to [10.139] is implemented on 3 levels. O n  level 1. both 
front and back surfaces of the blade are divided into a fine mesh and the coordinate values on  the 
lIlesh are typed out on a list or punched out on thc cards and also are plotted out on cards t j r  
checking whenever required. Level 2 consists of a n.c. system developed for mach in in  the runner 
on a milling machine w ~ t h  5 degrees of freedom. I t  requires a complicated part programming. I t  is 
rovided with a library in whlch a number of r o u t i ~ e s  corresponding to the various shapes of 

i0r tpieces are prepared. The cards, lists and plots are turned out by this system and they are used 
to check in advance the interference between tool and work-piece which are likely to  occur during 
cutting. All the data from lcvel 2 are processed in level 3 and converted to  the sequential instructions 
ofthe n.c. machine. The control tape finally obtained on level 3 is fed into the machining control unit 
and the n.c. process is carried out. 

10.7.6. Conclusions 

Because of the high cost of program development and hardware engineering managers should 
weigh the advantages of a computer aided design system. Perhaps instead of introducing 

acomplete system, which treats all stages of the design, a partial automation would be more suitable. 
Only those stages that are oftcn repeated, and contain many monotonous tasks or those that  could 
stand the introduction of c o m ~ l e x  calculations would be computerized. 

On the other hand in times of increasing competition, there may be no choice left. The ability to  
designs quickly of the highest quality may become a major advantage. 



11.-Regulation of hydro power sets, the generator 

1 1.1. Introduction 

The  constant speed requirement of the usual hydro turbo set si~pplying an  AC grid by 
means of a synchronous generator (the alternator) needs speed regulation, sometinle~ j, 
connection with load distribution and load regglation. 011 the one hand thc control loop 
used for this purpose irlcludes the governor with a device for metering the speed deviation 
and soriietimes also for metering the acceleration, and its servomotor for the load adjust- 
n ~ e n t  of the turbine. 

O n  the other hand, the control l o ~ p  includes slsc? the p!ant o r  the controlled system. This 
cor~sists of the hydro turbo set with the turbine and the alternator, its piping and the 
electric grid connec:cd with it. 

The different meci~anical, hydraulic and electronic designs for metering the deviation of 
speed and their features merit some considerations. The rather large controlling forces of 
gates and runncr vanes require oil-operated servomotors. Their- vnlvcs are actuated from 
the speedometer via relays by sleeve valves .x.ith their special linkage including feedback, 
and ~nter-llnkii~g devices for different control loops at doublc regulated lnachines. 

Tile governor nceds devices to adjust the speed droop as  n characteristic of the set, to limit 
r l~e  gate opening. to set the damping of possible oscilli~tions in the control loop, and to 
synchronize the set. 

In this context the condition; fur dynamic stabiiity of thz control loop have to be 
considered. They iticlude the incrtia of the set mainly due  to its alternator and the 
characterisiics due to certain loads of the supplied grid. Also the characteristics of the 
turbine and of the pipe system with respect to water hammer and  its boundary conditions 
have to be accounted for. 

F o r  a proper operiition, the individual time constailts for start up and shut down of the 
structural members of the plant such as penstock and set, have to  be tuned to  each other, 
and  also with respect to limit overspeed by fly-wheel effect. 

The references 11 1.1 to 11.51 zive a matcrial survey of control due to hydro power, [I 1.61 brings a 
historical survey. The control of hydro power plants in general is treatcd in [11.7; 11.81, its stabilizing 
p~oblems in [ I  1.9 to 11, 131. A classilication of the governors is rnade i11 [ l  1.141, the load control, also 
nith electronic devices, in [11.15 to 11.191. the related power swing in ( 1  1.201. 
Water level control is treated in [11.21; 11.221, self regulation in [11.23], the control of speed and 
voltage in [1I.Z1]. The dynarnic behaviour of the controlled system is generally investigated in 
[ I  1.251, by means of frequency rcsponse curves in [ I  1.26; 11.271, by stochastic signals in [ I  1.281. The 
~latural frequencies of thc controlled systen~ are considered in j11.29; 11.301, with respect to the 
boundary conditiolls of penstocks in [ I  1.31; 11.32). and with respect to rock-bored penstocks in 
[I 1.331. 



Governing under transient load is reported in [ I  1.341, the relevant damping factors are introduced 
[I 1.351, non-linear solutions in [I 1.361, the simulation of a hydro power system in [ I  1.371. Gover- 

oars for small plants are described in [I 1.381, optinlization of control by electronic governing is 
in [11.39], electric equipment of the turbine governor in [11.40]. motor and generator of 

,he speedometer in [11.41], control by means of positive displacement pumps in [ l  1.421. electro 
governors in [I 1.431, an electronic governor head in [I 1.441, a computerized governor 

in [11.45], use of micro computers in [I 1.461, use of module techniques in [11.47] and  that of 
,+oprocessors in [I 1.481. 

f ie  locking spring is introduced as a safety device in [I 1.491, recording instruments are presented 
in (11.501, the determination of the runner vanelgate vane interrelation in ( 1  1.511, the emergency 
dosing device in [11.52], a runaway speed limiter for Kaplan turbines in (1 1.531. the regulating work 

i in (11.541, the prediction of fly-wheel mass in [ I  1.551, the optimization of Pelton turbine governors 
j [11.56], the water column effect in speed control in [11.57]. the safe control of a by-pass outlet in 
1 (11.581, and the starting up of a set in [11.59]. 
! 
[ In the field of control the technical terms in the follow text following mainly from the 

English equivalents of the German Standards for automatic speed control technology 
DIN 19229 DK 621 -53. Traditional denotations of some terms (if any at all) are occasion- 
ally added in brackets for the orientation of the "old fellows". 

i The following text has been kindly revised by my colleague Professor Dr. H. Schmidt with 
respect to  the proper use of control conceptions. 

The common treatment of regulation and generator in one chapter was made t o  keep 
consecutive chapters in balance with respect to their length. 

One joint fact between both members is the need for frequency control, when the genera- 
tor feeds an AC grid as usual, another can be seen in the circumstance that, at excitation 
unaltered, the alternator output increases linearly with frequency, and thus may change 
by regulation. 

Usually the electric machine of the set is a generator of AC, an alternator. In pumped 
storage and tidal power plants with special pumping, the alternator is also used a s  motor. 
The alternator requires a special consideration. Contrary to the turbo generators of 
thermal szts, its number of pole pairs has to be adapted t o  the relatively small and widely 
varying head. 

This requires a salient pole design instead of the usual drum rotor, standardized for the 
usual therrnal turbo set. 

Moreover the construction of the electric machine has to match the strongly varying 
features of the hydraulic set, e.g., withstanding runaway, forming a structural unit togeth- 
er with turbine and generator especially in the case of a rim generator shrunk onto  the 
runner, and a critical operation with respect to shaft vibration. Thus the design of shaft 
and adjacent bearings is concentra:ed on the effort to  shift the lov~est critical speed t o  a 
margin above runaway. 
At higher heads, the relative heavy electric rotor poses problems of low critical speed and 
sufficient cooling. 

1 In primped storage plants and tidal power plants with double effect, and equipped with 
1 a pump-turbine, the generator, then also used as motor, has to reverse its rotation 
\ between the different modes of operation. Pole changing between pumping and turbining, 

itarting up the filled or emptied machine into pumping either by synchronous operation 

i (back-to-back connections of neighbouring sets or  thyristor-coxitrolled frequency), 
asynchronous operation, or by a pony motor, pose problems of fatigue and heating ir, the 
conductor. 

I 
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Concerning the ref~rcnccs on the set's clcctric ni;~chinc. ;I survey is prcqcntcd in [ I  I .hO; 11.611. l<cccll, 
1.1rgc dc(ig11s of Hra,lll;in pl:~nts ;ire treated 111 [ I  1.62], and iarzc s;lli~nt pole 1n; l~hin~s  in ( 1  1.631. 
I~idividuiil constructions of altcrn;ltors ; ~ n d  gcncrators ;ire co~~sidcrcd  111 1 I l .h1 to 1 1.661, i ~ l d u ~ ~ i ~ ~  
gcncrntors in [ I  1.671. motor gcncrators of pumped storage plants in [I 1.68 to 11.70j. qtochnstic loads 
on the rotor in [ I  1.711. rcsonancc of torsion and bending v~brations in [I 1.721, currcnl-induccd forces 
in [I 1.731, and resulting strcsscs in [I 1.741. 

Cooling is trcntcd in [I 1.75; 11.761, diflercnt c.xciting systclns in ( 1  1.77; 11.781, the insulation problem 
in [ I  1.791, the upruting of old macllincs in [I 1.801, rccent Japanese tcchrlology in [ I  1.811, and recent 
Wcsi German technology in [I 1.821. 

The f;llowing text has been kindly revised with respect to  the proper use of electric 
conceptions by 1Mr. K. V: Wil1y;deputy director at Siemens Erlangen, West Germany. 

11.2. Regulation of hydro power sets, governors, accessories 

11.2.1. The governor, its purposes, its design 

11.2.1 .I. Survey of control, different kinds, why specd control 

In water power plants the alternator output us~ially has to be adapted to the power 
demand of the grid. For this purpose the output or  such other values, which depend on 
it, e.g., the speed, have to be measured continuously and to be adjusted to the demand. 
The direct measurement of output exists in load control, which is usually combined with 
specd control (Fig. 11.2.1 a) (11.16; 11.17; 11.191. 

Fig. 11.2.1. Speed control in connection with that of other quantities. a) Combined power and speed 
control 1 Wattmeter; 2 pilot servomotor; 3 combination lever; 4 speedometer; 5 main servomotor; 
7 feedback. b) Combined speed and head control. 8 float on the head water pond; 9 speedometer; 
10 combination lever; 1 1 servomotor; 12 valve; 13 feedback. 
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The load control by speed is possible since both the values are assisned to each other by 
the proportional band necessary for load distribution of individual plants and sets. 

speed control is also useful for the checking of voltage and proper operation of  a 
multitude of machines supplied from the grid the set is connected with. The stability of 
frequency in the usual AC grid supports the control of load factor by reactance. In favour 
of the speed control, the fact exists that even the isolated set, disconnected from the 

grid, e.g., by short circuit, may be controlled preliminarily by its speed rise, 
p1.3; 11.41. 

In smaller sets (P < 20 MW) connected with an A C  grid an  increasing tendency exists, to  
ornit the speed control. There in the case of emergency, e.g. short circuit, an overspeed 
limiter has to shut down the set after disconnection from the grid. During normal 
operation of such sets its speed is retained by the electromagnetic forces between alter- 
nator rotor and the rotating magnetic field of the stator and the rotor damper windins. 

In rare cases of smaller plants in remote areas, fed from reservoirs with varying headwater 
level, also the head may control the flow (Fig. 11.2.1 b) by follower control [I 1-22]. 

11.2.1.2. Control loop, governor, controlled system 

The speed control is effected by a closed control loop, in which a governor is connected 
in series .with the controlled system. This consists of the turbine, its water ways, the 
generator and its electric grid. The latter is subjected t o  disturbances by continously 

. 

varying demand of load. 

The input of the governor is the speed of the set, its output the position of a servomotor 
for the adjustment of a turbine's distributor (gate, needle valve, jet deflector). The govsr- 
nor consists of a speed measuring device, that actuates a sleeve valve (Fig. 11.2.2a), which 
in turn controls the oil flow for the servomotor, that adjusts the opening of the turbine. 

In the case of a proportional (speed) governor the 'deviation of actual speed from a rated 
value is measured by a tachometer, which thereby operates the sleeve valve via amplifiers. 
In the case of a proportional-integral governor with acceleration feedback (acceleration 
governor), an accelerometer simultaneously measures the derivative of speed, which then 
together with the speed deviation actuates the sleeve valve (Fig. 11.2.2b). 

The load vs speed characteristic of the governor and its set is represented by the propor- 
tional band (permanent speed droop). It is realized by certain devices in the feedback 
linkage of servomotor (see Cap. 11.2.1.4). Moreover the governor contains also devices 
for speed adjustmen; and synchronization of the set, for limiting the load and for stabiliz- 
ing governor oscillations (dash pot, accelerometer). 

The steady state gain as the outp~lt/input ratio of the governor at steady state is expressed 
now by the ratio of servomotor opening to speed deviation. In the usual case of a large 
AC grid with nearly coilstant frequency this ratio tends to become rather large. Only 
when the set supplies a grid by itself or during synchronization, the steady state gain is 
smaller. 

11.2.1.3. Working together of turbine and grid, self control 

: Under settled speed the equilibrium on the shaft of a set requires that the torque of the 
turbine is balanced by the grid-conditioned torque of the generator. Hence the settled 
speed of a set adapts itself to the point A at which the torque vs speed characteristic of 
the turbine intersects the corresponding grid-conditioned torque vs speed characteristic 
of the generator (Fig. 11.2.3), provided this point of intersection is dynamically stable. 



Fig. 11.2.2. Schematic diagrams of a speed governor on mechanical basis: a) Proportional integral 
governor with elastic feed back. 1 gate regulating ring; 2 servomotor; 3 sleeve valve; 4 combination 
!c\.er; 5 speedometer (tachometer); 6 isostatic device (springs that return the point 6 of the dash pot 
pisron always to the same station); 7 dash pot with adjustable throttle in short circuit; 8 speed- 
adjustment for the rated spced. b) Proportional integral governor with an acceleration feedback: 
1 sate regulating ring; 2 servomotor; 3 sleeve valve; 4 combination lever; 5 speedometer (tacho- 
mew);  6 accelcrometer (detail see c)). c) Conibined hydraulic tachometer and accelerometer (Design 
Vevey-Charmilles Engineering Works): 7 spring-suspcnded fly-weight with a baffle platc; 8 speed 
mctcring nozzle; 9 flywheel with a bame plate; 10 acce!eration-metering nozzle. 

Fig. 11.2.3. Speed self control of a set with generator 
supplying a grid by itsclf under various kinds of load 
torque vs speed: a load by machine tools; change of 
the load from the torqu:: 1M, to IM, or M, shifts the 
point of stable operation from A 10 B or C. b load 
by turbomachines (blowers, compressors, impeller 

Mb pumps); c pure resistor load (electric bulbs, electric 
heating, electrolytic cells); ci turbine torque vs speed 

speed n under different openings 1 and 2. 



From 9.2 it is known that the.torque vs speed characteristic of a turbine decreases always 
,,g the speed. 

In contrast, the slope of the generator torque characteristic depends on the grid load, 
whereas the turbine characteristic can be changed (by means of the gate position). The 
p e r a t o r  characteristic results from the accidental grid load. This causes the main 
disturbance to the control loop considered. 

~ssuming the intersection point of both the characteristics to be stable and neglectin? 
inertia effects, the momentary speed of a set would result from the accidental position of 
the intersection point of both characteristics. Now the essential task of the speed governor 
of a leading plant is to have a settled speed .at the intersection point that is assigned to  
the load according to the proportional band (permanent speed droop) of the set, i.e., 
adapting the gate position to the randomly varying grid load. 

Fig. 11.2.3 shows typical curves of grid-load-induced generator torque vs speed. Curve a) 
is due to machine tools, curve b) is due to pumps and blowers, curve c) is due to resistor 
load (bulbs, electrolytic cells etc.). This figure reveals also the so-called automatic regula- 
tion or  self control of the grid by a change of load, M ,  to M ,  or M,, that results ultimately 
in a new stable operation point C or B. This is characterized by a slope of the load torque 
vs speed that drops steeper than that of the turbine torque vs speed [11.23]. 

Contrary to this automatic regulation of a load due to  machine tools or pumps and 
blowers, a load due to resistors usually has no self control (automatic control). At any rate 
the set requires the assistance of a speed governor for not obtaining indefinitely increasing 
or decreasing speed in case of disturbances. 

11.2.1.4. The tasks of speed control 
I. Frequency control: This holds especially when the alternator supplies a grid by itself 
and has a set proportional band 6, = (n,,, - nmi,,)/n, (permanent speed droop). In this 
n,,, n,,, n ,  are the maximum, minimum and mean speed, or  grid frequency in thz 
working scope of the set. By the proportionzl band a speed is assigned to a certain load 
so as to have full load at minimum speed n,,, and zero load at maximum speed n,,. 

According to Fig. 11.2.4a, in consequence of a certain proportional band 6 ,  of the 
individual sets, a certain frequency change An effects different changes A P , ,  A P, to the 
output of these sets 1 and 2. Together with the speed adjustment (111) a non-vanishing 
proportional band enables also synchronization of an isolated set. By virtue of the then 
existing slope of the set's load vs speed characteristic it is possible to  effect a translation 
of the latter by actuating the speed adjustment device such as to shift the point of zero 
load from zero speed with the set at rest to synchronous speed needed for synchroniza- 
tion, (1 1.21, Fig. 1 1.2.4 b. 

In a large AC grid the frequency varies only within a rather small band of up to  1 or  2 %. 
For base load plants 6, is rather large, namely 0,04.. .0,05. This guarantees a rather 
constant output when the frequency varies within a certain band. 

Contrary to this in a peak load plant 6, = 0,01 . . .0,02. This facilitates a rather sensibile 
variation of output in the case of a modest frequency change. In other words this low 6, 
enables the control of frequency especially by a powerful peak load plant 3. The frequency 
load coordination by the proportional band is also important for a certain load distribu- 
tion in the plants of a certain grid (Fig. 11.2.4~). 

A certain 5, may be effected mechanically or electromechanically. The first by a cam 
which, in the steady state position of the sleeve valve, assigns a certain servomotor 



speed n 

Fig. 11.2.4. Proportional band (permanent speed droop) S,, its ends and variations: a) 6, inverse 
gradient of P vs n, set 1 with a small 6, ,  for peak load, high load challge LIP, under a certain An.  
Set 2 with a large c i , ,  for base load, smaller load changc AP, undcr the same A n .  b) Change of p 
vs n: I by trnnsl:ition of the characteristic parallel to itself, retaining d,, by actuating the speed 
adjusting device, l a  start up a set to synchronization, when disconnected from the grid, 1 b changing 
the load of ii set. ifconnected with largc grid. 2 by turning the characteristics and actuating cam for 
6,.  C) Load distribution by different speed droops 6,. Speed n = n, dctcrmined by a large station 
with (5,, = 0. Hencc diflerent speed droops S,, and S , ,  of the stations I and 2 determine their loads 
4 7  1;. 

position and heme a certain gate position to a certain position of  the flyball collar (in the 
case of a fly ball pendulum as a speed metering device) (Fig. 11.2.5). It also can be set at 
will by changing the slope of a cam. 

Fig. 1 1.2.5. Schematic diagram of a hydro- 
mcchanic speed governor, to visualize the 
irnplemcntation of the permanent specd 
droop (proportional band), the temporary 
speed droop, and their change, and the 
opening li~nittr for a single regulated IT. 
1 specdometcr (fly-ball pendulum), actuat- 
ins the pilot valve 8, itnd actuated by the 
d:~sh pots 2,j. the latter adjustable by the 
link and the tl~rottle 4. S actuates the pilot 
servo motor 6 \\.it11 a spring-induced 
closing tendency. Feedback of 8 by the 
adjustable cam 7 for the permanent speed 
droop. 10 speed adjustment; 11, 14 oil 
supply; 12 main sleeve valve actuati:lg 
main servomotor 13; 16, 17 electric drive 
for the speedometer; 21 opening limiter. 



11. Emergency device to limit overspeed: This device consists usually of an astatic over- 
speed pendulum attached to the shaft, whose position results from the balance of  centrif- 
ugal and spring loads so as to actuate an emergency oil supply for the servomotor in the 
case of a certain overspeed, which may (in case of a KT) require elevated forces to shut 
down the set [11.52]. 

111. Speed adjustment device for synchronization, rated frequency and load: The function 
this device in the case of synchronization was described under item I as it requires a 

oon-vanishing speed droop. Its function under synchronization also enables the setting 
of a rated frequency when the set supplies a grid by itself. 
TO understand its third function, namely the setting of load within the scope of a proportional band. 
the technical implementation of this device has to be considered (Fig. 11.2.5). It may be best 
visualized in the case of a mechanical governor. Here during steady state operation, when the sleeve 
"alve of the servomotor covers the oil admission ducts in the zero position, the feedback lever hinsed 
on this valve rod assigns a certain position of the fly ball collar and hence a certain speed to a certain 
servomotor piston position and thereby to a certain load. 
This coordination is changed by actuating the speed adjustment so as t o  vary the distance between 
the hinge of the fly ball collar (in case of a fly ball governor) and that of the combination lever 
(actuating the valve either from the feedback o r  the speedometer) at  valve position unaltered [1.50]. 
Then under steady state conditions with the valve position retained and the servomotor position 
retained in the case of a set supplying a grid by itself, the actuation of speed adjustment results in 
a change of the fly ball collar's position and thereby in a change of rated speed. When the speed is 
retained in the case of a huge grid (3rd case), then in the steady state position of a valve the above 
speed adjustment ultimately yields a change of servomotor position and thus a load change. 
The latter method is that practised in the Austrian Vorarlberg Illwerke, one of the main peak loac! 
suppliers of the Rheinisch Westfilische Electricity board who= consumer centre is about 1OOO km 
distant from the Austrian plant. At the switching station of Bralrweiler near Cologne the electric 
commands are transmitted to the electric speed adjusting servomotors of the far remote peak load 
suppliers. 

IV. The adjustment of fixed load, load limiter: This device dismisses temporarily the speed 
control (Fig. 11.2.5) by setting at will an upper load limit. This n~echanism limits the 
stroke of the distributor servo motor by a device, that relieves the oil pressure on the 
opening side of the servomotor's piston at the moment the latter exceeds a certain 
position [1.50]. 

V. Guarantee of dynamic stability of speed control: This is obtained by a dekice, which 
allows changing at will be attenuation of oscillations of values due t o  the control loop 
of the governor. At any rate the governor has to meet this disturbance so as to attenuate 
speed and load oscillations 111.9 to 11.131. 

In a proportional-integral governor with acceleration feedback the acceleration, as a 
prediction of speed development, is used as stabilizing feedback by shifting the valve of 
the gate servomotor into its steady state position before the speed deviation that also 
actuates the valve, has reached its desired value. 

Because of the oil flow's continuity, the displacement of the servomotor is 90" phase 
shifted relative to the instantaneous speed deviation and hence 180" to  the acceleration. 
Hence a feedback by this displacement on the lever that actuates the valve, also stabilizes, 
as acceleration does. Now the one end of the valve-actuating lever (Fig. 11.2.2 a) is shifted 
by the servomotor, the other by the tachometer. 
To exclude in this case an excessive proportional band, this feedback acts only transitorily. This is 
effected by a dash pot (Fig. 11.2.2a) in the feedback rod between servomotor piston, and its hinge 
on the combination lever. It behaves like a stiff linkage between servomotor and valve-actuating 



Icvcr. whcn tlarnprn): IS ncctlcd, when ;I spcccl cir\tu~ b.rncc C. I I I \C \  .I r1lplrl motron ~r!cll as In 
of sudden Io.lcl change. -. 
In the c;rsc of a slow motiou, thc dash pot acts ;IS an cl;~stic n1cnli)cr. l'liis is r~~acic pc)s5il,l 
now rcluv;inr Ic;~k agc, sqilcczctl through t l ~ c  dash pot's by-pass, by tllc spr~r l s  I c ~ l c l  on the diIsh 
piston. This !old always rcturlls lhc hinge of tht: scrvornotor o n  t l ~ c  cc~rl\\>irl;~tiorl lcvcr 1,) th WIi  

C Saw 
position. This cl;l$tic fccdb;rck is also known ;IS isostatic rcgulation. 

Hencc in stabilimd steady state, when thc V ~ I I V C  is ;IIS.O at the zero position. the load does G, 
influence thc spccd in the sc~lsc of a proportion;ll band. Such a corrcla~iorl bc:\?:ccn P ;111~1 exis(; 
only during rcgulation and is ;~ttributcd to a transient propc>rtioni~! bani1 (i,. ( t ~ m p c j r ; ~ ~ ~  
droop). .To obtain stable regul:~tion, 5 ,  has to bc 0.3 to 3 ir:~lites i:lrea- t11:111 0.5 :WC dht;lincd on,y 
electrically), that means 10 to  100 times largcr th311 tllc 11su111 propor1ion:ll b a ~ ~ r l  (pcrmuncnt speed 
droop) is. 

For sllort lasting. very strong load fluctuations, somctirncs thc fccclhaok is elirninatcd at will by 
temporarily opening the by-pass of the dash pot. 

11.2.2. Design of speed and acceleratio~~ metering mernl~ers 

11.2.2.1. Mechanical and hydronlechanicsl mernbers 

In the first case mentioned a !ly ball pendulun~, driven by an electric motel-, is r~sed, which 
is fed by a special pendulum alternator on thc shaft of the sct or by the nlaitl stator 
current. Instead of a fly ball, a pump of the ilnpeller or positive displacement type may 
also be used as a tachometer. It produces a specd-depeudt .11 oil llow, whose impact 
pressure on a baffle plate actuates a pilot valve of thc servotnotor (Fig. 11.2.2 b). 

Fig. 11 .2 .2~  shows a rather compact design o i  a cornbincd tachomctcr and accclcromctsr. It func- 
4 e m  as follows: The radial rotating tube is fed by oil whosc pressurc ;ictt:atcs tht: servon!otor's valve 

by a spring-loaded piston. This pressure results Fro111 two influcnccs. r l  specd-~o~icj i t ior ld compo- 
nent comes from the distance the spring-suspended fly mass (which acts as n baffle plntc) is from the 
radial outlet of the rotating tube. 

Tile accelera:ion-conditioned influence of oil pressure results frc?rn rhc peripheral distilnce, the 
tangcntial orifice in the radial tubc is from a radial baf l l~  on the incrt Jly-wheel ring. which is 
spriilg-suspended in the tangential direction. 

1 1.2.2.2. Electronic governor 

The application of electronics is limited to the speed metcrin_e or  the acceleration meter- 
ing devices. The measurement of speed deviation from a ra ted  value, may be effected by 
means of an electronic valve or semiconductor devices like transistor. In the case of the 
electronic valve, two oppositely oriented anodic currents are controlled by the grid of this 
valve. The resulting current actuates a pilot valve by a solenoid [11.5]. 

One of thc currents is from a shunt of the main alternator and is proportional to t h e  set's 
momentary speed. The other is proportional to a reference frzquency of an oscillatory 
circuit, adjustable at will, see Fig. 11.2.6. Now this is effected by semiconductor devices. 

At present, data processing from pilot plants by microprocessors is corning. The concept 
of an electronic governor head is based on the follo~iring principles [11.47; 11-48]. 

a) The use of proven governor design philosophies has already given excellent results in 
electronic governors of certain manufacturers, e.g. PD speed ar?d speed rate governing . 
and PI power output governing with temporary feedback. 



Fig. 1 1.2.6. Scheme of an 
electro hydraulic speed gov- 
ernor with electronic head 
(ASEA) for metering the 
Speed deviation from the 
rated value, by comparing 
the rated frequency of an 
oscillator with that of the 
alternator. To date the elec- 
tronic valve is replaced by 
transistor. (Drawing courte- 
sy KaMeWa, Kristineham, 
Sweden.) 

i 
' b) The application of this governing mode by means of a micro processor provides a 

number of advantages over analcgue systems, for example: 
i 

1) the display of actual governor parameter values, 
/ 2) the modification of them during operation, 

3) a better stability, thanks to the elimination of component drift, 
4) the autoniatic testing of the internz! elements, 

3 5) the ease of adaptation to particular operating conditions, such as: water level control, 
connection to a master computer, etc. 

On the other hand, governors equipped with this microprocessor head are provided with already 
Well-tried n~easuring and control dcvices (transducers, servovalves etc.). Moreover this device can 
thus be adapted to existing plants. 

Operating principles of the system: All the modules of the system are interconnccted by a bus 
through which they can exchange data. The microprocessor module controls the operation of the 
bus as a function of the program of system. Each module is identified by an address by which it  can 
be referred to in the system. 



Dy rncans of a sequence \vliicli is rcpcittcd very r;~pitlly. ~ h c  micro!)roccssor ~ucccssivcl~ qllcstio 
ns the v:lrious illput scctions such :IS scrvov;llvc i~mpl~licrs. indicators.or rclays. Tliis scqucllce also 

includcb 11ic [citing of irnl)ortrrnt clcmcnts and alTorcls the possibility of modifying pnr:lmeters 
without Jisturbi~tg tlic opcrittion of the control loop. I\ small tcr~iiinal nllo\~s the a < l j t ~ s t n ~ ~ ~ ~  
parameters. The values displayed are thc real valucs of paramctcrs witit an  accurrtcy of T I % ofthc 
last digit. 

T h e  block diagram in Fig. 11.2.7 shows Vevey electronic a n d  clectrohydraulic governor. 
I t  refers to all e lcme~i ts  of the governing system, the  turbine being under n o  load condi, 
tions and  unsynchronized. T h e  number  in thc  first c o l u n ~ n  indicates the line o n  which an 
elerndnt is located. T h c  sccond column specifies the energy sources necessary for  each unit 
o f  the  governing system. T h e  middle co lumn gives the  appropr ia te  diagram. T h e  4th 
column indicates the external controls o n  the governor  a n d  the servo-valves. T h e  last 
column lists the elements, [l 1.481. 

T h e  f o l l o w i ~ ~ g  text will be limited to elements of general interest a n d  those which are 
suited t o  the  Kaplan turbine considered. 

Dead band device: This permits the introduction of an insensitivity into the spced governing loop, 
which is adjustable. Experience has shown that certain operators of machines block their governors 
by the gatc opening limitcr. If they have a conveniently sensitive governor, they thus avoid their set 
continually rtttcmpting to correct the frequency variations, although the effect of such corrections 
very often has no influence. Thesc incessant movements can be prejudicial to the mechanical 
perforn~ance and life cf the governing elements. 

But with this method of working at the gate opening limihr, if therc is any incident in the grid, e.g., 
tripping of an interconr.ection, the outputs of all the units blocked at thc gatc opening. limiter and 
supplying the part of grid. whose frequency is decrcitsing, remain constant. F~!r:hermorc, the units 
supplying the other part of the network, whose frequency is increasing. only begin to close after a 
certzin delay. The result is that the disturbance in thc network may spread. The dead band has been 
desig~cd precisely to prevent such incidents. When in operation, it only pcrtnits thc speed governing 
sigtials to pass if its level reaches a previously chosen threshold. 

Numerical speed transducer: Its moving part is a magnet on the shaft. The stationary parts are a 
pair of detectors. the magnets pass in front of them. Let us assume that the magnet passes succes- 
sively in front of the detectors. The time elapsed between these two impulses received is compared 
with a reference time by means of an accurate quartz clock. 

Electronic governor settings: The various settings all include, as a basic element, an angular position 
electrical transducer. On the one hand it consists of magnets. that are ilniformly distributed in the 
peripheral direction on the rotary part, on the other hand it consists ofstationary detectors, arranged 
around the rotary part. 

- Gate position transducer: This is of the same type used for the settings. 

Temporary feedback for the runner blades and wicket gates: The clcctronic governor is fitted with 
two indcpcndcnt temporary feedbacks, acting separately on the gate and on the runner blade 
positions, in the following manner: the gate position transducer and the runner blade position 
transducer (linc 33) in Fig. 11.2.7 enable a feedback signal of the reaction speed of the servomotor 
in question to its controlling servo-valve t c  be injected separately through the corresponding 
summators (line 23). Each device has two step selectors; the first enables the temporary speed droop 
3, to be fixed and the second the time constant of the damping device. This is done independently 
for the gates and the runner bladcs. 

Interaction bctween the wicket gatcs and the runner blades: Thc interaction device (line 32) which 
carries out the interaction law between the runner blade and the gate openings, which depends on 
the head, receives information of the gate opening and of the operating head. From these data, it 
supplies a signal corresponding to the requircd runner blade opening. This signal is comparcd in the 
summator (line 39) with the signal from the runner blade position transducer (line 33) giving a signal 
which represents the interaction deviation. 







Fig. 11.2.9. Electrohydraulic valve used by 
the firm Vevey Engineering Works. 102 coil; 
103a, 103b leaf springs; 104 paddle; 105 
spring; 108 piston; 1 13a, 1 13 b nozzles; 1 17a, 
117 b diaphragms; 130 valve. (Drawing cour- 
tesy Vevey Engineering Works, Switzerland.) 

Before entering the summator (line 23), the level of this signal can be chosen by the step selector 
( l i ~ e  35). The output signal from this summator acts on the elements controlling the runner blade 
position, moving them in the direction which achieves the required interaction. Since a permanent 
and important error of interaction can be the cause of running disturbances and possible damase 
to certain parts of the turbine, an interaction error detector (line 36) gives an alarm if a considerable 
deviation lasts for several minutes. 

1: Unit voltage transformer 2: F/V converter 3: accelerometer 4: network voltage transrormer 
5: slippage frequency adjustment 6: reference frequency 7: frequency measurement failure 8:  V T  6: 
CT system 9: power transducer 10: adaptation & lilter 11: galvanic scparator 12: load limit settins 
13: unit power rcmote indication 14: downstream level 15: upstream level 16: upstream lcvel down- 
stream level signal loss detcction 17: frequcncy deadband for test 18: limited unit i i ~ f o r m a t i o ~ ~  
19: clipping 20: adaptor 21: blade manual control 22: bias voltage for cavitation limit 23: starting 
bias voltagc 24: \ioltmeter and switch for maintenance 25: speed no  load bias voltage 26: permanent 
speed droop 27: load/frequency device at zero 28: return to  zero reset 29: slow speed 30: fast speed 
31: 1st analog input 32: order to return to zero 33: speed droop remote control 34: control of the 
load/frequcncy device 35: control of the opening limiter 36: slow speed 37: fast speed 38: digital 
opening limiter 39: order + inhibition 40: maximum travel detection 41: order - inhibition 
42: digital load/frequency device 43: flip flops 44: 8 speed switches 45: frequcncy local indicator 
46: isolated power supply 47: opening limite; remote indication 48: load/frequency device remote 
indication 49: wicket gate remote indication 50: blades remote indication 51: frequency remote 
indication 52: proxi~nity sensors 53: power house AC auxiliaries 54: power house battery 55: relay 
supply 56: protective filter 57: oscillator 58: battery charging 59: Cd Ni battery 60: adaptation 
61: stop & creeping detection 62: stop deflection failure 63: detection of rotating direction 
64: clectronic supply 65: oscillator 66: supplies for remote indications and speed switches 67: supply 
failure 68: rated head 69: maximum opening limit 70: 1st bias voltage 71: 2nd bias voltage ( to  close) 
72: 3rd bias voltage (to open) 73: wicket gate manual control 74: rectifier filter 75: actuator 
76: distributi~g valve 77: servo motor 78: variometer 79: linear cam (Drawing courtesy Neyrpic, 
Grenoble). 



Fig. 1 l.2.10. Electro hydraulic control schemes for single regulated turbines, e.g., FTs. a) Scheme of 
information flux and design of a proportional integral speed governer with acceleration feedback 
(accelero-tiichonietric governor) used by the Italian firm Hydronrt, Milan. 1 -speedometer (electron- 
ic); 2 accelerometer (electronic); 3 mixer; 4 sigiial transmitter; 5 amplifier; 6 mixer; 7 gate servo- 
motor; 8,9 feedback: 10 alternator; 1 I turbine. (Drawing courtesy Hydroart, hlilan.) b) Special 
features in the case of gatcs regulated by a single servo motor, accordjag to a design of the French 
firm Neyrpic and imp:ernented, e.g., on the Francis turbines of Tucuri, Brazil (see Fig. 10.3.4). Gate 
linkage for synchronism, colnmon feed back. (Drawing courtesy Neyrpic, Grenoble.) 



Fig. 11.2.11. Simplified. scheme for the speed 
of a double regulated KT with hydro 

mechanic governor, and control loops for the 
gates and the runner vanes in series, assigned to 
each other by the cam 5. Devices for the 
temporary speed droop (dash pot) omitted. 
1 speedometer; 2 control valve; 3 pressurized oil; 
4 gate servomotor; 5 cam; 6 oil head; 7 gate 
operating ring; 8 runner servomotor; 9 spider; 
10 alternator rotor, 11 turbine runner. 

Fig. 11.2.8 shows signal flux and function diagram of a double regulated K T  of the French 
firm Ncyrpic. Here the synchronized actuation of runner and gate servomotor from 
speedometer and acceleron~eter is preferred. Here also metering devices and relays are 
electronic as far as reasonably possible. 

B 

In this connection wide use is made of solenoid valves, see Fig. 11.2.9. Such a valve 
~ransforms the electric current, supplied by one of the electronic governor's output 
amplifiers, into a proportional and accurate stroke of a hydraulic distributing valve. The 
latter controls, e.g., a servomotor. 

The servo-valves all have cylindrical distributing valves provided with one pair of regulating edges 
if the usual differential type servomotor is controlled. Depending on the oil flow to be controlled. 
the Swiss firm Vevey uses servo valves having two or three stages of amplification. 

The electro hydraulic first stage (see Fig. 11.2.9) is to transform an electric current into the motion 
ofa small double acting servomotor 108. The latter is controlled by two symmetrical oil distributors, 
working without friction. These comprise two diaphragms 117 a, 11 7 b, two nozzles 11 3 a, I 13 b, a 
paddle 104, suspended by two leaf springs 103 a, 103 5. Due to this suspension the paddle can move 
vertically without friction. Its travel is only a few tenth of a millimeter, corresponding to the 
dearance between the paddle and the nozzles. 

In an arbitrary position, the paddle is subjected to three vertical forces, namely: that of the spring 
105, that due to prestressing of the leaf springs, 103a, 103b and that resulting from the passage of 

electric current through the coil 102. The value and the direction of this force is a function of the 
intensity and the polarity of the current. The steady state position of this electromagnetic force is 
nil. 
In the case of an upward displacement of the paddle 104, induced by a current in the solenoid 102, 
'he flow of oil from the nozzle 1 13 a decreases while the flow through the other nozzle 11 3 b increases. 
Hence the volume of the oil in the upper chamber of scrvornotor 105 increases and that in the lower 
chamber dccreascs. The piston therefore moves downwards. The result is that the upward force on 
fie paddle 104 applied by the spring 105 is reduced. The motion stops when the variation of t h ~ s  
brce balances that due to the coil. The paddle then returns to its initial position, midway bct\wen 





Fig. 11.2.12. Electro hydraulic runner blade adjustment by a cam according to KaMeWa AB. 
sWeden, with the control loops of gates and runner vanes in series. The input quantity to this servo 

is primarily the wicket gate position. The combinator cam 29 which determines thc relation- 
ship between blade angle and wicket gate opening is in this case connected to the pilot servomotor 
*fthe actuator 31. In case large variations in head are encountered, the single cam is changed to a 

dimensional saddle with lateral adjustment to ensure that correct setting can be achieved for 
head. A third possibility is to introduce a digital processor instead of the cam or saddle. 

The combinator 29 operates a transmitter K 6, which converts the corrected mechanical guidancs 
into an electric signal. The position of the regulating sleeve 9 of the combinator is also via lever 20 
tIansformed in the same way by transmitter K2. Both these electrical command signals are 
@mpared and amplified in the electric error detector 30, and its output signal is fed to the transducer 
K 1. Pilot valve 1 actuates the regulating sleeve 9 in a direction that tends to eliminate the difference 

voltage between transmitters K 2  and K6. The regulating sleeve 9 is a valve for the runner 
%rvomotor 13. Regulating piston 11 is rigidly connected to  the servomotor piston 13. If sleeve 9 and 
piston 11 d o  not assume identical positions, port A and B will be opened either A to discharge and 
B to pressure or vice versa depending on the sign of the error signal. Thus oil will be passed through 
@ncentricducts 14 and 15 in the shaft of the runner servomotor 13 in such a way that the valve ports 
will be closed again (feedback). Thus the servomotor piston 13 copies exactly the movements of 
sleeve 9. 

Maximum closing and opening speeds are set by means of the throttle valves 2 and 3 respectively. 
Reset to a larger blade angle to start, to obtain a greater torque from the turbine, is made entirely 
by electrical means in the error detector30. Parallel t o  the electro-hydraulic control there is a manual 
control (a general necessity for all important regulating devices in the case of emergency). I f  the 3-way 
valve 27 is turned from Auto to Manual, the hand control valve 28 takes over the control of sleeve 
9. Desired runner blade angle can then be set by hand screw 21. As opposed to systems, in which 
the last servo stage is located in the runner hub 18, the system described offers the advantage that 
the true position of the blades can be checked. O n  a common sczle 24 the position of both the 
regulatiilg sleeve 9 and the runner servomotor 13, (i.e. the blade angle), are displayed. Legend 
K 1 electro hydraulic transduccr, K 2 runner blade position transmitter, K 3 limit switch fully closed, 
K4 limit switch fully opened, K 5 dirt indicating switch, K 6 gate position transmitter. 1 pilot valve 
piston; 2 throttle valve, closing time; 3 throttle valve, opening time; 4 Iilter for transducer; 5 dirt 
indicator; 6 shut-off valve; 7 shut-off valve; 8 filter for transducer and pilot valve; 9 combined 
regulating sleeve/difJerential piston; 10 pressure oil pipe; I 1  regulating piston; 12 pressure chamber; 
13 runner servomotor piston; 14 oil duct to underside of item 13; 15 oil duct to upper side of item 
13; 16 oil duct for static pressure to the runner hub; 17 turbine shaft; 18 Kaplan runner hub: 
19 runner servomotor piston rod; 20 bell crank lever; 21 hand screw; 22 balance lever; 23 roller; 
24 scale; 25 pointer for runner blade angle; 26 pointer for regulating sleeve/differential piston 
position; 27 three-valve; 28 hand control valve; 29 combinator cam; 30 electronic error detector; 
31 actuator. (Drawing courtesy KaMeWa, AB, Kristineham, Sweden.) 

the nozzles 113a and 113 b. The final travel of the piston 108 is proportional to the exciting current 
in the coil. 

The permanence of the magnetic field passing in the coil, the travel of which is very small, and  the 
negligible hysteresis of the spring characteristic of 105 ensure an accurate correlation between the 
movement of the distributing valve 130 alld the current in the coil 102. 

Conclusion: The advantage of an electric governor consists in its high accuracy and  in 
lhe fact that the number of controlling and controlled parameters accompanying and 
supporting the speed control and surveillance of the set is nearly unlimited. Examples 
may be temperatures of bearing and alternator, blockage of by-pass outlet, flow of 
lubricant, response of breaking elements in the gate drive, water-hammer-induced pres- 
sure surge, energy exchange of a neighbouring grid, e t ~ .  [11.39; 11.44; 11.46 to 11.481. 



Moreovcl- ;ln clcctric governor f~icilitates the col~trol of poucr st:ltions in  remote arm 
from a far distant panel. 

Fig. 11.2.10:r shows ;in example of electronic data processing for il gate-regulated 
from the I t;ilian firm Ilydroart. Fig. 11.2.10 b shows special features in the control of 
with single servomotors for the gates of the French firm Neyrpic. 

a n  

Fig. 11.2.1 1 shows a simplified schemc of a double regulated K T  with the control looB 
for gates and runner bladcs in series, in which a11 damping dcviccs such as dash pots haye 
been omitted. Fie. 11.2.12 shows the control scheme of a double regulated KT imp&- 
mcnted by the   we dish firm KnMeWa AD. 

Fig. 11.2.13 shows a control scheme of a double regulated PT with the control loops of 
nozzle valve and jet deflector in parallcl implemented by the French firm Neyr~ic. 

11.2.3. Simple treatment of the dynamic hehaviour of governors 

11.2.3.1. Nomenclaturc and assumptions 

I. Symbols: d-deviation from steady state (due to speed A n  and position of servomotor 
piston Am) or zero position (due to valve A s), positive in the sense of speed rise (A n, As)  
or opening (dm): 11,-mean speed, nl,u-stroke of servomotor piston, s,,-stroke of valve 
piston equal to width of ports; related values: speed s = Anji~,,,; scrvomotor 
111 = A I ~ / I T I , ~ ,  valve s = ds/s,,,j d,.-transient proportionill band (temporary speed droop), 
being 0,3 . . . 4(7) for stabilization of disturbanccs. 'I;-regulating timc (closing = opening), 
the servomotor piston needs to cover its stroke s,, at full opened valve port (s = 1) and 
constant piston speed In. <-start up time of set, needed to accelerate the unloaded set by 
its rated torquc from rest to rated speed n ,  at constant acceleration. TT;-reset (isostatic)' 
time, the lilrl 2 fold time that an abruptly full-deviated dash pot piston for the elastic 
feedback needs to cover its half stroke. &-rate (acceleration) time, the accelerometer 
requires to cover the speed rangc n,,, - n,,, at valve full-opened and at constant accel- 
eration, (see Fig. 11.2.3). 
11. Assumptions: 1) No overlap and leakage of valve in its zero position. 2) Servomotor 
piston covers its stroke s,, in regulating time T, at partial opening of vilIve s = 3, = 
proportional band. 3) For a proportional governor with stiff feedback, the valve deviation 
s depends linearly on deviation of speed x and its integral tit; here at steady state 
-u(s = 0) = - 6, (temporary speed droop). For a proportional integral governor with 
acceleration fecdback, s depends linearly on .u and its derivative .t. 4) No automatic 

- co~ltrol, torque 11s speed graph of turbine and generator are parallel to each other. 5) The 
excess of the turbine's torque over that of generator is proportional to the servomotor 
deviation nl. No water hammer. In the following a dot above a quantity indicates its rate. 

11.2.3.2. Proportional governor, servomotor with stiff feedback (speed governor) 

Respecting 1) and 3) give the valve deviation 

1) and 2) yield the speed m of piston, regulating time T,, by 
- 

s = - 6,T,rn. 

4) and 5) yield the set's equation of motion, start up time T,, by 



Inserting (1 1.2-3) in (1 1.2- 1), then (1 1.2-2) with respect to (11.2-3) in (11.2- 1) yields the 
differential equation of the closed control loop 

dPT,T,,f  + bTT,,x + x = 0. (1 1.2L4) 

Its natural oscillation x = x,eat has the natural frequency 

a = [-  6, & i(6: - 4 ~ , 6 , / ~ J ' ' ~ ] / ( 2  T,b,). (1 1.2-5) 
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After this thc feedback-linked tcrm -- 6,./(2 -T,S,) di111ip~ oscill;~tions will1 rising 
rary JI-OO~J A,. ;IS set, e.g., by it Icver ratio of a linkage. ern* 

. +  

11.2.3.3. Proportio~lal integral governor with ncccleration fcetlback 
(accc!crtllion governor, PD govcrnor) 

With the rate tirnc T,, respecting 3), the valve deviation reads 

s = T,x + x. (1 1.2-6) 
Expressi~lg s by (11.2-2) and then ti1 by (11.2-3) ~ i v e s  the differential equation oftb 
closed control loop, start up time T,, by .-L 

T,T ,d , i+  T , i + x = O .  (11.2-7) 

Here the natural oscillation has a damping term - T,/2 T,  TSp that increases with the rate , 
(acceleration) time T,. 

;r 
11.2.3.4. Proportional integral governor, servomotor with elastic retarding feedback 1 
(PI governor) 

Let I be the related deviation of the spring-loaded and dash-pot-linked hinge of the valve 
actuating lever. The11 the spring load becomes - I. I t  is balanccd by the hydraulic load , 

d n  the dash pot, which. in the case of laminar flow, is proportional to the speed difference 
betwecn the servomotor ( i n )  and the dash pot (0. 
Accordingly with ?;. as the reset (isostztic, isodrome) time, 

Now m in the relation (1 1.2- 1) has to be replaced by 1. Hence 

Frorn this i = (S - i)/6,. This in (11.2-8) gives I = q(m - s/6, + x/6,). Putting this and 
s from (1  1.2-2) in (1 1.2-9) the differential equation of the governor, input x, output m, 
reads 

6,TT,iii + (6,K + b,T)m + Tx + x = 0. (1 1.2- 10) 

In practice the regulating time T,  is much smaller than 7;. Moreover 6, is about 1110th 
of b,. Therefore the terms with S, 7;: are omitted in the last equation. Hence the simplified, 
practice-oriented differential equatlon of the governor 

Inserting her2 nl from (1 1.2-3) the differential equation of the closed control loop, start 
up time T,, reset time T ,  reads 

Here the ~ a t u r a l  frequency has a damping term - 1i'(2STT,), that is inverse to the 
transient proportional band 6, .  

11.2.4. Other time parameters, tuning 

I. Start up time of penstock: Because of its inertia, the now assumed inelastic water 
column in a n  assumed stiff penstock'of lellgth L, needs a period T,, to  be speeded up 



under the head H to its velocity c,, due to the rated load. Accounting also for the speed 
linked head drop by the pipe loss, assumed to be (c2/2, .then T,, follows from the energy 

by (artanh z tanh- ') 

T,, = L {2/[gH(1 + n]} ' I2 artanh {c,[(l + 0/(2gH)]1'2}. (1 1.2- 13) 

 or the usual case ~ , / ( 2 g K ) ' ~ ~  % 1, this becomes 

T,, = cr Ll(g HI. 

11. Opening time of distributor, To: Obviously this has to last longer than the start u p  time 
d the penstock. Hence 7;, $ To. 
111. Reflection time, closing time: Any shut down of a turbine on a penstock causes water 
hammer, propagating with velocity a along the penstock, length L. At the latter's upper 

the wave is negatively reflected and returns to  the machine after the reflection time 
T, has elapsed 

I / ~ccording to Cap. 8.3, decreasing the pipe velocity within the period T, by Ac, i.e. by 
i closing the distributor, generates a pressure rise a t  the lower pipe end 

' The closing rate of the distributor is usually decelerated in a stepwise manner towards the . 
closed position. This has to be done as described in Cap. 8.3 with respect to reflected 
water hammer waves, the rotary inertia of the set, and the characteristics of the hydro 
turbomachine in the regime concerned, as a function of distributor opening and speed. 

1 A fairly dimensioned timing of the closure is signified by the fact, that the maximum 
1 pressure increase, set before and mentioned in Cap. 8.3 is never surpassed but used as 

often as possible. 

1 Usually the relative pressure rise due to water hammer is prescribed by A H/H = 0,l to 
; 1 for H - 1000 m to 10 m. To keep the pipe loss under rated load below 1 % of the head, 
1 the rated pipe speed is chosen in the range c, = 0,l (2gH)'I2. Making the velocity change 
: Ac in (1 1.2- 16) equal to this c,, then 

An example I-i = 500 m, a = 1000 m/s with the result AH/H = 2,02 demonstrates that at 
least in the relevant high head range, a closure within the reflection time would yield 
unacceptably high water hammer pressure surges. Hence in high head plants, the time T, 
may be considered as the lowest limit for the closing time T,. 
It is known that any closure extending beyond T, benefits from the then occurring 
attenuation of pressure surge by the negative water hammer waves reflected at the upper 
end of the pipe. Strictly speaking this h d d s  only for the period T, after the time elapsed 
I =  T,. 
The whole may be understood as a hint that any estimate of the closing time does not 
negate the inclusion of a water hammer calculation. 

Generally any waterhammer destabilizes the loop of the governor in so far as it creates a pressure 
rise upstream of a closing valve and hence counteracts the intended reduction of flow. Problems of 
Eovernor stability together wit11 water hammer are dealt with in the following Cap. 11.3. 

Hence any closing time T, that is predicted, from the set's moment of inertia O, its full load torque 
M,,, and a desirable limit of overspeed do, e.g. at short circuit, by application of the equation of 
motion 



7; = /1(1>0,'(~ (1 1.2.qo . . 
rcquires ;III cnipiric;~l cnrrcctio~i frlctnr y. Thc similarity requircs M I , ,  - (1)' D'. dto - (0. hssu 
7 and 7. 1 0  ht: const;lnt, thc ; ~ h o r c  yiclds O - D5ar. This rcflects~thc known fact. that [he regu,w "?% 
moment of incrtia incrcascs with thc spccd w. 

IV. Slar-t up time of set: Imagine the set with n moment of illcrtia @ is to be Speeded 
at its rated torque M , , ,  to the rated speed o. Hence the start up time of the set '9 

 ole that in any formula with @ the effect of added water mass should be accounted 
but usually is not. The start up time T,  of the set should exceed the start up time of the 
penstock after (1  1.2- 1 J), according to q, $ <. T o  develop the rated torque at start up 
the opening time of distributor To has to fall short of the start up time of the set according 
to To s T,. The above can be reconciled with T,, s To under I1 by T,, 5 To 5 x. 

11.2.5. Special regulating devices 

I. Kaplnn turbines: Here usually the control loop of the distributor is connected in 
parallel to the control loop of the runner (Figs. 11.2.7 and 8). A design with both the 
control loogs in series (Fig. 11.2.12), but also different regulating times of the loops 
favours a cam-off operation (Cap. 10.5). Both the loops, are connected by a cam (see 
Fig. 11.2.12). Sometimes to reduce swell waves in navigable rivers a swell-reducing cam 
is used in case of sudden load rejection (Cap. 3.1). 

To  avoid tile consequences of reversed water hammer after water column separation, KTs 
are usually equipped with an aeration valve on the head cover, operated by the gate ring 
in the case of quick shut down (see also Cap. 8.2). 

11. Francis turbines: Here sometimes with sets on long penstocks a by-pass outlet is uscd 
to reduce water hammer, see Cap. 8.3. Aside the bep also ventilation is used. 
111. Pelron turbines: Here a sudden load drop is encountered by a deflection of the jet by 
means of a jet presser or cutter. The closed control loops of the jet deflector and needle 
valve may be connected in parallel, preferably, (Fig. 11.2.13) or  in series (to date rarely 
built). Both the loops are connected by a cam. This provides for il ready position of jet 
deflector under steady state   per at ion close to the outer edge of the jet. See Cap. 8.3 [1.50], 
[11.2]. Quickly actuating the jet deflector allows dismissal of the cam (Cap. 5.3). 

11.3. Stabi!ity of control with respect to water hammer, 
autoregulation of grid, and turbine characteristic 

11.3.1. Introduction to the problem 

Let us consider a set, that supplies a grid by itself. This set is controlled either by a PI 
or a PD govcrncr. It is equipped with a single regulated reaction turbine, i.e., a FT or a 
KT of the propeller type. The following characteristics of the turbine are known as 
functions of the gate opening (for which. the servolnotor position m is taken) and the 
rotary speed , I :  a) Internal efficiency q(m, n). b) Unit flow (I,, (m, n). Q ,  , and n allow easy 
inclusion of head oscillations. 

The turbine is supplied from a long penstock with elastic response (water hammer), which 
may be single-staged or  double-staged, the upper end of which is fed from a large vessel 



1 tank or  reservoir) at constant pressure. The turbine is attached to a generator that 
1 an electric grid with a known auto regulating load characteristic due to machine 

tools, pumps and blowers, or  resistors, [10.57]. 

Here the problem arises with respect to dynamic stability of the closed control loop 
(consisting of the governor and the controlled system turbine, penstock, grid) how to set 
the reset time ?;: of a PI governor or  the rate time T, of a P D  governor, and the start up 
time T, of the set, when the characteristics of turbine and grid, the proportional band 6,, 
the temporary speed droop 6, are known or set, a certain damping coefficient is desired. 
and the natural period of the system's oscillation should not coincide with the reflection 
t&e of the pipe. 

11.3.2. Assurnptions 

The natural frequency of a closed control loop, excited by disturbances from the grid, the 
pipe system or a change of gate position o r  speed, is considered at a time elapsed that is 

, a multiple of the pipe reflection time (11.2-13). The amplitudes of all the deviations 
considered are infinitesimally small compared with their reference values. All distur- 

I bances are nondimensional, the time constants real times. 

11.3.3. Dynamically equivalent types of governors 

r First a proportional integral governor with acceleration feed back ( P D  governor) is 
considered, whose measuring element is of the tacho-accelerometric type. According to 
Cap. 11.2.3.1 the figures used for the deviation of speed, An, servomotor piston, Anl, and 
valve piston, As, respectively, are 

in which m, is the stroke of servomotor piston, s,,, that of the valve, n,, the rated speed. 

According to (1 1.2-6) the valve deviation s is induced by a speed deviation x and its 
acceleration 1. Expressing the valve deviation s by the speed m of the servomotor piston, 
according to (1 I .2-2), the differential equation of the governor, proportional band (per- 
manent speed droop) a,, reads 

in which T, is the regulating (closing) time, and T, the rate (acceleration) time, according 
to Cap. 11.2.3.1. 

Next the simplified differential equation for a proportional integral (PI) governor (servo- 
motor with elastic retarding feedback), according to (1 1.2- 11) is considered. Rearranged 
as 

- b,T~;-ln = ?;:x + x ,  (11.3-5) 

in which T i s  the reset (isostatic) time and 6 ,  the transient proportional band (temporary 
speed droop) (see Fig. 11.2.3). Obviously both the governors have a similar dynamic 
khaviour when the product of proportional band and regulating time 6, T, vanishes 
against the reset time ?;:. According to a proposal of G. Fabritz [11.2], the equivalence of 
both the governors exists when the corresponding coefficients in both relations are set 
equal, according to 

x =  T, and J P T , = 6 , T .  (11.3-6) 



Note that thc rcguI:~tin~ time T, here is duc to tl~e.PD governor. 

11.3.4. Ishe controlled systcrn (turbine, grid, pcrlstock) 
b 

1 1.3.4.1. Gencral remarks on the electric grid 

With rcfercr~cc to Cap. 11.2.1.3, the grid-induced generator torque MG (rated value M ~ ) ,  
vs speed r t  (in rps) reads as follows 

in which lr = 0 for a load due to machine tools, u = - 1 for a load due to resistors (under 
the assumption of constant voltage a t  the generator terminals) and u = 2 for a load due 
to blowers and impeller pumps 111.23; 11.571. 

11.3.4.2. Linkage of turbinc characteristic and grid 

With Q ,  , ( s i ,  n)  as the unit discharge and rl(m, n) as the shaft efficiency, both depending 
on gate position rtr and speed n the torque of the t u r b i ~ ~ e ,  head H, diameter D, reads 

During unsteady operation, the equation of motion requires 

in which A indicates deviation from steady state, and O the moment of inertia of the set. 
Dividing !his relation by the rated torque M ,  = PN/(27ii~lv), rated output, iz, rated 
speed, using the identity (l/iz,) dnldt - (lln,) d(A~t)/dt = x and accounting for the start 
up time of the set according to 

the r e ln t io~~  ( I  1.3 -9) reads 

Introducing the load degree 2 = MT/MN, accounting for (1 1.3-7) and taking the incre- 
ment 4 as infinitesimally small then 

Em~loy ing  the nondimensional infinitesimally small head deviation h = A HIII, H rated 
head, after (1 1.3-7) with dm = Am, dn = An, d H  = AH and introducing the figures, 

K Q ~  = Oziv!Qi 1) (aQi  ~ l a n ) ~ ,  KQrn = (n1wlQI 1) (aQl llam)n, (11.3-13) 

K q n  = (~,v/)I) (all!Wrn, Kqm = (n1,"Ill) (dllIam)n, (1 1.3- 14) 

the term d ~ C I , / I C I ,  in (1 1.3- 11) becomes 

J ~ ~ T I ~ ~ ~ ,  = A[(K,rn + KQJ m f (K,, + KQn - 1) x + 3h/2]. (11.3-15) 

The11 using the self control parameter, - 

K, = 1 + u - K,, - KQn, (1 1.3- 16) 

and accounting for (1 1.3- 1 3 ,  (1 1.3- 15), and relation (1 1.3-7), the equation of motion of 
the set, with respect to  turbine characteristic and grid load, takes the form 



11.3.4.3. Intervention of penstock 

with the related deviation of flow q = A Q / Q ,  = A clc,, and head h = A H I H  (Q, = rated 
flow, H = rated head, c ,  = rated pipe velocity) the coordinate [ = , - /L  along tlie pipe 

beginning at the upper end, and assuming a vanishingly small velocity in the pipe, 
the equation of onedimensional motion in the z-direction and the continuity of a fluid 
element filling the pipe section read (see Cap. 8.2) 

\ 

dh/ac + T,, aq/at = 0, and (1 1.3- 18) 

in which T,, is the start up time of the penstock, T,, = c, L/(gH) from (1 1.2- 14), L the 
length, H the head, TL = Lla the travel time of a pressure wave, to cover the 
length L with the velocity a, and K the following penstock parameter, 

being the ratio of pressure surge due to water hammer, induced by cutting off the speed 
cN, to the pressure of the rated head H. 

11.3.4.4. Boundary conditions of water hammer in a simple pipe 

For the two governing equations due to  water hammer (11.3- 18) and (11.3- 19), the 
following solution is introduced 

h = hf e"eP' (11.3-21) and q - qf e':eP', (1 1.3 - 22) 

in which hf and q: are unknown amplitudes. Inserting the last two relations into the 
equation of motion and continuity gives 

rhf + T,,pqf = 0, phf  + (Kr/TL) qf = 0. (1 1.3-23) 

By Crarner's rule, the interesting case h: =l= 0, 9: =I= 0 requires 

With the complete solution of (11.3-18), (11.3- 19) 
/ 

h = til e P T ~ C e ~ '  + ~ , ~ - P T L S ~ P '  

g = q1  e P T ~ C e ~ '  + q2e-PT~CeP' 

the iinknown constants follow from the boundary conditions. 

A t  the upper end of the penstock ([ = 0): h(c = 0) = 0. Hence h, = - h,, 

Due to the constancy of pressure at the upper end, a.h/at vanishes at I: = 0. Hence fram 
(11.3- 19): q, = 9,. Hence (11.3-26) 

q = 29, eP' coshp TL[ .  (1 1.3-28) 

Putting Ir and q from (1 1.3-28), (1 1.3-27) in (1 1.3- 18) gives 



/ I , / C / :  = - ..p 1.1' L - - - K .  ( 1  l.j-29, 
Eqs. ( 1 1.3 -- 27)  and ( 1 1.3 - -  28) give thc dcsired rclatiun bctf.veell relative surgt: or prcssurr! 
hcacl 11 and rclntivc incrcrnciit of flow (I on tllc tiirbillc's cnd of penstock (( = 1) ,, 

11.3.4.5. re la ti or^ for the co~~trolled system 

To bbtnin the dcsircd rcl;~tion R(s, nr), q in the last equation has to bc expressed in tern 
of tn ; and r. With thc load dezrce 1, = P,/lj,, the efliciency parameter Kv  = 
(i?,,,-efficiency at rated load), and the similarity law 'Lvlq 

Q = Q I , (n ,  I ? ] )  D2 (Y l I ) ' l2 ,  (11.3-31) 

the follo\ving approxirnatiorl for infinitesimally small A Q, 

q =  A Q / Q ,  = i .K,dQ/Q .rt:lLK,dQ/Q = I.K,dlnQ (11.3-32) 
= i K ,  d In[Q,,(n, tn) L i L ( g ~ ) 1 i 2 ]  = RKv[dQ, , /Q l ,  + (112) d H l f l ]  

= j-K,[(n,lQl 1 )  ( a Q 1  l l ~ n ) , , , ~ l ~ l n ,  + ( m d Q  1 1 )  (ZQ 1 l l ~ ? l ) n ~ r t l / ~ ~ l . ,  + ~ H I ~ H J ,  

the approximations ( 1 1 1  = A n, dm = Am, (11-1 = A H and f i t  - A mltn,,, 11 = AHIH, and 
(11.3--- i3), the following intermediate result q(x, h) is obtained 

Putting tE.is relation into (1 1.3-30) gives the desired relation Il(nt, x )  

/I = - [ i X q K ( K Q n x  + KQmttl) ta~?hpT,]/[l + ( K  KqR/2)  t a l ~ h I p q j ] .  
( I  1.3-34) 

From (1  i.3- 17) 

E1nn;in;tting 11 in the liist two relations gives the desircd m ( s )  relation of the controlled 
systerrl, c o ~ s i s t i ~ ? ~  of turbine ( K Q n ,  KQ,l,, K,, /.), penstock (7;., K) and grid(K,), as 

(2/3) [(T,/i.j .t - (K, ,  + KQn,) tn + K,x] [l  + ( A  K ,  K /2 )  t a n h b  TL)] 

= - i.K K, (KQnx + K,,,m) tanh(p c). (11.3-36) 

11.3.5. Relation for closed control loop, stability parameters 

Eliminating and its derivative from (1 1.3-36) and ( 1  1.3-5) gives the differential equa- 
tion for the closed loop 



~ ~ a g i n e  a closed control loop with the natural oscillation 
X = A e ( d + i O ) t  

9 (1 1.3- 35) 

in which d is the damping factor and o the circular frequency. Inserting this in the 
foregoing relation yields an equation, whose imaginary and real parts have to be satisfied 

Assuming the circular frequency to be prescribed so as to avoid coinci- 
dence with the pipe's reflection time, and the damping factor prescribed also, the start up 
time T, of the set and reset time 7; of the governor or after (1 1.3-6) its rate time T, = 7; 
foilow from the linear system of T, and ql'- 

in which the coefficients A, B, C, D, E, F depend on the known or prescribed values 
d, o, aT, K,, KQm, KQ,, K,, , K,,, K, Ke, TL by the following relations 

2 13. tanh (d  TL) 
A = - {(d2 - co2) [I + tm2(wTJ tanh2(dTJ + - K K ,  

3 1  2 C O S ~ ( O  TL) I 
tan (w TL) + KdoRK,  

cos h (d TL) 

- KK,A[-Kqm - 2 K ~ m  + 2KQ,] [d tan (w TJ + o  tanh(d TL) 
3 6, cosh2(dTL) cos2(wTJ 



. \ 1 I ( 1  I .  30) !i;lcls ilic si:lrtin$ time T,. il~ld I ~ C I ~ C C  t l l ~  rcquircd momenl 
incrti:~ (,I ihc h c t  : l i l ~ I  !tic isosiiltic tirlic ol' 111c governor n c c ~ l c d  to s;\tisfy thc set Nabililr 
contlitio~ls (u~Iic.11 t l  :11lrl ( ! I  ;ire prt'scril~ccl) ;IS 

11.3.6. Speci:ll l t (q)  reliltions at the lower pcnstock end 

I. For incompressible fluid and a ripid duct: From ( 1  1.3 -22), T, = Lla, ( 1  1.3-20, 
( 1  1.3-30) h = - T,,(tnnh(l~ T,)'(JIT,)] ( j .  IIence for vanishing TL wwhh corrcspol~ds to an 
incumprcssiblc flu~d it1 a rigid pipz: the relation ( 1  1.3-30) tends to 

! I = - T  S P  c j  y (11.3-48) 

in ~vhich  T,, is the btnrt up  time of the penstock: T,, = Lc,!(gN). 

11. Double staged penstock: This task was solvccl by the author [ l  1.571. Assuming the 
lipper reach of the penstock to have the parameters T,-,. K , , .  according to (11.3-20), at 
the lo\!.er reach to ha1.e T,,,. K,,. accounting for the boundary conditions of constant 
pressure at the uppcr end, c o n t i n ~ ~ i t j  at the joint of both rhc reaches and tl:e fact that the 
pressure acts thew illto both thc  reaches ~v i rh  tile samc \alile: the desired h(q) relation at 
the lo\ver end of tllc ~vholz penstock reads 

For the case of a 1;anishing lo~ser  pipe section, conncctec! with vanishing time TL,, the 
terms in the square brackets become zero. Ifcnce lim Il,jq, = h,/q,(C, = 1)  = 
- K O  tanh(pTL0) as i t  must be, see (11.3-30). TI-,.  = 0 

1 1.3.7. Example 

A Francis turbine set is given wit11 Pv = 150 MW; n = 500 rpm; H = 300 m; 
a = YO0 mls:  L= 1000 m: ti,. = 0,3; r s ,  = 3,5 mis; K ,  = 0; K , , ,  = 0; K, = 1; A = 03; 
K,, = 0; K ,,, = 0.8. Hence T, = L,cl = 1,25 s: K = 0,95; T,,, = 1.19 s. The damping fac- 
tor :I is set so as to have during one period an attcni~ntion of amplitude O,4 of its initial 
value. l-Ience d = - cc 1112.5 .(Z n) = - 0.146 .a. T o  avoid resonance between pipe OSC~I- 
lation and governor osciliation. the circular frequency is set to have no coincidence in its 
period T with the wa\.t: reflection time T, = 2Lln = 2-5 s of the pipe. The ratio TIT, = 5,6 
is set at will. Thus ( : I  TL = 0.56; tlT' = - 0,052. Hence T, = 5 3 5  s; = 2.58 s. This yields 
by (11.3- 10) the moment of inertia of the set as O = 203 . l o 3  kgm2 [11.23; 11.573. 



11.3.8. Theory of motion and resonance in the pipe system 

1. Periodic motion in the penstock, surge tank and pressure tunnel: In (1 1.3-38) a 
harmonic motion of the control loop of a hydro turbine set has been assumed. This 

also a harmonic motion in the penstock. The natural period of a pipe startins 
from a large vessel (head pond, surge tank) equals twice the reflection time T, = 2 Lla of 
a pressure pulse, which covers the pipe length L with the celerity a. Hence the period 
T= 4 Lla. 

In the following the period of the combined pipe system consisting of penstock, surge 
tank and pressure tunnel is considered. It is well-known that every time a valve at the 
lower end of a penstock is closed, periodic motion in the pipe line will result. It  is here 
assumed that this so-called "pendulation" was produced some time before the instant 
under consideration and that a sinusoidal motion occurs a t  the valve. 

A horizontal pipe line is assumed (see Fig. 11.3.1) with an ideal onedimensional flow. Pipe 
diameter and celerity are uniform along the pipe. (Gravity is neglected, as superimposable 
later on.) As is well-known, the wave equation, e.g. for the pressure pulse [5.3] 

bas a solution 
p = F,(x + at) + F,(x - a t ) ,  

Fig. 11.3.1. Scheme of the usual pipe 
system. 1 penstock, 2 surge tank, 
3 tunnel. I 

x3 

where I;; and F2 are arbitrary functions of the arguments 'x + a t '  and 'x - at', respec- 
lively. This reflects the fact, that any pressure distribution p(x) along the pipe axis is 
propagated as a whole and without deformation, at a velocity a, either in + x  or 
- x-direction. 

A sinusoidal motion is described by p = A ,  sin m ( x  + at) + A, sin nr(x - at). T o  satisfy 
!he boundary condition of a constant pressurep, at the upper end, the amplitudes A ,  and 
A ,  must be identical: A ,  = A, = A. Moreover the eigenvalue m  must be an integer 
multiple n of n/2. Assuming n = 1, a simple transformation leads to the following pressure 
P and velocity c at any point with the abscissa x (originating from the lower end of the 
pipe), at time t (standing wave) 

7tX t 
p = p, + 2 A  cos- sin 2n- 

2 L  T' 

Note that the latter relation satisfies a disappearance of the velocity at the lower end 
x = 0 due to the closed valve. 



Mure  gencrnlly, wi th  171 = 2x/T as thc cyclic frcqucncy of thc oscillation, pressure ' 

belocity rcud as follows and 

x 
p = p ,  + 2A COSIII - sinint, 

a 

The most important case to be examined is the resonance occurring in a system of pipe 
lines. The discussion will be illustrated assuming a system of three pipe lines, joining at 
point A (Fig. 11.3.1). The valve is supposed to be located at point 0, at the bottom of 
pipe 1 (the penstock). Pipes 2 and 3 are open at their upper ends. where waves are totally 
rcflectcd with change of sign. Such a system would represent a conventional arrangement 
of pressure tunnel (pipe 3), surge tank (pipe 2) and pressure pipe or penstock (pipe 1) in 
a hydropower station. 

The iheoretical period of pipe 1, length L , ,  is T, 7 4 L , / a , .  According to Joeger [8.85], 
the apparent period of the system is T = Tl ( 1  + E), ~ t s  cyclic frequency nl = 2n/T, ( 1  + c). 

With the above the pressure in pipe 1 becomes p ,  = 2 A cos m xla, sin 171 t. For the other 
pipes, the coordinate .u starts at the upper end. To ensure a vanishing variable pressure 
term there, the pressures at the stations x in pipe 2 and pipe 3 are chosen as follows: 
p z  = 2B sin I I I X ! ~ ,  sin m t ,  p3 = 2C sin ~ n x l a ,  sin mt .  Both also satisfy the wave equation 
(11.3-50). Identity of pressure for all the three pipes at the point of bifurcation A is 
expressed by 

A cos 111 L ,lo, = B sin m L2/a ,  = C sinm L3/a3 .  ( 1 1 . 3 - 5 5 )  

From the pressures p, and p,  the equation of motion aplax + eacldt  = 0 yields the 
velocity at the bifurcation A 

c2 = - [2 B/(g ~ l , ) ]  cos m L2/a2 cos m t ,  (1 1.3-56) 

[2 C/(Q n ,)I cos m L ,/a3 cos m t . c3 = - (11.3-57) 

Since all the coordinates xi  are oriented towards the point A, continuity requires (see also 
(5.31) 

C, Al = - C ,  At - c3 A3,  (1  1.3-58) 

where A , ,  A,, A, are the respective cross sectional areas of the pipes. Using (11.3-55) 
through (1 1.3--57), c = c ,  from (11.3-54) with m = m , ,  a = a , ,  x = L , ,  continuity yields 

Dividing the Iast equation by A cos m L , / a l  rind its equivalents according to (1 1.3-55), 
and ~ I I  tioducing the cyclic eige~~frequency 

yields, according to Jneger [8.85], the following relation for E which facilitates the calcula- 
tion of' the period T of the system by means of T =  4 L , ( I  + &)/a, 

I 

n L , a ,  1 A3a l  n L 3 n ,  1 
h n -  --= cot- - - = - cot- - - . ( l i .3-61)  

2 L 1 a 2 1 + c  A , a ,  2 L 1 a , l + e  



~ u r i n g  surge tank oscillations the length L, varies between ~ i v e n  limits. Since the period 
of these oscillations is much longer than that of the water hammer considered. L ,  may 
be assumed as constant. As shown by Joegcr [8.85] the usual wide low surge tank 
(AZ/A1 '> 5, L I / L 2  > 30). and neglecting the now vanishing cot term results in the follow- 
ing small &: 

'5 = ( A  1/A2) (L2IL1). (1 1.3 - 62) 

The condition for a cot function to  be equally negligible is that 

where K is an  integer. L,/a, and L, /a ,  are the time periods, a pressure pulse needs to 
cover the tunnel 3 or the penstock 1. Since 1 + 2 K  is an  odd number, the last condition 
indicates that the pressure tunne! allo\vs only odd harmonics of the penstock. When this 
condition exists, the resonance of the fundamental of the pipe is possible and the maxi- 
mum pressure a t  point A, intersection of the surge tank, is given by 

IL 

A p  = A cos 
2(1 + &) ' 

Strictly speaking this differential pressure also influences surge tank oscillntions. These are super- 
imposed on thc water hammcr oscillations. The latter arc short period oscillations. Freqiiently they 
have died down before the long period oscillation of the surge rank  starts. Contrary to water hammer 
which originntes from compressibility and encrgy, the surge tank motion results froni inertia force 
and gravity. Note that the construction of the tunnel and the surge tank also has to \vithstand the 
case of an c.!cntual rcsonitnce with respect to fatigue effects c n  the lining. 

11. Surge tank oscillation: In the analysis which follows and lvhich relates only t o  surse 
tanks fed by tunnels under pressure, i t  has been assumed, that the tunnel walls are 
inelastic and that the water is incompressible. This means that the water along the whole 
length I, of the tunnel behaves like an  inconlpressible soiid. 1Mathelnatical:y a c i d s  = 0 
or c  = const for the whole tunnel length. 

The following additional assumptions are  made: 

The velocity head c 2 i 2 g  in the tunnel is negligible. 
The mass of the water in the surge tank is negligible. 
The value of the frictional resistance of the water in the tunnel is the value for steady 

flow. Its head loss is proportional to  c2 or  j c 2 .  Then the equation of motion for the level 
of the surge tank. a distance z from its position at zero flow Q (in the penstock), reads in 
the form of a difference equation 

To this comes the conlinuity 

where A t  is the time interval considered. A,,, the mean horizontal cross sectional area of 
the surge tank during A t ,  A, the mean value of the cross section of the tunnel in cases 
where this section is variable, z, = zi + A z / 2 ,  c,,, = ci + Ac/2 ,  Q,, = (Qi + Qi+ ,)/2. The 
index i denotes the time ti at the beginning of the interval A t  considered. Equation 
(1 1.3- 66) yields 



C I I I U I  i f  1 i : ; t i i  I ! 3 65)  I C ~ I L ~ S  10 the follc)wi~lg sccond dcgrce egu 
for r l ( .  

t r (  1 c.)' + I )  / I  (- + /'= 0,  
- " ,  

[ J  = A 5 4, (1  1.3-@ 
h L; [ L  ( ( ] / I  I )  + /-I, il t / ( 4  A,,,,) + C C , ] :  ( 1  1 . 3 - 9  
f = ~ , + ~ 1 , ~ , n t / ( 2 n , , , ) - Q , , d r / ( 2 / 1 , , , ) + i ~ ~ .  ( 1  1-3-79 

Frcqqently. accord~ng to Jcre<i,r~r [8.85] tile firs1 term ( ~ ( A c ) ~  is snlilll colnpared with lb 
other two, and su~ficiently accur:~te results rnny be obtained from r 

Usually tlie course of the flow Q i ( t )  follows from the regulation of  the tul-binc. The crucial 
events for a surge tank a re  start and shut do\vn of the wllole p1311t a n d  this in a rapid 
scquence as  i t  may happer! in peak load plants. Hence the cross sectional area or 
design cf the surge tank has to be fixed so that in any case the amplitudes of ita 
oscillations are kept within prescribed limits. 

11.4. The electric nlachitle (generator, alternator, motor) 

11.4.1. Survey 

i 1.4.1.1. General  r emarks  

The  specd of a hydroturbinc rcsults from its hcad, flow arid specitic speed. The head 
follows from the topography of the site and yields also !he specific speed, after a side 
glance at the flow rate. On the othcr hand. the speed of thc usual alternator results from 
its grid frequency. In high-speed machines of higher hcad, thes*: electrically permitted 
speeds are s t a y d  rather widely. Thus ttie tiesipn of a hydroturbine has to follow the speed 
requirements of its alternator. 

T h s  situdtion is somewhiit contrary to that of a thermal turbo-set, wllich has a more or less 
standardized speed subjcquent to its stnndardized stages of pressure drop and output, to which the 
design can be adapted at will. and which leads to a more o r  less staridardizcd alternator of drum 
armature design. 

From thc preceding remarks i t  could be concluded that this problem of mutual adaptation of 
11 jdraulic and clcctric machine could be eliminated by gcneratins an A C  with a desired frequency, 
\vliich afterwards by means o i  thyristor techniques, were to be converted to that of the existing zrid. 

As the followir~p misht show, also then sornc problems \vould remain, to adapt both machines to 
e;lch other. 

Especial!} at higher head. the high density of water results in a high power/mass ratio of the turbine 
runner. This is contrary to the low powerimass r2tio of the electric rotor, which results from the 
modcsr force densit) in consequence of the low magnetic flux density and the limited current density. 
The latter issues from the temperature limits imposed by the insulating material. 

A s  n result, thc gemrator rotor often has a rather large weight and a corresponding diameter 
compared to the ?urbine runner. O n  tlie one iiand, the large fly-wheel mass combined herewith is 
necded to st;lbilize the speed ~on i ro l .  or  to limit the overspeed after a sudden load rejection during 
a prescribed closing time of the turbine's main valve. Since a certain closing speed results from the 
adrnissiblc prcssurc surge due to water hammer of the piping, a relatively large generator rotor 
would compensate troubles originating from the hydraulics. 



On the other hand the exposure of the rotor t o  runaway in consequence of too long n closing time 
(or even by possible failure of the shut down device), in connection with its large diameter and its 
limited material strength, imposes a restriction on the rated speed of the generator. Hence for a 

with limiting output and somewhat elevated rated speed, the output decreases consider- 
ably with rising speed. 

Because of the high specific heat of water, and the large flow rate, the water turbine shows no 
problems caused by tcmpcrature rise due to  waste heat as a consequence of its losses. 

Contrary to this, the sensitivity of the insulation with regard to high temperature, a low specific heat 
ofconductor and iron and the surrounding air, in connection with the small heat transfer coefficient 
from metal o r  insulating material to air makes effective and economic cooling of thc generator a 
crucial problem when the machine is of the limiting output type. 

To keep its mass in economic limits, the alternator requires here internal cooling by water, being thus 
'converted" almost to a hydraulic machine. The problem is aggravated by the large diameter (size) 
of the alternator. This makes its surface/volume ratio vcry small. Since any emission of waste heat 
has to pass the now limited surface of the generator, any effective cooling is impeded. 

f i e  following example may highlight the situation. Consider a d&n of a set with limiting output 
equipped with rt high-head Francis turbine and horizontal shaft. Putting aside the problems of 
critical speed, bearing arrangement and varying the shaft diameter, it is easily possible to double the 
output of the turbine runner by means of a back to back arrangement with a double flow runner 
having the same diameter as before. Restricted heat flow and limited temperature would not  allow 
a similar measure for the generator. 

The evident feature of hydro turbo generators contrary to that of thermal turbo sets is the wide 
variety of speeds and the resulting salient pole design of its armature. In the low head range, the 
overhung construction with umbrella or semi-umbrclla design of the rotor is another speciality. In 
the "Straflo" design for lowest heads, the discharge of water passes the bore of the stator, thus 
cooling it effectively. 

11.4.1.2. Ouiput as a function of speed 

Because of physical limitation imposed by the mechanical properties of materials, the 
maximum output of a hydroelectric machine with limiting output is related to its rota- 
tional speed n (rpm), e.g., 15 M W at 1500 rpm, 250 M W  at 600 rpm, up to a maximum 
of 1000 M W at 120 rpm according to the estimates of Foster [I 1.611. 

Consequently, at sites with large potential power, the speed of the turbines has been 
chosen in the 100 to 375 rpm speed range to reduce the number of sets (Cap. 4.3) for the 
same installed capacity. 

The maximum outputlspeed characteristic for air and water-cooled generators is given 
in the Fig. 11.4.1. This is based on a turbine runaway speed of 180% of the rated speed 
and normally accepted safety factors. Moreover a difference is made between conven- 
tional generators and motor generators of pumped storage sets with either pump- 
turbines (binary sets) or  separate pump and turbine (ternary or tandem sets). 

11.4.1.3. Water cooling 

Water cooling can increase the output limit at a given speed by about 60% or,  alter- 
natively, for a given combination of rated output and speed, a physically smaller machine 
can be installed. This would also present a change in the losses in the machine, particu- 
larly a reduction in no load losses. Depending on their evaluation the extra cost, if any, 
of water cooling can be offset by the capitalization of the reduction in loss. 

4 nlimber of direct-water-cooled hydroelectric machines have already been installed. Of these some 
are only to gain operatiocal experience in the technique involved (e.g., Bavona o r  Tonstad), while 
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others were built bccause, thc combination of speed and output are beyond the capacity of 
an air-cool:d machine, e.g., Wehr (P = 254 MW, rr = 600 rpn~),  Krasnoyarsk (P = 507 MW, 

' n = 107 rpm), Silz (P = 265 MW, ?I = 500 rpm), Malta main stage (P = 208 IMW, ir = 500 rpm), 
Itcipu (P = 730 hlW,  11 = 90.2 rpm or 93,2 rpm respectively). . 

11.4.1.4. Pumped storage motor-generators 

The advent of the successful reversible Francis type pump-turbine has provided impetus 
for some powerful sets. In these schemes the net head affects the choice of speed. The 
mechanics1 design is eased because of the lower overspeed ratio, namely 1,5 for a high 
head pump-turbine compared with 1,8 for a Francis turbine. This originates from the 
relatively smaller radial extensior~ of a high head Francis turbine rotor. 

The specific output per pole 11as reached about 35 MVA per pole. Direct water cooling 
will further increase this value. 

High eficiency machines are required and there is the possibility of abnormal wear, 
compared with conventional hydrogenerators, on all conlponents due to their frequent 



which may entail starting and stopping 10 times a day. With a reversible set 
the following additional factors affect the generator design: hydraulic machine character- 
istics, dual rotation, methods of starting the units in the pumping mode. 

The present insulation design provides a built-in overload capacity, which can sometimes 
be used by operating the turbine at a gate opening greater than the specified one. Pumped 
storage involves frequent mode changes, starts and stops, and even reversal of rotation 
and in aggregate these will amount to several thousand significant load changes per 
nnnum. The epoxy-resin-based insulation system is designed to withstand this rapid 
cyclic duty. 

11.4.1.5. Special machines for low head - 

The rim generator of Straflo turbines (Cap. 10.2) could prove to be the economic means 
of generating electric power from the tides at selected sites, including several river estua- . 
ries, in the UK. Ratings of up to 50 MVA at 60 rpm have been considered. Such generator 
would have a rotor diameter of 12 m. This design combines excellent cooling by the 
discharge passing the rotor bore with an easy accessibility of the alternor. Highest 
possible natural fly-wheel mass ensures stable regulation. 

11.4.1.6. Operating regimes 

In the past, very many hydroelectric installations were built as base load stations, but 
with the changing pattern of generating capacity in an interconnected system, attention 
is being given to re-assessing the role of these existing machines. In many cases it would 
be more ecor~omical to operate the sets as peak-load stations with the added security of 
quickly available standby capacity. To achieve this, would mean increasing the installed 
capacity by 25 to 50 per cent and running at reduced load factor cp; see also [11.61]. 

Increasing the rating of the station could be achieved in a number of ways among which 
uprating thc existing generators is immediately attractive. Replacing the existing bitumen 
based stator windings by modern epoxy windings would permit a substantial increase in 
permissible rating both by increasing the volume of copper ir. the machine and by 
providing an insulation system of much improved thermal conductivity. 

11.4.1.7. Computerized design 

Computer techniques for the electromagnetic and mechanical ciesign calculations are 
increasingly being developed and these enable more detailed design studies to be carried 
out before the final design is established [11.60]. 

11.4.2. Alternator, eIectric features 

The alternator consists of a rotor as a carrier of a magnetic field with a magnetic flux @. 
This is obtained by a certain numberp, of pairs of DC excited poles uniformly distributed 
around the circumference of the rotor. 

The rotor is driven by the hydroturbine. This has a speed n[rpm], resulting from its head 
H and its essentially head-conditioned unit speed n,, (see Cap. 9.2) and a noininal 
diameter D, (from now on instead of D which henceforth denotes the diameter of the 
alternator rotor) of the turbine runner. Thereby the magnetic field of the poles, uniformly 
distiibuted around the circumference, induces in the z, windings of they, pairs of poles 
an effective internal voltage (in volts) 



f = C 1 zP j),.@, (11.4-1) 
whcrc C,, is consLil~lt = 9,517 - atld 9 thc e~ec t ivc  tn;~gnctic flux in i~lor,,,,,,, 
I-~;~rr~lonic;~ll y varying around the circumferunce. 

'rhc grid frequency /, the number of pole pairsp,, and 11-~e spccd 11 or the angul I 

of set (I, are relatcd by 
r velocity 

In rarc c;tses \vith larse variations of head and thereby widely changing optimilm speed 
,I, the speed a!ld the number of pole pairs either in the rotor or in the stator of alterllator 
may be changed at \ \ i l l  in two steps, especially when the ~naclline is a motor-generator 
af a pump-tarrbine uscci for turbine and pump operation, scc Cap. 11.4.7. 

When the alternator is loaded with its current I, then thc internal voltage E differs from 
the effective voltage U at the alternator termirlals by the following voltage drops to be 
subtracted vectorialiy (Fig. 1 1.4.2): 1) 2 nf(X, + X,) I, due to the synchronous reactance 
and with 90- lead against the current I,  where X, is the reactance due to the stray field 
of the stator and X, that due the armature reaction, 2) I R due to ohmic resistance R of 
alternator circuit (usually unimportantly small) in phase with the current I ( v  = 2 n f). 

Fig. 1 1.4.2. Vector diagram cf an alternator. O cffcctive magnetic flux; 
U efTcctive voltage at the generator terminals; 1 effective current; 
X, reactance due to thc armature rcacrion; X,, reactance duc to stray 
field of the stator; q phase shift angle; E effective inner voltage. 

Qbviously (Fi_e. 11.4.2) a phase shift cp between U and I results from this. 'The internal 
{oltage E depencis on the magnetic flux (D and hence can be regulated by variation of the 
elcitinz ctirr'cnt I,, . This is DC and supplied by the exciter, usually a stationary device, 
but sometimes a rotary machine at the shzft's end [11.77; 11.781. 

From the vector diagram (Fig. 11.4.2) it is seen, that in the case of parallel operation of 
alternators. the ansle 3 between E and L' depends on the current I. If 3 is too large, the 
alternator may  fall out oT step, which must be avoided by regulation. 

The phase angle cp be:ween U and I and hence the power factor cos cp depend on the 
excitation current. Therefore the latter has to  be regulated as a function of tlie load. 

U s ~ ~ a l l y  three phase current is generated, occasionally also single phase current for 
traction pot1-er-. In  the case of a three phase alternator, the terminal output results f r ~ m  
the carrcnt : and eit!ler tile star voltage L', or  the delta voltage U, by 

P = 3 ~ , 1 c c s ~  = ~ ~ I U , C O S ~ .  (1 1.4- 3) 

Resides regulilr operation sometinies the idling generator is used to balance the reactance power on 
the line by so-cnl1c.d 'condenscr' or 'phase shiftcr' operation, which thc emptied hydraulic machine 
has to \vithstand liO.1381. As a "spinning reserve" also standby operation is practised. 
The terminal vo:tagc ir has to be kept constant by regulation of tlie exciter. The operating voltage . 
ranges fro111 3 to 26 kV at frequencies of 16%, 50 or 60 Hz. For smaller machincs standardized 



voltages are recommended. Optimum magnetic and electric utilization of the machine is achieved. 
when the voltage can be freely selcctcd. According to experrence, the voltage increases with the 
output P .  This can be approximated by a logarithmic law PIPo = In(UiU,), where P, and Uo are the 
output and voltagc of a certain plant. 

Excepting traction power with its grids of 16% and 25 Hz, the frequency of AC grids is standardizcd 
at 50, or 60 Hz. Therefore regulation of an alternator to cover a certain load demand implies 
constant terminal voltage under nearly constant speed according to (1 1.3-2) and the proportional 
band (permanent speed droop) of the governor (see 11.2). 

11.4.3. Design features with respect to critical speed 

I. General remarks: The design of alternator rotor, its shaft and bearings is influenced by 
the effort, to  shift the critical speed to the desired high level (usually above runaway) at  
reduced cost. Therefore low head sets with low runaway speed show in general the two 
bearing design with an  overhung arrangement of turbine runner and alternator rotor. In 
order to reduce the distance of the rotor's centre of gravity from the guide bearing centre, 
the umbrella or  semi-umbrella design (Fig. 10.2.1.3) is preferred. 

The shortening of this distance also under higher head, when the large rotor mass then does not 
allow this design, is one of the decisive needs for a high critical speed. Moreover such a speed requires 
also a small mass of alternator rotor. As the latter is always larger than that of turbine runner, the 
design has to  be focussed on this small distance between rotor and its adjacent guide bearings. 

The dominating mass of alternator rotor is a typical feature of hydroturbine sets especially in the 
high head range. It requires corresponding machine tools. partly fabrication on site, a stress relief 
oven there, o r  transportation facilities with sufficient loading gauges, also cranes at the shop and site 
respectively, depending on the construction and the mode of rotor fabrication (in shop o r  on site) 
as well as  on the existence of a satisfactory erection bay. 

11. Fly-wheel effects: The big rotor mass suits the large moment of inertia often required 
for stable speed control and for limitation of overspeed after sudden load rejection. This 
holds especially for smaller and high-speed units. 

The fly-wheel effect of the rotor also effects the torsional vibration and thus the dimensioning of the 
shaft in some cases. The shaft diameter should then be selected so that no danger occurs in t h c c a s e  
of short circuit or faulty synchronization and the critical torsion spccd range IS avoided when thc 
torque varies. 

If the synchronous machine can be dimensioned for optimum electrical and magnetic utilization, 
without mechanical overstressing, the rotor has the so-called natural fly-wheel effect. 

If a fly-wheel effect greater than the natural one is required, it is necessary to increase the bore 
diameter so far as mechanical stresses permit (so-called fly-wheel type rotor). 

II' i t  is desired to retain the borc diameter corresponding to the natural fly-wheel effect, the required 
m, R 2  can be achieved by an additional fly-whcel with a diametcr larger than that of the stator bore. 
For reasons of accessibility in vertical sets, this fly-wheel is installed underneath the bore. It is then 
no longer possible to install and dismantlc the complete rotor (+  fly-wheel) through the s tator  bore. 

The physical origin of the largc rotor mass in relation to that of the turbine runner, especially striking 
at high-head machines, results on the one hand from the modest strength of the magnetic field in 
iron even under saturation. On the other hand it results from the limited admissible density of 
current in the conductor, to avoid heat stresses and damage of insulation by waste heat. As a result 
the force between rotor and stator is combined with a rather low pressure ( I  to 2 bar)  of the 
conductor bars on the radial walls of the notches. This could be overcome by cryogenics. 

Against that the hydraulic reaction turbine at a head H has a differential pressure about g y H on 
the rotor vanes, yielding up  to 70 bars. Moreover the propelling force on the runner is extended over 
the-whole vane-fillcd space of the rotor, whereas in the alternator rotor it is limited to  the  surface 
near thc gap  between rotor and stator. 



111. Shaft ditlmetcr duc to critics1 speed nnil rotor mass: The shaft di:lmclcr is usual, 
Y dctermincd by the nccd, to set tlie lowest critic:ll speed u),, due to flcxural vibrations 

somc~vh:lt ~I!>OVC tlie ruIl:I\il:Iy speed cora (scc also Cap. 10.5). According to the similarity 
Ia~vs (Cap. 9.2) 

or, = z3;' i K ~ ~ ( ~ ~ I I J ) ' ~ ~ / D ~ ,  (1 1-4-4) 

where D ,  is from now on the runner diameter of the turbine, Ktr its rated blade speed 
coefficient, and i its runa;Nay to rated speed ratio (a  type-conditioned figure). 

The critical speed (I),, is mainly determined by the imaginary deflection f.of the horizon, 
tally assumed shaft under the weight nt, of the alternator rotor, according to 

The mass of the rotor, density Q,,  axial length L, diameter D (from now on), with LID 
as a design feature, may be expressed by 

n1, - Q, D~(L/D).  (1 1.4-6) 

With a distance betweeti the centre of the bearing and the rotor proportional to L, an area 
moment of inertia of the shaft, diameter cl,,, proportional to d:,, the shaft deflection 
becomes 

f - 9 ( ~ / & , h ) ~  L2!E, (1 1.4-7) 

where E is Young's modulus of the shaft. Inserting this in (1 1.4 - 5), gives the lowest order 
critical speed 

GI,, = const ( d , , , / ~ ) ~  (Dl L) ( E / Q , ) ' / ~ / L .  (1 1.4-8) 

Introducing the mass of the turbine runner, diameter D T ,  axial depth L,, density Q,, in 
the same way as that of thc alternator rotor after (1 1.4-6), the ratio of the 2 rotor masses 
reads 

p* = nl,/nlT = (LID) (LT/DT)-  DID^)^. (11.4-9) 

Safe operation requires 

wCr/ora = const (in general) >= 1. (11.4- 10) 

Inserting (1 1.4-4) and (1 1.4- 8) in (1 1.4- 10) and expressing DID, from (1 1.4-9) brings 
the shaft to rotor diameter ratio 

The upper limit of d,,/D depends on the rotor type (Cap. 11.4.7). 

11.4.4. Dimensioning the alternator rotor 

I. Diameter of the alternator rotor: Calculating the diameter D has to start from the 
turbine-conditioned runaway speed o,, being i times the rated speed o (hence in terms 
of angular velocity). Thus o,, = io. Rotor dimensiolling may start from the admissible 
stress o,, of a critically stressed element, usually on  the outerrilost diameter D. Accounting 
for fatigue and notch effects by a factor k, then in a limiting design 

where g, is the mean rotor density. 



Then the diameter D, of the turbine runner follo~vs from the head 11 and the flow Q. the 
hence given type number n, (Cap. 9.2), the resulting ;lngular \docit)- (9 nrld blade speed 

K L I  by means of 

To facilitate, in the case of a vertical set, dismantling and assembly of the runner (for 
reasons of submergence at the bottom of the set's pit) by lifting i t  through the bore oT the 
alternator stator, the following condition must be satisfied ( i f  isnoring step up gears.) 

where DT, is the maximum runner diameter. This is usually satisfied if dcsizns of very 
low head are exempted. On  the other hand D and with i t  the outmost stator diameter 

allow a convenient placing of two adjacent alternators \vithin a distance glven by 
the lateral width required by the spiral chamber or  its equivalent (see Cap. 4.2). 

11. The iron length L of the alternator rotor: On  the one hand this results from the rotor's 
required moment of inertia O. Expressing this by O = I ; ,  9 ,  L D J .  \~.i th k ,  as a design- 
linked parameter, accounting for the start up time of set T, required (Cap. 11.3), with the 
parameter k3 due to the torque vs speed graph and the shaft efficiency 11,- of the turbine. 
the equation of motion of the starting set gives for the iron length L of a rotor, which has 
the so-called natural fly-wheel effect, the following expression 

With the requirements of magnetic flux and current coverage of the alternator. the latter's 
output P, = PTqG, ils speed n = 30w/n, the pole pair numberp,,, the rotor length ho~vevsr  
becomes 

L= P , / ( C ~ ~ D ~ ~ )  = nP,/(30 p ,D20C) .  (1  1.4- 16) 

The parameter C (k  W/(m3 rpm)) depends on such features as the permissible temperat lire 
rise A T ,  the termillal voltage and an iron fillifig factor for bundle lamination of the stator 
(1 1.831. In the case of water cooling C may be raised by about 60 9.b. 

w , l  and y, in (11.4-2), L in (11.4-15j and ( 1  1 . 4 1 6 )  and (1) in ( I  1.3-12). (11.4-13). 
(11.4- 15), (1 1.4- 16) must be compatible with each other in a limiting desi2n. 

11.4.5. Alternator output a s  a function o f  working data 

I. The output:  By means of the similarity laws (Cap. 9.2). the flow Q reads: 
Q = Q1, D + ( g ~ ) 1 1 2 ,  where Q,,  is the unit flow and D, the runner diameter of the turb~ne .  
Introducing t l~ i s  in (1 1.4- 15) gives the iron length L, which the turbine nceds for a certain 
start up  time T,  of the set due to a stable regulation. Putting this in ( 1  1.4- 16). and using 
for the number of pole pairs p, the relation (1 1.4-21, the generator output becomcs 

It should be noted that C has the dimension kg/(m/s2) (in practice kW mirl,'m3). 

Accounting for ( 1  1.4- 8) and (1 1.4-4), the required distance of the lowest critical speed 
due to flexural vibrations of the set from its runaway spced according to ( 1  1.4- 10) yields 

This in (1 1.4- 17) gives the alternator output the form (Q, ,  due to rated flow) 



U. !tic 4iniiInrit; I;i\vs (3.2) the ripccific hcnd g H can bc rcduccd to lhc runner blad sw cuclfir.ic11 t Ku : q I I  = (rn 1),'2)'1(? ~ 1 1 ' ) .  Tlic strength of thc gcncr:ltor rotor under runawal 
requisc\ t~ccordlng to ( 1 1.4- I ? )  tile followit~g linkepe of  the circunlfcrclltial rotor tip 
spccd (u lliZ ;tntl the admissible stress o,,,,: ((0 D/2)' = o, , , / (kp,  i2 ) ,  where e, is the rotor 
clenhity a n d  i the runaway to rated specd ratio. Both the last relations give 

Putting this in ( 1  1.4.- 19) the alternator output becomes 

Ir: a limiting design, now considered, Did,, and L I D  are more or less constant. For a 
reaction turbine the speed coeficient Ku and the runaway to rated speed ratio i rise 
slightly with the type number nb (Cap. 9.2). It is seen, that P, is proportional to the line 
frequency j' and the design factor C.  The latter can be raised by 60% in the case of a water 
cooling. Hence the output of an alternator, keeping cverytlling else constant, is mainly 
inversely proportional to the squared speed o. 

1n.a real d e s i p .  this holds only from a certain mitlimum speed on. Below the latter, the 
output depcnds otherli ise on the speed o of the set. Strictly speaking in a li~niting design, 
P = P f r * ) ) ,  (see Fig. 1 1.4.1). Hence by means of t!~e sin~ilarity laws, the type number nb can 
be expr:ssed as follows 9s n function of the angular velocity and the head 

In the cas5 of a Iarsc reaction turbine. the submergence links a given head yH to a certain 
type number , I ;  (Cap. 9.2). At given Q ,  ) I T ,  nb and g H  the last relation can be considered 
as 3 11mitir.g relation for thc s p e d  w. The latter must be adapted to the line frequency 
j' by mcans of ( 1  1.4- 2). Thcn the output follows by means of F ( o )  according to ( 1  1.4-21). 

I I .  The o u t p u t  as a furlctio~l of the mass ratio p* ( 1  1.4-9) and cooling: Inserting ( 1  1.4-20) 
ira ( 1  1.4- 1 l l  gives 

(tl,,,'D)' - (o,,/(k E))  (IJ/D)10'3 ( L = / D ~ ) ~ / ~  p* 2'3. (11.4-23) 

This in ( 1  1.4-21) shows that the output is inverse to p* 

The latter reiation is valid only for an alternator whose outermost parts operate with a 
stress-lin1i:ed peripherai velocity at rmaway. Below a certain speed o and for a rotor 
11 hose tip diameter is limited by manufacture and portability, the limit of alternator 
output docs not depend in inverse proportion on the speed of the set (see Fig. 11.4.1). 

\Vith the specific loss It;, the heat flow h;P, has to cross a surface - D L  by means of a 
heat transfer coefficient a at a temperature difference A '7: Hence the squared diameter of 
the alternator rotor 

D' = const [ I t ;  c / ( a  A T ) ]  DIL. (11.4-25) 

The generatorlturbine rotor mass ratio p*, (11.4-9),  can be reduced to  LID, D3, LT/DT 
and D:. Expressing D by (11.4-25), D ,  by (11.4-13), the mass ratio p* reads 



DT (") 'I2  (4;")"' "' 
p* = const - - 

L7- L a A T  ~ u ~ ( g H ) ~ " '  

Inserting this in the relation (1 1.4-24), the alternator output of a limiting design. a t  given 
head gH, reads as follows 

P, = const (h~11k3)112(("314(;)"2(U~9~a~~ k, i3 K U  
'" L "' 

k QR h; ) (5) 
(1 1.4 - 27) 

Thus the alternator output increases by raising a) the overheating AT (limited by insulation 
material), b) the resulting heat transfer coefficient a. Hence, 60% increase in output by water cooling 
reflects 150% growth in a. Since the heat transfer coefficient between coolant and metal for water 
is about 100 times that of air, the above demonstrates a predominantly diminishing influence of the 
heat conduction term in the iron and copper on the value a. 

General consideration: From (1 1.4- 16) and (1 1.4-2) the output of an alternator with a grid frequen- 
cy f can be expressed by 

P, = const CD2 Lf. 

For homologous machines L -.D and at a given grid frequency, the generator output becomes 
proportional to its volume, namely P, - D3.  The alternator's power loss is mainly proportional to 
its output and mainly converted into heat flow Q:,. Hence Q:, - D3. 
A t  a given permissible temperature difference A T between the alternator and the coolant entering, 
and at a given heat transfer coefficient a, this heat flow has to pass the alternator's surface A.  Hence 
Q:, - a A A 7: With the proportionalities A -- D2 and Q,+, - D3, the resulting heat transfer coefficient 
required becomes 

a - D / A  T. 

Thus cooling of an alternator beconlcs more difficult with increasing physical dimension of the 
machine. 

11.4.6. Cooling in practice 

1. General survey: The purpose of cooling is temperature control of zones with heat loss 
(conductor, magnetic materials), and its components which may be damaged by excess. 
heat [11.75]. 

Overheating is established by a series of temperature rises. In the following this may be 
shown in the case of air cooling. The temperature of stator winding can be divided into 
the following factors: 

1) air from coolers to air entering the ventilation ducts, 
2) air entering the ventilation ducts to the iron, 
3) iron stator copper winding. 

The first is due to the heat carried in tlie air before reaching the stator ventilation. The 
, second is a function of the heat transfer coefficient from iron to  air, that is on the velocity 

of the coolant and the shape of the ventilation ducts. The third cause of temperature rise 
results from construction techniques. 

To establish as accurately as possible the intensity of these types of heat exchange, 
complete knowledge of coolant flow is necessary, i.e. 

1) A fluid flow calculation to evaluate the pressure required for coolant circulation. 
2) Heat flow calculation. 
3) Fan or  impeller pump system design. 



I I .  T i ~ c  coolilnt circuit for air cooling: The circuit clesi~n depcncls or1 1-nrinus fc;l[1lrcs of 
ths rilnc:lillc. \Vitll air ;is :l coolant nltcrilators can be divided inlo tllc fo!lowing groups 

1 )  I ligh spoed ~e~lcr i l tors  (small diameter, low pole numbers). 
2) Slow gcilcrators (I:lr~c di:lincter, large pole numbers). 
3) Reversible motor-gcncrntors for pump-turbines and tlon reversible r l ~ o t o r - g e n c r a t ~ ~ ~  
for ternary pumped storage scts. 

In air-cooled machines a distinction is also made between axial arid radial ventilation, 
where the first is preferably employed in the group 1) and the latter in group 2). Both 
methods of cooling can be used in an open or closed system. 

With axial ventilation (Fig, 11.4.3.11, the air is supplied predominantly by a radial fan. 
The bore and parts of the outer surface of the active iron are cooled directly. This alsd 
applies to the pole winding in the gaps between the poles. Heat is removed from the stator 
winding indirectly over the length of the axial slot, whereas the end windings are cooled 
directly but have different temperatures corresponding to the temperature rise of the air .  
within the axial slot. 

With radial cooling (Fig. 11.4.3.2), the air is blown symnletrically into the gaps between 
the poles from both sides by axial fans. 'The centrifugal effect of the rotating poles diverts 
the air in the radial direction and into the cooling air ducts of the stator iron. The stator 
end windings lie directly in the cooling flow from the fan. 

With larger bore diameters the air can also flow radially through the rotor (group 2). 
Additional vanes may bc providcd in the spaces between the rotor rings to assist the flow. 

111. ~ o o l i ' n ~  systems: Open systerns for smaller ratings withdraw the cooling air from the 
turbine hall (Fig. 11.4.3.3) and discharge i t  into the maclline pit. In the case of greater 

Fig. 11.4.3. Air coolin_p s!steinj: 1 Cooling with axial ventilation by a radial flow fan; 2 cooling with 
radial vtntil;ltion by 2 axial fans; 3 open system, cooli~lg air is drawn in from the turbine hall and 
expelled into the generator hall; 4 cooling air supplied from and discharged to the atmosphere; 
5 re-coolin_c of ventilating air by water/air heat exchangers; 6 air supplied by a separate motor fan 
unit for reversible units. (Drawing from Brown Boveri and Cie: Synchronous machines for hydro- 
electric power plants. Spccial issue publication No CH-T 130082 E.) 



power loss the cooling air is preferably drawn from the :~tmosphere via filters and  ducts 
and subsequently discharged (Fig. 11.4.3.4). The air can be discharged through openings 
ia the warm air duct and used for he;~ting the power house if necessary. 

The closed system is used when the atmosphere is polluted and for high output machines. 
The air circulates in a closed circuit and is re-cooled by waterlair heat exchangers 
(Fig. 11.4.3.5). It is possible to maintain an almost constant operating temperature by 
metering the quantity of cooling water o r  mixing warm water with the cold water 
according to the load on the machine. The  heat exchangers are either flanged to the stator 
frame or let into the foundation cooling ducts. 

synchronous machines for reversible operation (group 3) and pole changing two-speed 
machines are ventilated separately. The  cooling air is supplied by motor driven fan units 
(Fig. 11.4.3.6). 

~ u r t h e r  efforts to  increase the specific output and improve the utilization of the machines 
have led to  the application of liquid cooling. The economic advantage of liquid cooling 
is dependent on the evaluation of losses. Its application is particularly justified for high 
outputs and high speeds. Moderate values of fly-wheel effect (bulb generators) permit full 
utilization of the advantages of liquid cooling. 

IV. Water cooling of the stator: In the stator winding bars are inserted, consisting of 
transposed conductor elements (according to  Roebel's principle) hollo\v conductors ior 

Fig. 1 1.4.4. Devices for a water- 
cooled system: a)Section 
through a water-cooled Roebcl 
bar; 1 solid conductor elcment; 
2 insiilation of a conductor ele- 
ment; 3 cooled conductor cle- 
ment (hollow conductor); 4 half 
insulation; 5 filling; 6 semi- 
conductive potential coating; 
7 nlain insulation; 8 bcnd un- 
derlay. b) Transfur un i t  (watcr 
head) for feed and discharge of 
thc cooling water to and from 
the rotor winding. c) Rotor coil 
With square, hollow copper con- 
ductor. (Drawing courtesy 
Brown, Bovcri & Cornpanic 
Ltd. Badcn, Switzerland.) 



thc cooling watcl- (Fig. 11.4.Ja). The cooling watr:r is supplied to the st:\tor wind' ' 
and rernovcd by a closed circuit system of pipus or a ring main spjlcrn arranged 
the wlncli~igb in thc stator frame. The insulation bclwccn thc stator windings 
cooling systcm is provided by Tcfloll hoses. 

% !T The iron losses of the stator laminatiol~ are likewise relnovcd by coolinp water. 
1 2  

V. Water cooling of the rotor: The cooling water is kd to the rotor winding and remo,,o;i 
via ;I transfer unit on the end of the shaft (Fig. 11.4.4 b). concentric stainless steel 
in the shaft bore carry the treated cooling water via flexiblc conncctioas to the manifoldr 
nloui1ted on the rotor. The water then flows via insulating boses into the hollow conduo 
tors of the pole windings (Fig. 11.4.4~). The iiquid cooling sysl-m consists of two circui(r 
The first circuit supplies treated, i.e., de-ionized, oxygen-free water Lo the stator and rot& 
winding system. The other circuit supplies untreated fresh water to the stator end plalo 
and the back of the stator iron. 

a -  

The conductivity of the treated water, the relative llu~nidity inside the stator frame a 
the circulation of the liquid are monitored continuously. 

Fig. 11.4.5 a shows the sectional drawing of the f i~ l l y  water-cooled alternator at ~ ~ ~ ~ t ~ b ,  
Ncrway, built by BBC, to prove the reliability of this design. Fig. 11.4.5b shows a 
perspective sectional drawing of the alternator ltaipfi, Rio Parank Brazil, at present one . 
of the largest water-cooled alternators in the world, built by BBC and Siemens. But here, 
only the stator is water cooled. 

1 1 A.7. Rotor construction 

The output, runaway speed, and the required fly-wheel effect largely determine the 
construction of rotors. Assembly and transport limitations are often additional criteria 
which affect rotor constructio11. The shaft dirnensions are determined by the critical 
flesural and torsional speed, which must be in adequate distance from the interfering 
excitation frequencies. Fig. 11.4.6 shows different bearing arrangements. 

I. Rotor body: Rotors for small number of poles and sniall bore diameters are constructed 
as solid forgings (Fig. 11.4.7.1). The shaft and central body form one unit. In rotors with 
a larger number of poles and larger bore dianleters the heavy central section is replaced 
by a cast or forged hollow body with shaft ends flanged on to both sides (Fig. 11.4.7.2). 
Rotors for large capacities and medium number of polcs are preferably constructed as 
disk rotors (Fig. 11.4.7.3). The central body is formed of several rolled steel plates centred 
in relation to each other by spigots or mating rings and compressed by prestressed 
clalnping bolts. The shaft ends are also flanged to the rotor body by means of clamping 
bolts. 

The central section can be replaced by a cast steel spider with several shrunk-on forged 
steel rings (Fig. 11.4.7.4). Rotors for larger diameters and medium to low speeds are 
constructed with laminated rims. They have a continuous shaft with a shrunk-on spider, 
or shaft ends flanged to the latter (Fig. 11.3.7.5). The spider consists of a cast, forged or 
welded hub with attached arms, which can be onscrewed or are welded to the hub 
depending on transport limitations. The rim consists of segments of steel laminations 
each several millinleters thick. l 'he punched segments overlap each other and are corn- 
pressed by clamping bolts to form a ring resistant to bending. With the usual overlapping 
of one pole pitch. at the joint between the individual segments, the critical cross-section 
for the strength analysis deviates less from the full ring cross-section, the greater is the 
number of pole pitches in a segment. 



Fig. 11.4.5. a) Longitudinal section of a fully water-cooled alternator at Tonstad, Norway (owner 
Sira Kvina Kraftselskap), operating satisfactorily since 1968. Contrary to plants like Wehr, needing 
water-cooling, this alternator was equipped with it, to test the method. (Design Brown Boveri and 
Cie, Baden, Switzerlar~d) P = 190 MVA; n = 375 rpm; n,, = 600 rpm; terminal voltage 12 kV;rated 
current I = 9140 Amp; cos cp = 0,85; fly-wheel moment 3000 m2 tons; exciter current 2630 Amp; 
exciter Voltage 220 V; total weight 480 tons. Relative losses: stator winding 43%;  rotor winding 
25%; bearing 13,9 %; stator iron 5%;  water cooler 10%.  From [11.76]. (Drawing courtcsy Brown, 
Boveri & Comoany Ltd, Baden, Switzerland). 

To observe the required dimensional tolerances of the lamination segments, the contour, bolt holcs, 
pole fixing grooves and keyways are punched out in one operation. Torque transmission between 
laminated rings and thc spider requires accurate keying, which ensures tangential guidance even with 
a floating ring. 

The rings of large low-speed machines are built up on the fully mounted spider in the power stations. 
Laminations to a height of a few centimeters are rtpplicd only to chcck the spacing between the bolt 
holes and pole securing grooves and to locate the keyways on the arms of the spider. 

11. Poles: Poles are solid or laminated depending on the mechanical stresses and the type 
of operation. As a result of the relatively low ohmic resistance the additional losses in 
solid poles, made of forged or cast steel, are higher than those in laminated poles. The 
additional losses are essentially the eddy current losses caused by the higher field harmon- 



Fiy. 11.4.5. b) Perspective sectional view of Itaipi! alternator, Rio Parani, Brazil, Paraguay (owner 
Itnipu Binacional) IS units fabricated by Consorcio Itaipu Electromeca~~ico (CIEM), comprising on 
the electric side the European firms, Alsthom Atlantique, France, Brown Boveri, West Germany and 
S\\i~zerland, Siemens Limited, West Germany, and their Brazilian subsidiary firms Industria 
Elkctrica l3rov.m Boveri S.A., and Siemens S.A. in Lapa. To date with resFect to output one of the 
largest alternators for hydropower sets. Water-cooled stator. Data for the Paraguayan (Brazilian) 
machine: frequency jO(60) Hz, ratcd capacity 823,6(766,0) MVA, power factor 0,85(0,95), rated 
speed 90,9(92,3) rpm, runaway speed 170 rpm, rated terminal voltage 18 k V  I_t 5 %, outside stator 
diameter 19,7 m. stator bore diameter 16 m, thickness of stator bundle lamination 3,5(3,26) m. 
Tllrust bearing load 4210(4300) tons, rotor weight 1961 (1945) tons, total weight 3343 (3342) tons. 
S!arting operation 1983,'84. Rated head H, = 115,4 m. Power transmission at 50(60) Hz with 
500 kV .4C, k 600 kV DC (500 or 765 kV AC). Note skewed spidzr arms! 

In this context. a comparison with the fully water-cooled alter~lators of Krasnoyarsk designed by 
LhIZ, SU. and put into service in 1966 may be of interest. Here rated head H, = 101 m, rated 
capacity 600 ILIVA. 11 = 93,8 rpm, stator bore diameter 16 rn, rotor weight 2000 tons. axial thrust 
3400 tons. From this it  is secn that at nearly the same peripheral speed, rotor diameter, and rotor 
weight, the electric output of an alternator with a water-cooled stator has been increased by about 
37 O/b compared with a fully water-cooled alternator built about 20 years carlier. 

The gap clearance of 29 mm results in a gap/roior diameter ratio of 1,8 - lo-'. Bccausc of the radial 
thermal rspansion of the heated rotor working, this ratio has to be about 5 times larger than in the 
rcnner seal of the watcr turbine, where it is dictated by the clearance of the adjacent guide bearing 
and the flexibility of the shaft. From H. Gabler; Itaipli, Wasserkraftwerk der Superlative. ETZ 103 
(1982) no 10, p. 522i528. (Drawing courtesy Siemens, Erlangen, West Germany.) 





fig. I 1.4.7. Constr:~ction of the ro 
I solid I body: ? cast or lorw 
l i o l l o ~ ~  body in cclltr;ll section; 3 
made of \evcml rolled steel (liss (% 
rotor): 5 I : I I I I ~ I I ; I ~ C ~  rllll rotor c~nSillin 

ad a spider :1nd onc or more rims . . b 0vcrl;lpping steel I a m ~ n ; ~ l ~ o n  scsmQk 
(Drawing from spccial issue BBC 
Fig. 1 1.4.3.) 10 

damper bars in front of the rotor and the ring scgrnents permit compensation of varying thermal 
expansion of the individual bars. 

Tile m e ~ h o d  of securing the poles to the rotor body depends on thc stressing by the centrifugal force 
at  rhe runaway speed. With low peripheral speeds and small bore diameters the poles arc bolted on 
to thc rotor rings or rotor rim from the air gap side. With larger bore diameters and peripheral 
speeds thc poles can bc bolted on from the hub side. The poles can then be dismantled axially to 
allow overhaul of thc pole or stator winding without dismantling the machine. 

Single o r  multi-claw mountings arc required for medium and high peripheral speeds, e.g., 2T-hcad 
claws which engage in corresponding keyways in the rotor body. The claws are presscd against the 
ro!or body by wedging at both ends. Carefully designed radii of curvature in notches and claws hclp 
to rcducs the stress peaks causcd by the unavoidable notch elTect. 

111. Field coils: The individual turns of the field coils consist of hard drawn copper 
sections cut !o appropriate length and width and hard soldered at the joints. To increase 
the cooling siuface area individual turns may have a greater conductor width, so that the 
outer coil surface forms a finned cooling element. The insulation between the turns 
consists of glass asbestos or plastic films and is baked with the copper under pressure 
(corresponding to the centrifugal force at the runaway speed). 

The  end \vindings are terminated by an  insulating frame made of glass reinforced p!astics. In addition 
to  high mechanical strength this frame must have sliding properties to compensate for the relative 
expal~sion of ths field coils relative to thc pole pieces. The winding is secured by steel frames bolted 
t o  the polc piece. Cup springs inserted in the frame keep the windings pre-stressed. 

IV. Pole changing: Occnsionally pump-turbine sets have two speeds, since optimum 
hydraulic efficiencies are achieved if the pump speed is about 20% above the turbine 
speed. Pole changing can be achieved by the following methods: 

a) The rotor poles are of identical construction and their number corresponds to the 
lower speed. For the higher speed, poles are switched out or two adjacent poles are 
energized in the same direction (Fig. 11.4.8.1). 
b) Poles with different widtns are distributed unevenly around the periphery 
(Fig. 11.4.8.2)- By switching over groups of poles and possibly disconnecting individual 
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Fig. 11.4.8. 1) left: Pole arrangement and pole field pattern for changeover from 8 to 6 poles with 
identical construction and uniform spacing of the poles. 2) Right: Pole arrangement and pole ficld 
pattern for changeover from 8 to 6 polcs with different co~~s t ruc t ion  and irre_gular spacing of the 
poles. After BBC publication on "Synchronous machines for hydro-electric power plants". N o  CH-T 
130 082 E. 

poles, two different numbers of poles can be achieved, the smaller one giving a substantial 
increase in the flux density of the fundamental wave. At the same time the fields due to 
other harmonics are weaker than in case a). Brown Boveri have combined the advantases 
of simple pole arrangement in a) with the ftinctional superiority of b) by making the pole 
shoes asymmetrical and displacii~g them in such a way that their flux distribution pro- 
duces the best possible conditions for both speeds. 

Moreover the stator of the BHC machines has two separate windings, in which evcry second coil of 
one pole number is assigned to the interposed coil of the other pole number. 

With machines based on this concept, very smooth running is achieved up to  the largest 
outputs. 

11.4.8. Stator construction 

I. Stator frame: This is a welded structure designed and dimensioned to withstand the 
stresses of the rated torque, and in the case of a fault, e.g., short circuit, of the much greater 
impulsive torque, of the dead weight of the stator, of the axial thrust on the rotating parts 



(in the ctisc of a vcrticcil set with thrust bc;lring on the hcnd covcr of th-   stat^$.:^ 
n ~ a g n e l i c  Sorccs and clue to thcrmal cxp:irlsion. 

S ta to r s  il l  horizontal niacliinos transmit these forces t h r o i ~ g h  support in^ feet to the 
plates into the foundatio~ls.  T h e  stators of vertic;~l machines a rc  supported on the foundr. 
t ions by means  of brackets o r  by bearer rings, part icular  at tention bcing paid to the fo 
involved. lIence,  with rising temperature the s t a to r  can  expand axially freely. rsl 

Single phasc  machines ciluse a specinl problem with regard t o  s ta tor  support as a 
o f  the  to rque  b:ldly pulsating a t  twice the system frequency. Hcre n stator spring sl,spcb 
s ion m a y  reduce the transmissiol~ of the jolting forces. 

T h e  s i a to r  is suppor ted  by spring units each comprising a number  of leaf springs, whore 
ends a r c  clamped in holders. T h e  lower holder is connected t o  the stator by n suspension 
rib, the  upper  holder to  the foundation ring via a supporting rib. The leaf springs a~ 
subjected t o  the s ta tor  weight with the result tha t  the danger  of  buckling is diminat& 
Thus the s t a t o r  can oscillate freely peripherally. 

The concrete support of the stator has to be reinforced by stay wires which are tensioned in the axill 
and peripheral direction, to avoid fatique effccts in the case of shcrt circuit. For this emergency cm 
the stator frame has to resist any buckling by twist. 

Fie. 11.4.6 shows different arrangements of stator. 

11. Stator iron: The active iron is formed of 0,5 mm thick laminations of low-carbon, silicon-alloyed 
iron. A thin electrically insulating coating of varnish resistant to high temperatures is applied to both 
s~des. R.1axirnum care is takcrl when installillg the laminations to prevent local ovcrhcating due to 
short-circuitcd laminations. The overlapping segments are guided by wedge-shaped bars of pris- 
matic cross-section. 

Thc type ofconnection b e t ~ e e n  the stator iron and frame ensures that the bore tolerance is observed 
up to the largest dismzters arid enables the stator frame to absorb the thermal expansion of the iron 
core. 
The laminatioris are compressed by hydraulic jacks. On completion of the pressing operation, 
pressure is applied to the wcdge-shaped bars used for guidirl~ the laminations. Deslgncd as bolts 
threaded at both ends. thcsc ->:edge-shaped bars project beyond the cnd pliltcs and arc tcnsioned by * 

nuts. Clamping fingers transfer the pressure to the stator tceth, so thilt tooth vibriition of the end 
laminations and possible damage to the stator winding insu!ation arc prevented. 

For radial flon of the cooling air the iron is subdivided into individual p;tckets of laminations in the 
axial direction. The cooling ducts are formed by spacers of steel spot-welded to the end lamination. 
The number and arrangement of the spacers are selected so that the pressure is distributed as 
uniformly as possible over the segment area and the resistance of the cooling air flow is moderate. 
It is advantageous to glue the lamination segments of the stator iron for certain operation conditions 
and machines of a specific type. 

In bulb turbines for example, this leads to mechanical bracing of the stator. because the iron acts 
as an integral part of the frame. In pole changing machines the gluing permits the absorption of 
jolting forces caused by the upper harmonics. 

111. Stator ~ v i r i d i ~ l ~ :  The reliability of the stator winding is determined primarily by the quality of 
its insulation. An effective insulating system consists of a continuous tape insulation impregnated 
with synthetic resin in vacuo and subsequently curcd. A glass fabric strip is used as a carrier material 
for the insulating fleece and a special solvent-free epoxy resin is the impregnating irgent. 

The larger machines usually have s double-layer bar in ope11 slots. The bar cross section consists of 
several conductor elements transposed on the Rochel principle (Fig. 11.4.4.1). These elements are 
covered with glass filament and glued with cpoxy resin under prcssurc to form a compact bar. The 
insulation taping is subsequently applied to the bar strengthened in this way. Great care is taken to 
ensurc firm permanent wedging of the conductors inside the slots and similarly effective support of 
the end windings. 



Some speculations on regulation and future tendencies: At reaction turbines with fixed runner blades 
(to-date the majority of hydro turbines), an adaptation to the varying power demand causcs a 
changing angle of incidence of the relative flow and hence an inlct shock at runner inlet edgc. T h ~ s  
decreases either the eficiency from its bep value with vanishing inlct shock or it  creates cavitation 
past the inlet edgc of the rotor vane. Moreover in such a machine a deviation from the bep  causes 
whirling flow past runner exit and hence draft tube surges. 

Both troubles originate from the velocity triangles in consequence of constant blade velocity due to 
speed regulation. Inlet shock and exit whirl disappear when the speed of the set is regulated 
appropriately. Such a specd regulation may be implemented, if the alternator of the set supplies a 
high voltage DC power transmission line, provided its thyristors and wave filters for harmonics are 
insensitive to  the speed variation considered. 

At heads up  to 300 m and constant gate, the turbind flow is not influenced by speed change. Thus 
water hammer must not be accounted for. Nevertheless the range of speed regulation has to be 
limited since some loss components, e.g., disk friction and ventilation rise with speed. Moreover the 
speed range has to  be set so  that, due t o  common practice at hydro power sets, the lowest critical 
bending and torsion speed are above the upper limit of the working speed. Also material strength 
of the rotors limits the speed by stresses originating from centrifugal load. The large inertia of 
alternator rotor due to its iron and conductor mass required and its long start-up time is a 
considerable hindrance to fast variable speed regulation. Material with higher magnetic flux density 
and conductors with higher permissible current density (realized by applying cryogenic engineering) 
could assist in overcoming these troubles. 

Operations with continuously varying speed would require an appropriate regulation of generator 
terminal voltage. The layout has to start from the ratio of upper and lower specd limit. On the 
hydraulic side this depends on the turbine design and should not exceed the value of 1,5, on the 
electric side this could reach 3. The upper limiting speed results from the critical speed and material 
strength at runaway with a glance at frequency-induced losses. The lower limit derives from t o o  largc 
cross sectional areas the magnetic flux then requires. 

To eliminate the inlet shock and exit whirl when the turbine works away from its bep, also an 
operation with constant gate opening is thinkable. Ignoring the case with a number of sets suficient 
to work around the bep by switching them on and off, a constant flow operation could be imagined 
when the excess of electricity generated, produces by-products, e.g., hydrogen electrolytically. I-low- 
ever, this process, with about 90% efficiency and its low voltage, can in no way compete with 
up-to-date high voltage power transmission. Further the recuperation of energy thus cl~ernically 
stored in hydrogen is also linked to low voltage and hence uneconomical. 

The high combustion temperature of hydrogen makes it useless for room heating. Problems of 
lacking material strength and resulting low service life also prohibit the application of hydrogen in 
internal combustion machines. Hence to day the combustion of hydrogen could only be used for 
welding o r  chemical processes. In future it may be used for power generation at highest temperature, 
e.g., magncthydrodynamic process. At present, all this cannot compete with hydro-elcctric power 
generation in respect to efficiency. Hence such a detour in energy transmission is only justified if  
energy is amuent and the by-products gained in this process are scarce thus increasing the resulting 
economy of the installation. 

Growing size of units, welded and hence more elastic construction, economic use of high yield point, 
or wear-resistant material with limited useful life, fatigue effects, transients like regulation, change 
of operating mode, water liammer and cavitation, will give priority to the prediction of the proto- 
type's dynamic response and wear with respect to the phenomena mentioned above. This requires 
rnodcl tests on  the maclline, its components and their material. 

Any prediction of this kind has to  consider material properties of the set. its foundation including 
the power house, its liquid-filled gaps in bearings and labyrinths, the properties and geometry of its 
piping, the properties of the working fluid as, c.g., free air content (also that due to  cavitation), the 
modes o l  operating and regulating the set, and the power spectrum of exciting frequetlcies and  their 
response. This power spectrum, as a function of free air content, has been rncasured, e.g., on  s model 
Francis turbine of high specific speed by Walter [9.34]. 



l l ocevc r .  ;I prctlic.tio~r of thc dynamic prototype phcnomcni~ occ11rl.ing in n hydro.clectric 

turbomachinc set, with its kl~owri material, piping and clcctric grid, will rcmuin a task, whose 
\elution is rese:vcc! to the fitturc. 



List of References 

[1.1] Cotillon, J.: L'hydroklectricitC dans le monde. Houille Blanche 33 (1978) no 112, p. 71/86. 
[1.2] Lyra, F. H.: Planning and construction sequence at Itaipu. Water Power 34 (1982) no 5 ,  

p. 27/30. 
[I .3] Garsrka, W .  U.: Hydro and water resources of the USA. Water Power 3 1 (1 979) no 4, p. 33/37. 
[I .4] Weigong, C.: China's potential for hydrodevelopment. Water Power 33 ( 1  98 1) no 4, p. I8/Z 1. 
(1.51 S~nil, V.: A new era for China's hydro power. Water Power 33 (1981) no 4, p. 23/25. 
[1.6] Stnil, V.: Exploiting China's hydropotential. Water Power 28 (1976) no 3, p. 19/26. 
[1.7] The Editor: Yangtze Gorge scheme could yield 110 TWh/year. Water Power 33 (1981) no 4, 

p. 38/42. 
[1.8] Cubit], F. F.: GidroelektriEeskie stanzii. Moskva: Energia 1972. 
[1.9] Borovoi, A. A. and L. P. Michailow: 60 years of Soviet hydro power. Water Power 31 (1979) 

no 3, p. 21/25. 
[1.10] Lefoulort, R.: Thirty years development on the Rhine. Water Power 28 (1976) no 5, p. 48,5? 

and no 6, p. 45/48. 
[].I I] Gotz, A. and G.  Schiller: The hydropotential of Austria. Water Power 35 (1983) no 2, 

p. 27/30. 
[l.i2] Vischer, D.: Surface water an exclusive feature of our planet? IAHR J .  21 (1983) no 1, p. 45. 
[I.] 31 Wtrrzer, E. and M .  Eit-lrler: Die Erhebung des Wasserkreislaufes in ~sterreich. osterr. Was- 

serwirtsch. 3 1 (1979) p. 221. 
[1.14] Bro~cll, 0.: Wasser ist Leben. 0sterr. Wasserwirtsch. 32 (1980) p. 229. 
[ I  .15] An~yot, P. er 01.: Quebec's power needs for the eighties. Water Power 28 (1  976) no 7, p. 27/30. 
[I. 161 The Editor: Inga scheme. Water Power 16 (1964) no 9, p. 380. 
11.1 71 Bloss, W .  H. er al.: Survey of energy resources 1980. 1 I th world energy conference Munich 

1980. Univ. Hannover Fed. Inst. for Geoscience and natural resources. 1980. 
[].I81 Slebinger, V.: Statistics of all existing waterpower resources. Trans. 4th Worldpower Conf. 

London. 1952. 
[1.19] Larlgager, H. C.: Hydro studies in Greenland. Water Power 35 (1983) no 2, p. 43/45. 
(1.201 Gillctfe, R. W.: Small and low head hydro in USA. Water Power 33 (1981) no 11, p. 25/23. 
[1.21] Wcber, G. W.: Uprating Switzerland's hydroplants. Water Power 30 (1978) no 2, p. 39/44. 
[ I  .22] Goldsmith, K.: The role of Swiss Ijydro in Europe. Water Power 32 (1 980) no 6, p. 3 1/33. 
(1.231 Weber, G.: Exploiting the Rhine above Lake Constance. Water Power 33 (1981) no 5, 

p. 44/45. 
(1.241 Kolt, N .  P.: Small hydro power plants in China. Water Power 32 (1980) no 7, p. 31/32. 
11.251 Fiillstrom, P. G.: Turbine developments on the Lule River. Water Power 34 (1982) no 3, 

p. 27/35. 
(1.261 Angclin, S. and H .  Borstrom: Hydro development in Sweden. Water Power 32 (1980) no 6, 

p. 35. 
11.271 Aalfo, A .  and A .  Jouhki: The changing role of hydro in Finland. Water Power 33 (198 I) no. 5, 

p. 40143. 
(1.281 Morarilr, S.: Computer-aided evaluation of Peru's hydro power. Water Power 34 (1982) no I, 

p. 34/39. 
11.291 Orcrntas, G.: The hydroelectric resources of Columbia. Water Power 30 (1978) no 3, p. 41/45. 
[1.30] BicAon, A.: Exploiting France's hydro resources. Water Power 32 (1980) no 6. p. 38/42. 
[1.31] Dornercq, J.: Spain's remaining hydro-electric potential. Water Power 32 (1980) no 6, 

p. 33/37. 



[ I  321 J(yotri~~bi~n.  % I,'.: I lydropowcr duvclop~ncnt in lli(lia. W;ltcr Pa\vcr 33 ( 19% I )  no 3, ,,. ?J,% 
11.331 /)rl~ttr. . \I.: t iydrc>l)o\vcr i l l  India. W;itcr I'owcr 75 (197i)) 110 7. 11. 13/19. 
[ I  ,841 / : ~ ! / i ~ l ~ l ~ .  13.: KIcinc WilsscrkraftanI;~gcn. Scmini~r I'cchn. Akiid. Wuppcrtill 1981. 
[ I  .35] ( ; c~~rhc~~ ,  A.: Lcs pctits insl;~ll;itions hyclroklcc~riqucs tlitns ICS p; ly~ i n d l ~ s t ~ . i a l i ~ ~ ~ ~ .  H 

i3lanchc 36 ( 198 I ) no 415, p. 2301235. 
ou& 

(1.361 Frrrrlcorr. .I.: Lcs pclits inst;illations hydrotlcctriclucs dans I ~ S  pays en voic dc di.vclo 
tloi~illc Bl;lncl~c 30 ( I9S 1) no 415, p. 2371242. P"'w 

[I .37] C~riticrt, R. rrt~tl P/I. Rolrs.rel: Environment ct petites usincs hydrotlcctriques. Hol1illc 81 
36 ( I  98 I )  no 415, p. 2441247. an* 

[I ,381 Ro11j.c.r. J. P. r~tid C .  Lr P101,lb Rccupcration d'tncrpic hydrililliquc: petitcs instullatiom 
d'knergic associ2cs ;lux gri~nds projets hydraulique. Houillc Hlitnche 36 (1981) no 415, p. 

[1.39] Kiis.slc~r, E.: Installed and planncd n~ir,i hydro. Water Powcr 34 (1953) no I, p. 35/38. 
[1.40] Gordoti. J. L. told ,-I. C .  Petvntm: Quick estimating techniques for small hydro potential 

Water Power 31 (1979) no 31, p. 46/51. 
[I .dl] Kitlg, R. M.: Mini hydro developments for small areas. Water Power 3 1 ( 1979) no I, p. 38/41, 
[1.42] Cotillotr, J.: Micro power: an old idea for a new problc~n. Water Powcr 31 (1979) no 1, 

p. 42/48. 
[1.43] Noir, R.: Development potential for low head hydro. Watcr Power 34 (1983) no 1, p. 49/56 
[1.44] J,Vcrrnick, C. C.: Hydro potential of irrigation schemes. Watcr Power 31 (1979) no 4, p. 38/41. 
[1.45] 7'011~u.sirr0, M.: Prcdetcrminazione della protate a breve terntine dei corsi d'acqua. ENEL 

relnzio~~e di studio e ricerce no 129, 1972. 
11.461 Plate, E.: Die Zsrlcgung einer Ganglinie in Trend, pcriodischer und Zufallsanteil. 4. Fortbit. 

du~igs!ch~.g. f. Hydrologie DVWW. Univ. Karlsruhe 1972. 
[I .37] Pre.s.r, H.: Antvendung elcktronischer Rechenverfahren in Hydrologie, Wasserwirtschaft und 

Wasscrbau. Berlin: Vcrl. Ernst 1965. 
[1.38] hfttrraj, N. cold K. IVeissbeck: Computer program for a river hydro development. Water. 

power 32 (1980) no 3, p. 30139. 
[ I  .49] Press, K.: FIilfstafcIn zur Losung wasserwirtschaftlichcr und wasserbnulicher Aufgaben. Ber. 

lin: Verl. Ernst 1981. 
[ I  .50] Ror~bc, J.: Hydraulische Maschinen und Anlagen vol. 4 Wasserkraftwerkc. Diisseldorf: VDI 

Vcrl. 1970. 
[ I  ,511 ,IJoser, J.: 100 Jahrc Wasserturbincn. EW-Mitt. (1942143) p. 101. 
[1.52] Press, Fi.: Stauanlngen l ~ n d  Wasserkraftwerke vol. 1 Talsperrcn 1958, vol. 2 Wehre 1959, 

vol. 3 Wasserkraftwerke. Berlin: Vcr!. Erust 1967. 
[I .53] :\losorrji, E.: Wasserkraftwerke, vol. I Niederdruckanlagen. Duseldorf: VDI-Verl. 1966. 
[1.54] Moso)iyi, E.: Wasserkraftwerke, sol. 2 Hochdruckanlagcn, Klcinstkraftv:erke, Pumpspei- 

chcrnnlagen. Diisseldorf: VDI-Verlag 1966. 
[1.55] The Editor: The ups and downs of wave energy. Water Power 31 (1979) no 1, p. 54/55. 
[I .55a] Sitneorls, C.: Hydro power, The Use of Water as an Alternative Source of Energy. Oxford, 

New York, Paris. Frankfurt. Pergnmon Press 1980. 
[1.56] The Editor: A steady output from a variable source. Water Power 31 (1979) no 3, p. 49/50. 
[1.57] Slzaw, T. L.: The status of tidal power. Water Power 30 (1.978) no 6, p. 29/34. 
[1.5S] Lor} rIe, R. P.: Integrating Fundy tidal power. Water Power 31 (1979) no 9, p. 37/40. 
(1.591 Douina, .4. G. D.  Sruward, a i~d W .  hlcier: Straflo Turbine Annapolis-Royal, erstes Gezeiten- 

' kraftwerk in der Bay of Fundy. EW-Mitt. 54/55 (1981/82), no  I ,  p. 37. 
(1.601 Sl~artt~n, H. R.: India embarks on tidal power. Water Power 34 (1982) no 6, p. 32. 
[1.61] Strbrahma~~.atil, K.  S.: Tidal power in India. Water Power 30 (1978) no  6, p. 42/44. 
[I .62] f?etur, T.: Tidal power, problems and benefits. Water Power 30 (1975) no 6, p. 27. 
[I .63] Atrgclini. A. A!.: The role of pumped storage in Western Europe. Water Power 32 (1980) no 6, 

p. 62/66. 
[1.64] Okarla, M. el a/.: High head pumped-storage plants in Japan. Water Power 31 (1979) no 10, 

p. 48/52. 
[1.65] Stiirzir~ger, P.: The role of pumped storage in Switzerland. Water Power 30 (1978) n o &  

p. 2913 1. 
[1.66] Rochot. P. and J .  L. Mofier e f  01.: Pumped storage for Swiss railways. Water Power 32 (1980) 

no  2, p. 54/57; no 3, p. 39/46. 



(1.671 Hernan. B.: Dinorwic pumped-storage station for standby and stability. Water Power 99 
(1977) no 7. p. 27/38. 

(1.681 Meier, IV., J.  Miiller, H .  Grein and M. Jaquer: Pumpturbinen und Spicherpumpen. EW- 
Mitt. (1971) no 2, p. 3. 

[I .69] Magnago, G., G .  Bortolan: Pumpspeichcrwerke der ENEL. EW-Mit t. ( 1972). special issue. 
[1.70] Haustnnwt, G .  and G .  Vulliod: The "Isogyre" Pump-turbine. Charmilles Techn. Bull. no  I4 

(1975) p. 15/25. 
[I .71] Vulliod, G. and M .  Bosserr: Das System Isogyre. Sympos. Wien (198 1) Osterr. Ing. u. Archi- 

tekt. Ver. 
[1.72] Faucotlnet, 12.1.: The Isogyre evolves. 7th IAHR Symp. Vienna (1974) Trans. XI I ,  p. 1/12. 
(1.731 Widtnann, R. and W .  Finger: Die Oberstufe, Entwicklung des Projektes und Planung. E n e r ~ i e  

Wirtsch., Zeitschr. fiir die Anwendung der Energie in Wissenschaft. Technik u. Wirtschaft, Wien 
(47/48), Sonderausgabe: Kraftwerksgruppe Malta p. 35/47. 

[I .74] Harrrzenberg, H.: Die Kraftwerksgruppe Malta, Energie Wirtsch.. Zeitschr. fiir die Anwcn- 
dung der Energie in Wissenschaft, Technik u. Wirtschaft, Wien (47/48), Sonderausgabe: Kraft- 
werksgruppe Malta p. 10120. 

(1.751 Gruner, J.: Die Kraftwerkskette Bertoldsheim-Ingolstadt an der oberen Donau. Voith 
Forsch. u. Konstr. 20, no 3. 

[1.76] Widmann, R.: Die Kraftwerksgruppe Zemm-Ziller (The Zemm-Ziller group of power sta- 
tions.) Osterreich. \Vasserwirtsch. 35 (1983) no 516, p. 1261137. 

[1.77] Yearbook of World Energy Statistics, United Nations, New York, 1981. 

[2.1] Liberatore, S. N.: Financing large hydro projects with IDB. Water Power 31 (1979) no  8, 
p. 23/26. 

[2.2] Bevril, T .  W.: The role of international lending agencies. Water Power 31 (1979) no 8, p. 27/30. 
[2.3] Warncock, J .  G.: Project financing: precept and practice. Water Power 31 (1979) no S. 

p. 36/39. 
[2.4] Scl~uberr, H.: Kommerzielle Aspekte bei GroBanlagengeschaften. Voith Inf. Wasserturbinen 

(1975) no 2. 
(2.51 Berrinelli, E.: Bonding and insurance: a contractor's view. Water Power 31 (1979) no 8, 

p. 40144. 
[2.6] Stiglcr, 11.: Ausgewahlte Gesichtspunkte zur energiewirtschaftlichen Bewertuilg bei Kleinwas- 

serkraftwerken. ~s t e r r e i ch .  Wasserwirtsch. 33 (1981) p. 265. 
[2.7] h4itcltel1, A .  G.: Pricing electric power from small hydroplants. Water Power 32 (1980) no 7: 

p. 42/46. 
(2.81 Tschert~llrtrer, P.: Nutzen-Kosten Analyse und Rentabilitiitsbereiche bei Kleinwasserkraftwer- 

ken. 0sterr. Wasserwirtsch. 33 (1981) p. 259. 
[2.9] hTachrnebel, H. P.: Bewertung der Klcinkraftwerke. Osterr. Wasserwirtsch. 33 (1981), p. 251. 
[2.10] Picurd, J.: Les aspect socio-economique de la valeur de I'eau. Houille Blanche 32 (1977) 

no 213, p. 2371242. 
[2.1 I] Alayer, R.: Ausbau der NeckarwasserstraDe 1948 bis 1958. Die Wasserwirtsch. (1958) no. 3. 
[2.12] Riimelin, B.: La liaison Main-Danube favorise la navigation et I'Cconomie de I'eau. Houille 

Blanche 36 (198 1) no  213, p. 93/98. 
[2.13] Fenz, R.: Die Rhein-Main-Donau WasserstraBe und der osterreichische Donauausbau. 

Osterr. Wasserwirtsch. 30 (1978) p. 1. 
[2.14] MHclrin, Y .  and D. Normand: Example d'application de  la gestion optimale des reservoirs A 

buts multiple. kIouille Blanche 32 (1977) no  213, p. 2591264. 
(2.151 Press, H.: Kulturlanderhaltung und Kulturlandgewinnung durch wasserwirtschaftliche und 

wasserbauliche MaBnahmen. Berlin: Parvey Verlag 1959. 
[2.16] Cosre, F. er al.: Aspects referred to the hydromechanical equipment, manufacturing and 

characteristics hydroenergetics and navigation system "Portile de Fier" Danube. 7th IAHR 
Symp. Vienna (1974) Trans. VI, 1, p. 111 1. Delft: IAHR. 

[2.17] Borovoi, A .  A.  artd L. P. Mikhailov: The Nurek multipurpose development. Water Power 30 
(1978) no  12, p. 53/55. 

[2.18] Mosonyi, E. and W.  Buch: Die Grundlagen der Wirtschaftlichkeitsanalyse und Kostenvertei- 
lung. 4. Fortbildungslehrgang Hydrologie. DVWW Univ. Karlsruhe 1972. 



12.191 hfo.yoln i, I : llic nc:~cste Ent\\~i.icklung in der W;~sserkr:~ftnut~un:: U I ! ~  

I -achtag~~ns I l ; ~ u : ,  &I. Tcchnil\, Esscn. Nov. 1981. 
I2.201 Sirr~rr~lr, I I ' .  R.: T~trbines for the Grand Co~llcc hydro p o ~ ~ ~ c r p l ; ~ ~ l t .  W;llcr Power 29 (Ic)  

no 4, p. 37/47. rr, 
12.211 ~ ~ ( l j j l i , ~ .  G E: 700 M W  Francisturbincs for Grand COLI~CC. 7th IAl lu Synlp. Vienna (lglq 

Trilns. IV, 3, p Ill 1. Ilcl~t: IAI IR. 
(2.221 Orgrrrdlrl, f.: I lydrnulic turhine for the 3rd power pliltlt ill Grand Coulee dam. 7th I A ~ ~ ~  

Symp. Vienna (1974). Trans. l V ,  2, p. 1/10. Delft: IAI-1R. 
[2.23] Clrrrcorrr, S.: Dcs~gn technicluc for giant Iiydrai~lic turbilics. Paper Cnnildian Electr. 

Hydr. power scct. March 17-20. (1975), Vancouver p. 117. Asl, 
12.243 Allis Chdniers, York Pa, USA: Site manufacture of Grand Coulee 700 MW Francis turbint. 

Prospcctus. 
(2.251 Akhtnr, A .  el 01.: Field welding of large turbine runners. Water Power 31 (1979) no9, 

p. 40146. 
[2.26] Corritn, J. R. er ul.: The bi-national Itaipu hydro power project. Wster Power 29 (191q 

no 10, p. 40142; no 11, p. 44/52. 
[2.26] Morner de, J. er (11.: Turbines for ItaipG. Water Power 33 (1981) no 12, p. 36/41; 34 (1982) 

co  1, p. 28/33. 
[2.28] Caric, D. A.I. er ul.: The Itaipu hollow gravity dam. Water Power 34 (1952) no 5, p. 30144. 
[2.29] IItrr-(11, E.: Fertigung cines Spiralgchauses und cincs Turbinenlaufratlcs fiir eine Francistur. 

bine. DVS Berlchtc 76 (1983), p. 52/58. 
[2.30] Clznvnr-ri, G.: Guri power complex, design. Am. Power Conf. Chikago (1979) pap. no 1. 
[2.31] Cnrrcro, E.: Guri power complex, installation and operation. Am. Power Conf. Chicago 

(1979) pap. no 3. 
(2.321 Beltrtrn, H. cr 01.: Guri powcr complex. The 10000 MWs of hydraulic turbines for the Guri 

project. Am. Power Conf. Chicago (1979) pap. no 5. 
[2.33j Ctrrrer~l, E. S. ~t 91.: Guri power colnplex. Generators. Am. Power Conf. Cllicago (1979) pap. 

no 6. 
[2.34] Pnlrcios, P. H.. Guri power complex, planning. Am. Po\itcr Conf. Chicago (1979) pap. no 2. 
[2.35] Brono)t~.~ki, G.  A .  and M .  J .  Galperin: Some special features in the design of the Krasnojarsk 

turbines (Orig. Russian) Energomasinostrocnije 8 (1965) no 3, p. 32. 
[2.36] Anonymous: The Bratsk 230 MW turbines. Water Powcr 15 (1963) no 8, p. 3241325. 
[2.37] Smith, I?.: The Russians. The N.Y.Times Book Co., New York 1976. 
[2.38] Sreche, 0.: Rrehms Tierleben. 4rth edition, 13 volumes, vol. 3 Fische, p. 139 Bibliographi- 

sches Institut Leipzig 1914. 
(7.39j Hey~zes, G .  et al.: Layout of the HVDC terminal stations Caborn Bassa and Apollo. Int. 

Conf. on large high voltage Electro-systems Paris (1974) pap. 14-04 p. 1/10. 
12.401 Klei~r, M .  et al.: Cabora Bassa. A gigantic HVDC project unfolding in Africa. IEEE- 

Sp:ctrufi~ 1 1 (1973) no 10, p. 51/58. 
(2.411 Fosca, V.: 'The Turim Magurele-Nicopole hydro station for the Danube. 7th IAHR Symp: 

Vienna (1974). Trans. VI, I ,  p. 111 1. 
[2.42] Stchegolev, G. S. et al.: Construction and operation of the Jerdap-Iron gates hydro s c h m ~  

Water Powcr 29 (1977) no 8, p. 48/51. 
12.431 W(zr1lcock, J. G.: Churchill Falls, a project profile. Water Power 31 (1979) no 9, P. 52157- 
[2.43] h r ~ t s c l ~ .  H. rrnd A .  Gincornetti: Axial flow induced vibrations in large high head machina 

Witter Po\ber 34 (1982) no 8, p. 21/27. 
(2.451 Frnncorc, J.: L'arnenagernent hydroilcctrique d'lnga sur Zaire. Mouillt Blanche 32 (1977) 

no 213, p. 121/132. 
[?.46] Bocier, tV.: ~ r o t 3 d ~ i &  Wassentraknplanungen im Donauraunl. ~assemir tschaf i  6 

(1975) no 4. p. 951101. 
[7.47] Fetl;, R.: tieutige und geplante Wasserkraftrlutzung an der Donau. Wasser und ~ n c r g i e d f ~ ?  

schaft 65 ( 1  973) no 31.1, p. 101/114. - . 
[2.48] F~7~1z, H. artd I+'. Rocltle: Der Ausbau der mittleren und unteren Donau. Jahrbuch der ~ a f *  

bautechnischen Gesellschaft 35 (1975/76), y. 2311236. 



[2.49] Roehlc. tV.: Das Donaukraftwerk am Eisernen Tor. Wasser u ~ d  Energiewirtschaft 65  (1973) 
no 314, p. 1 1 5/ 125. 

(2.501 Buchmcmn, J.: Standardizing small turbines. Water Power 32 (1980) no 7, p. 401'42. 

[3.1] Lucus. K. C.: The mortality to fish passing throug hydraulic turbines as related to cavitation 
and performance characteristics; pressure change, negative pressure and other factors. Proc 
IAHR Symp. Sendai. Japan (1962). Tohoku Univ. Inst. High Speed Mech., p. 3071336. 

[3.2] Roger's, A.: Rescueing Dinorwic's fish. Water Power 32 (1980) no 10. p. 24/26. 
(3.31 Bisnk, E. K., C. Tnuhmunn, nttd P. Fischer: Improvement in transport of floating debris. 

Water Power 28 (1976) no 11, p. 41/45. 
(3.41 Dexter, R. B. and E. B. Zeigler: Penstock intake vortex and related turbine operation model 

studies. Symp. ASCE-IAHR-ASME, Fort Collins Co, (1978), Proc. Vol. I, p. 4251436. 
[3.5] Bleuler, W.: Schiitzen. EW-Mitt. 36 (1 963) no  213. p. 27. 
[3.6] Meystre, N.: 100 Jahre Schweizer Druckrohrleitungen fur Wasserkraftwerke. EW-Mitt. 52 

(1979) no 2. p. 16. 
[3.7] Pirclzl, H.: Verteilleitung Castaic. EW-Mitt. 47 (1974) no  2, p. 42. 
[3.8] Meystre, hr.: Verteilleitung fur die Zentrale Sils. EW-Mitt. 32 (1959) no 213, p. 76. 
[3.9] Wood, M. M. et 01.: Dams and their tunnels. Water Power 32 (1980) no 2, p. 27/33; no  3, 

p. 47/50; no 4, p. 37/44: no 5. p. 42/48. 
[3.10] Artdersotz, A.: Surge tank solutions using programmable pocket calculators. Water Power 30 

(1978) no  7, p. 50158. 
(3.1 11 Yu-Tek Li: Surge tank analysis, a graphical solution. Water Power 28 (1976) no 5, p. 28/32. 
(3.121 Martin, C. S.: Method of characteristics applied to calculation of surge tank oscillations. Int. 

conf. on pressure surges. Univ. Kent, Canterbury (1972), paper E l ,  p. 111 2. 
[3.13] Hutte: Taschenbiicher d. Ingenieurs, Bauhutte Bd. 11. Grundbau, Verkehrsbau. Wasserbau. 

Berlin: Verlag Ernst 1970. 
[3.14] Glnttjielder, A .  H. et 01.: Zur Begrenzung von WasserschloOtransienten in hydraulischen An- 

lagen. E\V-Mitt. 53 (1980) no 112, p. 20. 
(3.151 Jneger, Ch.: Theory of resonance in hydro power systems. Water Power I5 (1 963) no 4, p. 14. 
(3.161 Calarne, J. arid D. Gnden: Theorie des chambres d'kquilibre. Paris: La Concorde et Ganthier 

Villars. 1926. 
(3.171 Brekke, H.: Induced hydraulic resonance analysis on a Francis-turbine power plant with an 

air-cushioned high pressure tunnel system. Trans 7th IAHR Symp. Vienna (1974), p. 1, I1 3, 
p. 1/13. 

[3.18] Fratlk, J.: Nichtstationare Vorgange in den Zuleitungs- und Ableitungskanalen von Wasser- 
kraftwerken. Berlin: Vcrlag Springer 1957. 

[3.19] Buusfud~er, K.: Das Pfeilerkraftwerk aus heutiger Sicht. 0sterr .  Wasserwirtsch. 31 (1979) 
p. 149. 

(3.201 Penn~an, A. D. M.: Measuring earth pressures in embankment dams. Water Power 31 (1979) 
n o  6, p. 29/34. 

[3.21] Severn, R. T.: The aseismic design of concrete dams. Water Power 28 (1976) no 1, p. 41/45. 
[3.22] Fefzer, C. A.: Seepage of earth and rockfill dams on rock foundations. Water Power 29 

(1977) no 8, p. 38/44. 
(3.231 Anonymous: The Xssuan dam hydroelectric scheme: Water Power 13 (1961) no 12, p. 463; 14 

(1962) no  1, p. 4; no 2, p. 49. 
13-24] Gill, A.:, Blankets for dams on pervious foundations. Water Power 32 (1980) no 9, p. 47/50. 
13.251 Singhota, J. S. and R. S.  Sachdeva: Prevent seepage through India's Bhakra dam. Water- 

power 28 (1976) no  10, p. 26/3 1. 
13.261 Jneger. Clz.: 'The Vajont rock slide 1 and 11. Water Power 17 (1965) no 3, p. 110; no 4, p. 142. 
13.271 Jneger, Ch.: The Malpasset report. Water Power 15 (1963) no  2, p. 55/61. 
13.281 Blind, H.: Inspection galleries in earth and rockfit1 dams. Water Power 34 (1982) no 4, 

p. 2513 1. 
13.291 Blind, H.: A German view of dam safety. Water Power 34 (1982) no 3, p. 21. 
[3.30] G~ll ico ,  A . :  Foundation drainage of arch dams. Water Power 28 (1976) no 4. p. 54/59. 
[3.31] Bor~akdi, P., M. Fanrlli, and G .  Guiseppelri: Displacement forecasting for concrete dams. 

Water Power 29 (1977) no  9, p. 42/50. 



[I)?] ./(sac?., C%: Asscsri~lg problcrns of undcrgroi~nd slrilctllrcs. \v;ller Powcr 28 ( 1 9 ~ ~ )  M.l 
1). 3-9/26. 9 

13.331 filltl~lli. :\I. (11rt1 G. (;i~~.~il/)/)('t/ i:  Safcty monitoring of concrete darns. Watcr Powcr 3.1 
no 1 1 .  p. 31/33. ( 1989 

[3.34] fiorclli, dl: Auto~nntic ohservi~tion for dam slfcty. Water Powcr 31 (1979) no 11, 
1()611,g no 12, p. 41/43. I 

13.351 i l o ~ t . ~ r ~ .  D. ond L. II. R ~ c C , I :  Thc response of concrete dams to c:irthquakes. Wilter p,. 
31 (1979) 110 31. D. 27. . . 

[3.36]' 11ott.hfi~r. G. IV. et 01.: Enrthquake considentions in dam design. Water Power 31 (1979) ", ,, 
D. 3 1/37. . s 

[3.37] Scort, H. F. and A .  Al. Abtlel-Gllc~j>rr: Forccd vibration tcsts of  an earth dam. Water power 
30 ( 1978) no 10. p. 4 1/45. 

[3.3S] L~p.ps, T. :\I.. / I .  S. Srrns.shrrrger, and R. L. Meclran: Seisrnic stability of hydraulic fill darns. 
Watcr l'owcr 30 (1978) no 10, p. 27/36; no  11, p 43/52. 

(3.391 Jol~nsorr, I:. .4. arrtl P.  Illies: A clltssilication of dam. failures. Wa:cr Power 28 (1976) 
no 124.  43/45. 

[3.40] Merzox, I\[. A .  M.: Failure mcchanism in dams subject to earthquakes. Water Power 32 
(1 980) no 8. p. 28/30. 

[3.4 I] Seed, f1. B.. F. I .  hlcrkdisi crtrcl P. ck rilba: The performance of earth dams during earth. 
quakes. Water Power 32 (1 950) no 8, p. 17/27. 

[3.42] Bisw(r.~, A .  K. utld hI. R.  Bisir.as: Hydro power and the environment. Watcr Power 28 (1976) 
no 5. p. 40143. 

[3.43] Cwrierrr. .\I., A .  Marnzio crtzti I;: Vernrese: Considerations gkneralcs sur Ic controle du corn- 
portments des bal-ragcs moyennement prockdes gcodesiquos. L'Energia Elcttrica 50 (1973) no 3, 
p. 1/14. 

[3.44] Gc.rfi~onti, J. P.: Insuring dam risk. Watcr Power 29 (1977) no  6, p. 36/39. 
[3.45] MojJur. A .  I. B. (rtrtl A .  C.  Price: The rolled dry lean concrctc dam. Water Power 30 (1978) 

no 7. p. 35/41. 
[3.46] Josltui, C, S.: Optinluln proliles of gravity dams. Water Power 34 (1982) no 9, p. 35/36. 
13.471 Glrbolc., V .  D. om1 Y. S. K~tzrtetsov: Embankment dams with pol yet hylene and stccl membra- 

nes. Water Powcr 35 (1983) no I ,  p. 25/28. 
13.481 Pirchrr, W. arttl I-I. Sch~vab: Austria's Finstertal rockfill dam. Water Power 32 (1980) no 6, 

p. 43/47. 
(3.431 Thc Chinese Co~nmittec an large dams: Dam cortstruction by the Chinese pcoplc. PO Box 366 

Bcijing. People's Rep. of China. 
[3.50] Stini, J.: Dle baugeologischcn Verhaltnisse der osterreicl~iscl~en Talsperren. Wien: Springer 

Verlag 1955. 
[3.51] Merr~el, T. JV.: Major darns of the world. Watcr Power 33 (1981) no 5, p. 55/64. 
[3.52] hlcr~nel, T. W .  International activity in dam construction. Water Power 28 (1976) no4, 

p. 66/69. 
13.531 Schnirrer. N. J.: T11e evolution of the arch dam. Water Power 28 (1 976) no 10. p. 34/40; no  1 I ,  

p. i9/21. 
[3.54] ~ z i s ,  U., Y. Kocak: The first arch dam in Turkey. Wat& Power 29 (1977) no 4, p. 30136. 
[3.55] Srlrlosser, J. et al.: Der Bau der Kolnbreinsperre. Energiewirtschaft. Sonderdruck: Krafts- 

werksgrupc Malta p. 57/66. 
[3.56] F(j?zelli. dl .  et 01.: I1 calculo delle dighe a volte. ENEL. Relazione di studie e ricerca (1978), 

no 340. 
(3.571 1,egrrs. J.: First prestressed arch darn in the USA. Water Power 28 (1976) no 2, p. 21/24. 
[3.58] Eiselrntrjcr. 121. ottd R. Widnann: Zum Schwingungsverhalten von Gewiilbemauern. osterr. 

Wasserwirtsch. 31 (1979) p. 154. 
[3.59] F1ii,pI. H.: Der EinfluB des Kricchens und der Elastizitatsanderung des Bctons auf den Span- 

nungszustand von Gewolbesperren. Wien: Springer-Verlag 1954. 
[3.60] Burrolc*~, H. K.: Water Power Engineering. New York: publishers MacGraw Hill. 1927. 
[3.61] El Ylissif. F. Y.: Dimensioning multiple arch dams. Water Power 29 (1977) no 7, p. 47/49. 
(3.621 Hurttrr:y, F. arzd K .  Csa1l)ter: The angular dam-a study of a new form of dam. 11 th ICOLD, 

Madrid. Q 43 R 2. 



[3.63] Il!nckiritosh, J .  B.: American adv;inces in earth dam construction. Water Po\vcr 16 ( 196.1) 
no 5, p. 219. 

13.641 Schobc.r, W.: Staudamnlforschung - ein Schwerpunkt am Institut fiir Bodcnmcchanili, Fels- 
mechanik und Grundbau dcr Universitit Innsbruck. Ostcrr. Wasscrwirtsch. 31 (1979) p. 107. 

.3.65] Gntiscr, 0. ntid .-I. rVic.1: Sicherheit und Kontrolle von Talsperrcn. Ostcrr. \Va$serwirtsch. 32 
(1980) p. 152. 

;3.66] Mimdt, G.: Hochwasscrgcfrihr und Hochwasserabwehr am untcren Inn. 0sterr.  Wasser- 
wirtsch. 32 (1980) p. 160. 

13.671 Ktiaus, J.: Besondere Erl-~hrungen und konstruktive Konsequcnzcn :ius Modcllvcrsuchen fur 
Entlastungsanlagcn an dcutschen Talspcrren. Wasscrwirtsch. 70 ( 1980) no 3. p. 1!4. 

~3.681 Herhratrrl. A'. arltl H. Scliclrrrlc~in: Examples of model tests dealing \villi special problcms and 
design criteria at large capacity spillways. Proc. 13th ICOLD. New Dclhi (1979). Q 50. R 10. 
p. 1611176. 

.3.69] Neiger, F.: Donaustauraume und Hochwasserschutz. 0sterr.  Wasserwirtsch. 32 (1980). 
' p. 163. 
'3.701 Fahlblrsch, F. E.: Optimunl design flow for spillway. Water Power 31 (1979) no l I .  p. 79!84. 
'3.711 Knnus, J. Conlputalion of m;lsimuln discharge at overflow rocklill dam. 13th ICOLD. New 

Delhi (19799). Q 50, R 9, p. 143,'160. 
:3.72] Hnrtutrg, F. rrtid J .  Ktiarrss: Birrrages with gateless built-in di\,ersion dcviccs for constact 

discharge under extreme variationes of artlux. 12th ICOLD. Mexico (1 976). Q 47. R 1 .  p. 732!740. 
3-73] Hartirtig, F.: Gestrrltung von Hochwasserent las tun~nla_ren bei Talspcrrrndiimmen. Was- 

serwirtsch. 62 (1972) no 112. p. l j13. 
'3.741 Iiack, H. P.: Air entrainment in dropshafts with annular flow by turbulent dil'fusion. Proc. 

17th IAHR congr. Baden-Badcn (1977). Vol. , I .  p. 505i514. 
13.751 Hnrtrmg, I.:: Gstes in spill\v;iys oflarge dams. Trans. 1 It11 ICOLII. Madrid (1973). Q 41. R 77. 
13.761 Hnrtun~,  F.: Gedanken zur Gestaltung voii Klappcnwehrrn. Wusserivirtsch. 9 (1975) p. 

2381243. 
:3.77] lMtrs.snrtl, F.: GrundablnUschiitzen EW-Mitt. 25/26 (1 952,'53) p. 147. 
:3.78] Nalrtlrrrcher, E.: Flow-induced structural \~ibrations. IUTAM-IAHR Symposium Karlsruhe 

1972. Berlin, New York: Springer-Verlsg 1972. 
13.791 Nnrtdtucher, E. ~ t ~ d  D. l i o c k ~ ~ ~ ~ l l :  Oscillator modell approach to the identification and assess- 

ment of flow-induced vibr:ttiones in n system. IAkIR J .  IS (1980) no I ,  p. 59881. 
y3.801 Rock~c~cll, D. and E. .Woridn.\.clic~r: kevirw-self exciting oscillations of Ilo\v past cavities. Trans. 

ASME 100 (1978) p. 152il64. 
:3.81] Peters. K.: Flatlcrschwingungcn an ~berfal ls t rahlcn.  Mitt. 13 ydr. lnst. TII Miinchen I(1 

(1940) p. 40155. 
:3.82] Petrikrrt, K.: Schwingungsnnfachencle Krafte in1 Wehrbau. MAN Forschungsheft 1953. 
3.831 Jossc.rmltl, A . ,  D i\lilntr, nrrd G. Berlhollon.: Vibrations dcs V ~ I I I ~ C S  dcs amenagr.mcnts hydro- 

elkctriques. Connaissanccs actucll:~, cxemplcs irldustrielles. Houille Blanche 35 ( 1980) n o  7/8, 
p. 4761483. 

3.841 Binder-, h l .  M. er a/.:  Problemes gcncraux de la dissipation d'knergie dans los organes ct 
circuits hydrailliques. Houillc Blanchc 35 (19S0) :lo 7(8, p. 424i'430. 

3.851 K~rlkartli, If. N. and I (... Pcrtr/; Ski jump spillway for India's Ukai dam. Watcr Power 33 
(1 98 1) no 9, p. 44/48. 

3.861 Herhrairrl, K.: The spatial hydraulic jump. IAI4R J .  1 1 (1 973) p. 205/218. 
3.871 Hiiirslcr, E.: Dcr Kolk urltcr der Kariba Staumaucr. Ticbal l  10 (1972) p. 953;967. 
3.881 Hatrslcr, E.: Zur Kolkprobieni:~tik bei tlochwusscr-Entlastungsanlagcn an Ta!spcrren nlit 
freiem ~berf i i l l .  Waserwirtsch. 70 (1960) no 9. p. I .  

3.891 Hnrtrrrig, F. (inti E. t-liir,slo-: Scours, stilling bagin and downstream protection under free 
overfall jets :it dams. Trrlns 1 Ith ICOI-D, Madrid (1973), Q 41, R 3. 

3.901 Herbran(/, K. tilid J .  Kritrir.r.v: Computalion and design of stilling basin with abruptly or  
gradually enlarged boundaries. Trans. I l th ICOLD, Madrid (1973). Q 41. R 3.  

3.911 Sharrlit~, H. R. at~t l  E. R. S. Goc.1: Inlet and control valves for hydro powcr projects. 1 lth 
lAHR symp. Amsterdam (1957). proc. vol 1 ,  12 p 119. 

3.921 Cnsacci, S . ,P .  Ifrrtlson rrtitl J .  Rose.: Vanncs cylindriqucs dc protcction dcs turboniachincs 
hydrauliques. Houille Bl;~nchc 35 (1980) no 7!8, p. 30131. 



( 3 . 0  i ; ;  I .  I . . ,  I I L - ~ I I I W I I I ~ ~ ~ C  1 ~ U ~ ~ ~ ~ I I C ~ \ I I I ~ C I I  ;]Is ! i!.\~!~dI;~k:e / . I I ~  ki~~lstruklivcn Ccstallun 8 van 1 1 r 1  I~ I \ C  I ; I ; I I ; C I .  S> I I I I I .  / \ ~ ~ ~ ~ c I I - o ~ ~ : I I I c .  ~ ~ \ S C I I ,  1 I ~ I U S  dcr Tccilnik lg8,. 
(3.951 l1o / ( lC~,~ .  (;: 5 0  .l;ih!-c Ilsci:cr Wyss kt~gc.l:.chicl~cr. IIW-h.li~t. 618 (1975) p. I 
[3.0(,1 I . I . i (~c / / (*r .  K.:  I>ic I'III~I~~~:~LII~CISCII~L'\~L'I~ ~ 0 1 1  V ~ ; L I I I I C I I .  I:\';-iCIit1. 38 (1965) 110 I ,  p. 29. 
(3,971 (;rt~itr. / I .  r 1 1 1 t 1  . /  O.v/~~t~ic~rrlrlc~r: I lytlr;tulic forccs ;lcring OII the llpstrczm and t l ~ ~ ~ ~ ~ ~ ~ ~ ~  

pipclincs ; I I I ~ \  ~ h c  casing ul' huttcrlly v;rlvcs during closing. ASCE-IAHR-ASME Symp. F,, 
C~olliris. L'o (lt17S) I'rtjc. Vol. I 1  17 423i43S. 

[3.?S] O.v1,.1.1i.tr/(!t.r. . I .  t r t r ; /  K.-./. I'~.sc.lrgc~s; ('avit:ttiull iuvcstigii~ion of butlerfly valves. 8th I A H ~  
Sympos. L . c I ~ I I ~ ~ ~ ; I L !  ( 1  976). 11 --4. p. 14s; 1.59. 

[3.99] ;ClC,j..s~r(,. .\.'.: Sicltcrllci~sdros~clkli~ppc~~. L!W-hlitt. 36 ( 1  963) 110 1, 11. 13. 
[3.100] ;\.lrl~..v~rc.. :V.: Drossc!lilappcn-~runJ;1b1:1I3scliiit~ Drucklcitungcn. EW-Mitt. 2712~ 

(l954j55) p. 59. 
!3.10 I] Btrr.n. I]. trrrtl I / .  G'rvitl; Dic l)ol>pcldcckcr-DI-osscIkI:~ppc. EW-Mitt. 42 (1969) no 1 ,  p. 11. 
[3.102] S~~lr.t-or:. [I. J.: Design trcnd in ~ h c  consrruclio~l of !ligh prcssurc outlct gate. Swiss Dam 

Tcchni~lucs. Publ. 47 ( I 970). 
[3.103] Pe.vc./'rgi~s. A'.-J.: Experin~cntclle Untcrsuc1i~1:lgcn z u n  Kavit:ttions und Bctriebsverhalten 

eincr linscl~l'iirmigcn Ilrossclkl:~ppc. Dr.-lng. thcsis 7'1-1 Darrnstadt 1978. 
[3.104] S~rc,lr!rrc~r, F.: Invcstigati11g the characteris!ics of shut-off valvcs by model tests. Water 

Power 29 ( 1077) no 7, p. 4 1/46. 
(3.1051 O s r ~ ~ t ~ ~ ! . ~ r / t l t ~ r ,  J.:  Der Eschcr Wyss Kt~gclsciiicbcr. Versuche bci hohcn natiirlichcn Gefallen 

zur. Rcur~c i lun~  dcs VcrIi;~ltcns bci Rolirbrucl~ und Frcilaut'. EW-Mitt. 31 (1958) no 2, p. 7. 
[3.106] il/trlc;~~ori. E. trtrtl ,~Iiltr~rc.sc.: Pump-scrvice valves in Italian purnpetl storage stations, 

characteristics and pcrform:ince. I l t l i  IAHR Syn~p.  /\mstcrciani 1952. Proc. Vol 1,11, p. l/l5. 
13.1071 Kcller. C'. rr~rrl I .  I/r~.sku~ir:: Strijm~~llgsvcrst~chc all Sichcrlici~sorganen von Wasserkraftanla. 

~ C I I .  EW->!it( (1042,'43) S. 91. 
[3.108] 0srr;t-ii.tr!t/~r. J .  titrtl C'lr. I,C'irrlr: IZ..cpcrirncrltcllc Untcrsuchungc~~ dcs Ausflul3vcrhaltens rohr- 

brucl~~ihnlislicr Q~!crschni~tc. LVassciwirtsch. 72 (1972) no 9, p. 324i329. 
[7.109] Nic.1ric.t.. K.: Ilie Fcstigkcit von Kugclscl~i~birn.  EW-&lit[. 31 (1968) no 3, p. 14. 
[3.1 101 IVt~~qrtr.su~r!rer, 11.: I'lrlnung uncl Arlsfiihrullg clcr n~ascliincnbaulichen ilnd elektrischen Aus- 

riistung dci K;1uncrt;1IkraftwcTkcs. Elcktro:echn. u. ktassh. ball. SO (1971) no 5, p. 1811228. 
(3. l I I] Chtrrrssu;~, P.: Four !a~.gi: vcr:is;rl s!l;rft Ch;tr.r~iilles Pcitoii turbiiics. Charniillcs Techn. Bulle- 

tin. no 131 975. p. 7/14. 
[3.1 131 Aprlc~ri~r, E.: Griindungsmaflnahmcn fiir das  Kr;ifiwcrk Silz. 0sterr. Wasserwirtsch. 31 

( 1979) p. 186. 
[3.1 131 Osrer.:~.nttic~r, J.:  Tail water depression of Inillti jet i~npulse turbines. Watcr Power 18 (1966) 

110 9, p. 358:362. 
[3.1 141 Greiir, I-I. crtlcl H .  K. I-lijller; Pcltonturbinen im Gepcndruckbctrieb. EW-Mitt. 54 (1981) 

no I,  p 32/36. 
[3.115] Tire fititor: Small bu! thriving (From h4ichcll to Ossberger) Water Power 31 (1979) no 1, 

p. 54/55. 
[3.1 161 Deritr:, Y.: Colnpariltivc study of  Kaplrui urld Deriaz turbines. Electr. Rev. 165 (1959) 

no 14, p. 633. 
[3.117] Kol-trk.~. A'. N. mrd W'. S.  Kvicrlkov:;k~: (Orig. Russian) Kotloturbinostroe~lije., Leningrad 

1964. 
[3.118] Ronic..ke, 1V. cud J .  J .  l'icrory: Francis turbines for s~nal l  scale application. Water Power 34 

(1982) no I .  p. 61/65. 
[3.119] Perir. Ch.: hlicrocentrales hydro6lectriqucs d'uns puissance infkrieurs 6 100 kW. Houil!e 

Blanche -36 (195 1) no 415. p. 2491257. 
[3.120] E I I ( ~ I I I P .  J. (11rt1 P .  C I I R ( ~ ~ L I S O ~ I  LCS mimgroupcs hydroelectriques (100 i 1000 kW). ~ o u i l l e  

Blanche 36 (1 98 1 ) no 4!5. p. 2691274. 
[3.121] Rtrhtr!rrl, J.  trrrtl G .  Picolicr: Lcs groupcs pour petites centralcs de production (1000 A 8000 

kW) Houillc Blanchc 36 (1981) no 4/5. p. 276!282. 
[3.122] 12lil!cr, M.: Thc straight flow turbine turns ft11l circle. Water Power 29 (1977) no  1. p. 31/35. 



[3.123] Cotillorr, J.: Advantages o f  bulb ,,nits for low head developments. Water Power 29 (1977) 
no 1. p. 21/26. 

(3.1241 Cedwbcrg, B.: Hydroturbines geared for higher power. Water Power 33 (1981) no 9. 
p. 4014 1. 

(3.1251 Borcintli, G.  atrd G .  Gib~r t i :  Research on multi-stage reversible model pump-turbines for the 
Chiotas-Piastra project. 7th IAIIK symp. Vienna (1974). Trans. XI 3. p. 21/24. 

I3.1261 hrleier. W. andM Jtrquct: Single and multistage pump-turbines for high-head storage plants. 
ASME Fluids Engineering Conference on Pump Turbine Schemes. Niagara Falls, New York 
(1979), paper. 

[3.127] Kovalev, N. N.: Hydroturbines (orig. Russian) Israel Scientific Translation, Jerusalem. 
1965. 

(3.1281 Chair, B.: Cornparaison du  point de vue hydrauliques entre la biche spirale de type Piguet 
et une bdche conventionelle. Charmilles Inform. Techniques no 7 (1958) p. 31/34. 

[3.129] Surber, A.:  Die druckausgeglichene Dehnungsmuffe von Vianden. EW-Mitt. 38 (1965) no I .  
p. 24. 

[3.130] Gordon, J. L.: Estimating hydro power house crane capacity. Water Power 30 (1978) no. 1 I .  
p. 25/26. 

[3.131] Zakayolv. D.: Circular underground powerhouse for USA's Kerchhoff. Water Power 33 
(1981) no  9. p. 21/24. 

(3.1321 Shitigora, J. S. et al: The design of penstock Wyes for the Bari hydrostation. Water Power 
29 (1977) no 6, p. 42/46. 

[3.133] Novotrlv, V.: Spherical branch-off pipes for pumped storage plants. Water Power 32 (1980) 
no 9. p. 42/47. 

[3.134] Cl~rist ,  A. and IV. v. Allmen: Stromungstechnische Erkenntnisse uber Abzweigstiicke von 
Verteilleitungen. EW-Mitt. 53 (1980) no  112, p. 20. 

[3.135] Siiss, A .  and J. Hassan: Verrninderung von Materialaufwand und Energieverlusten bei Ver- 
teilleitungen von Wasserkraftanlagen. EW-Mitt. 3013 1 (1 957158) p. 25. 

[3.136] Wiederkehr, R.: Zur Berechnung von Zylinderschalen. EW-Mitt. 33 (1960) no 1/2/3, p. 159. 
(3.1371 Wiederkehr, F. cmd P. Ritter: Die EinfluDzahlen der Zylinderschale veranderlicher Wand- 

starke. EW-Mitt. 33 (1960) no 11213, p. 162. 
[3.138] Dolder, G.: Escher Wyss Verteilleitung mit biegefreier Innenverstarkung fur hydraulische 

Anlagen. EW-Mitt. 39 (1965) no  2, p. 26. 
(3.1391 Meystre, N .  and W.  Sraldfer: Bruchverhalten von Rohrleitungen fiir Druck und Verteillei- 

tungen, die in gcwissen Gebieten fruhzeitig plastisch verformt werden. EW-Mitt. 44 (1971) no 1, 
p. 15. 

[4.1] Rossnlanrt, 11.: Moglichkeiten und Grenzen wasserwirtschaftlicher Planung. 0sterr. Wasser- 
wirtsch. 32 (1980) p. 57. 

(4.21 Nktner, A.: Mathematisches Modell hydraulischer Anlagen. EW-Mitt. 47 (1974) no  1, p. 3. 
[4.3] Hartung, F.: Hydraulische und mathematische Modelle an Flussen. Wasserwirtsch. 60 (1970) 

no  112, p. 1/10. 
(4.41 Altieri, D.: Tailwater levels for maximum power. Water Power 28 (1976) no 9, p. 36/39. 
[4.5] Rnnunhoe. S.  I.: Flow duration curves in tropical equatorial regimes. Water Power 34 (1982) 

no  12, p. 66/69. 
[4.6] Sl~ellon, L. H.: Cost analysis of hydraulic turbine. Water Power 33 (1981) no 6, p. 24/28. 
[4.7] Bahntnonde, R.: Economic criteria in selecting the number of units for a hydro plant. Vjater- 

power 33 (1951) no 7, p. 43/45. 
(4.81 Gingold, P. R.: The optimum size of small run-off-river plants. Water Power 33 (i98 1 )  no I 1, 

p. 50153. 
[4.9] Kelkr, C. und H.  Bfculer: Der theoretisch gunstigste Durchmesser fur Axialturbinen. EW- 

Mitt. 10 (1937) p. 112. 
[4.10] Puntell, A'.: Das Laufrad der Kaplantrubine und seine Kennlinie. Wasserkraft u. Wasser- 

wirtsch. Munchen, Berlin (1934) p. 251. 
[4.11] Ranbe, J.: Beitriige zur Bcrechnung von Kaplanturbinen. Ing. Arch. 27 (1959) no 1 ,  p. 1/30. 
[4.12] I'jleiderer, C.: Die Kreiselpumpen fiir Flussigkeiten und Gase. Berlin: Springer-Verlag 1961. 
[4.13] Gordotr. J .  15.: Estimating hydro stations costs. Water Power 33 (1981) no 9, p. 31/33. 



(4.141 Y(lrrg, K. I / . :  Dcsigri trcncl of hy<lro planls in  lhc USA. Wa!cr I'owcr 32 (19SO) no 2. 
P. 32/36. [4.15J R:alhr, J.: 1-hc optiniir:~lion of spccd i:oc~lici;nl K u for hydr;ntlic rc;~clion "lrbillcr 

special c~i~pllrsis lo mixcd llow type. Papcr 3 ro Colloqiu Turboni iquin ;~~.  Tllc University or 
Vrilcnci:~. 1937. 

14.161 SPzrr. G. ottd W. &ruch: Entwurfsopti:nisrung von SlourH~i~nc~i  iln Wehrcn. W;\ter pow=, 24 
( 1972), p. 2831289. 

[4.li] SCV,:S, G. J. ~ n d  0. Usltz,: obcr  die i ~ d ; ~ p t i ~ e  Stcuerung voll ~ ~ c h w a s s c r r u c k h u l ~ ~ ~ ~ ~ ~  
Systemen. '~Vasserwirtsch. 68 (1978) no 112, p. 118. 

[4.18] Kl~/cqlic!fcr, E.: Ein Bcitrag zur Bcsti~nniiing dcr Vcrdunsturig Vorl eint!r frcien Wasserobcrnp. 
che. ~s tcr rc ich .  Wasserwirtsch. 32 (1980) p. 38. 

[4.19] A! o.~or~yi.  E.: Leakage and scepitge from upper ~ C S C ~ V O ~ ~ S .  Water Power 33 (1 98 1) no ,, 
.p. 35/39. 

[4.:0] Miiklo,ioirt. E. H.: Hydraulische Maschinen fiir Pumpspeichcranlagcn und Vergleiche 
Kostcn, Wirkungsgraden und Anfahrzcitcn. ECV-Mitt. 45. (1972) no I, p. 3. 

[4.21] Pilniclrclli, S. er al.: Pumped storage plant evaluation planning studics. Water power jJ 
(1 98 1) no 1,  p. 55/59. 

[4.22] Zohel, R.: Versuche an  cincr hydrauliscllcn Ruckstromdrosscl. Mitt. Hydr. Inst. TH ~ i j ~ -  

clien, Vol. 8 (i936) p. 1/47. 
[4.23] Scuber, G.: Das Wasscrschlofi dcs Kaunertalkraftwerkcs der TIWAG. Schweiz. Bauzeitg 88 

(1970) no  1. p. 1%. 
[4.24] Tug~r.crkar, J: Hiufigkeit von Wasserschlo~schwingungcn und ihrc Auswirkungen auf die 

Bclriebsfcstigkeit von Stollcnpanzen~ngen. 0sterr. Wasssrwir~sch. 32 (1950) p. 105. 
[1.25] Perrrgir~elli. A.: Flow in horseshoe section tunnels. Watcr I'owcr 28 (1976) no 7, p. 20126. 
[-I261 Rii.rsclrt. R.: Hydraulik im Wasserbau. Miinchen: Oldenbourg-Verlag 1981. 
[4.27] Kir, Z.: Partition lincs in Moody's diagram. Water Power 31 (1979) no 3. p. 29/34. 
i4.281 Purclv, Ci, C.: Energy loss of draft tube exits and in penstock. Water Power 26 (1974) no 10, 

p. 53/54. 
j4.291 hfliller, IV. ~ n d  I / .  Strurlnuntt: Rohrleitungsvcrlust und Dr~~ckleitungen von Wasserkraftan- 

lapen. Tcchn. Rundschau Sulzer 3 (1964). 
[1.30] Alcrksitno~ic. C.: Reducing drag by polymers for hydro constructions. Water Powcr 30 (1978) 

no 6, p. 53/58. 
[3.31] Pun?lnkinn, J.: Minimum thickness for handling steel pipes. Water Power 34 (1982) no 6, 

p. 18/19. 
[4.32] Slrrhcr, .4.: Experimcntelle Untersuchung zur Bestimmung der geeigneten Druckschachtpan- 

zerung eine5 GroUkraftwcrkes. EW-Mitt. 32 (1959) no I, p. 3. 
(4.331 A l ~ l i r ,  P. F. et a/.:  Prestressed concrete pressure tunnels. Water Power 30 (1978) no3, 

p. 2313 1 .  
[4.34] Surknriil, G. 5.: Economic penstock diameter. Water Power 31 (1979) no 1 1 ,  p.70172. 
[4.35] ,\4iilrle1,1nrm, E. H. uttii G.  Dolder: Druckleitungen und Druckschachte fiir hydroelektrische 

Anlagen, insbesondere in der Schweiz. EW-Mitt. 44 (1971) no 2, p. 33. 
[4.36] Porh, D. : Hochspan~~ungsgleichstro~nubcrt~.agung. Siemens Eng. Techno E- 124/1921. 
[3.37] Ilet~gsberger, J R. e f  ul.: An oil coolcd HVDC thyristor halve for outdoor installation. Int. 

Conf. on large high voltage el. Systems. Paris 1970. 
j4.38) Berigcr, C. er 01.: Design of water cooled thyristor valve for extension of Manitoba Hydro- 

HVDC System. Int. Conf. on Large high voltage el. systems. Paris (1976). pap. 14-05, p. 119. 
14.391 Carrsse. L. nrrd A .  Lacoste: Prospects collccrning the development of power transmission 

methods by way of u~de rg round  cables in France. Int. Symp. High Voltage Tcclinology. Techn. 
Univ. XI1:nich (1Q72), p. 5351541. 

[4.40] Eirlir~,oer. A .  ar~d C. D. Flossel: High power rransmission with gas-insulated pipe-type cables-a 
cornparison with lines and cables. Intern. Symp. High Voltage Technology, Techn. Univ. Munich 
(1972). p. 5321549. 

[J.Jl] SclwJfler, E.: The "wcllmante1"- a welded and corrugated tube-as a component for new kinds 
of high power cables. Intern. Symp. High Voltage Technology, Techn. Univ. Munich (1972), 
p. 5791586. 

[4.42] Pcscl~kr. E. F.: Bulk power transmission by cables. Intern. Symp. High Voltage Technology, 
Techn. Univ. Munich (1972), p. 5581565. 



4.431 Roet?rer, L. E., S.  R. Rohitl.~on atlcl D. C. Thortr: Non-destructive test procedures for under- 
ground powcr cables. Internat. Symp. High Voltages Tcclinology, T e c h n . ~ n i v .  Munich (19.12). 
p. 5731578. 

4.441 Cirknlnnt~, K. atld E. KGtrigshofer: Die H~chs~annungsfrei le i tungen.  2. Auflage 1952. Wien: 
Springer-Verlag. 

4.451 Rieger, I t .  arid R. Fischer: Der Freileitungsbau. 2. Auflage. Berlin, Heidelberg, New York: 
Springer-Verlag 1975. 

5.11 Euler, L.: Thtorie plus complete des machines qui sont mise en mouvement par la reaction de 
I'eau. Hist. del'acadi-mie Royales des Sciences. t. 10. Berlin 1754. 

5.21 Kaufnlnnn, bV.: Technische Hydro- und Aeromechanik, 3rd edition. Berlin: Springer-Verlag 
1963. 

5.31 Truckenbrodt, E.: Fluidmechanik, Bd. 1 und 2. 2. Auflage Berlin, New York: Springer-Verlag 
1980. 

5.41 Schlichtkg, H.: Grenzschichttheorie 3. Auflage Karlsruhe: Verlag Braun 1958. 
5.51 Lamb, H.: Hydrodynamics. Cambridge Univ. Press publishers 1932. 
5.61 Streeter, V. L: Fluid Mechanics. New York: McGraw Hill publishers 1951,'66. 
5.71 Hinze, I. Q.: Turbulence. New York: McGraw Hill publishers 1959. 
5.81 Albring,CV.: Angewandte Stromungslehre. Leipzig: Steinkopf-Verlag 1962. 
5.91 Gerber, H.: Experimentelle Methoden zur Ermittlung von Potentialstromungsbildern. EW- 

Mitt. 1 (1928) p. 171. 
5.101 Raabe, J.: Die rechnerische Behandlung des relativen Stromungsfeldcs bei diagonalen Turbo- 

maschinen. Masch. Markt 66 (1960), no 10, p. 6, no 12, p. 6. 
5.1 I]  Betz, A.: Einfuhrung in die Theorie der Stromungsmaschinen. Karlsruhe: Verlag Braun 1959. 
5.121 Statlitz, J,  D. atld V. D. Prian: A rapid approximate method for determining velocity distri- 

bution on impeller blades of centrifugal compressors. NACA TN.  242 1 195 1 .  
5.131 Scholz, N: Aerodynamik der Schaufelgitter. Karlsruhe: Verlag Braun 1965. 
5.141 Granunel, R.: Die hydrodynamischen Grundlagen des Fluges. Braunschweig: Vicweg-Verlag 

1917. 
5.151 Kutta, IV.: Auftricbskraft in stromenden Fliissigkeiten. 111. astr. aeron. Mitt 1902. 
5.161 Joukovsky, N.: ijber die Konturen der Tragflichen der Drachenflicger. Z. f. Flugtechn. u. 

Motor Luftschiffahrt 1910. 
5.171 Biir, E.: Mcssung dcs relativcn Stromungsfeldes in Wasser an der Laufschaufel eirier schnell- 

Isufigen Francisturbine. Dr.-lng. thesis T U  Miinchen 1969. 
5.181 Schlet11nler, G.: Messung dcs absoluten und relativcn Stromungsfeldes einer schnellaufigen 

Francisturbine mit Bcriicksichtigung der Wirbelzopferscheinungcn im Saugrohr. Dr.-lng. thesis. 
T U  Miinchen 1973. 

5.191 Petertnutlt~, II.: Einfuhrung in die Stromungsmascl~inen. Berlin, New York: Springer-Vcrlag 
1974. 

5.201 Rietnerschtnirlt, F.: Der EinfluB dcr Zahigkeit des Wassers auf die hydraulischen Eigenschaf- 
ten einer kleinen Francistrubine. Mitt. d .  Hydr. Inst. TH Munchen vol 5 (1932) p. 20146. 

5.211 Navier, M.: Mkmoire sur les lois du  mouvement des fluides. Mem. de 1'Acad. d. Sci 6, 389 
(1 827). 

5.221 Stokes, G,  G.: On the theories of the internal friction of fluids in motion. Trans. of the Cambr.  
Phil. Soc. 8 (1 845). 

5.231 Prundrl, L.: ~ b e r  Flussigkeitsbewegu~ig bei sehr kleiner Reibung. 111 Int. Math. Kongr.  
Hcidelberg 1904. NACA TM 452 (1928). 

5.241 Blasius, H.: Crenzschichten in Fliissigkeiten mit kleiner Reibung. Z. Math u. Phys. 56 1 
(1 908) 

5.251 Haget?, G.: ~ b c r  die Bewegung dcs Wassers in engen zylindrischen Rohren. Pogg. Ann. 
46,423 (1 839). 

5.261 Poiseuille, J.: Ri-chcrchcs exp6rimentclles sur Ic mouvement des liquides dans 1es tubes d e  trks 
petit diamdre. Cornptes Rendue 1 1 961 a t  1041 (1840) 12, 1 12 (1841). 

5.271 Nikurt~rlse. J.: Stromungsgesct~e in rauhcn Rohren. Forscli. Ing. Wes. Heft 361 (1933). 
5.281 Strsckeletzky, M.: Neucre Erkenntnisse iiber Wandgrenzschichten in hydraulischen Stro- 
mungsmaschinen. Voith Forsch. 11. Konstr. 25 (1979) no 6 u. 27 (1981) no 6. 



15.2'91 1~t~~~troltl.v. 0.: I'hil. 'I'riins. Roy.  Soc. T. IS6 A p 123. . . 
(5.jOJ l<t*ic.lrlitrrtl~. 11.: illcss~lngcn tu~-bi~Ic~iter  ScI~\v ; i l lk l~~lg~~i .  Z/\iLlR.I 18 (1938) p. 358. 
15.3 11 Jilcnir,r. ti.: D;IS A I ~ t i ~ i i ~ ~ ~ c i t s g ~ ~ c t ~  bci ~~~~~~~~~~~~~~Cingc11 in l'lii~~igkcitcn. F ~ ~ ~ ~ ~ .  

Wcs. (1013) 13 
15.321 Prutrcl~l, L.: The mechanics of viscous fluids. 111 Durand: Acro dynamic theory. 111 &. 

Springer-Verlag 1935. p. 142. rht 
[5.33] C'olcs, D. E.: Thc law of the wake in the turbulent bound~lry laycr. J.  Fluid. M 

p. 191/236. 
ech. 1 ( 1 9 ~ ~ )  

[5.34] 1.orcti1: H. A.: Abh;indlungcn ubcr thcorctischc Physik 1. 43. Leipzig 1907. 
[5.35] Tolbrii~~ti. LV.: ~ h c r  die Entstehuog der Turbuknz I .  Mitt. N~cl i r .  Gcs. Wiss. G6ttingeR 

Mth. Phys. Klasse 21 (1929). 
[5.36] Tollttric~ti. IV.: Giittingcr Monographic ubsr Grcnzscliichten. Tcil R 3 (1946). 
[5.37] Tollttiiet~. II'.: Ei 11 ;~llgen~eincs Kritcrium dcr Inst;~bilitiit lalninarcr G ~ ~ c h ~ v i n d i g k ~ i ~ ~ ~ ~ -  

lungcn. Kach. Ges. Wiss. Gottingcn. Math. Phys. Klassc, Fachgcb. I 1 (79) 1935. 
[5.38] Si.Iiirhtrircr, G. B. trirtl [ I  K. Skrtntrsratl: Laminar boundary laycr oscillations and stability 

laminar flow. Nat. Bur. of Stiind. Res. pap. 1772 (1943). 
15.391 Tr~rcketihrodt. E.: Neuere Erkenntnissc iiber die Berechnung dcr Str61nungsgrenzschicht mit- 

tels einfacher Quadraturfornieln. Tcil I ,  Ing. Arch. 43 (1973) p. 9/25; Tcil 11, Ins. Arch 43 (1974) 
p. 136/144. 

[5.40] rml Driest, E. R.: J .  Aeronautical Sci. (1956) p. 1007. 
[5.41] Rerrcirr. L. R., J .  P.  Johtlsrot; utrd S .  J .  Klitre: Performance and design of straight two dimen. 

sional diffi~sers. Rep. PD-8. Thermo sci Div. Dep. Mech. Engg. Stanford Univ. California 1964, 
[5.42] Sclrr-(rub, F. -4. rrtrd.7. J .  Klitie: A study of turbulent Ooulldary laycr with and without longilu. 

dinal pressure gradients. Rep. MD-12 Thernio. sci. Div. Dep. Mech. Eng. Standford Univ. 
California 1955. 

(5.431 Bcirtitr. S. et 01.: Experiments on tandem diffusers with boundary layer suction applied in 
betivccn. Sqmp ASCE-IAHR-ASMI:, Fort Collins Col. (1975), vol. I. p. 3411352. 

[5.44! Jesiotrc,X. K. J. trtitl R .  CV~.sziriski: Effect of entrance conditions on the performance of curved 
subsonic d~!t'tlsers. Sy~np.  ASCE-IAHR-ASME Fort Collins Col. (1978) vol. I. p. 29!/300. 

[5.45] Glrosr. .\ rrt~tl S.  J .  Klirie: A numcrica! method for calculating the performance of two dimen- 
sional diffuser-s operating in thc transitory stall regime, including prediction of optimun~ recovery. 
Synlp. i\SCE-IAl-IR-ASME. Fort Collins C01.(1978) V O ~ .  I..p 193/210. 

I5.461 St~iirh. C. R. (nid J .  L. Lnyne: An experimental investigation of flow unsteitdiness generated 
by transitory stall in plane wall diffusers. Symp. ASCE-IAHR-ASME Fort Collins Col. (1978). 
Vol. I. p. 1671176. 

[5.17] lt'ollej.. R. L. ntrtl S. J.  Klirte: A procedure for computation of fully stalled flows in two 
dimensional passages. Symp. ASCE-IAHR-ASME Fort Collins Col. (1978) Vol. I .  p. 177/191. 

[5.4Y] rlsl!juce. J. ,  J. P. Johnston and S. J .  Klirte: Subsonic turbulent flow in plane wall diffusers. 
Dcp. Xlrch. Engg. Stanfort Univ. Rep. PD-21 1980. 

[5.49] Srrschel~t:ky, dl.: ~ b e r  Grenzschichtablosung und freie Begrenzung in inkompressiblen 
Flussigkeiten bei schr kleiner Reibung. VDI Tagg. Stromgs. masch. Freiburg (1963). VDI Be- 
richte no 75. 

(5.501 Rt~rditra, J., S. J .  Klitre atid J .  I / .  Ferziger: Computation of straight diffusers at low Mach 
number incorporating an improved correlation for turbulcnt attachinent and reattachment. Stan- 
ford Lniv. Thermo sci Div. Dep. Mech. Engg. Report PD-22 1982. 

[5.51] CI-ir(~sitr.yhr. S E. A . :  Effect of swirl on conical di lhser  performance. Symp. ASCE-IAHR- 
ASME Fort Coilins Col. (197s) Vol. I. p. 2231234. 

(5.521 S~rscl~elc>t:ky. ~tf.: Gleichgcwichtsforrnen der rotatior~ssymmetrischen Striimungcn mit kon- 
stantem Drall in geraden zylindrischen Kotationshohlriurnen. Voith Forsch. u. Konstr. 5 (1959) 
I 1 0  1. 

[j.51] Dzitrllos. R.: Francisturbinen bei Teil- und ~ b e r l a s t .  Syrnp. Hydr-Stro~nungsmasch. Freiburg 
(1963) VDI Berichte no 75 p. 53/64. 

[5.54] Poltle. ti. J.: Model and prototype turbine draft tube surge analysis by the swirl momentum 
n~cthod- 7th IAHR syrnp. Vienna (1974), trans I11 3, p. 1/13. 

(5.551 Dorf1c.r. P.: Mathematisches Model1 dcr zopferregten Teillastschwingungen von Francistur- 
binen. EW-Mitt. 59 (1980) no  112, p. 101. 



[5.561 fischer, K.: Untersuchung der Stromung in ei~ler Zentrifugalpumpe. Mitt. d. Hydr. Inst. T H  
Miinchen (193 1) vol. 4, p. 7/27. 

[5.571 Moon, J .  M.: Effect of Coriolis force on the turbulent boundary layer in rotating fluid 
engines. MIT gas turbines lab. (1962) Report 69. 

(5.581 Strscheletzky M.: Wirkung und Steuerung der Sekundarstromung in hydraulischen Turbo- 
strdmungsmaschinen. Voith Forsch. u. Konstr. 5 (1959) no 1. 

(5.591 Raabe, J.: ~ b e r  die Anwendung des Hamiltonschen Prinzips zur Berechnung von Tragheits- 
abliisungcn im umlaufenden Schaufelkanal einer Turbomaschine. Stroiniski Vestnik 21 (1975) 
no  9/10, p 1/14. 

(5.601 Wasiele~~ski ,  R.: Verlust in glatten Rohrkriimmern mi1 kreisrundem Querschnitt bei weniger 
als 90" Ablenkung. Mitt. Hydr. Inst. TH Munchen 6 (1932) p 35/67. 

[5.61] Agerwal, P. K. and G .  K. Viktorov: The third two dimensional problem of three dimensional 
blade systems of hydraulic machines. Trans ASME J. Fluid Engg. 103 (198 1) p. 33/51. 

15.621 Raabe, J: Der Relativwirbel als Verlustfaktor und Storungsursache fur die Rotationssymme- 
trie der Stromflichen bei axialen Turbomaschinen. Masch. Markt 64 (1958) no 3, p. 7. 

(5.631 Forringer, H.: ~ b e r  die Fliissigkeitsreibung umlaufender Scheiben, Zylinder und Zellenkor- 
per. ZAMM 17 (1 937) no 6, p. 356. 

[5.64] Domm, U. and H .  Zilling: Axial thrust in centrifugal pumps. Trans. IAHR Symp. Braun- 
schweig (1966). VDI Fachgruppe Energietechnik paper J 23. 

(5.651 Greenspa?l, H:P.: The theory of rotating fluids. Cambridge: Univ. Press 1969. 
[5.66] Sproule, R. S.  m ~ d  P. Koeller: Reduction of fluid friction losses in rotary machines EIC-64- 

HYDEL, (1 964) vol. 7, no  C-6. 
[5.67] Osterwaler, J. and H .  Geis: Radseitenverluste einer Hochdruck-Francisturbine radialer Bau- 

art.  Masch. Markt 31 (1983) p. 6691672. 
(5.681 Wugner W.: Experimentelle Untersuchungen an radial durchstromten Spaltdichtungen. 

Dr.-Ing. thesis TU Braunschweig 1972. 
[5.69] Kosyna, G.: Untersuchung an radial durchstromten Dichtspalten mit ebenen Spaltwandun- 

gen unter Beriicksichtigung von Parallelitatsfehlern. Dr.-lng. thesis TU Braunschweig 1976. 
15.701 Ranbe, J.: Approach to prediction of turbulent leakage through coaxial gaps as function of 

boundary layer, relative flow distribution on wall, swirl and shear stress due to disk friction and 
pipe flow. l l th  IAHR symp. Amsterdam (1982). Proceed. Vol. 3,78. p. 115. 

(5.711 Sratnpa, B.: Experimentelle Unrersuchungen an axial durchstromten Ringspaltcn. Dr.-Ing 
thesis. TU Braunschweig 1968. 

[5.72] Keller, C.: Labyrinthstromungen bei Turbomaschinen. EW-Mitt. 8 (1935) p. 160. 
[5.73] Eichler, 0.  and IM. Wiedtnann: Untersuchung gestufter Spaltabdichtungen fiir hydraulische 

Stromungsmaschinen. VDI-Ber. Nr. 424 (1 98 1) p. 53/62. 
[5.74] Raabe, J.: The negative efficiency scale effect in Peltonturbines and its causes. Trans. IAHR 

Symp. Tokyo (1980) p. 6891702. 

(6.11 Trailpel, W.: Thermische Turbomaschinen Bd. 1, 3. Aufl. Berlin, New York: Springer-Verlag 
1977. 

[6.2] Martensen, E.: Berechnung der Druckverteilung an Gitterprofilen in ebener Potentialstrij- 
mung mit einer Fredholmschcn Integralgleichung. Arch. Rat. Mech. Anal. 3 (1959) p. 2351270. 

[6.3] Jacob, K.: Erweiterung des Martensen-Verfahrens auf Einzel und Gitterprofile mit eckiger 
Hinterkante oder sehr kleinem Abrundungsradius. Aerodyn. Vers. Anst. Gottingcn Ber. 67 A 21 
1967. 

16.41 I.qay, W .  H.: Zur Berechnung der Strotnung durch axiale Schaufelgitter. ZAMM 33 (1953) 
p. 321. 

16.51 Traupel, W.: Die Berechnung der Stromung durch Schaufelgitter. Sulzer Techn. Randschau 
n o  1 (1 945) p. 45. 

j6.61 Birtthaurn. M'.: Die tragende Wirbelflache als Hilfsmittel zur Behandlung des ebenen Problems 
der Tragfliigeltheorie. ZAMM 3 (1923) p. 290. 

16.71 Schilizcmsl. M.: Niiherungsweise Berechnung von Auftrieb und Druckverteilung in Fliigelgit- 
tern. Jahrb. d.  wiss. Ges. f. Luftft. Miinchen: Oldenbourg-Verlag 1927. 

I6.81 Rnrrbe, J.: I-lydraulische Maschinen und Anlagen. vol. 1 Grundlagen dcr hydraulischen Stro- 
mungsmaschinen. Diisseldorf: VDI-Verl. 1968. 



16.91 )I1~itlig, F.: Die Strilmung lrni die Scl~;iofeln vun Turbuln;~schiricn. Lt2ipi.i~: R;lrth-~erbg 19,L 
[O. 101 Schliclr,in,q. / I . :  Ijcrcchnung dcr rcib~lngsloscn. inkon~prcssiblcn S t r i in~un~ ~,,,.,h ,in 

gcbcrles Schnufclgittcr. VDI-1-orsch. klcft Nr. 447; DiiscldorT: VDI-Vedag 1955. % 
(6.1 I] Rtrrrhc, J.: Ein Bci~rag zui Bcstimrnrrng dcr auliricbsloscn AnstroniricIi t~l~~ bci en&& 

Prolildicke im Fliigclgitter ciner axinlcn -l'urbomsschine. Mn~ch. Markt 65 (19j9) no 3, p7. 
[6.12] S t r . ~ ~ l l ~ / ~ ~ r : k ~ ,  ,\I.: Zur konformen Abbildunp VOII Stromfliicbcn in r ~ t ; \ t i o n s ~ ~ ~ ~ , , , . ~ ~ ~  

14ohlraun1cn. Voith Forsch. u. Konstr. 14 (1966) no 2. 
(6.1 31 V ~ / r e r ,  'Lj.: Numerischc Berechnung dcs riiumlichcn Stromungsfeldn in hydraulischm Tuur. 

bomaschinen. VDI Forschungsheft 535 (1969) p. 28/40. 
(6.141 Brt~,er.feM W.: Die ~ r u n h l a ~ c n  dcr ~ e r e c h n u n ~  schnellaufender KreiselrPder. v ~ 1 - z  

( 1  922) 0.461. 
r .  

[6.15] Inoue, M. T., T. lltui, Y .  Kamarla rrrld M .  Tashiro: A quasi 3 dimensional dcsign of diagond 
flow impeller by use of cascade data. loth IAHR symp. Tokyo (1980). Proceed. p. 4031414. 

(6.161 Byrd, P. F. atrd M .  D. Friedmann: Handbook of Elliptic Integrals for Engineers and phyd. 
cists. Berlin, New York: Springer-Verlag 1953. 

[6.17] Schillitrg, R.: Numerical calculation of the quasi 3D incompressible inviscid flow in turboma. 
chines. 1 lth IAHR symp. Amsterdam (1982), proc. Vol. 3,79, p. 1/13. 

[6.18] Borel, 15.: ~ t u d e  pseudo-tridimensionelle des kcoulemcnt fluides autours des aubes de turbo- 
machine. Vevey. Bulletin Technique 1978/79/80/81. 

[6.19] Hirrch. C. H. aid G .  Warzhe: A finite element method for the axisymmctric flow computa. 
tiun in a turbomachine. Int. J. f. num. Math. of Engg. 10 (1976) p. 93/113. 

[6.20] Keck, H.: Finite-Elemcnte-Bcrechnung von Stromungcn in hydraulischen Turbomaschinen. 
EW-Mitt. 53 (1980) no 112, p. 92. 

[6.21] Holler. II. K ntld H.  Keck: The complete finite element flow computation in a bulb turbine 
from inlet thrashrack to runner outlet. 10th IAHR symp. Tokyo. proc. p. 5951608. 

[6.22] Pfoernrer, H.: Laufradstromung in einer Francisturbinc-Vergleich experirtlenteller Erg& 
nissc mit numerisch berechnctcn Stromungsfeldern. Tagg. Hydr. Stromungsmasch. Braunschweig 
(195 1) VDI-Bcrichte 424. p. 1211129. 

j6.231 Mortelli, F. and G .  Manfrida: Finite clement calculation of blade-to-blade flow in pumps. 
Houille Blanche 37 (1982) no 718, p. 6651671. 

[6.24] Murai, H.: Theory on blades of diagonal flow pumps. Sendai, Rep. Inst. High Sp. Mech. 
Japan 20 (1968), p. 1771195; p. 19712 1 1. 

[6.25] Dniguji, H. arid H .  Sltirnhata: Upstream cascade effects in diagonal cascade flow analysis. 
loth IAHR Symp. Tokyo (19SO), proc. p. 5711582. 

[6.26] Adler, D. arrd H .  Ilrlberg: A simplified method for calculation of the flow field at the entrance 
of a radial or ntixed flow impeller. ASlClE (1971) publ. 70-FE. 36. 

[6.27] Lor:, M. and J. Ranbe: Blade oscillations in one stage axial turbomachinery. ASME I. of 
basic engineering (1 968) p. 4851493. 

[6.25] Lor;, M.: Erregung von Schaufelscliwingungen in axinlen Turbomaschinen durch die be- 
nachbarten Schaufelgitter. Dr.-lng. thesis, TU Miinchen 1965. 

[6.29] Cnsrorph, D.: Messung des instationaren Str6mungsfeldes in einer Kaplanturbine mit elektri- 
schen Miniatursonden. Forsch Ing. Wes. 41 (1975) no 6, p. 191/199. 

[6.30] Kcntp, N. H. a d  W.  R Sears: Aerodynamik interference between moving blade rows. J. 
Aeron. Sci 20 (1953) p. 585. 

[6.3 I ]  Lienhorr. W.: Berechnung der instationaren Stromung durch gegeneinandcr bewegte Schnu- 
felgittcr und deren Schaufelkraftschwankung. VDI-Forscli. Heft 562 Diisseldorf 1974. 

[6.3?] Lienharr, PV.: Aerodynamische Erregungskrifte von Scl~aufelschwingungen in axialen Tur- 
bomaschinen infolge der Interferenz benachbarter Schaufelgitter. Ing. Arch. 48 (1979) p. 2391258. 

l6.331 Lahnl, G.: Experimentelle Bestimmung der Schaufelkriifte durch stationire und instationire 
Druckmessungen an interferriereilden Doppelgittern. Dr.-Ing. thesis TU Miinchen 1981. 

[6.34] Casrorph, D. and G. Lahm: Untersuchung zur Nachlaufstriimung einer Axialturbinenstufe. 
VDI-Eerichte 361 (1980) p. 1 1/16. 

[6.35] Castorplr, D. and G.  Lalm: Vereinfachtes Modell zur Abschiitzung der Riickwirkung bei 
interferrierenden Schaufelgittern in Axialturbinen. WBrme 88 (1982) no 6, p. 95/99. 



(6.361 Cnstorph, D. (1trdM. /luben.rteitrer: Einflul) der stron~auf- und stromabwirts licgendcn Gittrr 
auf die instationiren Schaufclkriftc eincs rnittlcren Turb~ncngittcrs. VD1-Bcrichte Nr. 487 (1953) 
p. 79/87. 

[6.37] Krnnrt7rcr, P.: Potenti:~ltheoretischc Berechnung der instationiiren Schaufclkriifte in Turbo- 
maschinen mit Simulation von Nachlaufdellcn. Dr.-lng. thcsis TU Munchen 1983. 

[6.38] Funelli, M. atrd F. Siccortli: Rtponse d'une turbomachine hydraulique a des fluctuations des 
paramttres dynamiques de circuit. Houille Dli~nche 35 (1980) no 112, p. 1 1 51 122. 

[6.39] Raabe, J.: The calculation of the meridions1 velocity distribution in a mixed flow impeller 
with respect to spatial shape and losses. Int. Conf. on pumps and turbines. East Kilbride, Glasgow 
(1976) paper 1-3. 

[6.40] Kubora, N. and Y .  A .  Sami: Influence of meridian profile of mixed flow impeller o n  pump 
characteristics. loth IAHR symp. Tokyo (1980) proc. p. 3791390. 

[6.41] Pjlcidcrer, C. and II. Perert~lann: Stromungsmaschinen. Berlin: Springer-Verlag 1964. 
(6.421 Adler, D.: Three dimensional flow effects on the slip factor of centrifugal impellers. Israel J .  

of Technology 9 (1971) no 6. p. 5871593. 
[6.43] Anrotr, J.: Contribution a I'ktude des machines hydrauliques, radial reversiblcs. Rkvue Rou- 

maine de sciences techniqucs. Serie de Mecanique appliquee 18 (1973) no 2. p. 191/202. 
[6.44] Korcian, J.: Dreidimensionale, quasistationare Messung des relativen Strornungsfeldes im 

Schaufelkanal eines langsamlaufigen Kreiselpumpenlaufrades. Dr.-Ing. thesis. TU Miinchen 
1982. 

[6.45] Raabe, J.: Hydraulische Maschinen und Anlagen, vol 3 Pumpen. Dusseldorf: VDI-Verl. 
1970. 

[6.46] Furu~.a, 0 . :  Nonlinear theory for partially cavitating cascade flow. 10th IAHR Symp. Tokyo 
1980, proc. p. 22 1/24 1. 

[6.47] Siebrechr, If'.: Beitrag zur Regelung der Kreiselpumpen und Untersuchungen iiber die theo- 
retische und wirkliche Fordcrhohe. VDI-Forschungsheft 32 1 .  ( 1  929). 

[6.48] SrepanofL A .  J.: Radial und Axialpumpen. Berlin: Springer-Verlag 1959. 
[6.49] S~odoln,  A.: Dampf und Gasturbincn. Berlin: Springer-Verlag 1924. 
[6.50] B~rseinatrn, A.: Das Forderhohenverhaltnis rndialer Kreiselpumpen rnit logarithmisch spirali- 

gen Schaufeln. Zeitschrift Angew. Math u. Mech. 8 (1928) no  5, p. 372. 
[6.51] Eck, B.: Ventilatoren, Berlin: Springer-Verlag 1957. 
[6.52] Noorbakhsh, A . :  Etudes experimcntalc dc pomps centrifuges. 1nst.v.Karman de dynamique 

de  Fluids. Publication no 46, Rhode St. Genese, Belgique 1974. 
[6.53] Murakn~ni, M, K. Kikiryo/rta t~nrl E. Asukura: Velocity and pressure distribution in the impe!- 

lcr passages of centrifugal pumps. ASME, J. Fluids Engng. 102 (1980) no 4. 
[6.54] O.rterlvt//t/er, J. atrd Cltr. Ettig: Determination of individual losses and scale effect by model 

tests with a radial pump. Institution Mech. Eng. Conf. Stirling (1977) paper C 185177. 

(7.11 Oseetr, C .  M'.: Arkiv for Mat, Astron., och Fys. 7 (191 I), p. 111 1 .  
[7.2] I l e l / ~ ~ l t ~ l t i ,  v. H.: ijber lntegrale der hydrodynamischen Gleichungen, welche den Wirbelbe- 

wegungen cntsprechcn. J. reine u. angew. Math. 55 (1858) p. 25/55. 
[7.3] Tlzoti~son, 1%'. (Lor0 Kehilt): On vortex motion. Roy. Soc. Edinbg. 25 (1869) p. 217,'260. 
[7.4] Hr~~c~rlrorrre, W. R.: rotational flow through cascades. Quarterly J .  Mech. a. Appl. Mathem. 

vol. 8 (1955) p. 2661278. 
(7.51 Squire, H. B. cmd K .  G .  CVinter: The secondary flow in a cascade of airfoils in a nonuniform 

stream. J. Aero Science 8 (1951) p. 271. 
[7.6] /2ni//j?, J. M'. and J. H .  G .  Halt-md: Vclocity profile development in axial flow compressors. J. 

Mech. Engng. Sci. 4 ( 1362) no 2, p. 1661176. 
[7.7] Raabe, J.: Teoria para algunos tipos de  flujo secundario en turbomaquinas. Quaderns 

d'enginycria. 2 B;ircclon:~ (1980) no 1, p. 1/24. 
(7.81 Johnston, J. P.: On the threc-dimensional turbulent boundary layer generated by secondary 

flow. Trans ASME Ser. D. March 1960. 
[7.9] Roahe, J.: Ein Beitrag zur Berechnung der Grenzschicht mit SekundGrstromung an  doppelt 

gekrummten Laufschaufcln cincs halbaxialcn Rades bei stationir turbulcnter Striimung eines 
Newtonischerl Fluids. Festschrift z. 60. Gcburtstag von E. Truckcnbrodt. Munchen (1977). Ei- 
genverlag Lehrstuhl fiir Stromungslehre der T U  Miinchen p. 2951319. 



17.101 fi,/X.~lt.r. 1'. .\/ . The rcsistlr~cc n fa  smooth f l ~ t  plate with turbulcnt boundary layer 
En!:n.c. 15 (1343) p. 65 I.- 

(7.1 I j c'o~c,r, I ) . :  TI,; problem of the turbulent boundary 1;iyer. ZAMP 5 (1954) no 5, p. l a l rn  
17.121 lir~il(b*rr. C. R.: i l n  intcrfcro~nctcr study of the boundary layer on a turbine noale bbk 

Ash4 E 76 (1954) p. 6 1 '68. 
[7.13] Sqrrircl. [ I .  B.: On the stability of three-dimcnsional distribution of viscolis fluid be 

parallcl w;llls. Proc. Roy. Soc. A I42 (1933). 
[7.14] ,,jrokatiy,. C. .  T. Tugnri atld M .  Sl~iraklira: Anaylsis of three dimensional turbulent boundr3 

layer on the rotating blade of axial flow. pump. 10th 1AHR S Y I ~ P .  Tokyo (1980). p r ~  
p. 341/351. 

(7.151 Kcichardr. H.: ijber cine new Thcoric der frcien Turbulenz. ZAMM 21 (1931) p. 257. 
[7.16] (/e(hr, T..  T.  Kidorn (111d Y .  Kilnoto: Performance prediction of pulnpturbine in gencntinl 

mode. 10th lAHR Syrnp. Tokyo (1980). proc. p. 7031713. 
[7.17] RtrrrSc. J.: Prediction of internal loss of semi axial inlpeller for an incompressible fluid, ba 

on turbulcncc and velocity distribution of main and secondary flow within the boundary lam, 
known from test results. I rst Int. Conf.-Centrifugal Colnpressor Technology. IIT Madras lndt 
(1978). A 4 p. 1/12. 

(7.181 Rnahe, J . :  The prcdiction of disk friction loss for shroud and gap of arbitrary geometry w i a  
respcct to Icakaye, nonsubmerged boundary layers of stationary and rotating wall, slip, secondary 
flow. tuibulcn~e level. Rcynoldsnl~mber and roughncss. Proc. 8th Nat. Conf. Fluid Mech. a. Fluid 
Power, Coinibatore India (1978). paper A 27 NC FM FI' p. 1371141. 

[7.19] Krller, C.. ij ber Energicverlust bei rasch laufendcn Turbomaschinen infolge unregelrn5t3igcr 
Laufradstromung. EW-Mitt. 8 (1935), p. 40. 

[7.20] Arukkas~urt, .J. U I : ~  /. L. Rrhnlilt~: Calculation of threc dimensional boundary layers with 
isotropic and anisotropic turbhlent viscositics. Houille Blanche 37 (1982) no 718, p. 6331640. 

[7.21] Nih-rirudsc.. J: GcsetzmiiDigkciten der turbulcnten Stromung in glatten Rohren. (1932) Bcj. 
lage zur Forbchg. Ing. Wcs. Ausg. B, Bd. 3. Nr. 356. 

[7.72] C'a.~ilier~, 0. F. and V .  I .  Kvon: Friction forces of unsteady flows in open channels and pipes. 
Proc. 14th IAI-IR Congr., Paris, 1971. 

[7.23] Pr(111dt1, L.: Fuhrer durch die Stro~nungslehre, Braunschweig, Vieweg-Verlag 1965. 
[7.24] Kolr~loporor. iV.: Equations of turbulent motion of an incompressible turbulent fluid. Izv. 

Akad. Nauk SSSR Ser Phps. V1 (1942) no  112. 

[8. I] Nrn~rachi, f. '.!Editor,': Cavitation and Hydraulic Machinery. Proceed. IAI-IR Symposium Scn- 
dai, Japan (1962). lnst. High Speed Mech. Tohoku Un. 

[S.2] Cllaltiitc, G. L.: Etude locale du phCno~nene dc cavitation-analyse de facteurs rkgissant la 
dynarnique des interixes, Eco~e nationale. supkrieure dc techniques avanckes. Rapport de richer- 
che 1 16. 1979. 

[S.?] Greitl. H.: Kavitation, eine ~bers icht .  Technische Rundschau Sulzer. Forschungsheft 1974. 
(8.41 Racxhe. J.: Cavitation effects in turbomachinery-European experiences. Cavitation state of 

knowledge. ASME Conf. Evanstone (1979). p. 163/194. 
[S.j] Kcxrelitr, Y. J.: Kavitacionnye Javlenija v centrobeSnyx i osevyx nacocax. Moskva: 

MaSinostronenie 1975. 
[5.6] Kilapp. R. T.. J .  Daily n,ld G.  F. Hmt~mitt: Cavitation. New York: MacGraw Hill publishen 

1970. 
[S.7] Raabc, J . :  Cavitation in pumps, its causes and remedies. 1nt.Tech. Seminar of Indian Pump 

Manufacturers Ass. (1976) Silver Jubilee. Symp. Bombay, p. 1851207. Poona: Kirloskar Press, 
Veev Savakar Nagar. 

(8.81 D.zial/rrs, R.: Beitrag zur Beurteilung des Kavitationsverhaltens von radialen Kreiselpumpen. 
Voith Forsch. u. Konstr. 15 (1967) no 3. 

[8.9] Ti~uss. II'.: The submergence of pumped-storage sets for cavitation requirements with special 
co~~sideration of high dclivery heads per stage. 6th IAHR Symp. Rome (1972) paper J 1. 

[S: 101 Oster~ralrier. J. mid IV. Lecl~er: Ein neuer Priifstand fiir ~ennl inienmessun~ und Kavitations- 
beobachtunz an Wasscrturbinen und Pumpen. EW-Mitt. 29 (1956) no 2, p. 21. 

[S.1 11 Olirn, E. er at.: Low frequency oscillations of centrifugal pump discharge due to cavitation 
choking at an inlct contraction. 10th 1.4HR Symp. Tokyo (1980), proc. p. 3131323. 



[8 121 PeorsnN, J. S. and G .  Scobie: Pumps for low suction pressures. Symp. on pumping problems. 
NEL (1970) pap 2. 

[8.13] Os~er~c.older. J .  ~ n r i  W.  Lecher: EinfluD dcs VersuchsgeGlles auf den Kennlinienverlauf einer 
Francisturbine im Kavitationsbereich. EW-Mitt. 36 (1963) no I, p. 28. 

(8.141 Ulifh. P.: Kavitationsgrcnzen in Francisturbinen. Voith Inf. 3. 1981. 
(8.1 51 Borciclni. G .  and R. Thalmann: Influence de  la cavitation sur les caractkristiques moyennes et 

instantanbes des turbines et des pompcturbines. Houille Blanche 37 (1982) no 213, p. 197i208 
(8.161 Eichler, 0. and E.-U. Jaeger: Assessment of the cavitation behaviour of Kaplan turbines on 

the basis of  the comparison between model tests and field experienccs. IAHR Symp.-Leningrad 
(1976) pap. 11-1. 

[8.17] Islrii, Y.: The two types of the runaway state of propeller turbine under cavitation. Proc. 
JAHR Symp. Sendai (1962). (See [8. I]) p. 247. 

8.181 Yclnrnzaki, T.: Cavitation erosion on the back of Pelton turbine bucket. Proc. lAHR Symp. 
Sendai 1962) (See (8. I]) p. 219. 

8.191 Renli, M: Carbon Dioxide vapour as a potential stability agent of gaseous nuclei in water alr 
solution. IAHR Symp. on water column separation. Obernach (1981). Proc. p. 55,70. 

8.201 I!arvey, E. N. er al.: On cavity formation in water. J. Appl. Phys. I8 (1947) p. 162 
8.211 Brand, F.: Ein physikalisches Verfahren zus Bestimmung von gclosten und ungelosten Gasen 

in Wasser. Voith Forsch. u. Konstr. 27 (1980) no  7. 
8.221 Os~er.)calder, J .  and K.  Kumtnel: Influence of nuclei spectrum on incipient cavitation. 6th 

Conf. FI. Machinery. Budapest (1979). Vol. 2 p. ?88/798. 
8.231 Keller, A .  and R. Prasad: Influence on the history of water on cavitation inception. Cavitation 

and Polyphase flow forum ASME. Fort. Collins, Co. 1978. 
8.241 Gares, E. A I .  and M .  L. Biller: Cavitation nuclei and inception. loth IAHR Symp. Tokyo 

(1980). Proc. p. 3/25. 
8.251 Adzirni, I!., I+'. Wa~atrahe nnd K. Katngiri: Supression of cavitatioll inception in \vater by 

additives. 10th IAHR Symp. Tokyo (1980) proc. p. 65/76. 
8.261 LPcoffrc, Y.: Controle de la nucliation d'une eau en moyens d'essa~s. 8th IAIIR Symp. 

Leningrad (1976) proc. p. 173/186. 
8.271 Ol&nziel, D. M., R.  H .  J .  Hansen, A .  P. Keller, Y .  Lecoffre nrid R. L. van Renesse: Compari- 

son of instruments for detecting of bubble and particles in water during cavitation studies. 1 I th 
JAHR symp. Amsterdam (1982) proc. Vol. 1, 6 p. 118. 

8.281 Kcller, A.: The influence of cavitation nuclcus spectrum on cavitation inception, ~nvestigated 
with scattered light counting method. J .  Basic Engng. (1972) p. 917i925. 

8.291 Gasr, P.: Exper~mentelle Untersuchungen iiber den Beginn dcr Kavitation an umstromten 
Korpern. Dr.-lng. thesis. TH Darmstadt 1971. 

8.301 Rnnbe, J.: Theoretical considerations about the physical background of the polytropic powei 
n belonging to a quickly expanding mixcd gaseous and vaporous sphcrical cavity. Cavitation and 
polyphase forum ASME Fort. Collins Col. 1978. 

8.311 Cliincholle, L. and A .  Sevosrirrnov: ~ t u d e  du mouvement d'une bulk de gaz dans un liquide 
ri I'interieur d'un diffuseur. Nouille Blanche 31 (1976) no 5, p. 3551360. 

8.321 hfarsutnoto, Y. and M .  Shirakura: Formation and collapse of cavitation bubble. 10th IAHR 
Symp. Tokyo (1980). Proc. p. 79/90. 

8.331 Fujika)r.a, S.  and T .  A .  Akamatszi: O n  the mechanism of cavitation bubble collapse. 10th 
IAHR Symp.Tokyo (1980) proc. p. 91 j102. 

8-34] Plesser, M. S. and A .  PI-ospererri: Vapour bubble dynamics and heat transfer in nuclcar 
boiling. IAHR-SHF Symp. Cavitation, Grenoble (1976) proc. p. 89/99. 

8.351 OIdet~~ieI ,  D. M.: Gas transport into cavitation bubble during explosion. IAHR SIdF Symp. 
Cavitation, Grenoble (1976) proc. p. 77/88. 

5.361 Rarrbe, J.: The scale effect of cavitation inception due to tcnsile stress, heat conduction and 
gas diffusion. IAHR-SHF Symp. Cavitation, Grenoble (1976) proc. p. 101/109. 

8.371 Clrnhi~re, G .  L.: Pressure field generated by the collective collapse of cavitation bubbles. I I th 
IAHR Symp. Amsterdam (1982) proc. Vo!. 1, 2 p. 1/14. 

8.381 Chnhine, G .  L. und A .  G.  Bovis: Pressure field generated by non spherical bubble collapse. 
ASME Conf.Cavitation Erosion etc. Boulder C o  (1981) p. 27/40. 



1 [8.39] I ,  I .  rrjrd J .  Rcroho Theoretical considcr;~~ions and c r p e r i n ~ e ~ ~ l i  about ills molion 
smnII bubblc 111 a vertical Iariiillar How. Conf. Appl. b i c ~ h .  Fluid Engng. and Hio E~ 
flavcn (1977). 6-D. gng. Nrr 

[8.40] Fritz, C. G.. C.  A .  Ponder. Jr. mid D. H .  Blorail: Bubble C O ~ ~ C S C C ~ C ~  i l l  a 10ngi(udinally *I. 
bratcd liquid colunin. ASME Symp. Cilvitation ctc. Chicago (1965) p. 14S/161. 

[8.4 11 Hlrttm~lin, E G.: Collapsing bubble da~nmagc to solids. C;lvitiltion stillu of knoalcdgem AsMe 
conf.(1969) Evanstone p. 871102. 

(8.421 PI~.srer, O1, S.: Bubblc dynamics. Symp. Cavitation in real liquids. Warren Michigan. 
sterdam, New York: Elseviur (1964) p. 1. 

iS.431 Scril*en, L. E.: On the dynamics of phase growth. Chcm. Engng. Sci. 10 (1959) p. 1. 
[8.44] Poritsky, H.: The collapse or growth of a sphericill bubble or cavity in a viscos fluid. US N~~ 

cong. o. Appl. Mech. (1952) p. 813/821. 
[8.45] Kellcr, A. P.: Tensile strength of liquids. IAHR Symp. on water column separation, ober. 

nach (1981) proc. p. 12911 52. 
[8.46] Rayleigh. Lord: On pressurc developed in a liquid during collapse of a spherical cavity. phi1 

Mag. 34 (1917) p. 914. 
[8.47] Keller, A.: Cavitation inception measurements and flow visualization on itxisyn~metric bodja 

at two different frcc stream turbulence levels and tzst procedures. Int. Symp Cavitation Inceplion 
ASME New York (1979) p. 63. 

[8.48] Billet, M. L., J .  bV. Holl and B. R.  Parkin: Scale effect on cavitatiting flow due to surfacc 
roughness and laminar separation. loth IAHR Symp. Tokyo (1980) proc. p. 39/52. 

[8.49] Holl, J. U'.: Inception of cavitation on isolated surface irregularities. Trans. ASME J. Ser. D, 
Basic Engng. 82 (1 966) no 1, p. 169. 

[8.50] Numachi, F., R. Oba and I.  Cltida: Effects of surface roughness on cavitation performance of 
hydrofoils. Rcp. Trans ASbf E Ser. D (1965) p. 495. 

[8.5 I] Arndr, E. A.: Pressure fields and cavitation 7th IAHR Symp. Vienna (1974) Trans p. 1 XI 
p. 1/20. 

[8.52] Biller, M. L. a11d J. LV. Holl: Scale effects on various types of cavitation. Int. Symp. cavitation 
inception ASME New York (1979). 

[S.53] Billet, lI1. L.: The effect of secondary vorticity on the magnitude of vortex cavitation. Int. 
Symp. Cavitation inception ASME New York (1979) p. 153/162. 

18.541 P!esszt, ,bl. S.: The tensile strcngth of liquids. Cavitation state of knowledge. ASME conf. 
(1969) Evanstone p. 15/25. 

(8.551 Am&, R. E. nnd J. W.  Daily: Cavitation in turbulent boundary layers. Cavitation state of 
knowledge, ASME conf. (1969) Evanstone p. 64/86. 

[8.56] Arakeri, V. H. aprd A .  Acosfu: Viscous effects in the inception of cavitation. Int. Symp. 
Cavitation inception, ASME New York (1979) p. 1/10. 

[S.57] Holl, J. W., :\I. L. Biller and D. S. Weir: Thermodynamic effects on developed cavitation. 
ASME conf. Cavity flow Minneapolis (1975) p. 101/110. 

jS.581 Bonrtin, J.: Similarity of non-equilibrium two-phase flow in turbomaschinery. Symp ASCE- 
IAHR-ASME. (1978) Fort CoHins Col proc. Vol I p. 35/48. 

[S.59] Henry, P., Y. Lecoffre and P. Y .  Larroze: Effets d'kchelle en cavitation. loth IAHR Symp. 
Tokyo (1980) proc. p. 131/141. 

[8.60] HoN, J. W.: Cavitation hysteresis: ASME Symp. Cavitation etc. Chicago (1965) p. 250. 
[8.61] Raabe, J.: Scaling of limited cavitation when ultimate size of bubble is proportional to 

dimension of apparatus. Int. Symp. on cavitation inccpton ASME New York (1979), p. 39/49. 
[8.62] Kato. N.: On the prediction method of cavitation erosion from model tests. IAHR-SHF 

Symp. cavitation, Grenoble (1976) proc. p. 171/180. 
[S.63] kirt.eshnikov, A .  T., arzd N .  P. Rosanow: Cavitation erosion from investigations with equiva- 

lent materials. IAHR-SHF Symp. Cavitation Grenoble (1976) proc. p. 1811188. 
[S.64] Raabe, J.: The prediction of celerity (velocity of sound) for some types of two phase flow. 

' 

IAHR Symp. on water column separation, Obernach (1981) proc, 3.2 p. 181/196. 
18.651 Pighini, li. and G.  Di. Chirico: Further approach in defining the material resistance to cavita- 

tion attack. IAHR-SHF Symp. Grenoble (1976) proc. p. 4621471. 
[8.66] Siinorieuu, J. L. and L. Chincholle: L.Effect d'activation anodique de la cavitation irosive. 

1 l th IAHR symp. Amsterdam proc. Vol. 3, 72 p. 1/15. 



(8.671 Kofo, H. er a/.: A comparison and evaluation of various cavitation erosion test methods: 
ASME conf.Cnvitation erosion etc. Boulder Co ( 1981 ) p. 83/91. 

[8.68] Roo. P. 2.'. urid B. C.  S. Roo: Some erosion studies and scale effects with rotating disk device. 
ASME conf. Cavitation erosion ctc. Boulder C o  (198 1) p. 1 19y133. 

[8.69] Pfesser, AI .  S.: An experimental method for ev::luation of resistance to cavitation erosion. 
Proc. IAHR Symp. Sendai (1962) (See [8. I]) p. 62. 

(8.701 Fay, A.: Computation of jet formation in wake cavities. IAHR-SHF Symp. Cavitation 
Grenoble ( 1  976) proc. p. 4191426. 

(8.71) Sornikov, A ,  A. artd N .  I .  Pylayev: Some design means of reducing cavitation damage in 
hydraulic turbines in service. 8th lAHR symp. Leningrad (1976) proc. p. 136i147. 

[8.72] Quinfelo. A .  C.: Flow areation to prevent cavitation. Water Power 32 (1980) no I ,  p. 17!72. 
'8.731 Schur, S. M. A.  artd S. P. Ilurton: Hydrodynan~ic similitude for cavitation erosion. ASME 

conf. Cavitation erosion etc. Boulder C o  (1981) p. 15/26. 
-8.741 Sornikol.. .4. A. anti N .  I .  P.vfoyev: Comparison of cavitation erosion in model and full scale 

hydraulic turbine. loth IAHR symp. Tokyo (1980) proc. 143,151. 
8.751 Rnnbe, J.: Theoretical approach of erosion rate vs speed and cavity size in \itall-attached 

cavitation. ASME conf. cavitation erosion etc. Boulder C a  (1981) p. 311'52. 
8.761 Osrer~rrik~ler, J. urzd W. kclter: Kavitation und Materialerosion. EW-Mitt. 33 (1960) n o  I , ? .  

p. 179. 
8.771 Ren-Gung, G.; X. Zhang and Z .  Mei: Determination of model turbine critical cavitation by 

means of radio active isotope. I It11 IAHR Symp. Ainstrrdam (1982) proc. Vol. 1 23 p. 1/11. 
8.781 Afarrin, C. S., H. Mrtlfarz, D. C.  Wi.gge1.t and C .  Brcntierl: Ca\fitatioi: inception in spool val- 

ves. 1nt.Symp.Cavitation inception ASME New York (1979) p. 2191231. 
8.791 C1111Irine. G. L.: Asymptotic theory of collective bubble gro\vth and collapse. IAkIR s y n ~ p .  on 

water column separation Obernach (1981). proc. 1.1 p. 1?;47. 
8.801 Furrtess, R. A .  m1~1 S. P. Hltrtotl: Experimental and theoretical studics on t\vo dirncnsional 

fixed cavities. ASME conf. cavity Ilow, Minneapolis (1975) p. I I 1  !I 18.. 
8.81) hl ich~l ,  J. ICI., S. Biset atld J .  P. I'.i-anc: The cavitation developing on continuous-curve \valls: 

the physics of detachment. HouilIc Blanchc 37 (1982) no ?;8 p. 559,,570. 
8.821 Lzrslr, P. A .  and P .  I .  Peters: Visualization of the ca\.itating flow in a Ifcnturi type duct usins 

high speed cine photography. I !th IAHR symp. Asmsterd~tn? (1982). proc. Vol. 1. 5. p. I i I?.  
8.831 Obo, K . ,K .  Suto, Y .  110, S.  Ynsu, K .  Urm1i~hi arid J. Higlrc.111: Vented cavity fo r~na t io !~  in a 

hydraulic turbomachincry. Rcp. Inst. High Spced Mech. Tohoku Uni\;. Vol. 46 (1983) 13. 59i?J. 
3.841 Jneger, Ch.: Technische I-Iydraulic. Basel: Birkhiuscr-Verlap 1939. 
3.851 jaeger, Ch.: Fluid Transients. Glasgow London: Blackie publishers 1977. 
3.861 M(rrtin, C. S.: Transformation of pump-turbine characteristics for llydraulic transients 3112- 

lysis. I l th IAHR Symposium Amsterdam (1982) proc. V.  2.30. p. 1;15. 
3.871 Grueser, J. E., J. E. l o r ~ ~ ~ a r  cind IY. Waltl~er: Caractkristiques de machines hydrauliques ct dc 

vannes dans les calcules de regimes transitoircs. I It11 IAklR symp. Amsterdam (1982) proc. 
V.2,31, p. 1/13. 

3.881 Tscku;nj~, A.: Analysing the transient phase of the Malta scheme's pump-turbines. Water 
Power 33 (198 1) no 5, p. 27/33. 

3.891 Brekke. I / .  r~nd A'. R. Blrgaard~w: A study o n  governing problems causcd by transients in high 
pressure tunnel systems. 10th IAIIR S y ~ n p .  Tokyo (l?SO), proc. p. 4b3:477. 

3.901 Veret~icrzko, I. S., 1. D. h'lr:tnh otld L. T. ~\dalg~rli.r: Studies of transient processes and cavita- 
tion, characteristics cf the Dniepr I~IEP-I1 propeller turbines. Symp. ASCE-IAFlK-ASME Fort 
Collins Co ( 1978), proc. vol. I, p. I OYil 18. 

3.911 Grcitr, II. tulrf M .  Jaquet: Einige Ixrgebnisse von Druckschwingufigs~ncssungen an Spcicher- 
pcmpcn und Pun~pturbinen. EW-Mitt. 47 (1974) no I ,  p. 20. 

j.921 Tschtuny, A .  nt~d CII. LVmre: Transient state calculation in large complex pump-~urbine 
power schemes. Charmilles Techn.Bull. no 14 (1975) p. 27!33. 

1.931 Zolorov, L. A uitd L'hJ. Klub~rkov: Optimuln control ol'transicnt pal-ametcrs in hydro powcr 
installations. 10th IAH R Symp. Tokyo ( I  980) proc. p. 455i362. 

i.941 Se)'hcrt, T. A. ,  IY. S. Genrlrtirr crrld H .  T.  Ffilsc~j.: Sti~ctics ol' ~ncthod to prevent tiraft t ubc 
surge in pump-turbines. Symp. ASCE-IAI1R-ASME Fort Collins CIo 0978). proc. vol. I ,  
p. 10911 IS. 



[895] Gr(>Br, H.: Vibr;\tion pbc~loinen;~ in Francisturbines. Ihcir ~ : l l l s~S  ;llld p r e v e ~ i ~ i o ~ .  10~1 ,  IAj,a$ 
Symp. Tokyo (1980) proc. p. 5271539. 

[8.96] hlrr!~, C C.: Reducing powcr swing of TarDcl;l's turbinc. W:ltcr I'owcr 31 (1979) no(e 
D. 23/27. r .  

[8.97] I;ir!~clli, M or~d ,Cl. Rrrrli: A theoretical dctcrii~ination of the cclcrity of water a mnicr m~ 
in a two phase niixturc. E N E L  paper Dirczio~ic studio e riccrua 1974 no 2442 MFIMR,  EN^^ 
Symp. on water colunin scparation Vnllombrosa 1974. 

[E.98] MortCt, S. C.: Pressure pulse propagation io two component slug flow. Synip. A s c E - 1 ~ ~ ~ .  
ASME Fort Collins Co (1978). proc. Vol. I, p. 13/24. 

(8.991 Bernrir(1inls. C. B., G. Federici nttd F. Siccnrdi: Transients with liquid eolulnn scp;lraline 
Numerical evaluation and comparison with expcrimcntal rcsults. E N E L  symp. oti w;\ter eo,umn 
separation Vallombrosn 1974. 

[8.100] Farrelli, M.: Considerazioni sule fenomeni di risonanza idraulicn nelle aduzzioni in  pr& 
sione. ENEL relazione di studio c ricerche 110 087, 1976. 

[8.101] Hutlovertrik, W. irnd G. k in:  Frequenzganguntersuchun&cn i l l1  Tr ieb~asserwe~ van ~ ~ b -  
druckwasserkraftanlagcn. 0stcrr. Zeitschr. Elck~rizts.-ivirtsch. 22 (1969) no 12, p. 6371638. 

18.1021 fi~rell i ,  &I.: Les phttlomines dc resonarlce hydraulique: t4ouillc 13lnnche 30 (1975) no4 
p. 3/23. 

(8.1031 Fat~elli, M.: Nota sulla riposta dinarnica di condotti in prcssionc a celcriti variabile linear. 
mente lutigo il  percorso. E N E L  relazioae di studio e ricerche no 197, 1974. 

[8.104] El~rlrtrrt, R. CY.: Auto oscillations in the Hyatt pla~it's pcnstock system. Water Power 31 
(1979) no 4, p. 38/41. 

[8.105] KrivEenko, G. I . ,  K. A. Kvyntkovsknya and K. A.  Lynbirskyi: Some special conditions of unit 
operation in hydro powcr plant with long penstocks. 8th IAHR symp. Leningrad proc. 
p. 465/475. 

[8.106] PViggcrt, D. C.: The effect of gaseous cavitation on fluid transients Symp. ASCE-IAHR. 
ASbIE Fort Collins Co (1978), pr0c.V. I, p. 49/61. 

[8.107] Brekhc, H.: Frictional damping of pressure oscilla:ions in high head power plants. l lth 
IAHR Symp. Amsterdam (1982), proc. Vol. 2, 45 p. 1/15. 

[8.108] IVylie, E. B. atrd V. L. Streeler: Column scparation in horizontal pipe line. Symp. ASCE- 
IAHR-ASME Fort Collins Co (1978), proc Vol. I p. 3/13. 

(8.1091 Pejovic, S., L. Krstr~unovic, A. Gajic and D. Obradovic: Kaplan turbine incidents and rever- 
sed water hammer. Water Power 32 (1980), no 8, p. 36/40. 

[S. 1101 Rnmsnlroye. S. I.: Calculating load rejection surges. Water Power 30 (1978) no 3, p. 28/33. 
[3.111] Guarga. R.: About the necessity to perfect thc theory of resonance in pressurized piping 

systems. 11th IAHR symp. Amsterdam (1982), proc. Vol. 2, 46 p. 1/13. 
[8. 11 21 Parkirr, B. R. and A. W. Kertneen: The role of convective diffusion and liquid tension stres- 

ses during cavitation inception. See [&I] p. 17. 
[8.113] Cl~iirclrolle, L: L. tlude de l'ecoulement d'une emulsion. Houiile Blanche (1967) no 5, p. 515. 
[8.114] Fiittinger, H.: Untersuchung iiber Kavitation und Korrosion bei Turbincn, Turbopumpen 

und Propellern. Hydraulische Probleme VDI-Verlag 1926. 
[S. 1 151 ~Vrrtnachi, F., R. Oba mtd J. Chida: Cavitation tests on hydrofoil profiles designed for accele- 

rating flow cascade. See [S.l] p. 143. 
(8.1161 PIesset, M. S.: On physical effects in cavitation damage, in Grammel (editor), Deformation 

and Flow of Solids, Berlin, Springer Verlag 1956 p. 2181235. 
[8.117] Tlriru~engadam, A.: Research facilities and techniques. Symp. Cavitation, Rcsearch Facili- 

ties and Tcchniques. ASME (1964) p. 157. 
18.1 181 Piltz, H. H: Werkstoffzerstorung durch Kavitation. Literaturbericht Diisseldorf: VDI- 

Verlag 1966. 
[S.119] FIorjnncic, D.: Experimentelle Untersuchungcn an einer Pumpe zur Feststellung der ;in&- 

rung der Ssugfihigkeit durch Oberflfichenrauhigkeit, durch R?fischvorgangc am ~aufradeintrilt 
und durch f!eiBw3sscrf;irdcrung. Dissertation ETH Ziirich. Nr. 4406. 

[8.120] Tlronta, D.: Die Kavitation in Wasserturbinen. IIydraulische Probleme Berlin: VDI 1926 
p. 65. 

I8.1211 Strasberg, b1.: The influence of air-filled nuclei on cavitation inception. David Taylor Basin. 
Rep. 1078, 1957. 



I8.1221 Stepanoff, A .  J.: Cavitation in centrifugal pumps with liquids other than water. Trans 
ASME scr.A J. Engng. Power 83 (1961) p. 79. 

[8.123] Numnchi, F: ijber die Kavitationsentstehung mit besonderem Bezug auf den Luftgchalt des 
Wassers. Techn. Rep. Tohoku Imperial University no 12 (1938) p. 422. 

[8.124] Rippken, J. F and R. M.  Olson: A study of the influence of gas nuclei on cavitation scale 
effects in water tunnel tests. Univ. of Minnesota (1958) Rep. no  58. 

[8.125] Meyer, E. and E. Skudozyk: ~ b e r  die akustischen Eigenschaften von Gasblasenschleiern in 
Wasser. Acustica 3 (1 953) p. 434. 

[8.126] Oshitna. M and K. Kawagushi: Experimental study of axial and mixed flow pumps. See [8. 11 
p. 397. 

[8.127] Kasai, T and Y.  Takamaru: Cavitation aspects and suction performance of centrif~igal 
pumps. See (8.11 p. 41 7. 

[8.128] Stepanoff, A, J.: Pumps and Blowers, two phase flow. New York: Wiley publishers 1965. 
[8.129] Scl~oneberger, W.: Untersuchungen uber Kavitation in radialen Kreiselpumpenlaufriidern. 

Dr.-lng. thesis TH Darmstadt 1966. 
[8.130] Lecher, W.: ~ b e r  den EinfluD von Gefille und Luftgehalt auf Kavitationsphanomene. 

EW-Mitt. 33 (I 960) no 1/2 p. 42. 
[8.13 11 Camnpmas, P.: Stabiliti: du rkgime de fonctionnement des turbines Francis. IAH R Symp. 

Nice 1960. 
[8.132] Raabe, J: Hydraulische Maschinen und Anlagen, vol. 2 Wasserturbinen Fragen der  Kon- 

struktion und des Betriebsverhaltens. Diisseldorf: VDI-Verlag 1970. 
(8.1331 Schnyder, 0.: ~ b e r  DruckstoBe in verzweigten Leitungen mit bcsonderer Berucksichtigung 

von WasserschloDanlagen. Wasserkrft. u. Wasserwirtsch. (1930) p. 173. 
[8.134] Bergeron, L.: Variation de rkgime dans les conduites d'eau. Sociitk Hydrotechnique de 

France 1937. 
[8.135] Kirnue, R. and J. Raabe: Measurements in pulsatile water flow in a straight circular tube 

using Laser-Doppler velocimeter. 8th lAHR Symp. Leningrad (1976) p. 330i346. 
[8.136] Harmer, E: Turbulenzmessung in pulsierender Rohrstromung. Dr.-Ing. thesis TU M iin- 

chen 1983. 
[8.137] Richardson, E. G. and E. Tyler: Proc. Phys. Soc. London 42 (1929), p. 1 .  
[8.138] Joukol~sk-v, N: Mem. Imperial Academy, Sci. of St. Petersburg 1898. 
[8.139] Allieri, L: Teoria generale del mot0 perturbato dell' acqua nei tubi in pressione. Ann.  soc. 

Ing. Arch. Italian0 1903. 

[9.1] Eichler, 0.: SI-Einheiten und KenngriiDen bei hydraulischen Maschinen. Voith Forsch. u. 
Konstr. 27 (1980) Nr. 2432 + e. 

(9.21 Lecher, W.: ~hnlichkeitsgesetze f i r  hydroelastische Schwingungen EW-Mitt. 40 (1967) no 2, 
p. 23. 

[9.3] Grcin, H.: Einige Bemerkungen iiber die Oberflachenrauhigkeit der benetzten Komponcnten 
hydraulisclier Maschinen. EW-Mitt. 48 (1975) no  1 p. I .  

[9.4] Henry, P.: Influence de la mgositC sur le rendement d'un mod& reduit de turbine Francis. 
10th IAHR Symp. Tokyo (1980), proc. p. 6771687. 

[9.5] I3utton, S. P., S. M .  A .  Schitl and P .  A .  Lush: Surface roughness, measured for assessing cavi- 
tation erosion. 11th IAHR Symp. Amsterdam (1982). proc. Vol. 3, 71, p. 1/13. 

[9.6] Clement, J .  P. et al.: Incertitudes ii prendre en compte sur les courbes H(Q) et P(Q) a debit 
partiel des pompes et de pompe-turbines. Houille Blanche 37 (1982) no 213, p. 121/130. 

[9.7] Beriucci, G., E. Berra, G. Borciani nnd G .  Rossi: Comissioning and efficiency measurement in 
modern hydroelectric generating and pumping units, comparison with laboratory measuretnents. 
11th IAHR Symp. Amsterdam (1982) proc. Vol. 3, 58, p. 1/15. 

[9.8] Cnsacci, S., M. FVeg~rer, P. Henry and J .  F. Grac.ser: Examen experimental de la stabilitk des 
turbines Francis sur modile et sur prototype a charge partielle. 1 l th  lAtIR Symp. Amsterdam 
(1982) proc. V. 2, 41. p. 1/13. 

(9.91 Seydel, J. mld G .  David: Mise en service d'une turbine pompe de 230 MVA, essais et mcsures, 
comparaison avec lc modkle. 10th lAHR Symp. Tokyo (1980) proc. p. 6631675. 

[9.10] Brand, F.: Die Mcssung dcs Wirkungsgrades von hydraulischcn Maschincn nach deni ther- 
modynamischen Verfahren. Voith Forsch. u. Konstr. 7 (1961), no  1577-d + e. 



[').I I ]  Brutr(/. E: Die Gescliiclitc dcs thermodyn;~mischen Vcrkihrcns zur Messuna deS w i r k 4  
nradcc vc,il hydr;rulischcn Maschincn. Tcclinikgcschioht~ 39 ( 1  972) no 3. - - 

[9.[2] l*'crn(.hcr. R.: Ther~nodynamische Wirkungsgradnlcssii11ge11 an bydrsulischen M~~~~~~ 
EW -Mitt. 32 (1959) no 213. P. 39. 

[9.13] Trrlo rr 01.: Ficld test rciult of hight 1,e:ld pump-turbines for Nilmapara pul,lped-slonp 
power station. klitachi rev. 23 (1974) no 6, p. 2411246. 

[9.14] J(irriut,d. P.. J.  Luthsile a,ld G.  C(ii1lor Essais industriels sur 1~ comportment dVune t,lrbinc- 
pompe mono-ktage de haute chute. Houillc Blanche 35 (1980) no 112, p. 951104. 

[9.15] T(rkorr. M. P I  at.: Field test results o f  large capicity pump-turbincs to USA. Hilachi R~,,. 
(1974) no  8, p. 305/3 10. 

[9.16] Arario. L. nrrd M .  Ro.~tlrrti: Special measurements on a 170 MW pump turbine. 8th I G H ~  
-synlp. Lcninfrad (1976) proc. p. 73/84. 

[9.17] Picollier, G.: Turbomrichines hydrauliques. Essais industriels et mktodes de calcul. ~ ~ u i l ~  
Blanche 32 ( 1  977) no  718, p. 6571670. 

[9.18] Mcrrch, P. A.: Flow measurements at Racoon mountain. Water Power 34 (1952) no 10 
p. 42/44. 

[9.19] Br2kke, H.: Experiences from large Pelton turbines in operation. 1 l th IAHR Symp. Amstet- 
dam (1982) proc. Vol. 2, 55. p. 111 1. 

[9.?0] Meier, W.: Ergebnisse von Abnahmeversuchen an Speicherpumpen. EW-Mitt 35 (1962) no 2 
p. 3. 

[9.2 I] Osterwalder, J.: Abnahmeversuche an Modellwasserturbinen. EW-Mitt. 33 ( 1  960) no 11213 
p. 35. 

[9.22] Kleill, J.: Problems of model testing for high head pump-turbines. 7th IAHR Symp. Vienna 
(1974). Trans. part 1 I, 3. p. 1/15. 

[9.23] D~icrllas, R.: Bisherige Praxis in Modellturbinenuntersuchungen an Stelle von Abnahmemes- 
sungen. Bul! ASE 50 (1959) no 3 p. 6171621. 

(9.241 Dricllkus, R.: Versuchsslande und Versl~chseinrichtungen in dcn Versuchsanstalten Brunnen- 
miihle und I-lermaringcn. Voith Forsch. u. Konstr. 4 (1958) no  2. 

[9.25] Lllirlt, P.: Der Hochdruck-Kreislauf in der Versuchsanstalt Brunnenmiihle. Voith Forsch. u. 
Konstrukt. 22 (1975), no  2. 

[9.26] Ofletlhtili.rer, H.: Dcr 1,5 MW Versuchsstand der hydraulischen Versuchsar.stalt Brunnen- 
tniihlc. Voit t  Forsch. u. Konstrukt. 22 (1975) no 3. 

[9.27] Grei~t .  H. CY. Gj7ga.r m ~ d  -4. Engel: Ein ncuer ~ r u f s t a n d  fur Untersuchungen an Freistrahltur- 
bineu. EW-hIitt. 41. (1965) no  2 p. 3. 

[9.28] Leclzer, W.. A I .  Juquet nnll 11. Grein: Ein neuer Priifstand fur Modellversuche an hydrauli- 
schcn Turbomaschinen, insbesondere f i r  Pumpen und Pumpturbinen. EW-Mitt. 44 (1971) no 1 
p. 26. 

[9.29] Cl~encrl, R: Hydraulic laboratory: New all-purpose test rig for scale models of hydraulic 
machinery. Vevey. Bulletin Technique (1 98018 1) p. 3/32. 

[9.30] Bovet, TIT. and P. Henry: Le nouveau stand d'essai universe1 pour machines hydrauliques 
rkaction. EPUL, Lausanne, Inst. de Machines Hydrauliques 1970. 

(9.3 11 Scohie. G. atld J .  D. Lighthead: The N E L  variable pressure water turbine test rig. NEL Fluid 
mech. Divison. East Kilbride 1971. 

[9.32] Arlgelin, S.: The hydrodynamic laboratory at ~ l v k a r l e b ~ .  The power board of Sweden. Blue 
white series 23. 

(9.331 Holler, H. K: Wasser und Gasversuch an  einem neuen Universalprufstand fiir h~draulische 
Turbomaschinen. insbesondere fiir Pumpen und Pumpturbinen. EW-Mitt. 47 (1974) no  2 p. 3. 

[9.34] Wklrrr, .4.: h4essungen des Frequenzverhalte~is einer Francisturbine in Wasser verschiedenen 
Luftgehaltes und Luft verschiedener Dichte. Dr.-Ing. thesis T U  Munchen 1979. 

[9.35] Os~~r,vczlder, J.: Luftversuchs-Priifstinde fiir hydraulische Maschinen. EW-Mitt. 33 (1960) 
no  11213 p. 19. 

[9.36] P'enrtit~~er, A.: Aufwertungsversuche durch Druckvariation EW-Mitt. 12 (1939) p. 41. 
[9.37] Casacci, S., P. Jarriaud and N .  Roche.: ~ t u d e  thtorique et experimentale prkparatoire au 

projets d e  pompes-turbines biCtages rkglables pour chutes supkrieures a 1000 m. I l th  IAHR 
symp. Amsterdam proc. Vol. 334, p. 1/24 





[9.07] O . ~ / ~ ~ t . i ~ ~ ~ ~ l , k - r .  J . .  Ilie L)i l ' l ; ' rcn~dr~~k111ctl10~1~ :IIS Mittel (Icr l I ~ ~ r ~ l ~ l l ~ ~ O i i b ~ ~ ~ w ; ~ c ~ ~ ~ ~ ~ ~  b. 
~lraulisclicn Maschinc~~.  IJW-hl i t t .  33 ( lL)(>U)  no I/2/3 p. 21. 1 hy. 

. . 
[9.64] 11ur.sr.'~. mld M. Znrc: Li~scr Dopplcr rncosurcments in tivo ph;lse llows. l i \ i - i R - s ~ ~  s . 

C;~vitation ctc. Grcnoblc 1976, proc. p. 409/418. Ymp. 
[9.65] fiirolur, N . ,  E. GI&, P. Jernlutttl mlti If. llurrer: Z~vcidimcnsion~~le Mcssung Jes instutiani 

rcn Strijmungsfcldes in und am roticrendcn Laufrad einer horizoiilalen Axinlmi~schin~ "it 
Lilscr-zivci-Focus Verfilhren. 3. int. Seminar Wasserkr:ltiilnl;~gcn. Tcclls. Ui~ivcrsitGt Wicn lggq, 
papcr. 

[9.66] Kirt~lss, R. E: Investigations of pulsating turbulcnt pipe llow. J .  of Fluids Engng. 100 (197~) 
D. 4361442. 

19.671 ~ e s t l i k ,  A .  w d  A .  Gou1a.s: Laser Dopplcr nicasurcmcnts inside all oxi;ll pump impeller at 
dcsign conditions. 1 l th IAI-IR Symp. Amsterdam (1932). IS, p. 1/15. 

[9.68] Kinori, B. 2.: Scaling problcms of  liytlrnulic modcls. Waterpower 31 (1979) no 2, p. 28/31, 
[9 691 Rrrabe, J.: The negative scale cffect in Pelton turbines and its cuuscs. 10th IAHR Symposium, 

Tokyo (1980). Proc. p. 689/702. 
[9.70] Osrern~aier ,  J.: Efficiency scale up for hydraulic turbomachines with consideration of 

face roughness. J. Hydr. Res. 16 (1978) no 1, p. 55/76. 
19.711 Hlrtto)l, S. Y .  crrlcl A .  Fuy: Scaling up head, flow, power curves for water turbines and pumps, 

7th IAHR Symp. Vicnna (1974). trans 1, X, 4, p. 1/19. 
[9.72] Kiihncl, CV.: Untersuchung der Druckvertcilun_e :tin Kopf konischer Vektorsonden. t]ydro- 

turbo (1976). Int. Conf. IIydr. Mach. Brnc.CVTS, Dum. pTechniky, Brne. CKD Elansko. F 2 p. 
[9.73] ~\lnrswtugu, S. er al.: Three di~ncnsional flow measureincnts in a diagonal flow pump. lth 

IAHR symp. Amsterdam proc. 15, p. 1/12. 
19.741 Kijllncl, W. uttd J .  Rnrrbe: Einflufi der Schaufelzahl bci sonst glcicl~bleibenden Gltterparame. 

tcrn auf die Durchstrdmung axialer Turblnenlaufriider. hli\sch.Markt 72 (1966) no 28, p. 13;73 
( 1967) no 82 p. 16;70 (1964) no 72, p. 20. 

[3.75] Bar, E.: Messcng des relntiven Stromi~ngsfeldes in Wasser an dcr Laufschaufel einer schnell. 
Idufigcn Francisturbine. Forsch. Ing. Wesen 36 (1970) no. 2, p. 54/64. 

[9.76] CYegetler, M. and P .  Y .  Larroze: Cornparaison cntrc Ccoulcment calculks et observks dans Ies 
roues Francis. 1 l th IAlIR Symp. Alnsterdam (1982) proc. 8 1 ,  p. 111 3. 

(9.791 Ccrnzptnas, P. u;tti J.  7'chcl: Analyst- d'ecoulement rkcl i trnvers Ics turbines Francis en vue dc 
la ~nodiiication de leur performance. 11th IAHR Symp. Amsterdam (1982) proc. 81, p. 1/14. 

[9.78) Chcn, Y , N . :  60 Jahre Forschung iiber die Karmnnsche WirbelstraDc. Ein Kiickblick, Schweit. ' 
Bauztg. 9 1 (1973) no 4. p. 2/20. 

[9.73] Klrboro, T. und Y. Kit)tofo: Effect of inlet shape of runner blades on hydraufic characteristics 
of Francisturbines with variables heads. 1 lth IAHR Symp. Amsterdam (1982) proc. 54, p. 1/11. 

[9.80] Krrbora, T. andS.  Yn~)turia: Effect of conc angle at draft tube inlet on hydraulic characteristics 
of Francis turbines. 1 l th IAHR Symp. Amsterdam (1982) proc. 53, p.1114. 

[9.81] Cosrorplt, D. and J.  Raabe: Measurement of unbteady pressure, uns!eady relative and abso- 
lute velocity field of a Kaplan runner by means of an electronic multi miniature probe as a basic 
contribution to research on unsteady runner load. 7th IAHR Symp. Vienna (1974) Trans. part. 
I, I ,  2. p. 1/13. 

[9.82] Flirttier, 1V. and J.  Raabe: The dynamic lneasurenient of the unsteady flow near and within 
the boundary layer of the runner vane face of water-operated axial and semi-axial model turbine. 
10th IAHR Symp. Tokyo (1980) proc. p. 3271340. 

(9.831 Schlet)u)ler, G., R. Gerich artd J .  Ranbe: Measurements of quasi-steady and unsteady flowiJi 
lield in Francis turbines of  high specific speed carried out before the runner, in thc runner and ' 
in the draft tube. 6th IAHR Symp. Romc (1972) Trans. part. 1 1-1 3 p. 1/13. 

[9.84] Pn,vloit*ski, J.: Die ~hnlichkeitstheorie in der physikalisch technischen Forschung. Berlin:n 
Springer Vcrlag 197 1. 

[9.85] Canrerer, R.: Vorlesungen iiber Wasserkraftmaschinen. Leipzig Berlin: ~n~elmann-VerlaB * 

1914. 
(9.861 Scllruidt, E.: Einfuhrung in die technische Thermodynamik. 10. Aufl. Berlin: springer-Verlag 

1963. 



[9.87] Willttl, G .  and P. Canrpnrns: hlesure du rendcment des turbines hydrauliques par la mkthode 
thennomi-trique Poirson. Houille Hlnnche 9 (1954) no 7 p. 449. 

[9.88] Borcl, L.: Thermodynamic method of measuring turbine cfficicncy. Bull. Techn. Vevey (1966) 
p. 1. 

(9.891 Gahaudan, J . ,  P. H .  Tllomns and J.  Gallion: ~vo lu t ion  de la nikthode therniodynamique de 
dktermination du rendement des machines hydrauliques. Houille Blanche 21 (1966) no 4, p. 433. 

[9.90] Alttriirg, K. atrd J.  0verli: The isothermal factor for different water qualities. Water power 28 
(1976), no 8. p. 52/56. 

[9.91] Htrtton, S.: Water metering and water meters. Nat. Engng. Lab. (NEL), Kilbride Fluid 
rep. 94. 

[9.92] Gyr, G.: New miniature current meter. Water Power 17 (1965) no  9, p. 348. 
[9.93] Atronj.mo~is: 10th IAHR congress. Water Power 16 (1964) no 3, p. 122. 
[9.94] Tlronra, D.: ~ b e r  den Genauigkeitsgrad des Gibsonschen WassernieBverfahrens. Mitt. d .  

Hydr. lnst. d .  TH Munchcn (1926). no  1 p. 59. 
19-95] Ktrapp-Biittclter, C . :  Geschwindigkeit und Mengenmessung mittels Ultraschall. Dissertation 

ETH Zurich 1958. 
(9.961 Moodv, L. F.: Efficiency and power step up. Proc. ASCE (1939), p. 1584. 
[9.97] Ackerer, J.: Theoretische Betrachtungen zur Kaplanturbine. EW-Mitt. 4 (1931) p. 73. 
[9.?8] Hlrttot~, S. P.: ~ b e r  die Voraussage des Verhaltens von Wasserturbinen auf Grund von 

Modellversuchen. Schweiz. Bauztg. 77 (1 959) p. 371. 
(9.991 Hutton S. P. atrd A .  Foy: Scaling up  head, flow, power curves for water turbines and pumps. 

7th IAHR Symp. Vienna (1974) Trans 1, X,4, p. 1/19. 
(9.1001 Ostert~~alder, J.: Model testing for Kaplan turbine design. including studies on efficiency 

scale effects. Waterpower 19 (1967) no  3, p. 103. 
(9.1011 Ostertt~ol(ler. J.: Modellversuche und Aufwertungsstudien an Wasserturbinen. Schweiz. 

Bauztg. 87 (1969) no 49, p. 9511955. 
[9.102] Hiitschi, K.: Zur Aufwertung des Wirkungsgrades bei Pumpen und Trubinen. Schweiz. 

Bauztg. 69 (1951), no 38, p. 525/527. 
(9.1031 Miihle11rat1tr, E.: Zur Aufwertung des Wirkungsgrades von ijberdruckwasserturbinen. 

Schweiz. Bauztg. 65 (1 948) p. 33 1. 
[9.104] Fq.. A.: Theoretische Grundlagen der Modellgesetze und Umrechnung der Meoergebnisze 

an  ~bcrdruckturbinen.  Acta Tecnica I-Iungarica Budapest (1980) no  3;4. 
[9.105] Os/er,t~~;lder,  J. atrd L. Hippe: Studies on efficiency scaling process in series pumps. J. Hydr. 

Research 20 (1982) p. 1751201. 
[9.106] Sirschelctzky, ill: Neuere Erkenntnisse iiber viskose Unterschichten an rauhen Wanden. 

Fortschritts-Rer. VDI-Zs. (1976) R.7. no  43, p. 105. 
(9.1071 Ostcr~valder, J.: Analyse der Verlustquellen bei Francis und Kaplanturbinen und Beispiele 

fiir deren Minderung. EW-Mitt. 37 (1964) p. 3. 
(9.1081 Wissensclraftl. Gescllsckuft fur Lufrfnhrt: Aerodynamische MeBtechnik, T H  Aachen (1 962) 

Bcr. no 5. 
I9.1091 Conrad 0.: Geratc zur Messung von Stromungseinrichtungen. Arch. fur techn. Messen 

(1950) Lieferung 172 V 1 16-2. 
[9.110] John, R.: Messungen des absoluten und relativen Stromungsfeldes einer mit Wasser betrie- 

benen Kaplanturbine. Dr.-lng. thesis T U  Munchen 1970. 
[9.11 I] Fleischner, P.: Stromungsvorgangc in hydraulischen Turbomaschinen. Masch. Markt .  76 

(1970) no 43, p. 9371943. 
[9.112] f irer ,  W. and J .  Kozut: Untersuchung zur Weiterentwicklung von radialen Turboverdich- 

tern. GHH Technischer Ber. 1969, no  1, p. 2/14. 
(9.1 131 Fister, W.: Verdichter. BWK, 22 (1970) no  4, p. 1921195. 
(9.1141 Gnll~rs, H. E., N. Kiitrne atrdS. Suhrm7tatriatl: Experirnentellc und theoretische Untersuchun- 

gcn zur Energieumsctzung in einem Radialverdichterlaufrad. Mitt. no  81-05 Inst. fur Strahlan- 
triebc und Turboarbeitsmnschinen R W  T H  Aacheii, 1981. 

19.1 151 Kleitr, J.:  Reynoldsznlil und Machzahleinflul3 auf den Wirkungsgrad eincr schnelliiufigen 
Francis-Modellturbine irn Gasbetrieb. Dr.-lng. thesis T U  Miinchcn 1984. 

[9.116] Crrstorph, D.: Messung des instationlren Stromungsfeldes in einer Kaplanturbine mil elek- 
tronischen Miniatursondcn. Dr.-Ing. thesis T U  Miinchen 1974. 



[9.1 171 Schlic.lr/ing, 11.: Hcrcchnung dcr rcihuilgsloscn, inkoniprcssiblcn Striimung fiir ein ,,o 
t>cnes, cbencs Schaufclgittcr. VDI-Forschungshcft 437. (1955). rf3Qc- 

19 1181 W k r ,  E: Beitrag xilr Bcrahnong dcr Striirnung und dcr Schaufcllorni bei ilxii,lh,ul- 
schl.~gtcn Stromungsm~schi~icn mil gcringr Scha~fclZIlll. I3r.-lng. thcsis TI I Knrlsruhc 1951. 

9 .  I ]  TO,UC$-, W.: 13citrag zur Bcreclin~ng des Gcsch~indigkcitsfcldeS in axi;~l und halbrisl 
be;iul'schlagtcn Stroin~lngsm;ischinen rnit geringer Schaufclzahl  nit B~riicksichtigun~ des wand- 
cit~flusses. Dr.-Ing. thesis TH Karlsruhe 1956. 

[9.120] Jochct)j, 11.: Beitrag zur Untersuchung des Einflusscs dcr Schaufelficherung bci der B ~ ~ ~ ~ ~ ,  
nung axialcr Scliaufclgitter. Dr.-Ing. thesis 'I'H Karlsruhe 1960. 

(9.1211 Rrrh~no, R.: Vcrglcichcnde Untersuchung dcr riiunilichen Durclistromung von Laufridern 
axialer hydrauliscl~cr Turbomaschinen. Dr.-Ing. thesis TU Munchcn 1960. 

[9.122] Strscl~elcfzk~., M.: Hydrodynamischc Grundlagcn zur Berechnung der SchiffSschrauben. 
Karlsruhc: Braun Verlag 1950. 

[9.123] Glurtert, I{ . :  Grundlagen der Tragfliigel und Luftschraubentheoric Berlin: Springer Verlag 
1929. 

[9.124] Pn~ltell, K.: Die Laufradberechnung von Kaplanturbinen. Wasserkraft und WaSserwirtsch. 
Munchen, Berlin (1933) p. 241. 

19.1251 Uetz, A.: Tragfliigel und hydraulischc Maschinen. In H. Geiger und K. Schecl: Handbuch 
der Physik, Rd. VII p. 256, Berlin: Springer Verlag 1927. 

[9.126] Ir~ihoch, H: Die Berechnung der inkompressiblen. reibungsfreien Unterschallstromung 
durcli riiumliche Gitter aus Schaufeln auch groBcr Dicke und starker Wiilbung. Dissertation ETH 
Ziirich (1 964). no 3302. 

[5.127] h'iihncl, W.: Einflul3 der Schaufelzahl bei sonst gleichblcibenden Gitterparametern auf die 
Durchstromung axialer 'Turbinenlaufrader rnit drallfreier iustromung. Dr.-lng. thesis TU Miin- 
clien 1969. 

(9.1281 Iluhn, K.: Die Untcrsuchung der Stromung durch einc Fliigelradturbine bei verschiedenen 
Sclinufclzahlen. Dr.-Ing. thesis TH Karlsruhe 1933. 

i9.1291 F~~hritz, G.: \Vasserkraftmaschinen. In Hiitte, Maschinenbau Teil I1 A p. 8651922. Berlin: 
Ernst Vcrlag 1954. 

[9.130] VDl-DurchfluOme0regeIn. DIN 1952 Dusseldorf: VDI-Verlag 1948. 
(9.1 311 Marci~~o~vski, H.: Versuchsstand zur Untersuchung von Axialgeblasen. Das Versuchswesen 

dcr Maschinenfabrik. J.  M. Voith, Heidenheim 1949. 
[9.132] Sznh6, I.: Mathematik. In Hutte, Theoretische Grundlagcn I p. 11236 Berlin: Ernst-Verlag 

1955. 
[9.133] Gericlt, R.: Die Untersuchung iiber die instationare Stromung in einer schnclliufigen Fran- 

cisturbine mit hesondercr Berucksichtigung des Teillastverhaltcns. Dr.-Ing. thcsis TU Miinchen 
1974. 

k9.1341 Kozacov, J. Ja.: Die nichtstationare Umstromung eines mehrreihigen zweidimensional~n 
Profilgitters einer hydraulischen Maschine in einer Schieht mit verinderlicher Dicke (Russian) 
Energomasinostroenije 15 (1 970) p. 6. 

19.1 351 Frlrtncr, N.: Instationire Messung der schaufelnahen Relativstrlimung in Laufridern von 
Axial und Halbaxialturbinen. Dr.-Ing. thesis. TU Miinchen 1978. 

[9.136] Rotta, J. C.: Fortran IV Programm fiir Grenzschichten der kompressiblen, ebenen, achsen- 
sylnmetrischcn Striimungen. DFVLR Ber. AVA-FB 7 113, Gottingen, Mai 1970. 

f9.1371 Srxl, TII.: ~ b e r  den von E. G. Richardson entdeckten Annulareffekt. Z. Phys. 61 (1930) 
p. 349. or W.Tollmien: Handbuch der Expcrimentalphysik IV Teil 1 (1931) p. 281. 

[9.138] kc-her, IV. atld K. Bnuorann: Francisturbines at part load with high back pressure. IAHR 
Symp. Lausanne (1968) B 4. 

19.1 391 Ulitlt, P.: A contribution to influence the part load behaviour of Francisturbines by aeration 
and a-value. IAHR Symp. Lausanne (1968) B. 1 1. 

[9.140] Dursr, F., A. Mellirtg and J. J. Whireklw: Principles and practice of LDA. Aead. Press Lon- 
don 1976. 

[9.140a] T~rrton, R. K.: The Laser Dopplcr velocimeter applied to hydraulic machines. 7th IAHR 
Symp. Vienca (1974). Trans part 1 I, 1, p. 1/11. 



[10.1] Matni.1-. C.: Turbomhquinas hidraulicas: lCAl Madrid, 1975. 
[10.2] Necltlcha, hl.: Water turbines. their design und equipment. Artin Prague 1956. 
[10.3] Krivcetrko, F. I.: Nacocy i Gidroturbiny (I'umps and Water turb~ncs). hloskvii: Encrgia 1970. 
[10.4] Kvintkovskij. V. S: Diagonalnye Gidroturbinye (Diagonal Water turbines). Moskva: 

MaSinostroenie 197 1. 
[10.5] Kor.alev, N.  N: Hydroturbines (translated from Russian) Israel Progr. Scientific Transl. Jeru- 

salem 1970. 
[10.6] Miihlentantt, E.: GroBe Kaplanturbinen. EW-Mitt. 42 (1969) no I p. 3. 
[10.7] Oster~vnlrier. J.: Kaplanturbinen fiir hohe Gefslle. EW-Mitt. 25/26 (19.52153) p. 11. 
[10.8] Gerber, H.: Die Kaplanturbinen fur die GroDkraftwerke Donztre Mondragon an der  Rh6ne 

und Assuan am Nil. EW-Mitt. 25/26 (1952153) p. 1. 
(10.91 Wuclterer. J and R. Vaucher: Hochdruck Kaplan-Turbinen. EW-Mitt. 29 (1956) no  1 p. 5. 
[10.10] Obrist, H.: Die 90 000 PS Kaplanturbinen fur das Kraftwerk Pirttikoski. EW-Mitt. 32 

(1959) no 213 p. 46. 
[10.11] Siervo fie, F. and F. de In Leva: Modern trends in selecting and designing Kaplanturbines. 

Water Power 29 (1977) no 12 p. 51/56;30 (1978) no 1, p. 52/58. 
[10.12] Jaeger. E.-U.: EinfluB von voll- und halbkugeligen Lautiadringen bei Kaplan Turbinen auf 

Wirkungsgrad und Kavitationsverhalten. Voith Forsch u.Konstrukt. 19 (1 969) no 3. 
[10.13] Jaeger, E.-U. and M. Giiliringer: Blade spindle torques on the runner blades o f  Kaplan 

turbines, particularly under runaway conditions wit11 regard to the cavitation effect. I I th IAHR 
Symp. Amsterdam (1982) prbc. 50 p. 119. 

(10.141 Cernvola, O. ,  M. Ubaldi, P .  Zrtttit~o attd A. Sntrn: Flow field analysis in a Kaplan turbine. 
Comparison between theoretical calculations, velocity measurements, and cavitation observa- 
tions. Houille Blanche 37 (1982) no 718 p. 5791587. 

[10.15] Barp, B., F. Sch~t~eizer and E. Flury: Betriebsspannungen an K:tplant~irbinrn EW-Mitt. 46 
(1973) no 2, p. 10. 

[10.16] Anconn, I. and A. Comptc: Calculation of the flow ficld in a Kaplan turbine and of the 
stresses in the blades. Houille Blanche 37 (1982) no 7i8 p. 5891597. 

[10.17] Greitl, H., B. Burp arldK. Iloller: Stresses on blades of Kaplan arid bulb turbines due  to the 
hydrodynan~ic forces 7th IAHR symp. Vienna (1974). Trans Ill ,  2, p. 1/12. 

[10.18] Cotillon, J:  World's bulb turbines. Water Power 33 (1981) 110 9. p. 42'43. 
[10.19] TituJ, W.: Rohrturbinen als axiale Pumpturbinen. Voith Forsch. u. Konstrukt. 12 (1964) 

no  1682. 
[10.20] Pnrzatty, K. ar~d G .  Raurhschindel: Die Rohrtlirbinen an  der Mosel Energie 18 (1 966) no 4 

p. 1531161. 
[10.21] Fenrzlofl; H. E: Ermittlung der wirtschaftlichsten Bauweise fiir ein Niederdruckkraftwerk 

mit Rohrturbinen. EW-Mitt. 38 (1965) no  2. p. 19. 
[10.22] Holler, K and H.  Miller: Rohrturbinen und Strafloturbinen fiir Niederdruckkrafta~erke. 

EW-Mitt. 40 (1977) no 2, p. 3. 
[10.23] HoNcnstein, M. nttd W .  Solank Die Rohrturbinen fur das Kraftwerk Racine. EW-Mitt 

54/55 (1 98 1/82) no 1, p. 13. 
[10.24] Eicirl~i-, 0 .  and H .  WIIIZ.: Untersuchung uber die Gestaltung von Einlarlfen bei Rohrturbi- 

nen. Voith Forsch. u. Konstrukt. 27 (1981) no 2430 + e. 
[10.25] Zittmer, 0 :  Betriebserfahrungen mit Rohrtrirbinen. EW-Mitt. 25/26 (1952,'53) p. 30. 
[10.26] Lnco~te ,  A.: Exploitation et en t re t i~n  des groupes bulbes. Houille Blanche 32 (1977) no 7/8 

p. 5831596. 
j10.271 Srrohttter, F., D. Dt;enhojr and J .  Mfit:t11~titt: Comparison of the computed stresses and 

natural frequencies o f a  large bulbe turbine with the measured values of a prototype unit. 10th 
IAHK symp. Tokyo (1980) proc. p. 727!736. 

[10.28] Recke, L.: Modellversuch zur Entwicklung einer neuen Pumpturbine (Granadilla). EW- 
Mitt. 53 (1980) no 112 p. 63. 

(10.291 Bclrp, B.: Umbau des Kraftwerkes "Am GieBen" in Ziirich-Hongg. EW-Mitt. 52 (1979) 
no  2, p. 39. 

(10.301 Meicr, W. an(/ H .  Miller: Die Entwicklung zur Straflo Turbine. Bulletin SEV/VSE 69 (1978) 
no  17, p. 9431947. 



i 10.311 Co~oriaro. .Y, et~il Y. vna P n ~ d ~ r r b ~ k e :  Ecntloinics of str;iIlo llnils for r ~ i n - o f f - r i v ~ ~  station+ 
Water Power 33 ( 1  98 1) no 5, p. 48/52. 

[10.32] IVltitc.akrr, J .  C.: Annapolis points the way for Fi~ndy. W:ilcr Powcr 34 (1082) no 7 p. 2 3 1 ~ ~  
[10.33] Sicrrlo (L, F. atld F. .tie k v o :  Modern lrentls in sclccting iintl dcsignillg Francisturbincr' 

Watcr Powcr 28 (1976) no 8, p. 28/35. 
[10.34] Zrrtiobelri. D.: Characteristics of Francisturbincs. Wntcr Powcr 1 1  (1959) no 3, p. 96/lo3. 
[10.35] R ~ n b c ,  J.: The natural limits for the output of a mixed 110~ wntcr turbine. klydroturbo 

(1976) Int. Conf. Hydr. Mach., Rrnc, CVTS. Dumtechniky, Brnc C K D  Rlansko El p. 1/13 
[10.36] Grosse, G.: Rcchncrgcstiitztcs Entwerfen von Wasscrkraf~anla~cii Bcispicl dcr Francis, 

turbine, Voith Forsch. u. Konstrukt. 28 (1982) no 8. 
[10.37] Scliirt?~. J.. Die Fraricis Turbincn von Vianden. EW-Mitt 35 (1965) no I ,  p. 7. 
110.381 Podlesack, J. urrcl kV. Gero~niller: Die Francisturbinen, NotschluDdrosselklappen und K"- 

gelschieber im Plimpspeichcrwcrk Sickingen. EW-Mitt. 44 (197 1) no I, p. 3. 
f10.391 Ktartl, F.O.: Initial operation of 600 M W  turbines at  Grand Coulte third power plant. 8th 

l A H R  Symp. Leningrad (1976) proc. p. 50215 16. 
[10.40] Ka\vano, M, T. Ohktrnii and H .  Ikeda: 730 000 kW Hydraulic turbines for Guri Second 

powerhouse etc. Hitachi Rev. 28 (1 979) no  4 p. 17711 82. 
[10.41] Bautnarrtr, K.M. J. mrtlJ. Po(1lesnck: The Francisturbines of the Infiernillo and la .4ngostllra 

Hydro electric stations in Mexico. Escher Wyss news 45 (1972) no 1 p. 1/60. 
[10.42] Ulirll, P.: Vcrsuche an eincr Francis Modellturbine bei 650 rn Fallhohe. Voith Forsch. u. 

Konstrukt. 15 (1967) no  6. 
[10.43] Gysi, G.  atid F. Scl~tzeebeli: Hochdruck-Francis- und Freistrahlturbinen. EW-Mitt. 25/26 

(1952153) p. 24. 
[10.44] Gysi, G.: Hochdruck-Francis Spiralturbine11 und ihr Verllalten im Bctrieb. EW-Mitt. 32 

(1 959) no 213 p. 14. 
[10.45] Fachhnch, I/.: Die Stromung in einer schnell5ufigen Francisturbine. Dissertation T H  Graz 

1970. 
(10.461 Racibe, J.: Berechnung der drcidimcnsionalen Stromung eines reibungsfreien Fluids durch 

ein Turbomaschincnlaufiad mit doppelt gekriimmtcn Schaufeln. VDI Tagung, Hydraulische 
Stromungsmaschinen. Braunschweig (195 1). VDI-Berichte 42%. 109/120. 

[10.47] Nugcgugi, T. mid H .  ibfori: /r flow in Francis turbine runner. loth Symp. IAHR Tokyo 
(1980) Trans p. 5831594. 

[10.48] Fisller, R. K., U .  Pol& ut~d P. Ulith: Comparison of draft tube surging and homologous 
scale models and prototype Francis turbines. 10th IAHR Symp. Tokyo (1980), proc. p. 5411556. 

[10.49] Iienry, P., M .  Wegner and J. E. Graeser: Analyse experimentale dz la stabilitt: hydraulique. 
Symp. S H F  Fonctionncment des turbomachines a debit partiel. Paris (1981). Sess. 18 p. 1/20. 

[10.50] Nislii, M., T. Kubora, S. hla~sunnga and Y .  Serlov: Study on swirl flow and surge in an elbow 
draft tube. 10th lAHR Symp. Tokyo (1980), proc. p. 5571567. 

[10.51] Grab K., i f .  Ries and E. Kraft: Fabrikation gcschweiBter Francisturbinen-Laufrader. EW- 
Mitt. 43 (1970) no 2, p. 33. 

[10.52] Angekni, R., K. Keller and B. Burp: A comparison of theoretical stress calculations with 
experimentally verified stresses on Francis turbine runners of high specific speed. 8th IAHR Sym. 
Leningrad (1976), proc. p. 971108. 

[10.53] ,Malquori, E. and F. Milanese: Planning, design and operating of hydra& machinery in the 
Italian energy system. 10th IAHR Symp. Tokyo (1980) proc. p. 4171425. 

[10.54] Moysa. N: Maintenance experience with large Francis hydroelectric turbines. 7th IAHR 
Symp. Vienna (1974). trans IV, 5 p. 119. 

(10.551 Kol~ler, K. ulld N. Kirchner: Design details of large hydraulic turbines. 7th IAHR Symp. 
Vienna (1974) Trans. V, 1 p. 119. 

[10.56] Fliitll, G., P. Spitaler ancl F. Strohmer: Problems in the design of Francis type turbines and 
single stage reversible pump-turbines due to  the tendency to large dimensions, outputs, net heads 
and total dynamic heads. 7th IAEIR Symp. Vienna (1974). Trans V, 2 p. 114. 

[10.57] Ber?ilrartl, H. J. and R. V .  Mathe~vs: The design of guide vane apparatus for large turbines 
und pump-turbines. 7th IAHR Symp. Vienna (1974), Trans. XI, 4, p. 1/13. 

[10.58] Casacci. S. et al.: Conception et construction des turbomachines hydrauliques de grandes 
dimensions. Houille Blanche 32 (1 977), p. 59 1/61 6 .  



[10.59] Berttllar~isgriirter, W.: Einzclservomotoren fiir Leitschaufeln grol3er Francis und Kaplantur- 
binen. EW-M~tt .  38 (1965) no 3 p. 41 

[10.60] Grcin, H., H .  Hrt~ninger and H. Podlesack: Versuche m r  Ermittlung der giinstigsten Anfahr- 
methode einer Francisturbine bei Anwendung einer ~berholkupplung mischen Turbice und 
Motorgenerator. EW-Mitt. 42 (1969) no 1, p. 33. 

[10.61] Mot~litr, G., M. Wcgner, R. Eretneef and Vonh-Phong: Mtthodes de trace des turbomachines 
hydrauliques. I-Iouille Blanche 32 (1977) no  718, p. 6171628. 

[10.62] Siervo de, F. and A. Lugaresi: Modern trends in selecting and designing Peltonturbines. 
Water Power 30 (1 978) no 12, p. 40148. 

[10.63] Weingart, Ch.: Francis oder Freistrahlturbinen? EW-Mitt. 25/26. (1952153). p. 54. 
[10.64] Hoz, M. and U. Scl~errer: Die zwei vertikalachsigen Freistrahlturbinen des Kraftwerks 

Tysso II/Norwegen. EW-Mitt. 43 (1970) no 2, p. 3. 
(10.651 Vulliod, G.: Dheloppments rkcents dans le cadre d'ttudes pour I'augmentation de puissance 

de  turbine Pelton vertical multijct. Vevey Bulletin Techniques (1983) p. 153'22. 
[10.66] Angehrn, R., I .  Schweizcr utid K. Starkernrann: Zur Spannungsanalyse in Peltonbechern. 

EW-Mitt. 53 (1980) no 112, p. 153. 
[10.67] Angehrtr, R. and M .  Dubas: Experimental stress analysis'on a 260 M W  Pelton turbine. 1 l th  

IAHR synlp. Amsterdam (1982), proc. 48. p. 1/10. 
[10.68] Poslzi, B. A. and M .  S. Konnur: Reducing the runnaway speed of a Pelton turbine: Water- 

power 29 (1977) no 11, p. 39/42. 
[10.69] IlYeier, IV.: Getrennte hydraulische Maschinen oder reversible Pumpturbinen fiir Pumpspei- 

cherwerke. EW-Mitt. 39 (1966) no 3, p. 31. 
(10.701 Ratzdegger, E.: Die Speicherpumpen von Vianden. EW-Mitt. 36 (1965) no 1 p. 15. 
(10.711 Carditla1 volt Widdern, I].: Die Wahl der richtigen Kupplung fiir Pumpspeichermaschinen- 

sitze. EW-Mitt. 35 (1962) no 1, p. 23. 
[10.72] Baummrn, K.  M. J.: Das Konstruktionskonzept der Einwellen Dreimaschinensatze des 

Pumpspeicherwcrkes Waldeck 11. EW-Mitt. 44 (1971) no 2, p. 24. 
(10.731 Abl-ilhartt, K. H. and G .  Lortes: Constructional problems in large pumped storage plants. 

Water Power 33 (1981) no 1, p. 31/35. 
[10.74] Jaquet, hl.: Einige speziclle Probleme bei der Entwicklung von Pumpiurbinen. EW-Mitt. 47 

(1974) no  2, p. 20. 
(10.751 Meier, W.: Pumpenturbinen. EW-Mitt. 35 (1962) no 2, p. 6. 
[10.76] Swiecicki. I.:  Trends in pump-turbine design. Water Power 29 (1977) no 1, p. 45/47. 
110.771 Sch~veiger, F. and J .  Gregori: Developments in pump-turbines. Water Power 34 (1982) 

no  10, p. 22/25. 
[10.78] Dziclllas, R.: Radiale umkehrbare Pumpturbinen. Voith Forsch. u. Konstrukt. 12 (1964) 

no  1. 
[10.79] Yokoyanta, T. el al: Latest Technology for hydraulic pump-turbine. Hitachi Rev. 28 (1979) 

no4,  p. 171/176. 
[10.80] Siervo de, F. and A .  Lt~garesi: Modern trends in selecting and designing reversible Francis 

pump-turbines. Water Power 32 (1980) no  5 p. 33/42. 
[10.81] Kau/innntr, J. P.: The dimensioning of pump-turbines. Water Power 29 (1977) no 8, 

p. 34/37. 
[1O.S2] Zagnrs, A .  artdJ. M .  Hagood. Jr.: Bath Countya 2100 M W  development in the USA. Water 

Power 29 (1977) no 10, p. 25/33. 
(10.831 Lenssetl, G.: Vianden pumped storage scheme-design criteria for the 10th set. Eschcr Wyss 

News (1 972) no I ,  p. 1 j9. 
[10.84] Giersig, K.: Rodund pumped storage scheme commissioned. Water Power 29 (1977) no  4 

p. 21/24. 
[10.85] Tstmoda, S., K. Howada and A .  Yamakami: The world's highest head pump-turbines. Water 

Power 35 (1983) no 4, p. 1712 1. 
[10.86] Fischer, R. K. a d  J. R. Regnau: Advances in pump-turbine design. Water Power 35 (1983) 

no  4, p. 21/26. 
(10.871 Tanaka, t-I.: The development of high head single stage pump-turbines. 10th l A H R  symp. 

Tokyo (1980) proc. 4291440. 



[10.8SJ /ftrrlo. J . .  T. LVnrc~tmhc nrtrl K .  F I , ~ I U ~ ~ ~ I . F I I :  Rssc;~rcI~ ;ind dcvcl~pmctit of 1;lr.g~ capacity high 
hcad Francis t ~ p c  pump-turbines. 7th I,lIIR sytiip. Vienn;l. Trans. X I .  2 p. 1/12. 

[IO.S9] Clmcolrr, S. A .  rrrrd R .  S .  Grrrhh: Conccption;ll design of pump-turbincs I'or Bath County. 
Water Powcr 33 (198 I )  no 1, p. 44/50. 

[10.90] Vt/cvtic, J . :  Pttmp-turbine power plant operating problcnis. 10th lAClR sytnposiuni Tokyo 
( 1  980) proc. p. 4791488. 

[I 0.9 I] Ctrstrcr,i, S., N. Ruclte nntl P. Jtrrrinnd: High head pump-turbines, French expcrienccs. Water 
Power 35 ( 1  983) no 2 p. 3 1/40. 

[10.92] Pliclrutl. J .  ,Y. tJt 01.: Le probltme des Pompes-turbines vue par le maitre d'oevre. Houille 
Blanche 32 (1 977) no 719 p. 5751582. 

[10.93] Racrbc. J . :  Optimization of pump-turbines. Proc. ASCE J. Engng. Div 107 (81) p. 41/63. 
[10.94] Tlrzq3, W.: h4ogliche Grenzeri der Unisetzung groDer Fall und Fiirderhohen in eilier L.auf- 

radstufe von Pumpspeichermaschinen aus der Sicht der Stromungsvorginge. Voith Forsch. u. 
Konstrukt. 21 (1973) no 2431. 

[I 0.951 Grein, H. utrd d l .  Jnquet: Einige hydraulische Aspektc beim Anfahrcn von Speicherpumpen 
und Pumpturbinen grol3er Leistung. EW-Mitt. 48 (1975) no I, p. 3. 

[10.96] Slvi/f, by. L. and J.V. G.  F'lrippen: A study s f  effects of dynamic loads in reversible pump 
turbines. 8th IAHR symp. Leningrad (1976), proc. p. 2961308. 

[I 0.971 Tschwny, A.: Le calcul des rtgimes transitoires dans les installations de turbinage-pompages 
complexes et de grandes dimensions. 7th IAHR symp. Vienna (197.1). Trans. p. 11, 4, p. 111 1. 

[10.98] Miyaslriro, H and K .  Tnknda: Axial hydraulic thrust caused by piltnp starting. J. of Basic 
E n ~ n g .  (1972) p. 6291635. 

[10.99] Bonrs~rgcs, P., H. Atnblnrd and C.  Lathirile: Vibrations des dircctriccs des turbomachines i 
I'emballement. Flouiile Blanche 37 (1982) no 213, p. 2471256. 

[10.100] Cirsucci, S. attd P .  .Jarrinutl: Analyse de tssais industriels des turbines pompes hors des 
zones dc fonctionnemcnt normal et lors transitoires. klouille Blanche 37 (1982) no 213, p. 185/196. 

[10.101] Ynt?lr~~?uc.lti. Y. cmd IM. Suzuki: Stress and pressure fluctuations in high head pump- 
turbines. Hitachi Rev. 27 (1978) no 4. p. 2091214. 

[10.102] Yumnbe, M: Hystcresis characteristic of Francis pump-turbines when operated as turbine. 
ASME paper No 70-FE-D. New York 1971. 

j10.10?] Crrsncci, S., P. Boussuges, P. Jarricmtl, R. Philihert and P. Gzritotl: Contribution a I'ktude 
des vibrations des organes de vannage des turbines-pompes. Houille Blanche 32 (1977) no 718, 
p. 6291646. 

[10.104] Berhm.i. 1\1. trtrtl Af. Gii'wrri et (11.: lntcractions entrc vannss dc mnchinc ct organes de 
r i~ula t ion des groupss hydrotiectriques rcversibles. tiouille Blanche 35 ( 1  980) 110 715, p. 4671483. 

[10.105] Botrssrrges, P., J.  Jnrriand arld H .  Amblard: Analyse dcs forces pulsatcires agissant sur les 
particcls tournantes des turbines-pompes. Houille Blanche 35 (1980) no 112, p. 77/86. 

[10.106] Grein. H. nrrtl P .  Bachrnann: Hydraulique torque on misaligned guide vanes. Water Power 
28 (1976) no 2, p. 37/40. 

[10.107] Bnuntm~n. K. .\.I. J .  and H .  Grein: Francis-Anfahrturbinen des Pumpspeicherwerkes Lan- 
genprozelten (BRD). EW-Mitt. 52 (1979) no 2, p. 35. 

[10.108] K f e ~ ? u ~ l ,  P. a t ~ d  W.  TlruJ: E-Iydraulic force fluctuations and shaft vibrations in pump- 
turbines. 8th IAHR symp. Leningrad (1976) proc. p. 3181329. 

[10.109] Kriinler, E.: Determining the hydraulic lateral forces in pump-turbines. Water Power 23 
(1 98 1) no I ,  p. 50154. 

[10.110] Zat~etri. V: La po~sske radiale dans les machines hydrauliques experiende de laboratoire. 
tlouillc Blanche 32 (1982) no 213, p. 2371246. 

(10.11 11 OisAi. A. mld T. Yokoyama: Development of high head single and double stage reversible 
pump-turbines. 10th IAHR symp. Tokyo (1980). proc. p. 4411452. 

(10.1 121 Borc.il~tti, G.: Un nuovo tip0 di machine idraulica. La reversible multistadie. Idrotecnica 2 
(1 98) marzo-aprile p. 79/88. 

[ I  0.1 131 Bortolnt~, G. and M .  Peron: Multistage pump-turbine for Chiotas and Edolo. Water Power 
34 (1982) no 9, p. 41/45. 

[10.114] Moore, A .  E.: Design of diffusing and turning passages. ASCE-IAHR-ASME symp. Fort 
Collins Col. (1978). proc. vol. I, p. 2471253. 



[lo.! 151 Hc~irst~~atin, G. atid G. VuNiod: The isogyre pump-turbine. Charmillcs Techn. Bullctin. I4 
(1975) p. 15/26. 

(10.1 161 Miiller, H. nnJG. Wiirrher: Die masch~nellcn und stahlwasserbnulichcn Anlagcn der Kraft- 
werksgruppe Malta. Energicwlrtschaft. Sonderdr. Kraftwerksgruppc iVl;lll;l p. 137; 145. 

[10.117] Thlfl, W.: EinfluO des umgcbenden Mediums auf Eigenschwingungcn von Lnufriidern. 
Voith Forsch. u. Konstrukt. 27 (19YO), no  2431. 

[10.118] Atl,gelirn, R.: Berechnungsverfahren fiir das Querschwingungsvcrhaltcn an Rotoren. EW- 
Mitt. 53 (1980) no li2, p. 173. 

(10.1 191 Barp. P.: Dynamic behaviour of large pump-turbine rotors. Water Power 2s (1976) no I ,  
p. 4815 1. 

[10.120] Eichler, 0.: Vibration phenomena on hydrauIic axial turbines. lAHR IUTAM. Karlsruhe 
(1979) pap.B-3. 

[10.121] Bellocliio. 'if. and G.  Pritii: Flexural vibrations and design criteria Ansaldo Rev. no  10 
(1981). p. 19/22. 

[10.122] Grein, H.: Rechnergestutzte Entwicklung und Konstruktion \Ion Mascliinenkomponentr7n 
am Beispiel der Leitschaufeln. EW-Mitt. 53 (1980) no 112 p. 107. 

[10.123] Osterwalder, J.: The loss analysis a s  means for dimensioning the volute inlet diametsr of 
water turbines. Proc. 4th conf. Fluid machinery, Budapest (1972), paper. 

[10.124] Salzmatin, F. and A .  Suss: Festigkeitsuntersuchungen an Spiralgehiiusen. EW-Mitt. 15, 16 
(1942143) p. 164. 

[10.125] Bover, 771.: Calcul de la rbistance mecanique des blches spirales de turbines Francis a 
haute chute. Charmilles, Inf. Techn no 7 (1958) p. 19/30. 

[10.126] Casacci, S. and J .  Bosc: Calcul ;i la flexion des coques coniques. Paris: Dunod Pditeur 1059. 
[10.127] Grein, H.: Spiral casing stress in pumped storage plants. Water Power 30 (1978) no 2. 

p. 48/49. 
[10.128] Zollinger-, M.: Festigkeitsbcrechnung von Parallelplattenspiralen. EW-Mitt. 53 (1980) 

no  112 p. 32. 
[10.129] Clien, Y. N.: Water pressure oscillations in the volute casing of storage pumps. Sulrcr 

Technical rev. 534, 1 - 14. 621.67 1.22. 
[10.130] Grein, H.: Ermiidungsbriiche in Stiitzschaufeln. EW-Mitt. 51 (1978) no 1 ,  p. 33. 
[10.131] Cu~acci ,  S. ,  B. Lourdeaus atld IM. Wegwer.: Compartment dyniim~ques des avant- 

distributeurs de grandes turbines Francis. 1 I th IAHR Symp. Amsterdam (1952) proc. 49, p. l;l3. 
[10.132] Okatio, K. el at.: Recent develop men^ in thrust bearing for large-capacity high-spccd 

hydrogenerator. Hitachi Rev. 28 (1979) no  4, p. 189/ 198. 
[lo. 1331 Srurce\*ir, C. 121: Die Entwicklung von groBen Traglagcrn fiir vertikale Wasserkraftgcncra- 

toren. BRC Mitt. 67 (1980) p. 1521153. 
[lo. 1341 Gnlerro, R.: Tilting pad thrust bear~ngs with balancing hydraulic chamber. Rivista ASGEN 

(1967) no  2, p. 53/61. 
[10.135] Clirisr, A .  crt~rl M .  Peron: Hydrostatische Axiallager fiir Speicherpurnpen EW-Milt. 53 

(1980) 110 1/2 p. 40. 
[lo. 1361 WulO~iurcr, I+'-: Self-lubricating bearings for hydro station equipment. Water Power 32 

(1 980) no 6, p. 5 1 /54. 
[lO.137] hlayer, E.: Theorie und Praxis der Gleitringdichtungen. Konstrvkt~on 27 (1975) 

p. 1691175. 
[10.138] Ceravola, O., M. FaneNi and B. Laiiaro: The behaviour of the free level below the runner 

of Francis turbines und pump-turbines in operation a s  synchronous condenser. 10th IAH F, sylnp. 
Tokyo (1980) proc. p. 7651775. 

[10.139] Mntslrrfa, I. and T. Nagafirji: Computerized design for turbines. Water Power 31 (1979) 
no  10, p. 31/35. 

[10.140] Burp. B.: Die Methode der finiten Elemerlte als Konstruktionshilfsmittel im GroBmaschi- 
nenbau. EW-Mitt. 45 (1972) no 1, p. 22. 

[10.141] Keck, II.: Finite-Elenlcnt-Berechnung von Stromungen in hydraulischen Turbornaschinen. 
EW-Mitt. 53 (1980) no 112 p. 92. 

[10.142] Bachnlonn, J.: Starldardizing small turbines. Water Power 32 (1980) no 7, p. 40/42. 
[10.143] LVebsrer, J.: The effect of changing jet and wheel gize on the pcrforma~ice of inclined-jet 

hydraulic impulse turbines 7th IAI-lR symp. Vienna (1974). Trans. IX 5, p. 1/10. 

62 3 



[lo. 1141 Tllc* Ec':lrror: K3nce tidal powcr schcnlc. Watcr Power 19 (1907) no 1, p. 7. 
[10.145] I)rrlrorr v. L.: Fcrineture dc l;i Kaiicc: d~roulcmci~t des ~ ~ ~ V : I L I X  ct :~n:~lyses des observations, 

I louillc 1Il;inchc 19 (1964) no 4, p. 49 1. 
[lo. 1461 Protic, %. atrd ,V. Unhic: A three dimensional calculation mctliod for conlputation .'now 

from guide vane to the runner inlet of Kaphn turbines. I lth IAHK symp. Amstcrd;tm (1982) 
trans. YO, p. 1/13. * 

[IO. 1471 Conlig/iot~. J.. P.  Vitrit cnrd hl. Colrsto~~: A model of the flow i l l  fronto (semi) spiral tanks, 
Houillc Blanche 36 (1982) no 718, p. 5711578. 

[10.148] Betroc.hi, R., G. Cntttorc, L. Mogri uttil M .  Ubaltii: Expcrimentr~l analysis of the flow in 
axial region of propeller turbine admission ducts. kiouille Blanche 36 (1952) no 718, p. 599i606. 

[10.149] C/tri.~tuller, 11.: Dcr Bau des Gezeitenkraftwerkes an der Rance. Wasserwirtsch. 55 (1965) 
n o  3, p. 65. 

[10.150] Rnvitttlran. M.: Design and flow investigations on a fully reversible punip-turbine. ph. 
D.-tlicsis, deapartnierit of  mechanical engineering. Indian lnstit~itc of Tcchnology. Madras: 1978. 

110.1 5 I] NACA report TR 460,580,610. 
[lo. 1521 Btrrp, B., A. Keller and II. IIoller: Some results of fatigue tests on steel containing 13% 

Chromium, 7th IAI-IR Symp. Vienna (1974). Trans. VII I, p. 111 1 
[I 0.1531 Meier, LV. a,td M .  Jarpret: Single and multistage pump-turbines for high head storage 

plants. ASME Pump Turbine Schemes Fluids Engineering- Conf. Niagara Falls. Transactions 
New York p. 29/37. 

[10.154] Riikl, K. H.: Festigkeitslehre: Stabartige Tragwerke p. 8671940 in Hiitte I, The~retisch~ 
Grundlitgen. Berlin: Erilst-Verlag 1954. 

[10.155] Rrrabe, J: Studienreise Wasserkraft durch USA and Mcxico. Energie, Miinchen 17 (1965) 
no 7 p. 277/285. 

I10.1561 Ratrbe, J.:  Wasserkraftmaschinen, Jahresiibersicht. BWK Diisseldorf 18 (1966) nod, 
p. 1831 188. 

(10.1571 Bou.r~ypes, P., L. Megtrittt und H.  Amblard: Turbines pompes de hautes chutes. Houille 
BI3nche 32 (1977) no 718, p. 6471655. 

[I 0.1581 GerstlorJf, v, B. and G.  Lottes: Das Pumpspeicherwerk Ronkhausen. Elektrizitiitswirt- 
schaft 66 ( 1  967) 24, p. 7251734. 

[lo. 1591 Ki-aft, It'.: Das liraftwerk &s Purnpspeicherwerk Rcnkkusen. - Siemens - - - -  Zeitschrift - Er- 
lanzcn 42 ( 1968) no 6, p. 4751486. 

[I 0.1601 Voitlr, J.  iW.: Pumpspeicherwerke. Special Issue. 
[I 0.16 11 blfelritlkel, L.: Uer Endaushau des Pumpspeicherwerks Vianden. Special publication Rhei- 

nisch Westf;dlische Elektrizitiitswerke Essen, Federal Republic of Germany 1865. 
[lo. 1621 Griltrer, J.: Das Pumpspeicherwerk Langenprozelten. Maschinen, elektrische Einrichtun- 

gen und Stahlwasserbau. Elektrizitatswirtsch. 74 (1975) no 24, p. 8681877. 
[lo. 1631 b'oitir. J. M.: Probebetrieb Langenprozelten Maschine 2 beendet. Voith Information Ge- 

schaftsbcreich Wasserturbinen und Pumpen. (1974) no 3. 
[lo. 1641 Inllrrhofer, G. ,  A. Eder and R. Gstettner: The Rodund I1 pumped storage scheme. Water 

Power 26 ( 1  973) no l I, p. 41 31427. 
[10.165] Abrnhatrt, K. H.: Construction progress at the Waldeck I1 plant. Water Power 25 (1973) 

no 12 p. 3641466. 
[10.166] Jnegrr, H. atrd H .  :Muehloecker: Entwurf und Bemessung der Hauptmaschinensatze d a  

Pumpspeicli~rwerks Waldeck 11. Elektrizitatswirtsch. 7 (1971) no 24, p. 6851691. 
[10.167] Lnntlsberg~r. R. and H .  Doelz: Die Kraftwerksgruppe Edersee: Die Entwicklung d a  

Pumpspeicherwerks Waldeck 11. Energiewirtsch. Tagesfragen Essen 22 (1972) no 10, p. 5151525- 
[10.168] ~tlr!.cr,  J.: Kraft aus Wasser p. 97/98. Bern: Staempfli u. Cie.-Verlag 1975. 
[lo. 1691 Pjisterrr. E.: Die Hornbergstufe Jer Schluchsee AG, Wasserwirtsch 63 (1973) no 19 

p. 12/21. 
[10.170] Voith, J. M.: Storage pumps and spherical valves in the SBckingen pumped storage plant. 

Special issue Voith. Heidenheim, Brenz. 
j10.17 11 Rnahe. J.: Die mechanischen Auswirkungen des Kurzschlusses bei Rohrturbinen mit Pla- 

netengctriebeo. Konstruktion 14 (1962) no 2 p. 58/64. 



[10.172] Lomakitt, A. A.: Die Berechnung der kritischen Drchzahl und der Bcdingung fiir dic Stabi- 
litat des Laufcrs von hvdraulischcn f lochdruckmaschine~ untcr Berucksichtigung drr  Iiriifte, die 
in den Dichtungen entstchen. Enrrgon~asinostrocnije 4 (1958) no 4, p. li5. 

[10.173] fille~thrrger. LV.: Dcr optimalc Winkel fiir dic Abstiitzung VOII vertikitlcr~ Wasserkraftgc- 
neratorcn mit schriigcn Armen odcr Blattfedcr. BBC Mitt. 67 (1980) no 3. p. 108jl16. 

[10.174] Nietnann, G.:~leitla~ertechnik. In Hiitte Maschinenbau 1IA p. 60176. Berlin: Ernst-Verlag 
1954. 

[10.175] Baltisbergcr. K.: Bremsverfahren bei Synchronmaschinen. BBC Mitt. 1967 n o  9, p. 119. 
[10.176] Ruabe, /: Ein Beitrag zur Begrenzung der Durchgangsdrehzahl von Kaplanturbinen. Was- 

serwirtsch. 52 (1962) no 10, p. 2731278. 
[ I  0.1771 Hzrtare~v, G: Die Turbine dcs Wasserkraftwerks Ossbergshausen an dcr Agger. Wasser- 

wirtsch. 47 (1957) no 6, p. 137. 
[10.178] Venrrone, C . ,  A. Mirat~dola and G.  Nal.arro: Rtcherche experimentale et numkrique sur le 

comportment d'une roue reversible au point de tract et hors du point de track Houille Blanche 
37 (1982) no  718 p. 607j613. 

[10.179] Comevale, E., S. Ciusti and G. Angelo: Analyse theorique experi~nentalc de le'ecoulemcnt 
rkcl dans les pompes asso-radiales. Houille Blanche 37 (1982) no  7i8. p. 5531557. 

[lo. 1 SO] Ere~neef, L. R. atrd R. Pl~iliberr: Modelization quasi-tridimensionelle de I'ecoulement dnns 
les turbomachincs hydrauliques. Houille Blanche 37 (1982) no 718, 543!551. 

[lo. 1811 Votfer.  M. : Beitriige zur numerischen Berechnung des riunllichen Stro~nungsfeldcs in 
hydraulischen Turbomaschinen. Dr.-Ing. thesis T U  Miinchen 1968. See also VDI-Forschungshsft 
Nr. 535. Diisseldorf: VDI-Verlag 1969. 

[10.182] Wu, Cl~lulg-Ihu: A general theory of three-dimensional flow in subsonic and supersonic 
turbomachines of axial radial and mixed flow type. Trans. ASME, 74 (1953) p. 1363:1380. 

[lo. 1831 Japih-se, D.: Review: Progress in numerical turbomachinery analysis. Trans. ASME. I. of 
Fluids Engng. (1976) p. 5921606. 

[lo. I841 Bostnan, C. and M .  A. T.  El-Shtiarawi: Quasi-three-dimensional numerical solution of flow 
in turbomachincs. Trans. ASM E J. of Fluids Engng (1977) p. 132,'140. 

[lo. 1851 Nosak, R. A. atla' R.  M .  Hearspy: A nearly three-dimensional intrabladc computing system 
for turbomachinery. Trans. ASME. J. of Fluids Engng. (1977). p. 154i166. 

[10.186] Krimerman, Y. and D. Adler: The complete three-dimensional calculation of the co~-nprcssi- 
b:e flow field in turbo impellers. Journ. Mech. Engng. Science 20 (1978), no 3, p. 1491158. 

110. I871 Rosman, C. at1d.I. Highron: A cs lcula t i~n  procedure for three-dimensional time dependent, 
inviscid, compressible flow through turbomachine blades of any geomctry. Journ. Mech. Engng. 
Scries 21 (1979), no 1, p. 39/49. 

[10.188] Pfiertner, H.: Berechnung der Relativstriimung in Kreiselpumpenlaufridern n~itlels finiter 
Elemente. Dr.-Ing. thesis TU Munich not yet terminated. 

[10.189] Ribaut, Ad.: On the calculation of three dimensional divergent and rotational flow in 
turbomachines. Trans. ASME J. of Fluids Engng. (1977) p. 1871196. 

[I 0.1901 Lewis, R. I arid G. I.V. Fairbairn: Analysis of the through-flow relative eddy of mixed-flow 
turbomachines. Int. J.  Mech. Sci. 22 (1980) p. 5351549. 

:10.191] Krouse, J .  K.: Graphic terminals for CAD/CAM. Machine Design, (1981) Aug. 6. 
:10.192] Clrasen, S. H.: Guide lines for Acquiring CAD/CAM information. Computer and Mecha- 

nical Engng. ASME Aug. 1982. 
10.1931 Illeier, W. and N .  ~Meystre: Moderne Maschinen fiir hydraulische Kraftwerke. Techn. 

Rundschau Sul7er (211982) no 2, p 418. 

11.  I ]  Fabritz, G.: Die Regelung der Kraftmaschinen unter besonderer Beriicksichtigung der  selbzt- 
tgtigen Wasserturbincnregclung. Wien: Springer-Vcrlag 1940. 

11 -21 Fohritz, G.: Regelung von Wasserkraftmaschinen. In Hiitte IIa, p. 922 Berlin: Ernst-Verlag 
1954. 

11.31 Nechleha, M: Theory of indirect speed control. i ondon ,  New York, Sidney 1964. 
11.41 Hutaretv, G.: Rcgelungstcchnik: Kurzc Einfuhrung a m  Beispiel der Drehzahlregelung von 

Wasserturbinen. 13crlin, New York: Springer-Vcrlag 1961. 
11.51 Kiihnel, IV.: Gcratetechnischer Aufbau der Reglcr. In H. Kirchbach: Taschenbuch der  Hy- 

draulik in Industriebetrieben p. 5741597. Stuttgart: Fmnckh-Verlag 1961. 



[I 1.61 R~rtl,~rrist, 0.: Turhinc cuntrol, at1 historical survey. Watcr Power 28 (1976) no 9, P 27/29. [I 1.71 Cmrrotr. G J.: Goverfiing ;1 hydro-electric system. 7111 if\[ 111 symp. Vien11;i 1974. Trans. X, 
2. p. 1/12. 

[ I  I .81 U~~rI~.rhorr/.s~ri;rt~~r, LY.: I~cgulicrungcn grol3cr Wesserturbinen. EW-Mitt. 15/16 ( I Y ~ / ~ , )  
p. 151. 

[I i.91 Scrh~-rper, F.: Das St;lbilititsproblcni der Wasserturbinenregel~~ng. EW-Mitt. 2 1 1 ~ ~  
(1948/49) p. 43. 

[I 1.101 Tru.ual, J. G. (etlitor): Control Enginecr's Handbook. New York: MacGraw Hill publishcrs 
1958. 

[I 1 . I  I] I;n,lelfi, dl.: Proble~ni di stabilita dei sistems idraulicn. ENEL Relazione di Studie c Kicerca, 
no 384, 198 1. 

[I 1.121 flo)tpe. J. C.: Predicting the stability of regulation. Water Power 33 (1951) no 7, p. 32/35. 
[I 1.131 I.'a.~ol, K. M.: Bemcrkung zur Stabilitiitspriifung in Wasscrkraftwerken. Schweiz. Bauzeitg. 

88 (1970) no 16, p. 8631564. 
[! 1.141 Stcitl, 7'11.: Systcmatik der Reglcrartcn. EW-Mitt. 13 (1940) p. 59. 
[ I  1.151 Sechergcr, F.: Ein neua r t ige r -~e~ le r  fiir konstante Maschincnlcistung. EW-Mitt. 25/26 

(1952/53), p. 101. 
[ l  1.161 Srein, Tit.: Lastverteilung durch primare Leistungsregler. EW-Mitt. 1511 6 (1 942143) p. 158. 
[11.17] Mirr, A I .  and F. Sceberger: Wirkungsweise und Betriebsergebnissc des Escher Wyss Lei- 

stungsreglers. EW-Mitt. 21,122 (1938149) p. 37. 
[I 1 .I81 Hirr, M.: Neuartige Sysleme zur Leistungsverstellung in Anpussung an die verschiedenen 

Betriebe EW-Mitt. 25/26 (1952153). 
[I 1 .I91 Woorltr~urtl, J. L. and J .  T. Boys: Electronic load governor for small hydro plants. Water- 

power 32 (1980) no 7, p. 37/39. 
[I 1.201 Rocka, G. a~td  A .  Sillos: Power swing produced by hydro power units. I l th IAHR Symp. 

-4msterdam (1982), proc. 44, p. 1/15. 
[I 1.2 I] Ilor11, EI. E. and J .  Bergseng: Water level control for small hydro plants. Water Power 33 

(1981) no 11,  p. 50153. 
[ I  1.221 Wic~l~rkrlrr, W.: Regulici-ung einer Wasserturbine nach dcr zufliel3enden Wassermenge und 

Nachstcucl-ung des Nivcaus bei Teilbelastung. EW-Mitt. 25/26 (1952153) p. 103. 
[I 1,231 Srein, Th.: EinfluB der Sclbstregelung und Abklingzeit nuf den Materialaufwand von Was- 

serturbinen. EW-Mitt. 19/20 (1946147). p. 90. 
[I 1.241 Dlrhc, B.,.hl. C u e n o H .  Nrlsch unJJ. Ch. Gille: Rtglagc de tcr?sion ct de frtquence dans un 

groupe hydroelectrique. Automatic Control, Theory a. Applications 1 (1972) no 1, p. 219. 
[11.25] Fusol, K. H.: On some recent methods for investigation of the dynamic behaviour of turbine 

governors, turbine-units, and large hydraulic systems. 7th IAMR Symp. Vienna (1974) Trans X, 
I p. 1/12. 

[ l  1.261 Alritthicls. H. B.: Beitrag zur dynamischen Untersuchung axialer Wasserturbinen nach der 
Frequenzgangmethode. Dr-lng. thesis. Univ. Stuttgart 197 1. 

[11.27] Hitrarew, G.: Tests on turbine governing systems. Water Power 15 (1963) no 4, p. 157; no  5, 
p. 197. 

[I 1.251 Netsch, H.: Bestimmung der Impulsantwort und des Frequenzganges von Regelelementen 
nlittels stochastischer Stiirsignale kleiner Amplitude-Anwendung an  Wasserturbinenreglern. Re- 
eelungstech. no 6, p. 197!206 - 

[I 1.391 Jlmgltnwis, K.: Calcul des friquences naturelles hydrauliques et ses problimes. 8th IAHR 
symp. Leningrad (1976) proc. 4211430. 

[I 1.301 Jmger, CIt.: Theory of resonance in hydro power systems: Water Power 15 (1963) no 4, 
p. 14. 

[I 1.3 I] Zolotov, L. A. ,  V .  M .  Klabtrkov, V.  b1. Vladintirsky, S. G .  Dirnirriev nntl A .  N .  Zaitsev: In- 
fiuencc of boundary conditions on dynamic loads in penstock and hydraulic elements. 8th IAHR 
symp. Leningrad (1 976) proc. 2691282. 

[l 1.321 Arilkc, M .  et nl: Analysis of total pump-turbine system including pipe lines. Hitachi Rev. 24 
(1975) no  5, p. 2371224. 

[ I  1.331 firnelli, M.: Hydraulic resonance in rock-bored penstocks. Water Power 25 (1973) no  9, 
p. 42/48. 

[I 1-34] Benko. G. B.: Governing turbines for transient loads. Water Power 33 (1981) no 4, p. 38/42. 



[I 1.351 Arciu'iano. V. and E. Fermri: Analysis of factors affecting the damping of low-frequency 
oscillations in rnultirnachinc systems. ENEL rclszione di studie e ricerca (1976) no 302. 

[I 1-36] Rlrrir, P. atrd CY. li/oc,--~rirrk: Non-linear solution of hydraulic turbine governor system. Water 
Power 28 (1976) no 9, p. 23/26. 

[I 1.371 Fr.ilsol. K. H. and A f .  Hoppe: Simulating and improving hydroplant control. Water Power 34 
(1982) no 5, p. 73/78. 

[I 1.381 Forherg, J.: Governors for small hydroelectric plants. Water Power 3 1 (1979) no  1, p. 36. 
[I 1.391 Agttew, P. W. artti G .  LV. Br~ce :  Optimizing turbine operation by electronic governing. Wa- 

ter Power 29 (1977) no I .  p. 36/38. 
[ l  1.401 T~rszytiski. J.: Electric equipment for turbine governor, Water Power 28 (1976) no 9, 

p. 30133. 
[11.41] Siiss, A.: Elektrischer Pcndelantrieb von Drehzshlreglern fiir Wasserturbinen mittels Dop- 

pelmotor. EW-Mitt. 25/26 (1952153) p. 91. 
[11.42] Schlegel, M., K. hlcrrd/i.r atld F. Riescher: Regelung von Kaplan und Rohrturbinen mit 

elektrisch angctriebenen Stcuerpumpen. EW-Mitt. 54 (1981) no 1 p. 43/50. 
[I 1-43] De Lorenzo. J. mzd CY. Kc;/: Neuer elektro-hydraulischer Regler im Wasscrkraftwerk bfei- 

tingcn am Lech. Voith Forsch. u. Konstrukt. 20 (1974) no 6 and 7. 
[I 1.441 Seigne, M. nttd M .  Pliilippe: The Charmilles electronic governor head RE-301. Charrnilles 

Techn. Bull.no 14 (1975) p. 39/48. 
[I 1.451 Sattdberg. T., 0. Karlson. B. Forden and S.  Hurtwig: Computerized governor control for 

bulb and Kaplan turbine. Water Power 31 (1979) no 7, p. 43/46. 
[ l  1.461 Kopncek, P. and E. Znlitter: Governing turbines by microcomputers. Water Power 34 (1982) 

no  9, p. 26/27. 
[ I  1-47] Wiihrer, IV.: Wasserturbinenregelung mit Elernenten der elektronischen Modultechnik, 

EW-Mitt. 49 (1976) no 2, p. 3. 
[I 1-48] Moliroti, J.: Microproccsseurs appliquts au reglage des machines hydrauliques. Vevey Bul- 

let. Techn. (1983) p. 23/25. 
[I 1-49] Siiss, A.: Wasscrturbincnregler mit SchlieDfeder mit an~al3barcr  Federcharaktcristik. EW- 

Mitt. 25/26 (1952153) p. 98. 
11.501 Wicrller, K.: Untersuchungen von Reglervorgangen in Wasserkraftanlagen mittels neuer 

Registrierinstrurnente. EW-hlitt. 33 (1960). no 11213, p. 51. 
11.511 Gerber, H.: Die Bcstimmung des gunstigsten Zusarnmenhanges zwischcn Leitapparat und 

Laurrad von Kaplanturbincn. EW-Mitt. S (i935) p. 107. 
1 1  -521 Kohlcr, A.: Not-Schlicl3vorrichtungen fur Kaplanturbinen zum Schutz gegen Durchgehen. 

EW-Mitt. 36 (1963) no 2/3 p. 48. 
1 1  331 Von(len, G .  Ii.: A new runaway speed limiter for Kaplan turbines. Trans. ASME Ser. A., J. 

Engng. Power 83 (1961) no I, p. 19. 
11.541 Gcrber, H.: Untersuchungen uber die Rcgulierarbeit von Wasserturbinen. EW-Mitt 15/16 

(1942143) p. 158. 
11.551 Seebcrger, F.: Die Bcstimmung der Schwungmassen fiir stabile Regelung von Wasserturbi- 

nen mittels Kataraktreglern. EW-Mitt. 25/26 (1952153) p. 93. 
11  -561 Yokoika~ra, T. el ul: Improvement on stability and response speed of Peltonturbine gover- 

nor. Hilachi Rev. 23 (19741, no 7, p. 2831290. 
11-57] Ruubc, J.: Stabi1it;ttbbetrachtungen an Wasserturbinenreglern unter Berucksichtigung des 

Druckstosses, erliutert am Beispiel ciner Francisturbinenanlr~ge. Masch. Markt 67 (1961) no  12, 
p. 15. 

11-58] Bilrtntl, 0.: Einc neue Druckrcglerstcuerung. EW-Mitt. 25/26 (1952153) p. 105. 
1 1.591 B(lrtrhnrd~.qriirter, I*'.: Praktische Winke fur die lnbetriebsetzung von Wasserturbinen. EW- 

Mitt. 25/26 (1952153). 
1 1.601 bV(i/l:cr, J. 11.: Largc Hydro Generators. Oxford: Univ. Press 1981. 
11.611 Fo.~ler, E. N.: The design of generators for hydro po\ver. Water Power 29 (1977) no 1, 

p.48149. 
11.621 Fic.sr~trig, K. mld G .  I(NIS: Generatoren fur groIje Wasserkraftwerke in Brasilien. BBC Mitt. 

67 (1 980) p. 94/99. 
1 1.631 Krnnz, R. D.: Gronc Schcnkclpolm:~schincn. HBC Nachr. CI-I-T 130053D p. 317. 
1 1.641 Ho/c~i.~trri'nt, E.: Thc 320 MVA gcncrator for Ritzem. Water Power 30 ( 1  978) no 8, p. 2813 1. 



[I 1.661 /I(~ro.-:i. A (111d ill. Silci: Large low speed gc~lcr:~toi.i h r  t h ~  1t;lp;lricn poacr pl:lnt. A~~~~~ 
Rcv.no 10 (198 I )  p. 511 1 .  

[I 1.671 p(*rkit-o. L.: Illduction gcncrators for s1n;lll hydro pl:lnts. Wiltcr Powcr 33 (1981) no I I ,  
p. 30134. 

[I i.681 Bnl t i sbcr~r .  K.  ct nl.: Motorgcncratoren liir Pumprpeicker:ln~sgen UBC DruckSchr. no. 
ell-T 130-143 D p. 3/14. 

[I I .by] Co.stigliolo. G .  trrlrl 111. B(r\'osi: F r o ~ n  l.ago Dclio to Prcscnzano high spccd unit for pow cr 
gcncrating und pumping pl;~nts. Ansalclo licv. no I0 (1981) p.30134. 

[I 1.701 Gyc>tr,qc.. J .  t r r r ( 1  Ill. Rcgc:: Ilic Motorgcncr;ttc)l-cn I'iir <lab I'umpspcichcrwcrk Grinlse\ 1, 
Ost. BEC no Ct l -T  130 263 D. 

[I 1.711 Sch,t.ir:er, T.: Dynamic stressing 9f hydro eleclric units by stoclinstic hydraulic forces on ,he 
turbine runncr. Wntcr Powcr 29 (1977) no I, p. 39/44. 

[ l  1.721 K~liorhcrgcr. I.Y.: Erzwungene Kombini l t ionsrcsomen dcr rotiercndcn Weile, Kopplun8 
von Biegung und Torsion. BBC Mitt. 67 (80) p. 117/121. 

11 1.731 Brnt~cll, F . :  Strornkriiftc in den Stirnvcrbindungcn Drchstromwicklungcn, BBC Mitt. 67 
(! 9YO), p. 1281 134. 

[11.74] ,Vigcrr~~, P. S. ,  0. P. Jotti atrd M .  B. Korrck: Gencrator stresscs in hydro power plants. Water 
Power 78 (1976) no  I, p. 44/47. 

[ l  1.751 ,clr.ricqo, I-'. cttrrl I.: Mo,rtebrwto: Cooling of Kaplan, Inga and Argus river generators. Ansa\do 
Rcv. no 10 (1981), p. 5/10. 

[I 1.761 Baltisbergcr, K. trrtd K. Guml~soetcr-: Expcriclicc g;linc<l with fully water-cooled salient polc 
machines. BBC Rev. 58 (197 1) no 1,  p. 18/24. 

[I 1.771 Pecr, F. er at: Static excitation cq l~ ip~ncnt  for Itaipli. Water Powcr 34 (1982) no 9, p. 25/26, 
11 1.781 Pcnedrr, F. onrl H .  Ilcrzog: bloderne Errcgungseinrichtungen fur kl ydrogeneratoren BBC 

Mitt. 67. (1980) p. 141. 
( 1  i.791 Schulrr. R.: Isolicrsystcmc fiir I-lydrogcncratoren: Stand dcr Tcchnik und Dctriebserfal~ru~. 

pen. BBC Mitt. 67 (1980) p. 135/140. 
[I 1.801 Gasperirri, J. R. e ~ c l  P. k: Johrde: Uprating hydrogenerators: mechanic and electrical fnc. 

tors. Water Powcr 32 (1980) no 1, p. 25/28. 
[I 1.811 Slrzlrki, T. A'. crt~dN. Sirr~~ki:  La~cs t  technology forhydrogenern~ors. f f i t ~ h i  Rev. 28 (1979) 

no 4, p. 183/158. 
[ I  1.821 Spirk, F.: Helltiger Stand und mijgliche Entwicklungen von Wasscrkraftgeneratoren. Bug 

Irag, Tagung: Die Neuestc Entwicklung in dcr Wnsserkraftnutzung und Purnpspeichzrung. Haw 
dcr Technik c.V. Essen, Nov. 1981. 



13. List of further Literature in alphabethic order 
of the authors 

[I] Aitken, P. L.: Dams and salmon in Scotland, Waterpower 32.(1980) no 10, p 31/32. 
[2] Allis Chalmers: Site manufacture of Grand Coulte 700 MW Francis turbine runners. Special 

issue 54 P 101 15. 
[3] Alwers, E., K .  Baltisberger, and R.  Grabitz: Asynchronous starting of synchronous machines for 

pumped storage schemes. BBC Rev. 213 (1972) p. 118. 
[4] Anderson, H. H.: Efficiency mayorisation formula for fluid machines. 7th IAHR Symp. Vienna 

(1974) trans IV, no  3, p. 1/12. 
(51 Araki, M., and T. Krrtvabara: Analysis of total pump-turbine system including pipe lines. Hitachi 

Rev. 24 (1 975), no  5, p. 2 171224. 
[6] Bac~intann, P.: Fortschritte und Erfassen und Auswerten von Krlften und MeDrnomenten a n  

Rotoren hydraulischer Modellturbomaschinen. EW Mitt. 53 (1980). no  112. p. 82. 
[7] Baglinni, G.: Energy problems: hydraulic equipment for pumping plants. Bulletin U.I.I. 1972, 

p. 15/36. (U.I.I. = Ufficio Impianti Idroelettrici). 
[8] Baltisberger, K.: Bremsvcrfahren bei Synchronmaschinen. BBC Mitt. (1967) no. 9, p. 319. 
[9] Buttegoy, C. L. and C.  vot~ M'iddern: Rohrturbinen. EW Mitt 35 (1962) no 3 p. 3. 
[lo] Bfculer, IV.: Druckrohrleitungen. EW Mitt. 25/26 (1952153) p. 158. 
[ l l ]  Blind, H.: Funktion von Kontrollgangen bei Staudammen. Wasserwirtschaft 71 (1981) 

p. 115/116. 
[I21 Boze, B., M, Canay and J.-J.  Simond: Frequenzanlauf fiir Pumpspeicherwerke-MGglichkeiten 

und Optimierung. BBC Mitt. 70 (1983) p. 2951302. 
[I31 Bohn, J. G.: The influence of surface irregularities on cavitation, a collation and analysis of new 

and existing data with application to design problems. Technical memorandum file, (1972) 
no  72-223. The Pensylvania State University, Ordnance Research Laboratory. Navy Depart- 
ment, Naval Ordnance, Systems Command. 

[I41 Boller, CII.: Spherical stop valves. Charmilles, Technical Bulletin (1975), no. 14, p. 35/38. 
[15] Bonnl)ace, B., I]. Drobir and E. Kresnik: Die Unterwasserschachte des Pumpspeicherwerks 

Kiihtai dcr Kraftwerksgruppe Sellrain-Silz. Osterr. Wasserwirtsch. 31 (1979). 
1161 Bonny, L.: Influence de la compressibilitk de I'huile sur le fonctionnement d'amplificateur 

hydromkcanique. Bulletins Techniques Vevey (1 976) p. 53. 
171 Bont~y, L. and J .  J .  Ilemmclcr: Test d'un rkgulatcur de turbine Pelton avec simulation approxi- 

mative du coup de btlier d'nnde. Bulletins Techniques Vevey (1977) p. 39. 
181 Ror-ciani G.  A .  and F. dcl Brcnna: Stress analyses of some components of hydraulic machines 

through model and prototype testing. Bulletin Ufficio Impianti ldrocllettrici (1972) p. 53/62. 
191 Borel, L.: StabilitP de rkgiage des turbines Kaplan. Bulletins Ti'cchniques Vevey (1963/63) p. 66. 
201 Boref, L. ond J .  Berh~rirles: Simulation d'une installation hydraulique equipie d'une turbine 

Kaplan. Bulletins Techniques Vevey (1965), p. 22. 
211 Borel, L.: Mtthode thcrmodynamique pour la dttermination du rendement dss machines 

hydrauliques. Bullctins Techniques Vevey (1966). p. 1/46. 
221 Borcl, L. nttd M. .Matnin: Instailation de pon~pe  turbine en rkgimc transitoire. Bullctins Techni- 

ques Vewy (1966) p. 47. 

629 



[22] &,,c.l, L Cllill'rcs cl~;ir;~ctCristiqucs i~limeosioncllcs en turholn;~chincs. aullctins Tcchniqua 
Vcvcy ( 1976). p. 3s. 

[Z4] Bor,rc4. LA. (,nil I .  C h q > / ) ~ ~ i . r  Mbthodc d'ktudc psel~do-tridirncn~io~iellc dl1 d i f f ~ ~ ~ l ~ r - d i s t ~ i b ~ ~ ~ ~ ~  
d'unc poinpc-turbine. Uullctins l'cchniql~cs Vcvcy (1972). p. 24. 

125) Rurc,l. L.: Applic:ition pratique dc 1;i mi.thodc thcrmodynnmiquc pour lit dbtermination du 
rcndcment dcs machincs hydrauliqucs. Uullctins l'cch~~iqiics Vcvcy (1973) p. 25. 

[2h] 61orc~1, L.: ~ t u d c  pseudo-tridimensionelle des Ccoulcnients lluidcs autour dcs lubes de t u r b  
niachine, premier partic: Hullctins Tccliniques Vevey (1975) p. 79, dcuxidnic partie; ditto ( 1 9 ~ ~ ~  
troisicn~e partie; ditto (1950/81) p. 79. 

[27] Bortolotti, B.: RCccnt rciilisation Vevcy en turbinc hydr;iulique. Q U C I ~ U C  obscrvntions genCrrr- 
les cn n~atikre d'introduction. Bulletins Tcchniques Vcvey (1 960) p. 1 111 8. 

(281 Bortolotri, B. n~id E. Sc1zohi)~gcr: Cents ans de turbines Vevcy. Bulletins Techniques veve. 
( 1  963164) p. 26/55. 

[29] Bortolorti, 61. ntd E. MOTPI: La pompe-turbine dc la ccntralc dc Vouglil~~s d ' ~ l e c t r i ~ i ~ ~  de 
17r:ince. Chapitre I .  Dimcnsionement et conception de la machine. Bulletins Techniques veVg 
( 1976) p. 3/26. 

(301 Bortolotri, B.: Participation de Vevcy a I'amenagement hydro-klectrique "Hongrin-Leman~ 
Chapitre I. Kegulatcurs de vitesse. Bulletins Techr:iques Vevey (1969)' p. 42. 

[3 I] Brudshnlc., P., I). H .  Ferriss ntztl N .  P .  Al~vell: Calculations of boundary layer development 
using the turbulent energy equation. Journ. Fluid Mcch. 28 (1967) p. 593. 

(321 Brotlshrrir., P.: The analogy between streamline curvature and buoyancy in turbulent shear 
flow. Journ. Fluid Mech. 36 (1969) part 1, p. 1771191. 

[33] Brndshnle, P.: A note on reverse transition. Journ. Fluid. Mech. 35 (1969) part 2, p. 387/3gfj, 
(34) Brrmd, F.: Die Vcrwendung eines elektronischen Impulszahlers fur die Drehzahlmessungen & 

Turbogctriebcn. Voith Forsch. u. Konstrukt. 6 (1959) special issue 1522. 
[35] Brattd, F.: D;is thermodynamische Verfahren zur Messung des Wirkungsgrades von 

turbinen und Pumpcn. VDI-Bericlite no 75 (1964). special issue Voith 1664. 
1361 Brcrnd, F.: Die Eritwicklung des thermodynamischen MeDverfahrens in den vergangenen 

Jnhren. Voith Forsch. u. Konstrukt. (1967) no 19. 
[37] Brmld, F.: Das Ult;aschallverfahren zur Messung von Stromungsgescliwindigkeiten. Vortrag 

vor dem ArbcitsnusschuB MeDmethoden in der Wasserwirtschaft (1969). Voith special issue 
2048 d + o. 

[3S] Brand. F.: Automatische MeDwerterfnssung und McDwertverarbeitung an Versuchsstiinden 
der hydraulischen Versuchsanstalt Brunnenmiihle. Voith Forsch. u. Konstrukt. 22 (1974) no6. 

[39] Brown, Boveri u. Cie (BBC): Automatische Steuerung fur Wasserkraftwerke. Druckschrift Nt 
D SI 80 484 D. 

[40] Cclglar, M.: A contribution to the variation of flow parameter pumping highly viscous fluids. 
Proc. 7th conf. on fluid machinery (1983), no 13, p. 1161121. Akademiai Kiado, Budapest. 

[41] Canay, M.: Asynchronanlauf einer groDen 230 MVA Synchronmaschine im Pumpspeicher- 
wcrk "Vianden 10". BBC Druckschrift Nr. CH-T 130023 D. 

- [42] Canay, M.: Anlaufprobleme im Pumpspeicherwerken und deren mathemathische Behandlung. 
Elektrizitatsverwertung 6 (1 974) p. 23 11237. 

[43] Casacci, S.: Advances in low-head machines. Water Power 13 (1961) no 4. p. 1521157- 
[43] Cerclrola, 0.: Alcuni problcme relative alle turbine Pelton. L'Energia Elettrica 47 (1970) no 15 

p. 119. 
[4j] Clmpprris, J. a~ld  R. Chozal: Quelque mesures rkcentes du rendement de turbomachines hydrau- 

liques au moyen d'un themomitre a quartz. Bulletins Techniques Vevey (1971) p. 14. 
[46] Cliuubert, A.: Lcs turbines de la central de Zongo. Bulletins Techniques Vevey (1956) P. I*  
[-I71 C11(1uh~rt. '4.: Sollicitations du pivot butte d'un groupe hydroklectrique a axe vertical c0mPor- 

tant une pompe. Bulletins Techniques Vevey (1967) p. 25. 
[48j Chaubert, '4.: La pompe-rurhine de la centrale de Vouglans d'~lectricit6 de France. Chapim 

trois. Mise on route et essais de reception. Bulletins Techniques Vevey (1976) p. 27/40. 
[49] Chaubert. A.: Mcsure de l'tpaiseur du film d'huile sur un pivot. Bulletins Techniques V c w  

( 1  963164) p. 21/50. 
[50] Clren, Y. N. et al.: Guide vane vibrations caused by water and blower noise. Journ. of Engm 

for Industry 98 (1976), no. 1, p. 9481955, no. 3, p. 9561964. 



[51] Chcnal, R. - Laboratoire d'hydraulique, nouveau stand d'essai universe1 pour modcles reduits 
de  turbomuchines hydrauliqucs. Bulletins Tcchniques Vcvcy 40 (l980,'Y I )  p. 3/32. 

'521 Clzctlg, E. titzd 'M. J .  Prossrr: Intake dcsign to prevent vortex format~on. Symp. ASCE, IAHR. 
ASME Fort Collins Col USA (1978). proc. vol 1 p. 3931402. 

531 Cl~ri.$i, . 4 .  Frcistrahlstrornung nuch einer beliebig geformten Spaltblende. EW Mitt. 50 (1977) 
no  2, p. 28. 

541 Cira, A.: Abacus for the choice of the specd adoptable for a hydraulic turbine on the basis of 
the maximum normal discharge to be delivered by the turbines and for the corresponding mcan 
operating head under which the turbine shall work. Bulletin Ufficio Impianti ldroclettrici (1972). 
p. 7/14. 

551 Clark, R. H.: Re-assessing the feasibility of Fundy tidal power. Water Power 30 (1975) no  6, 
p. 3514 1. 

561 Corbellini, G.: Slide valve hydraulic amplifier for the control of hydraulic turbine wicket gates. 
Ufficio Irnpianti Idroelettrici (1972), p. 79/88. 

571 Coxon, R. E.: Dam and third parties. Water Power 29 (1977) no  6, p. 33/36. 
581 Coxon, R. E.: Dam hazards, risks and liabilities. Water Power 31 (1979), no  11, p. 68/70 
591 Csalltrer, K. a d  E. Hausler: AbfluRinduzierte Schwingungen an  Zugsegmenten, Ursachen, 

Sanierung und allgemeine Erfahrungen. Versuchsanst. fur Wasserbau der TU Miinchen1 
Obernach Ber. 45 (1981), p. 1/49. 

601 Csalbter, K.: Stromungstechnische und konstruktive Kriterien fur die Cllahl zwischen Druck 
und Zugsegment als WehrverschluR. Versuchsanstalt f. Wasserbau der TU MunchenjObernach. 
Ber. 45 (1981), no I, p. 1/49. 

511 Danuner. F., H. Haschka and H.  Schild: Ein Wochcnfahrplan fur den hydrothermischen I'er- 
bundbetrieb. Elektrotechn. u. Maschinenbau 88 (1971) no  8. p. 3331336. 

321 Dorr, M.: Laufradkontrolle bei Francisturbinen. Voith Infom~ation (1975) no 1. 
531 Dolder, G.: Funfzig Jahre Eschcr Wyss Kugelschieber. EW M ~ t t .  48 (1975) no  I, p. 19. 
541 Dreher, W.: Kranzgenerator fur Straflo-turbine in Kraftwerk Hongg. BBC Mitt. 70 (1983) 

p. 2801282. 
551 Duran, I ] . ,  R. Qzrerubin, G .  Crrervo and A .  Rctrji/o: A model for planning hydrothermal power 

systems. Proc. 9th PICA conf., Ncw Orleans (1975) p. 2351241. 
j6] Durgin, W. W., and G .  E. Hedlcr: The modelling of vortices and intakes structures. Symp. 

ASCE, IAFIK, ASME, Fort Collins Co, USA (1978), proc. vol. I, p. 3811391. 
571 Dzialln.~, R.: Ermittlung der Winkeliibertreibung einer Radial-Wasserturbine, VDI-Zeitschr. 

79 (1935) no 47, p. 142611427. 
)8] Dziallas, R . .  Schwingungen einer Kreiselpumpe mit labiler Kennlin~e, Berlin: VDI-Verl. 1940. 
191 Drinllas, R.: i jber Verluste und Wirkungsgrade bei Kreiselpumpen. Wasserkraft und Wasser- 
wirtsch. 38 (1943), no. 5, p. 106/1 11. 

'01 Dziallrrs, R.: Kavitationsbeobachtungen an  radialen Kreiselpumpen nlit raumlich gekrummten 
Schaufeln, VDI-Zeitschr. 89 (1945), no. 314, p. 41/45. 

'I] Dziallns, R.: Hydraulische Auslegung von Kaplanturbinen. Voith Forsch. u. Konstrukt. 1 
(1955) no 3. 

'21 Dziallu.~, R.: Auslaufversuclle. Arch. Techn. Messcn (ATM) 163 (1955) no. 1. p. 25/26. 
'31 Dzinllas, R.: Maschinen fur Pumpspeicherkraftwerke. Energie 12 (1 960), no. 3, p. 1 1 3: 1 15. 
'31 Dzialllas, R.: Francisturbinen bei Teil- und ~ b e r l a s t .  VDI-Berichte no. 75 (3965). p. 53/61. 
51 Eiclzler, O.,  J. Wldtnatr a t~d  H .  IYu1.z: Untersuchung iiber die Gestaltung von Einliiufen bei 
Rohrturbinen. 0sterr.  lcg. Zeitschrift 10 (1974) p. 3261332. 

61 Etter, S.: Bestimmung von Korrekturfaktoren fiir ein UltraschalldurchfluflmeB~~erfahren in 
Rohrleitu~lgcn rnit Storungen. Disscrtat. Universitat Stuttgart 1982. 

ba]  Ettrr, S.,  and G .  Lein: Rcgelung von Wasserturbinenanlagen mit langem Zuleitungskanal. 
Schweizcr Ingcnieur and Archltekt, 102 (1984). no. 3. 

6b]  Etter, S . ,  unrl G .  Leitl: Regelungstechnische Messungen an Regeleinrichtungen von Wasser- 
turbinen. Schweizcr Ingenieur und Architekt, 102 (1984), to be published in the middle of the year 
1984. 

71 Farlelli, M., A. Marazio and R.  Ruso: Premiers rksultats d'un proclrde d'kvolution continue de 
dttplacement applique au  control de barrages en exploitation. 10 iCme congres dcs grands barra- 
ges, Montreal (1970). Paper Q281K37, p. 6751709. 



[)$I / t sc . l / i ,  , i t :  I lydr:llllic prol~lctns i l l  Ilyclro power (crcl~~dii ig iii;~chi~icry). ENEL (= 
N ; , ~ ~ ~  1i.11c t i l c ~ [ r i ~ . i ~ ; ~ )  ( ll)SO). r c l , ~ ~ , i o ~ ~ c  (11 S I I I L I ~  c riccrc:~ 110. 3 S O .  

. [79J 1-i~kltr~srtr. J .  At.: I low i~i:!iiy lives is :I k i I l> \v ;~ t t  \\ro~.l!i'? W:llcr Po~vcr 32 ( 1080). 110 10, p. 37,4, 
[XO] ~.j',.rrvri~~, K.. . I / .  .Slirr~(-~.i(  iitrd ,I. li/.r/: POX do  hi-ciii. iiClle K O ~ ~ C ~ I C  hcini Uau grolicr w ; ~ ~ ~ I  

krattgci~er;i~orcti. 1313C Milt. 70 ( 1383) p. 3551267. 
[8 I] I.B/',t., I ) ' .  Ilr~ickrcrtcilungs~iicss~i~ig~:~i an a t i ~ I l ; ~ i t l ~ ~ ~ d c n  Sch;illScln. V D I - F o r ~ c h u ~ ~ ~ ~ ~ ~ ~  

( 1955) .A usg;ihc 13 vol. 2 1 .  
[82] f-i:\-tr~r, LV.: Vcrsuche zur E;.f:~ssung dcr Stro~i~ut~gsvcrhiiltnisc in R;ltliall;lufradern. For- 

schungsbcricht Nr. 63-01 dcr Acrodyn;imischcn Vcrstlclis;~nstalt Gijttili~cn. Tric~,vCrkstlerodl. 
nnniik der Turborn;~scl~incn. vol I I  1iadi;tlmaschincn 1963. 

[83] Fistrr, IC'.: Sicht barmachung dcr Strijmung in K:idialvcrdichlerst ufcn, bcsondcrs der ~ ~ l ~ ~ ~ ~ ,  
stromrlng in roticrcndcn Laufi.iiJcrn durch Funkcnhlitzc. 13rcnnstofS Wiirinc Kraft (BWK) 
(1966) no. 19. 

[84] Fi.srcr, kG'. ririd J .  Ei'ikcl~>rtrtrrr: Rcchnergestiitztc Konstruktion ~ 1 1 c l  Fcrtigung von Radi;lllnufriil 
dern ilnd riiu~i~lich vcrwundcnen Scliaufcln. Fach~cmeinsch:~ft Punlpen im VDMA. Pumpcnb- 
gung Karlsrulic 1975. 

$51 Fistcr, CV. trtrtl I-I. lIei~1~ric.h: Rcchnerischc Vcrformiings untl Spunnun_gscrmittlung "on R ~ -  
dialpuinpenl;~ufriidern linter Bcrucksichtigiing von Fluid- und Fliehkriiften. FachgenIeinschan 
Pumpell in1 VDklA. Pumpcntagiing Karlsruhe (1978). 

IS61 Fi.rrc.r, W. nrrcl J .  Ekclrnn~rn: A contribution to the design of radii11 conlpressor ilnpellers with 
double curved blades. The 6th conf. on fluid machinery, Budapest 1979. 

[87] Fi.sf~~r.. IF. utrtl J .  I~iX.eD>runt~: A procedure for thc computer-aidcd construction of radial corn. 
pressor impellers with high flow coefficient. 55th specialists meeting on centrifugal compresson. 
Flow Phenon:sna and Pcrrormancc (AGARD) Brusscl May 1980. 

[83] firfer.  II'., G. Z o h ~  crnd I;. W .  Aclricm: Theorctische und expel.inientellc Untersuchungen ar 
Riickfuhrknnrilen hydraulischer Striimungsm:~scliinen. Pflcidcrer Gcdiichtnistagung Hydrauli 
sche Strijrnutigs~~iaschinen TU Braunschwcig. VDI-llcrichte 442, p. 173/192. 

iS3] Fister. W'., C;. Z N / ~ I I  atrrl J .  T~r.sche: Theoretical and cxpcrirnetital investigations about vaneles. 
return chanilels of multistagi. radial flow turboinachines. ASME-?'t~rbomachinery gas turbin, 
conrerence (198 2) London, papcr. 

[901 Fister, F. (itr(1 LV. ACjTi(rtr: Experimental rcsearches of  flow in hydrodynamic torque converter! 
Porc. 7th conf. on fluid machincry (1983). no 34, p. 2101324. Akndcrniai Kiado, Budapest. 

1911 FIeisdrtrt~r, P.: The flow through a systcm of profile cascades. Pol-c. 7th c o d .  on fluid mach 
nery (1983). no 25, p. 2251233 Akadcmiai Kiado, Budapest. 

[92] Fiizy. 0. u t ~ d  A. Sebc.~tyen: Generalization of the dnwnwash condition for the dynamic casl 
Proc. 7th conf. on fluid machinery, (1983) no. 29, p. 2561263, Akadcmiai Kiado, Budapest. 

[93] Fiizy, 0. atid A .  Sehstyen: Simulation of  the dynamic behaviour of pumps. Proc. 7th conf. c 
fluid niachinery (1983), no. 31, p. 2641273, Akademiai Kiado, Budapest. 

[94] Gaul, I'.. F. Riezitzyrr utrcl A .  hlagyur: Klcin-Wasscrkraftwerke, ein Beitrag zur Losung d 
Energieyroblcrns. BBC Mitt. 70 (1983) p. 2891294. 

(951 G a l ~ t r o .  K.: Thrust bcarings. Ansaldo Rev. 10 (198 1) p. 36/37. 
[96] Gerber, II.: Geschwiildigkeitsverteilungen in groien kreisrunden Querschnitten. Inernatior 

current me!er sroup (1960). Report no. 37. 
[Y7] Giit;, 0.: Rationclles Messen im hydraulischen Laboratorium. EW Mitt. 33 (1960) no. 112 

p. 31. 
[3S] Graeser, J. E.: Turbines Francis. Bulletins Techniques Vevey (1960), p. 20129. 
[99] Gruin, H.: Schwingungserschein~~ngen in Francisturbinen, Ursachen und ~ e ~ e n r n a o n a h m  

EW Mitt. 54 (1981) n c  I ,  p. 37/42. 
[IOU] Grgii., A.: Mechanical brskcs for hydro electric generator sets. BBC publication no Cl 

130103E. 
[I011 Grigi?? A.: The application of mechanical brakes to hydroelectric generator sets. BBC pub1 

tion no CH-T 1101 13E. . 

[ 1021 ~r&smann,  G.: Reclienreinigungsmaschinen EW Mitt. 2 ( I  929) p.. 73. 
[lo31 Gruher. J. atrd E. Litvoi: An i~ivestigation of the effects caused by fluid friction in fa 

impellers. Proc. 3rd conf. on fluid machinery (1969) p. 2411247, Akademiai Kisdo, Budal 



[I041 Grritle:, J . ,  C. C .  Girnrdand P .  Jarrintrd: Influence d'une fluide annulaire sur la vitesse critique 
d'une arbre en rotation. Houille Blanche 35 (1980) no 112, p. 87/94. 

[I051 Hii/Ele, J.:  Statistik uber die Entwicklung der Wasserturbinen. EW Mitt. 15/16 (1942!43) 
p. 120. 

(1061 Hnck, P.  L.: Lufteinzug in Frtllschhchten mit ringformiger Stromung durch turbulente Diffu- 
soren. Versuchs. Anst. f. Wasserbau TU MiinchenIObernach. Ber. 36. (1977). 

(1071 Hiiltsler, E.: Unkonventionelle neuere Stauhaltungswehre an bayerischen Fliissen als gleich- 
zeitige Sohlsicherungsbauwerke. Versuchs Anst. f. Wasserbau d. TU Munchen/Obernach. 
Ber. 41, (1979) p. 1041143. 

11081 Halleen, R. M. and J .  P .  Johnston: The influence of rotation on flow in a long rectangular 
channel. An experimental study. Rep. MD-18, Mech. Engg. Dept. Stanford University 1967. 

[I091 Herbrailtl, K.: Spezielle Problenie bei Hochwasserentlastungsanlagen. In: Talsperrenbau und 
bauliche Problelne der Pumpspeicherwerke. Hamburg: Parey (1 980) p. 9911 21. 

[ I  101 tIerz,  IV.: Kopierfriisen fur Kaplanschaufeln. EW Mitt. 25/26 (1952) p. 19. 
(1 111 Hirairo, K .  and 3". Kuwabnra: Recent control system for hydropower plants. Hitachi Review 

28 (1 979) no. 4, p. 1931 198. 
(1 1 1 a] Hochstnrrer, J .  and G .  Leitr: Druckpendelungen in1 Leitungssystem von Wasserkraftanlagen 

mit WasserschloB. Schweizer Ingenieur und Architekt. 98 (1980) no. 6, p. 92/95. 
[ I  1 1 b] Hocltstarter, J.: E~ltwicklung eines beriihrungslosen optischen MeDverfahrens zur Bestim- 

mung der Konzentrationsverteilung von Gasblasen in ebenen und rotationssymmetrischen Zwei- 
phasenstrohmungen. Dissertation Universitiit Stuttgart 1979. 

[I121 Hrrdovernik, W. arrd G .  Lein: Frequenmntersuchungen im Triebwasserweg von I-Iochdruck- 
Wasserkraftanlagen. Osterr. Zeitschr. f. Elektrizititswirtsch. 22 (1969) Nr. 12, p. 6371648. 

[ I  131 Hutton, S. P.: An alternative to the Fay pipeflow analogy for scaling up water turbine effi- 
ciency. Proc. 7th conf. on fluid machinery (1983). no 43, p. 379/385, Akademiai Kiado, Budapest. 

[ I  141 I fo ,  H., K .  Moriguchi, T .  Flrjii and S. Higuclti: Actual stress of high head pump-turbine run- 
ner. Hitachi Rev. 24 (1975) no. 7, p. 2931300. 

(1 151 Jacobsett, S.: Buckling of pressure tunnel steel linings with shear connections. Water Power 
30 (1978) no 6, p. 58/62. 

[ I  161 Joirsron, J. P.: The effects of rotation on boundary layers in turbomachinc rotors. 
Rep. MD-24, Mech. Engg. Dept. Stanford University 1970. 

[ I  171 K a u j ~ t a t ~ t l ,  J .  P.: La centrale hydro-tlectrique de Taboo. Bulletins Techniques Vevey (1979), 
p. 35. 

[ I  181 Ka,r3ano. M, T .  Oltktrni aizd l I .  Ikecla: 730000 kW hydraulic turbines for Guri second power 
house. C o r p o r a e f e ~ e ~ e ~ ~ o h ~ ~ t t a y a m a ~ ~ p u b i c  of Venezucla. Hitachi Rev. 2 (1979) 
no. 4, p. 17711 82. 

[ I  191 Keller, A.: Langzeitige Werkstoffversuche unter n~echanischer Spannung. EW Mitt. 42 (1 969), 
no. 1, p. 30. 

[ I  201 Kercrm, V. and J .  S.  T(1ylor: The use of surface approximation in processing of water turbine 
test results. Porc. 7th conf. on fluid machinery (1983), no. 46, p. 4041412, Akademiai Kiado, 
Budapest. 

[I211 Kiesslitlg, I i . :  Die Krsftswerksgruppe Fragant. Osterreich. Wasserwirtsch. 31 (1979) p. 136. 
[ I  221 Kunuru, Y. and T .  Yokoym~c l :  Planning of reversible pump-turbine. Hitachi Rev. 22 (1373) 

no. 8, p. 3281334. 
[I231 Kissel, CY.: Der \lerdrehwinkel eines Raumkriimmers. EW Mitt. 30 (1957) no. 1, p. 28. 
[I241 Klemtn, D.:  Untersuchung der Vorgiinge beim Ausblasen und Fullen einer Pumpturbine. 

Voith Forsch. u. Konstrukt. 27 (1981) no. 2. 
(1251 Klem~n,  D .  lrtrd IV. Tltuss: Iiydraulic radial forcc fluctuations and shaft vibrations in pump 

turbines. paper IAHR symp. Leningrad 1976. 
[I261 K l o ~ n ~ ~ t ,  D.:  Untersuchung der Vorginge beim Ausblasen und Fiillen einer Pumpturbine. 

Voith Forsch. u. Konstrukt. 27 (1981) no. 2. 
[I271 Kleinerr, J .  H., G .  Will and S.  Nn,qork: Investigation on the flow and energy conversion in the 

impeller and in the casing of a centrifugal pump. Proc. 7th conf. on fluid machinery (1983). no. 49, 
p. 4301438, Akndcmiai Kiado, Budapest. 

[I281 Koyslrof% H .  ant1 II. Schoi.r: Rcrcchnung des optimalen Einsntzplanes einer FluDspeicher- 
kette. osterreich. Zeitschr. f. Energiewirtschaft 21 (1968) no. 3, p. 1 10/118. 



[I 201 K ~ s t t t ~ \ ~ : ~ k i .  J. (itid K. I / .  Sltitthebrt(,r: Bffccts of opcr;iting conditi~~rls on ccntriRlgal Pumps 
\rli;n cc)nreying liquids with CIS contents. I'roc. 7th conf. on fluid m:~chinery (1983), no. 52, 
p. 458/466. Ak;~dc.niiai Kiatlo, Hutlupest. 

[I 301 Ktitrli.r.r, .I.: NL'UCI-c Dcispiclc fiir Dlocksteinritrnpcn ari Flachl;inrltlusscn. Vcrs. Anstalt f. was- 
serbau d .  TU Miinchen;Obc~~n;tch Ber. 45, (1981) no. IV, p. 1/18. 

[I 3 I] Kr~mic l~ ,  L., J. IV~m(l~erer atld iV. Meicr: Rhcinkr;~ftwcrk Alhhr~ck-Dogern Ag (ubcrholungr- 
arbeitcn an clcn Kaplanturbinen und Generatoren) EW Mitt. 43 (1970) 110. 2, p. 14. 

11321 Krirchettko, G. T. et ol.: High head water outlet with vortex gate. 7th IAHR Symp. Vienna 
(197J). Tr:tns. VI. 3 P. 1/12. 

[133] ~, ,roknlvn,  J. ct ;I.: Determination of the flow characteristics in volutes. loth IAMR symp. 
Tokyo (1980). Proc. p. 6231634. 

[I341 Lni~e, R. G. T.: Earth quake hazards. Watcr Power 30 (1978) no. 10, p. 36/38. 
[I351 Lecl~rr,  IV.: ~hnlichkeitsgesetze fur hydroelastische Schwingungen. EW Mitt. 35 (1962). 

no. 2, p. 32 
[136] Leeninnti, P., A .  Riiqyg: Kugelschieber. EW Mitt. 25/26 (1952/53), p. 169. 
[I371 Lritl, G.: Rechnerische Untersuchungsmethoden fur die Steuerung und Regelung von Wassere 

kraftrnaschinen. Voith Forsch. u. Konstrukt. 15 (1967) no. 17, p. 1. 
[I381 Lein. G.: Graphische Druckstol3berechnung fur Pumpen und Turbinendruckrohr1eitungen. 

Voith Forsch. u. Konstrukt. 4 (1958) no. 5, p. 1. 
[139] Leitl, G.: Steuerungen von Kaplanturbinen zur Verhinderung von Schwa11 und Sunkwellen. 

Voith Forsch. 11. Konstrtrkt. 15 (1967). 
[14O] Lert!c., R.: Montagebeginn in Cabora Bassa. Voith Mitteilungen (1973) no. 2. 
[14I] Lcwi.~, R. J.: Simultaneous analysis of boundary layer and potential flow. Proc. 7th conf. on 

fluid machinery (l983), no. 58, p. 5051515, Akademia Kiado, Budapest. 
[I421 Lies.r, C.: Die Ermittlung dynamischer Radialkrifte in hydraulischen Maschinen. Voith 

Forsch. 11. Konstrukt. 38 (1982) no. 3. 
[I431 Liess, C.: Die Bcstimmung der charakteristischen Rauheitshohe fur Oberflachen mit mecha- 

nischer Rnuheit. Voith Forsch. u. Konstrukt. 28 (1982) no. 13. 
[I441 Mac Adillirti, 0. J .  atld .I .  P. Johnston: Performance of low aspect ratio diffusers with fully 

developed turbulent inlet flows. Report PD-14. Mech. Engg. Dept. (1978). Stanford University. 
[I451 Illr~g~crr. :I., J. Sclr~t~rn~rlu ntld FI. VGgele: Rohrturbinen-Generatoren fiir die Anlagen Guijo de 

Granadilla und Bischofshofen. BBC Mitt. 70 (1983) p. 2831288. 
[146] Meicr, 1V.: Bcstimmung der Energielinie im Unterwasser von Kaplanturbinen. EW. Mitt. 41 

(1968), no. 3, p. 10. 
[I471 ~\lermdn, .4.: tvolution de I'activitC de Vevey en matiere de turbines hydrauliques. Bulletins 

Techniques Vevey (1962), p. 3/26. 
[I481 h.feretltln, A.: L'Cquipment dcs basses chutes, Bulletins Techniques Vevey (1965) p. 8. 
[i49J Mez, F. mid K.  Gatnlesaeter: Voll wassergekiihlte Schenkelpolrnaschinen mit 4472 MVA Ge- 

samtlcistung. BBC Mitt. 70 (1983) p. 2531257. 
[I 501 Moore, J.: The development of turbulent layers in centrifugal machine. Report no. 99 M.I.T. 

Gas Turbine Laboratory. 
[I511 1\4orct, Ed. and P. Helfer: Conception et rialisation des biches spirales de la centrale dc 

Schiffenen. Bulletins Techniques Vevey 1963164 p. 59. 
[152] 1tlo.ier. J.: Die Turbinen des Rheinkraftwerkes Albbruck Dogern. EW Mitt. 9. (1936), p. 63. 
[I 531 hlorlik, J.: Czechoslovakia's Largest pumped storage plant. Water Power 34 (1982), no. 10, 

p. 36/39. 
[I 541 blorrn. S. G. nnd J.  A M .  Costa: Draft tube emergency closure gates at  Porto Colombia power 

plant. 7th lAHR Symp. Vienna (1974). Transact. part 1, I1 1, p. 1/12. 
[I 551 Mur-ugcstrnt, K.: Analysis of Francis turbine runner blade channel flow. National ~eronautic 

Laboratory, Bangalore, India (1-1 978) Technical memorandum 304. 
[156] Alurtji, H nticl S. Tczuko: Experimental research on reverse flow charcteristics of high specific 

speed pump and its generating mechanism. Proc. 7th conf. on fluid machinery (1983) no. 65, 
p. 58 11590. Akademiai Kiado, ~ u d a ~ e s t .  

[!57] Narmhsclter, E. er ul.: Unified analysis of grid turbulence. Proc. ASCE, Journ. ~ngineering 
Mech. Div. Ap. (1976), p. 121/141. 



[158] A'eiger, F.: Donaustauricxe und Hochwasserschutz. Osterreich. Wasser\virtsch. 32 (1980) 
p. 163. 

[I591 Nettlet, A.: Mathematische Modellc hydraulischer Anlagen. EW Mitt. 37 (1974) no. 1 .  p.  3. 
[160] Nesst.11-Lapp. yo11 CV.: Paranlcter excited, coupled rotor vibrations on a horizontal Francis 

turbine. 8th IAHR Syn~pos. Leningrad (1976) proc. p. 47/58. 
(1611 Neuhatrser, E.: Modellversuche iiber die Wirkung von Schwallwzllen am Staudamm Ge- 

patsch. osterreich. Wasserwirtsch. 31 (1979) p. 191. 
(1621 Ng, C. K. and T. B. Ferglison: A note on the blockaze of cylindrical probes. Proc. 7th conf. 

on fluid machinery (1983) no. 67, p. 601/604. Akademiai Kiado. Budapest. 
[163] Noskic~*ii., J.: Energy proportions in cavitation wear of material. Proc. 7th conf. o n  fluid 

machinery (1983). no. 68, p. 6051614. Akademiai Kiado Budapest. 
[I641 Obretettov, 1'. S.  and V .  M. Kicker.: Experimental study of some dynamic characteristics of a 

low speed   ran cis turbine. Proc. 7th conf. fluid machinery (1953) no. 71. p. 6331642. Akademiai 
Kiado, Budapest. 

(1651 Obrist, H.: Ausgefiihrte Kaplanturbinen. EW Mitt. 15/16 (1942143) p. 138. 
[I661 Obrisr, H.: Speicherpumpen. EW Mitt. 35 (19623 no. 1 ,  p. 3. 
[167] Obrist, H.: Eine Spezialkupplung fiir Speicherpumpen. EW Mitt. 25/26 (I 952i53) p. 135. 
[168] Odaglia, G.: Brazil: Hydroelectric units constructed by COESMA. Ansaldo Rev. 10 (1981) 
, p. 44/47. 

[I691 Oishi, A .  and 3". Yokoyanta: Development of high head single and double stage reversible 
pump-turbines. loth IAHR Symp. Tokyo (1980). Proc. p. 441/452. 

[I701 Okatto, K.. Y. Fltruka\cva and K. Kmt~ailie: Recent development in thrust bearings for large- 
capacity high-speed hydrogenerators. Hitachi Rev. 28 (1979), no. 4. p. 1891192. 

1711 Ortlieb, J.: La cavitation sur modtles reduits en laboratoire. Bulletins Techniques Vevey 
(1965), p. 18. 

.I721 Osterwalder, J. and K.-J. Pesclrges: Cavitation investigations on butterfly valves. 8th IAHR 
Symp. Leningrad ( 1  976) proc. p. 14811 59. 

1731 Osrer,vnlder, J.: Entwicklung kavitationssicherer Venturidiisen zur Wassermengenn~essung. 
EW Mitt. 33 (1960) no. 11213 p. 42. 

1741 Osrern.rrlder, J. arid W. Lecher: Ein neuer Priifstand fur Kennlinenmessungen und Kavita- 
tionsbeobachtungen ar? Wasserturbinen und Pumpen. EW Mitt. 29 ( 1  956) no. 2, p. 2 1. 

1751 Oster~t~alder. J.: Die Differenzdruckmethode als Mittel zur Druchflussiiberwachung bei hy- 
draulischen hiaschinen. EW Mitt. 33 (1960) no. 11213 p. 21. 

1761 Oster~t~olrler. J.: Modellversuche und Aufwertungsstudien an  Wasserturbinen. Schweizerische 
Bauzeitung, 86 (1368), no. 26, p. 4551460. 

1771 Osrer~valder, J.: Beluftung von Freistrahlturbinen bei Gegendruckbetrieb. Schweizerischc 
Bauzeitung 85 (1967), no. 31, p. 5751'578. 

1781 Osf~r~r .a /&r,  J.: Analyse der Verlustquellen bei Francis und Kaplanturbinen und Beispiele fur 
deren Verminderung. EW Mitt. 37 (1964) no. 3, p. 311 1. 

1791 Paratljpe, P.: Ausleg~~ng der Spiralenquerschnitte von hydraulischen Maschinen EW Mitt.  40 
(1967), no. 1, p. 36. 

1801 Pejovic, S. and A .  Gcrjic: Reverse water hammer in Kaplanturbines. 10th IAHR Symp. Tokyo 
( 1  980) proc. p. 4891499. 

1811 Pejovic, S. and H .  A .  Lenk: Verfahren zur Berechnung einer riumlichen nicht rotationssym- 
mctrischen Srromung in Turbomaschinen. Konstruktion 20 (1968), no. 11, p. 450/459. 

182: Picollier, G.: Turbomachines hydrau!iques. Essais industrielles et methodes de calcul. I-Iouille 
Blanche 32 (1977), no. 718, p. 6571670. 

1831 Pighitli, U. crnd G.  de Frnncesco: Cavitation tests on copper beryllium alloys. Proc. 7th conf. 
on  fluid machinery (1983) no. 74, p. 658/'667. Akademiai Kiado, Budapest. 

1841 Pfctzninger, A.: Propellerpumpen EW Mitt. 25/26 (1952153) p. 78. 
1851 ProtiE, Z. und A4. Popovic: Investigations of the behaviour of the guide vane torque on a 

reversible pump-turbine model in pumping operation. 10th IAtIR Symp. Tokyo (1980), 
proc. p. 7491762. 

IS61 Porter, A!. C. and h l .  D. Cl~awla: The stability of boundary layer flow subject to rotation. 
Ph. D. thesis by M. D. Chawla. Michigan State University 1969. 



[Is71 , . ,\ t h r o ~ ~ c t i o ~ l  :~ppro:~ch to the rcl?lion bctucrn cavity length and NI'sH in  an 
i~llpcli,:r pl!illp 01. k!lvcn !ic;~d-NI'SH gri~pll under palsating c;~vit:ition. Proc. 7th conf. on nuid 
~il;~ciiinc*r!. ( IOSi). no. 77.  p. 6S7/095. Ak;~clcmi;:i Ki:rdo. Budapest. 

[ I SX]  / ? i i c ~ / ~ i * / . .  I ..: 11L;pIcttr C : I C C L ~ O I I ~ ~ I I ~  VCVCY. Bulletins 'Tecliniqucs Vevey (1962) p. 7. 
[ 1x91 I { [ , i~I~ .~rr .  h.. (i. S~~lrr,/jc~r. R. brur~trbn+)r r t t d  k-. .IVerr.sft~irr: 0plim;ll control of hydro-eleclric 

power plants-prol,lcrns. concepts. solutions. DBC publication no CH-T 130099E. 
1901 /i..ic$~,rr. C :  IletrichslBhrun~skonzeptc elcktrischer Encrgiesyrtcme. Bull. SEV. 66 (1975) 

no. 20, p. 111611 122. 
[ 19 I ]  Rij,sv?r/. I(.: Hcispiclc zur tlydraulik im Wasserbi~u 3. Aul1. Miinchen: O l ~ l e n b o u r ~ - ~ ~ ~ ~ ~ ~  

1963. 
[ 1921 Ro;ir. h-.: St;~bilite dc rkglagr d'un groupe hydrodlectrique. Bulletins Techniques ve 

( 1'959)- p. 29. 
[19.?] Rolr~k. G.: .An2;tron1vcrhiiltnisse in Nicdcrdruckanlagen. EW Mitt. 40 (1966) no. 2, 36. 
[I941 St,r~hc.r-. G.: Ent\vicklung und derzeitiger Stand der neuen ostcrreichischen Tunnelbauwcix 

~ s t c r r c i c h .  Wasscrwirtscli. 31 (1979) p. 114. 
[ 1951 Selr.\-. G. .I.. E. F. Jorrcs uilci H .  hi. Engeltnann: Lineare Entscheidungsregeln und stochasti. 

scllc Kotriktioncn bci Hcmessung unt! Betrieb von Spcichern. Bcr. 42 d. Versuchs. Anst. 
Wasscrb;i\l d .  TU MiinchenIObernach 1979. 

[196] S ~ u s .  G. J. ~ t t d  LV. B~ruch: Enwurfsoptimierung von Staursumen an Wehren. Wassirwin. 
schat't 67 (1972) no. 2, p. 116. 

[I971 Slrtr\~.. 7'. i.: Tidril power: closing the gap. Water Power 25 (1976) no. 5, p. 48/52. 
[I981 .Sii~Pc.rr. (;.: Nie<lerdruck-Kreislauf in der hydraulischen Versuchsanstalt ''Brunnenmiihle-. 

Voitll Foi-ssh. u. Kons t r~~k t .  22 (1975) no. 3 
[I991 Sic~i~cns.  E!cctrical machines for hydroelectric power station deliveries since 1903. Special 

issue no 1' 1 ; ! : ' I  507--380. 
[200] Si/:rt1z/er. i i . :  Zur Geschiebeabwehr bei Wasserfassungen. Modellversuche und Ergebnisse 

&tcrr.cicl;. ?V;lsscr\virtsch. 31 (1979), p. 99. 
[201] .Siti!.7t1~1. J.-J. C I N ~  G. 1Veidh~fr.r: Verfahren zur genauen Berechnung von Kurvenform unr 

S c l ~ ~ c . i : ~ ~ u n g ~ g e l ~ a I ~  der Sparnung bei Schenkelpolmaschinen. BBC Mitt. 67 (1980), p. 122/127 
12021 Si:<cli. I;'.: A universal aerodynamic diagram of the family of  single aerofoils. Proc. 7th con[ 

or. 1lrii:l rzachi~ery (19331, no. 92, p. 5231328. Akademiai Kiado, Budapest. 
[2031 .Spiolrie. R .  S .  atl~l P .  Koeller: Efhciency improvement by high pressure shroud aeration o 

t~ ;~ .b incs  i~iic:' pump> dernonstrated on a 75 000 hp turbine. Internal report Dominion Engineerin: 
\Vorks Li12iitc.d. Montreal Canada 1966. 

['O-i] Sii.v.\. .-I.: Francisturbinen von 115 000 PS. EW Mitt. 15/16 (1942143) p. 124. 
[20S] .Sw-l.,~~r. A .  m ~ d  F. Sc./rwrizer: Fcstigkeitsuntersuchungen an Bauteilen hydrau;ischerAnlagcr 

E'A' Mitt. 33 ( 1960). no. 11213 p. 168. 
[2iiO! S:itici~.. K.: Perfomance ~nonitoring for dam safety. Water Power 32 (1980) no. 9, p. 21/21 
[ X 7 ]  .s'c~lrrriwt.. G., 0. Jesckc~k, H .  Geynlayer and S. Dekitsch: Wasserkraftwerk Solk. EW Mit 
54; _ij ( 193 1 .  t i?) ,  no. 1, p. 23. 

:20Y] St.irrrr:vI~irl. H.: Optimization o f  water resources and water conservation, essential requirh 
nicnrs ii>r human survival. 3rd world congress on water resources, Mexico City (1979). Vol. 
p. 1486, 1495. 

I2091 Sc.hrirrrleit?. H.: Wasscrentn:lhme aus geschiebefuhrenden Flussen. (1979) Ber. 41, Vers. An! 
C Wasscrbilu d.  TU h.lunchen/Obernach. 

[2 10j Sn.!ii!li~rg. R.: Stroinungsberechnung bei hydraulischen Maschinen, Voith, ~nforrnatit 
(1952). no. I .  

[21 I] Si.l:iiiit:.q. R., 0. Eiclller, D. Klernm and H .  Offenhauser: I~~vestigation of the fluid flow wit) 
thc return possngcs of multistage centrifugal pumps. Proc. 7th conf. on fluid nlachinery (198 
no. 8, p. 7hl;769. ALaJemiai Kiado, Budapest. 

[7 121 Sci~ttrit:, G.: I n s ~ a  tionsre Eichung mathematischer Hochw~sserablaufmodell~ auf der Ba 
eines neuen L6sungsprir.zips f i r  hyperbolische Differentialgleichungen. Ber. 46 d. Versuc 
Anst. f. Wasscrbau der T U  Munchen/Obernach 1981. 

[213] Scltohi~lgcr. E.: Turbincs Kaplan. Bulletins Techniques Vevey (1962), p. 13/19. 
['I41 S~.hol,itr,eer, E.: LCS turbines C.A.F.L. Vevey d e  la centrale d e  Vouglans d'~lectricit6 

France. Bulletins Techniques Vevey (1969), p. 26. 



j215] Scltmirh. F. .4 , S. J .  Kline, J .  Henry. P. U'. Rundstudler ariti A .  Lirrcll. Usc of hydrosen bub- 
bles for quantitative determination of time depentent velocity field in low spced water flow. Trans 
ASME (Scr. D) 87 (1965). p. 42?/344. 

[216] Schrnmrn. G., G. ScAil,~ crtld W .  HNIIII: Detection of the service life of turb~ne  components. 
Proc. 7th conf. on fluid machinery (1983). no. 86. p. 7701778. Akndcmiai Kiado. Budnpest. 

[217] Srarker~?tarm, K. find M .  Zollinger: Festigkeitsberechnung von Parallslplattenspri3Icn. EW 
Mitt. 53 (1980), no. 112 p. 158. 

(2181 Stoffel, B. m1d P. Krieger: Experimental investigations on the enersy balance of radial centri- 
fugal impeller at part load conditions. I I th IAHR Symp. Amsterciam proc. Vol. 1. no. 19. p. 1 115. 

[219] Steller, K. nnJ J .  Kirejczyk: Diagnostics of cavitation in the hydraulic machinery. Transac- 
tions o f  the Institute of Fluid Flow machinery. Polish Academy of Science. Warsza~a-Poznan 
(1983), p. 3. 

[220] Steller, K.: Prediction of cavitation damage in hydraulic turbomachinery. Proc. 7th conf. on 
fluid machinery (1983). no. 96, p. 8561866. Akademiai KIado, Budapest. 

[221] Stefarti, H.: Betrachtung der Wirkungsweise von Wirbelfallschiichten. Die Bautechnik 7 
(1968) p. 2211226. 

[222] Strohnier, F. m ~ d  G .  Horacek: Model test on a semiaxial pump-turbine. Proc. 7th conf. on 
fluid machinery (1983). no. 96, p. 8561866. Akadclniai Kiado. Budapest. 

[223] Strscltelet:ky, M.: Die Eulerschen Differentialgleichungen der Hewegung und das kinetische 
Gleichgewicht von Stromungen inkompressibler Flussigkeiten mit freien Begrenzungen. Voith 
Forsch. u. Konstrukt. 9 (1962) no. 1. 

[224] Strschelel:kj, 114.: Ein Beitrag zur Theorie des hydrodynamischen Gleichgc~vichts von Strii- 
mungcn. Voith Forsch. u. Konstrukt. 2 (1957) no. I .  

[225] Strschclerzky, M., P. Ulirh and E.-U. Jaeger: Contribution of clarifying the inception of non- 
stationary flow phenorncna in the draft tube of high specific speed Francis turbines operating in 
part load. JAHR Symp. (1974) Vienna. Special issue Voith 2264. 

[226] Srrscheletzk~~, M.: Ein Beitrag zur Berechnung der Umstromung von festen Leitflschen. Voith 
Forsch. u. Konstrukt. 4 (1958) no. 16. 

[227] Tognola, S.: Weiterentwicklung von Hochdruc!~speicherpumpen. EW Mitt. 33 (1960). 
no. 11213 p. 58. 

(2281 Tognolil. S.: Luftversuche fiir Speicherpumpen. EW Mitt. 33 (1960) no. 1,'2.'3 p. 22. 
(2291 Tognola, S.: Modellversuche fiir Pumpturbincn. EW Mitt. 35 (1962). no. 2. p.12. 
12301 Toyokltru, T.,  N. Krtmnuru and K. K i h :  Studies on the improvement of high specific speed 

pump performance at low flow rates. Bulletin of ISME 8 (1965), no. 29. p. 58. 
[231] Toj.oku:.a, T.  et al.: Study on turbine flow through guide vanes and stay vanes for a reversible 

pumpturbine. 10th IAI-IR Symp. Tokyo (1980), proc. p. 353!364. 
[232] Treske, A.: Experimentelle uberpriifunE numerischer Berechnungsverfahren von Hochwas- 

serwellen. Rer. 44 d. Versuchs. Anst. f. Wasserbau der T U  MiinchenIObernach (1980). 
(2331 Tschnda, H.: i3etriebscrfahrungen mit den Bachfassungcn des Kaunertalkraftwerkes. Ostcr- 

reich. Wasserwirtsch. 3 1 (1979) p. 210. 
[234] Tscltlrnlj., A .  and CI. Ib'at~re: Transient state calculations in large and complexe pump-turbine 

power schemes. Charmilles Technical Bulletin no. 14, (1975) p. 27/34. 
12351 Ulith, P., R. K .  Fisher, jun. and U .  Pal&: Comparison of draft tube surging of homologous 

scaie model and prototype Francis turbines. IAHR Symp. (1980) Tokyo. 
12361 Ulirlr, P. and D.  Klen~tn: Das hydraulische Verhalten von einstufigen Pumpturbinen fur ver- 

scllietlene spezifischc Drehzahlen und Fall- und Forderhohenbcreiche. 2. internat~onales Seminar 
Wasscrkraft (1982) N'ien. Voith special issue t 2537. 

[237] Ulith, P.: Cavitat~on limits in Francis turbines. Voith Information 3, (3981). 
[238] Ulirh, P. and H .  Kirchner: Dynamische Beanspruchung. Voith Jnformation 2, (1978) 
[239] Vasilyev, Yu. S., I .  S. Samtrrukov, B. A .  Solotov, D. S. Scl~avrlev arld M .  I.: Sklr( i~~ev: The se- 

lection of hydro power plant parameters considering hydraulic instability of the llow. Proc..8th 
IAHR Symp. Leningrad (1976) p. 3621371. 

[240] Vaucher, R.: Riickblick aufeine vierjiihrige Anwendung dcr thernlodynamischen Methode bei 
Wirkungsgradmcssungen an hydraulischen Maschinen. EW Mitt. 36 (1963) no. 2/3. p. 52. 

[241] Vrnrchrr, R.: Neue hydraulischc Versuchseinricl~tungcn. EW Mitt. 41 (1968), no. 2, p. 3. 



[24?] V i r  . I I . :  0p1irn;tlc Be\vir~whnRu~ig von S p c i c h ~ r ~ c c i ~ .  W;isscr und Encrgie\virtWhan 
66 ( 1974), 110. 3, p. 97/ 104. 

[I411 I>)jieI, .I.: Die (icschichtc der gcni;llrertcn Talspcrrcn: Tcil I .  dsterreich. W 3 ~ s e r w i r ~ ~ ~ ~ .  33 
(1931) p. 167. 

(2441 l'oskn, A .  at~tl A .  Pjcrrtiitijirr: Modcrnc Spcichcranlagcn. EW Mitt. 25/26. (1952153) p. 1 
[?45] i/~tskuviE, I.: ~ b c r  Kotationsvcrl~~stc hintcr Laufrldcrn von Turbomaschinen. EW Milt. I4 

(1941), no. I ,  p. 14. 
12461 V~~chkovtr,  I .  V.. V .  S. Obretenov and V .  K .  Mirsovn: Computer aidcd synthesis of an impeller 

optin1111n vcrsiotl in improving water turbines. Proc. 7th conf. on fluid machincry (1953) no. 106, 
p. 9391947. Akade~niai Kiado, Budnpcst. 

[247] IYc~cliter, J. ( i n ~ l  U. Ll'iihrl: Aufi~ertung des Wirkungsgriidcs von Turbomaschinen bei radialer 
Bauart in Abhiingigkcit von Reynoldszahl und Geon~etric. VDI Bcrichte - 424 (1981), p. 19/28, 

(2481 Wndu, Y., Y. Yatncyuchi, N .  Yokoi and S.  Tannbc: Analysis of  flow in pump-turbine runner. 
"FLANPT" and ists application. Hitachi Rev. 22 (1973) no. 10, p. 4041410. 

[249] CVeber. D.: Experimentelle Untersuchung an axial durchstriimten ringforlnigen Spaltdichtun. 
gel1 f;ir Kreiselpumpen. Konstruktion 24 (1972). 

[250] Weiss, J.: Installation d'une turbine Kaplan d Seritrcs. Bulletins Techniques Vevey (1941) 
no. 2, p. 8. 

[251] Werle. H.: Visualizations hydrodynamique de I'tcoulemcnt dans une maquette de truboma. 
chine axial. Houillc Blanche 37 (1952) no. 213. p. 1751184. 

[252] LVippern~nnn, R.: Bcitrag bctreffend das Verhalten von Mcl3fliigeln bei Schriganstromung. 
International current meter group. Rcport no. 34. (1965). 

[253] CVolfrmn, F.: Leistungsverhiiltnis von Pumpturbinen Voith Inforn~ation (1975), no. 3. 
(2541 CVJIIZ, H.: Freistrahlturbinen-hydraulische Neuentwicklungen. Voith Information (1979), 

no 1. 
[I551 Yatnuguchi, Y . :  Water level depression in Francis type reversible pump-turbines. loth IAHR 

Symp. Tokyo (1980), proc. p. 7771787. 
[256] Ycm?c~guchi, Y. mrtl T.  Tukoh: An expcri~nantal research on the transient phenomena of a 

pumped storage power station. Paper ASME conference on gas turbinc and fluid engineering 
Ncw Orleans 1976. 

(2571 Ynttlngirchi. Y. ca~d A1. Suzuki: Stress and pressure fluctuations in high head pump-turbines. 
1 litachi Rev. 27 (1975). no. 4, p. 2091214. 

(2581 Yokohat?in, T., 11.1. Suzuki and S. Hi,quchi: Latest technology for hydraulic pump-turbine. 
Hitachi Rev. 28 j1979), 110. 4, p. 171/176. 

[259] Yosh i za~ t .~ ,  T.: T r e ~ d s  in hydroelectric generating equipment technolcgy. Hitachi Rev. 28 
(1 979), no. 4. p. 167. 

[260] Zntlerti, V .  arld G .  Rossi: Synchro~ous  condenser operation and running up in air of a medium 
characteristic speed punrp-turbi~e: model tests. ASCE-IAHR Symp. Fort Collins CO. USA 
( 1975), paper. 

13.1 Supplement of further Literature in alphabetic order of the authors 

[261] .4rrronit1i, .4. and A .  Giadrossi: Design and testing of a radial flow reversible hydraulic 
mtlchine. Symp. TurboinStitut Lubljana (1984), paper, p. 149. 

[2621 Bnrlir, Y.: Coniputerized calculation and experimental investigation of flow in mixed-flow 
high-head hydraulic turbine runner. Syrnp. TurboinStitut Lubljana (1984). paper, p. 825. 

[263] Brier, H.: Umweltlieundliche Gestaltung \Ion Staubcocken in flachen Talr5umen - dargestellt 
am Beispiel der Altmiihliiberleitung. Wasserwirtschaft 74 (1954) no. 3, p. 103. 

[264] Berri$ek, At, I .  VuSkorii., B. Ignafovit and M .  Ncdeljkovii.: The energetic characteristic scale- 
up  calculation of the smaller t o  the bigger tube modzl turbine with the evident distinction of the 
hydraulic design of inlet water passages. Sjmp. TurboinStitut Lubljana (1984), paper, p. 279. 

[265] Bizjak, L.: Turbo machines characteristics. Symp. Turboinktitut Lubljana (1984), paper, 
p. 310. 



(2661 Bolrrus. C., R. Comolcr nttd J .  Flrsil: Flow and volume metering using the vortcu cffcct in both 
permanent and non pernmrlncnt flow. Symp. TurboinStitut Lubljnnn (1984). paper. p. 398. 

(2671 Brekhc, H . .  A gcneral study on the design of vertical Pelton turbines. Symp. Turboi~Sti tut  
Lubljana (19S4). paper, p. 383. 

[268] Cltai-Y, B.: Labyrinth scals: Advantages and limitations of research on a two-dimensional 
model. Synip. TurboinStitut Lubljana (1984), paper, p. 528. 

[269] Czibcre, T.: Theoretical principles of hydrodynamic computation of turbomachines. Syrnp. 
TurboinStitut Lubljana (l9Y4), paper, p. I .  

[270] Da-krii, L., L. Sltett-cai nttd Y .  De-qlmn: The effect of the flap on cavitation of hydro-machine. 
Symp. TurboinStitut Lubljana (1984), paper, p. 73. 

[271] Fanelli, A l . ,  G. Angelico and Y. Escobar: An experimental research on the response of a 
turbomachine to steady pulsating conditions. Symp. TurboinStitut Lubljana (198-1). paper. p. 706. 

(2723 FlorJatri.ii., D.: Pumps in feedwater circuits of thermal and nuclear power stations. Symp. 
TurboinStitut Lubljana (1984), paper, p. 447. 

[273] Gerlotli dc, M., R. Gross;. 0 .  Cernvoln attd B. Lazzaro: "Skifia" general steady hydraulic 
bchaviour tests on the physical model of the whole pumped storage power plant. Symp. Turbo- 
inStitut Lubljana (1984), paper, p. 229. 

[274] Holler, K.  H., H .  Greitt clrtrl M .  Hollet~steitl: Layout, design. erection and operating experience 
of low head turbines. Symp. TurboinStitut Lubljana (1984), paper, p. 243. 

[275] Inrkoff, K. R.: Talsperren und Umwelt. Wasserwirtschaft 74 (1984), no 3, p. 94. 
(2761 Kantet~loro, K. attd R. Slizuki: Modification and application of a mean camberline singularity 

method for thick wings having rounded trailing edges. Symp. TurboinStitut Lubljana (1984), 
paper, p. 105. 

I2771 Klcttrm, D.: The dynamic behaviour of the Obrovac pump turbines in comparison with some 
other pump-turbines. Symp. TurboinStitut Lubljana (1984), paper, p. 346. 

[278] Kiissler, E. atrd HI. Putthorcser: Ecological small hydro powcr plants. Symp. TurboinStitut 
Lubljana (1 984), paper, p. 793. 

(2791 Korciat~, J .  and J .  Rac~he: Measurement of the 3-dimensional relative flow inside the i~npeiler 
of  a low speed centrifugal pump at different points of performance. IAHR Symp. Stirling Aug. 
1984, paper, p. 594. 

(2801 Kouttly, A . :  On the problcm of material selection for hydraulic machine parts subject to 
intensive cavitation erosion. Symp. TurboinStitut Lubljana (1984), paper. p. 654. 

[281] Krryzano~vski, J., G. Becknratr and B. W'eiglc: Comments on liquid impact erosion. Symp. 
TurboinStitut Lubljana (1984). paper, p. 670. 

(2821 Littse, D.: Die Griindungsfuge von Staumauern-Beanspruchung und konstruktive Ausbil- 
dung. Wasserwirtschaft 74 (1984). no  3. p. 142. 

[283] Marrhins, H. B. er al.: Project, design and installation of small hydro power plants. Symp. 
TurboinStitut Lubljana (1984), paper, p. 767. 

(2841 Pejovii., S., A .  Gajii. atrd D.  ObradoiviC: Calculations of hydraulic oscillations. Symp. 
TurboinStitut Lubljsna (1984), paper, p. 750. 

[285] Ranbe, J.: On the re-evaluation of diffuser loss in case of a water turbine draft tube. Hydro- 
turbo. Olomouce (1985). paper. 

(2861 Ranhe, J.: A ncw aspcct of efficiency scale effect of a rotor in the light of an experiment. Symp. 
TurboinBtitut Lubljana (1984), paper, p. 294. 

(2871 Rcy, K., R. Noguerc~, B. Bracherni and F. Mossouh: Generalized representation of hydraulic 
and geometric performances of axial pumps and falls. Symp. TurboinStitut Lubljana (1984), 
paper, p. 499. 

(2881 Ripler, P.: Neucre Untcrsuchungs~nethodcn fur die Griindung von Absperrbauwerkcn. Was- 
serwirtschaft 74 (1984). no 3, p. 153. 

(2891 Schic~clrrl. 11.: U~nweltgcstaltut~g bci Wasserkraftanlagen am Lech. Wasserwirtschaft 74 
(1984). no 3, p. 1 18. 

[290] Sclrt~li(lt, M.: Die Umweltcinflusse von 300 Jahren Talsperrenbau im Westharz. Wasserwirt- 
schaft 74 (1984). no 3, p. 109. 

(2911 Sclt~i.uh, H.: Analyse der Kontrollmessungcn im Staudamm Finstertal. Wasscrwir~schaft 74 
(1984), no  3, p. 172. 



[292] Sritlcl. 11. P . :  Landscl~;~I'tsgcct;~ltcrischc und iikologische Frngrn bein?. Ball der Rhcin-Main. 
I)onai1-1V;1sscrstraIJc. Wusscr\vir~scll;~ft 74 ( I  9S4), no 3, p. I 14. 

[293] S(rrrkt,. . I . :  1301itldary I;~ycr col~trol for axi;~l Ilow compressor or  ptln.lp; what is the real gain, 
Symp. 'I-il~.boir~L~itt~t I . u l> l j i~ l~ ;~  (19S3), papcr, p. 91. 

(2941 Slc~llcv-, K.  crtrtl J .  S~t~lIvr: 0 1 1  prrdictiorl of cavitation and its erosive effects in hydraulic 
turbom;~chincry. Syn~p .  'I'urboinititut Lubljnna (1984). papcr, p. 627. 

[295] Strohl. Tlr. trtrtl I < .  Ctrc.hcr: Abclicl~tung dcs stark kliifligcn Sandstcingebirges an der Brom- 
baclltalsperrc. \Vusscrwirtsch;~rt 74 (198A), no 3, p. 158. 

[296] Trrrrtrku. 7.: A visualizint: study of cavitation condition with respect to blade cambcr in a high 
spccific spccd turbomachinery. Symp. TurboinStitut Lubljann (1984), paper, p. 570. 

[297] Tr)t/,q, D.: Rcscarch on scaly pitting of hydraulic machinery. Symp. TurboinStitut Lubljnna 
,(1984), paper, p. 619. 

[29S] Lilill~, P. o~rti E: CVolfintn: The economic;~l solution of low hcad turbine application from a 
hydrai~lic point of view. Symp. Turboinititut Lubljana (1984), papcr, p. 258. 

[2P9] Vi.~c.lri.r, D. trrrtl r l .  Hlrh~r: U'asserbuu. Bcrlin: Springer-Verlag (1982). 
[300] IVici'trlotrti. It.: Grundlagen fiiir den Entwurf der Bogenstaumauer Zillergrundl. Wasserwirt. 

schaft 74 ( 1  984). no 3, p. 147. 
[301] Wirrko, I+'. caitl K .  G'ell: Wcchsclwirkung zwischcn Staumauer und Untergrund. Wasserwirt- 

sch;ift 74 ( 1  9YJ), no 3, p. 137. 
[302] LVittkt~, JV.: Felsmechanik-Gundlagen fur wirtschaftliches Bauen im Fels. Berlin: Springer. 

Verlag (1984). 
(3031 Bej.ric11. D. ntltl J.  Griitlcr: Automation of a chain of run-of-river power stations. IAHR 

Symp. Stirling ( IY84), pt~p.,  p. 469. 
[304] Brckke, t i . :  A study on the dyna~nic behaviour of power plants in the low frequency region 

based on frequency response test. IAHR Symp. Stirling (1984), pap., p. 212. 
(3051 L)ortjlc~t.. P. : On the role of p11;tse resonance in vibrations causcd by blade passage in radial 

hydraulic turbomachincs. IA11R Symp. Stirling (1984), pap., p. 228. 
[306] fi)!lcr, J., I / .  Kc~ .k  crtltl Ltri A/itl Er: Performance prediction of' axial turbine runners treating 

thc trailing etlgc problem by n combined numerical experimental approach. IAHR Symp. Stirling 
(l984),  pap., p. 90. 

[307] fintic, J ,  P. nriti J .  IM. Michel: Developed cavitation and boundary layer. IAHR Symp. Stir- 
ling (19841, pap., p. 20. 

[308] Greitl. H ,  R. Arlgellrtr, 11.1. Loretrz otld A .  Bezittge: Inspection periods of Pelton runners. IAHR 
Syti~p. Stirling (1984), pap., p. 422. 

[309] fletrt.~., P., J. E. Grarser, J .  E. Prerfut atid 11.1. Wegttrr: Scale effect concerning hydraulic quasi- 
stationary oscillations on a turbine ~nodcl  and test circuit. IAHR Symp. Stirling (1984), pap., 
p. 356. 

[3iO] Le Tciror, J .  ( i t 1 0  J .  BOSC: I4ydro-electric power plant built entirely in a shipyard. I A H R  Symp. 
Stirling (1984). pap., p. 506. 

[3 1 I ]  ~Vircicic.citr, I-'., G .  Rossi c~trtl V .  Zatletri: Study on model of the dynamic behaviour of a 
liydraulic machine. lAHR Symp. Stirling (1984), pap., p. 341. 

[312] Patrr.rotl. I. S. cult/ C .  S. ~.l;rrritl: Effect of specific speed on pump characteristics and hydrau- 
lic transients in itbnor~n;ll zones of operation. l A H R  Symp. Stirling (1984). pap., p. 151. 

[3 121 S~~lrillitlg. R. er ul.: Prediction of Knplan turbine cavitation by finite differences and singularity 
methods. 1AtlR Symp. Stirling (1984), pap., p. 107. 

[314] Sit?~otlenrr. R.: The opt i~num prolection of  hydraulic turbines against cavitation erosion. 
lAHR Symp. Stirling (1984), pap., p. 56. 

[3 151 Srroluilcr., F. trrtti G .  Horncek: Sluice operation of bulb turbinesmodel tests and  operation 
criteria. IAHR Symp. Stirlinge-np., p. 457. 

[316] Wegncr, ,\I. atltl.1. d l .  Ronlnrl: control of erosion and instability effects induced by cavitation 
crosio~l in Francis turbines. IAHR Symp. Stirling (1984), pap., p. 77. - 



Subject index 

A 
AEC code, 282 
Abnormal operating 

conditions, 503 
-, pump brake operation at 

reversed flow, 503 
-, runaway of turbine, 503 
-, slight opening of gate 

when pumping, 503 
-, varying forces, 503 
-, vibrations of machine, 503 
Absolute flow, 366 
Acceleration governor, 560 
Acceleration governor, 

damping term, 560 
Accelerometer, 553 
Access roads, 41 
Access t o  new countries, 25 
Accessories, specific invest- 

ment cost, 42 
Adjustable cam, 546 
-, permanent spccd droop, 

546 
Adjustable throttle, 544 
Advantage of electric 

governor, 557 
Aerofoil in cascade, 21 6 
-, cascade factor, 21 6, 21 8 
-, cascade parameters, 217 
-, lift coeficicnt, 216 
-, problems, 21 6 
-, zero angle of attack, 216 
Africa, 18 
Air, 367 
Air deflcction device, 284 
Air for transmission, 351 
Air injection. 351 
Air injection experience, 351 
Air injection on runner vane, 

351 
Air test rig, blade design, 

367, 368 
-, measurement of absolute 

velocity, 370 

-, reaction torque dynamo- 
meter, 369 

-, relative flow measurement, 
370 

-, runner, 368 
-, sectional drawing, 369 
-, torque reaction dynamo- 

meter. 367 
Alternator, 120, 575, 579 
-, cooling, 579 
-, effective internal voltage, 

575 
-, effective voltage, 576 
-, electromagnetic design, 575 
-, function of mass ratio, 579 
-, grid frequency, 576 
-, internal voltage, 576 
-, limiting relation, 579 
-, mechanical design, 575 
-, more detailed design 

studies, 575 
-, motor-generator outpllt, 

576 . 
-, number of pole pairs, 576 
-, on separate floor, 120 
-, output, 579 
-, speed change, 576 
Alternator output, 580 
-, diminishing influence of 

heat conduction tcrm, 581 
-, limiting design, 580 
-, raising overheating, 581 
-, resulting heat trarlsfer 

coefficient, 581 
Alternator rotor, 579 
-, equation of motion, 579 
-, iron length, 579 
-, natural fly-wheel effect, 

579 
-, required moment of 

inertia, 579 
-, requirements of magnetic 

flux, 579 
--, start u p  time of set, 579 

Alternator survey, 572 
-, cooling generator, 573 
-, crucial problems, 573 
-, hydro turbo generators, 

573 
-, large fly-wheel mass, 572 
-, limitation by mechanical 

properties, 573 
-, material strength. 573 
-, runaway, 573 
-, salient pole design, 573 
-, stabilizing the speed 

control, 572 
-, umbrella or semi-umbrella 

design, 573 
-.wide variety of speeds, 573 
Amazon, 10, 1 1 
Amoor, 10 
Angara, 1 l ,  58 
Angular dam, 79 
Annapolis, 427, 440 
-, annual production, 427 
-, filling. 440 
-, level basin, 440 
-, level sea, 440 
-, operating modes, 440 
-, pumping, 440 
-, single effect, 440 
-, tidal power plant, 440 
-, tidal power unit, 440 
-, turbining, 440 
-, waiting, 440 
Annual production. 55. 457 
Approaching straight 

cascade, 21 8 
-, conformal mapping, 218 
-, flow through circular 

cascade, 21 8 
-, length scale, 21 9 
-, real stream face, 21 9 
-, velocity scale, 21 9 
Appropriate diagram, 550 
Arch dam, 77 
-, contra gravity dam,  77 



Arc11 dam, 
-, creeping, 77 
-, crcst Icngth, 77 
-, curvature, 77 
-. c~nbcdding, 77 
-, cquilibriu~n, 77 
-, material, 77 
-, !nixed gravity-arch dam, 77 
-, niultiplc, 79 
-, prestressing, 77 
-, shuttering, 78 
-, Vajont, 78 
-, Wsll thickness, 77 
-, Zillergriindl, 78 
Argcntinc Parana, 12 
Artificial reservoir, 31 
Asia, 18 
Assunlptions of speed 

control, 558 
-, accelcr:ltion feedback, 558 
-. control schcme, 559 
-, excess of turbine torque, 

558 
-, leakage, 558 
--. no automatic control, 558 
-, proportional governor, 558 
-, proportional integral 

governor, 558 
-, scrvomotoi deviation, 558 
-, stiff feedback, 558 
Austrian Malta scheme,35 
Automatic speed control 

technology, 541 
Aux: 12 
Axial distributor flow, 436 
--, example, 436 
Axial machine cavitation 

index, 299 
-, angle of attack, 301 
-. critical point at inlet edge, 

300 
-, curvature of inlet, 301 
-, elliptic distributioa of 

differentid pressure, 300 
-, example, 300, 301 
-, hydrodynamic model, 300 
--, hydrodynamic equivalent 

of plate, 301 
-, maximum velocity, 301 
-, pressure centre. 301 
-, single plate, 301 
-, straight cascade, 300 
-, thickness rstio, 301 
-, triangular distribution, 299 
-, velocity triangles, 301 
Axial runner, 366 

Avial thrubt, 520 
Axial turbincs. 41 7 
Axial turbinc si~rvcy, 405 
-, admission hi~tch. 406 
-, i~sscmbly, 406 
--, axial thrust, 406 
-, bulb, 406 
-, cavitation cocfficicnt, 406 
-, dcgrec of reaction, 406 
-. diffuser loss, 406 
-, directly couplcd alternator, 

406 
-, draft tube, 406 
-, excavation, 406 
-, flow deflection, 406 
-, gcneri~tor sllrunk on rim, 406 
-, head limit, 406 
-, hollow rib, 406 
-, horizontal shaft, 406 
-, KT, 405, 406 
-, limits, 406 
-, low hcad, 406 
-, propeller turbine, 405 
-, semi-spiral casing, 406 
-, spiral casing, 406 
-, straflo turbine, 406 
-, subrnergcnce, 406 
-, tubular turbine, 406 
-, variants, 405 

B 
Balance annual, 47 
Barrage power plant, 72 
ljasins, 12 
Bearing, 50, 516 
-, heat flow, 51 6 
-, sliding type, 516 
-, tilting pad type, 516 
-, bell-type, 519 
Best possible type number, 

cheapest suction require- 
ments, 430 

-, lowest possible internal 
loss, 430 

Best ratio between unit flows, 
balance, 510 

-, full utilization motor- 
generator, 51 0 

-, pump operation, 506 
-, relation between two 

modes, 509 
-, reversible runner, 506 
-, reversible runner flat hill 

contour and good 
performance, 51 0 

-, turbine opcr:~tion, 506 
-, water qi~;\nlity. 510 
13ifurc;1tiun, 130. 570 
-, cyclic c igcnl icquc~~c~ or 

pressure tunncl. 571 
-, cq11;ltion of motion, 570 
-, cxtcrn;~l sickle, 130 
-, harmonics of penstock, 571 
-, joint collar, 130 
-, spherical shell, 130 
-, stiffening devices, 130 
Riggcst harncssable hydro- 

elcclric potential, 67 
Blade drive, blade spindle, 

44 5 
-, block and link drive, 445, 

446 
-, crank pin drive, 446 
-, cross section of hub, 446 
-, deformation of the hub, 

446 
-, dcsign, 445, 447 
-, lcver system, 445 
-, loads on the hub, 446 
-, model tests, 445 
-,piston bolted to the hub, 

446 
-, runner servomotor, 445 
-, servomotor, 446 
-, wear, 446 
Block diagram, electronic 

and electrohydraulic 
governor, location of 
element, 550 

-, energy sources, 550 
-, external controls, 550 
-, servo-valves, 550 
Boundary layer, 191, 245, 

251, 387 
-, 3-dimensional, 260 
-, adjacent layer, 253 
-, along double curved vane, 

245 
-, approximation layer thick- 

ness, 259 
-, body force, 245, 255 
-, body forces due to curva- 

ture, 257 
-, continuity, 245, 253 
-, coordinates, 253 
-, Coriolis force, 245, 255, 

256 
-, curvature of streamline, 

245 
-, differential equation thick- 

ness, 259 



, displaccmcnt thickncss. 254 
, elcment. 255 
, encrgy equation. 253 
, energy theorem. 255 
, example, 19 1 
, flow along a plate, 191 
, growth, 191, 245 
, instability point. 255 
, interference, 253 
, laminar flow, 191 
-, logarithmic zonc. 253 
-, main flow, 245, 253, 254 
-, measured velocity distribu- 

tion, 258 
-, momentum equation. 245, 

253 
-, momentum equation in 

main flow direction, 256, 
-, momentum theorem, 255 
-, momentum theorem in sec- 

ondary flow direction, 258 
-, parameter, 257 
-, parameter wall shear stress, 

254 
-, radius of curvature, 252 
-, Reynolds number. 253 
-, rotatiollal kinetic energy, 

245 
, rothalpy, 255 
-, secondary flow, 245, 252. 

253 
-, small disturbances, 254 
-, stagnutioil point, 260 
-, strain rate. 245 
-, streamline-linked loss. 256 
-, thickncss, 252 
-, transition point, 254 
-, triangular diagram, 253 
-, turbulent flow, 253. 254 
-, velocity distribution, 253, 

258 
-, velocity profile, 245 
-, wake, 245, 
-, wall shear stress, 245, 252, 

2 54 
, zones, 253 

Brahniaputra, 10, 1 1 
Brake dcvice, cyclic scrvicc, 

51 9 
--, dust, 519 
-, electrodynamical stoppagc, 

519 
-, emergency sit uations, 5 19 
-, important for peak load, 

51 9 
-,jacking device, 5 19 

-, Kiihtai. 519 
-, nicchanical brakins. 51 9 
-, ovcrhea~ing, 51 9 
-, prcccded by clcctric shol-I 

circuit braking, 51 9 
-, vibrations, 51 9 
-, wear, 5 19 
Brake stator, 357 
Bratsk, 58 
Brazil, 24 
BT, 432 
RT for river rapids, 432 
Bubble, 304 
Bubble collapse. 275, 277 
-. droplet impact. 177 
-, gascous remn;int, 277 
-, impact pressure. 277 
-. in~plosion ratc. 277 
-, lun~inescence, 277 
-, sonic velocity. celerity, 277 
-, watcr hammer, 277 
Rubble dy11;imics. 274 
-, continuity, 273 
-, critical radius, 272> 273 
-, critical pr'cssure, 273 
-, critical zone, 275 
-, equation of motion. 274 
-, evaporation, 273 
-, gaseous bubble with _r:ls- 

permcable \vall. 272 
-, growth o i  bubble. 275 
-, growth ratc. 274 
-, kinematic \,iscosity, 274 
-, model, 274 
-, nuclei with wall imper- 

meable, 273 
--, pressure at infinity. 274 
-, pressure of permanent gas, 

274 
-, radial strain ratc, 274 
-, rxiius, 272 
-. scale effects, 275 
-, similar bodies, 275 
-, spherical bubble, 272, 274 
--, spherosymmetric wall 

motion, 274 
-, stable range. 272. 273 
-, tensile strcss. 273, 275 
-, unstable r;-tngc, 272 
-, vapour bubbles, 272 
--, vapour pressure, 274 
-, velocity. 273 
-, wall, 272 
Bulb lurbinc. 41 7, 41 8 -. ;~djustable. 41 S 
-, alternator overhung, 41 8 

-. intake nbutn~ent.  41 8 
-. Kapl.~n's patent. 41s 
-. output. 41 7 
-, Racine. 4 15 
-, Rock Island. 41 7 
-, runncr diameter. 41 S 
-, runner vanes, 41 8 -. servomotor. 41 7 
-, sphcric;ll articulations. 41 7 
Bulb turbinc Altenwortli, 

436 
-, closing \\.eight. 436 
-. guide apparatus. 436 
--, hatch of alternator. 436 
Bulb turbinc Xscle, 470 
-: alternati\re design, 420 
Bulb turbine -4vesta Lillfors. 

42 1 
-, dismiintlin_e, 42 1 
-, erection time, 421 
-, fly-wheel. 421 
--, gear efliciency. 421 
-, senerator. 421 
-. invcs!ment cost. 421 
-, outermost part. 421 
-. planetary gear. 421 
-. rated voltage, 421 
-. runnzr \.anes stainlcss steel. 

421 
-, standardization. 421 
-, throat ring stainlcss steel. 

42 1 
-. total \\-eight, 321 
Bulb turbine Bcau~nont-  

Monteux. 422 
Bulb turbine Kiew, 422 
Bulb turbine Mclk. 419 
-, alternator hatch, 41 9 
-, bladcs, 4 19 
-, closing weight, 41 9 
-, final test. 419 
-,gate ring lock. 419 
--, guide \.anes, 419 
--, hub, 419 
-, links with safely devices, 

419 
-, lubrication. 41 9 
-, modcl test. 319 
-, self-lubricated bearing, 

419 
-, throat ring. 419 
Bulb turbinc Tricr, 423 
-, gcncrator mountcd, 423 
-, planetary gear, 423 
-, u~lifosni load distribution, 

42 3 



Cabora 13ass;i. 60 
-, runner weight. 60 
-, thyristor, technique, 61 
-, wclding of runncr, 61 
Calibration, 352, 354 
Calibrating rotating probe, 

370 
Cam, 562 
Cam curves, 333 
Canada, 18 
Cancelling yaw angle, 370 
Capacity, installed, 15, 17 
-, load factor, 17, 49 
Capitill rccovery factor, 45 
Caplijna pump-turbine, 486 
-, power house, 486 
-, rotor, 486 
-, start up into pumping, 486 
-, workshop asse~nbly, 486 
Cascade, 241 
Cascade survcy, 209, 210 
Catchment area, 149 
Cavitating zones in a turbinc, 

290 
-, air diffusion, 290 
-, at adjustable runner vanes, 

290 
-, cavitating draft tube vorti- 

ces, 291 
--, coaxial vortex, 291 
-, cork screw vortex, 290, 291 
-, overload, 290 
-, partload, 290 
-. past leading edge, 290 
-. permissible head drop, 292 
-, straight vortcx in draft 

tube, 290 
-. under runaway, 292 
-. vortex core oscillation, 290 -. wall-attached cavities, 290 
Cavitation duc to roughness, 

287 
-, grooves along flow, 287 
-, grooves normal to flow, 

287 
-, location, 287 
-, zone, 287 
Cavitation energy transferred, 

276 
-, displacement work, 276 -. evaporation, 276 
-, heat transfer, 276 
-, superheating of liquid, 276 
-, thermal diffusivity, 276 
Cavitation erosion, 278, 279 

-, ;illoys, 278 
-. caviliitioll ii~tt:nsity, 279 
-. c:ivit,~tion rcsistiincc, 278 
-, dcfolml;ltion cncrgy, 279 
-, depth of crodcd ;ircii, 279 
-, droplct impact, 278 
-, crodcd cr:i tcr, 278 
-, fatigue of matcrial, 278 
-, fillet cavit;ltion, 278 
-, flushing of turbulent flow, 

277 
-, function of matcrial and 

liquid, 279 
-, hard second phascs, 277 
-, incubation timc, 278 
-, intermittent, 278 
-, law of Knapp, 278 
-, location, 278 
-, material loss, 278 
-, material properties, 278 
-, mechanical destruction, 

278 
-. mechanical properties, 277 
-, micro cracks, 277 
-, non-metallic coats, 278 
-, pitting, 275 
-, plasticity, 277 
-, prcssilre fluctuations, 278 
-, protective layer. 275 
-. sponge-likc crosion, 258 
-, stainless steel, 278 
-, stcady cavitation, 279 
-, structure, 277 . 
-, supcr cavitation, 278 
-, tip clearancc cavitation, 

278 
-, watcr hammer, 278 
Cavitation erosion, causes, 

277 
-, brittle material, 277 
-, cavity collapse, 277 
-, chemical, ,277 
-, electrolytic, 277 
-, galvanic elements, 277 
-, glide capacity reduced, 277 
-, impact of a bubble, 277 
-, mechanical, 277 
-, notch-tough material, 277 
-, others, 277 
-, turbulence, 277 
Cavitation erosion devices, 

279 
-, droplet jct impact 

apparatus, 279, 280 
-, magneto-strictive 

apparatus, 279, 280 

--. nozzles, 279 
-, riidio:lclivc coat, 279, 280 
--, rotating disk, 279 
Cavit:ition in pump impeller, 

258 
-, bcp, 288 
-, cavilating vortcx street, 

258 
-, cavity stalling, 288 
-, 1:lrgcr deviations froln bep, 

288 
-, overload, 288 
-, part load, 285 
Cavitation in pump, 

cavitation zone, 287 
-, growth of nuclei, 287 
-, impeller, 287 
-, readiness to cavitate, 287 
Cavitation in turbine, 287 
-, angle of incidence, 287 
-, coalescense, 287 
-, growth of nuclei, 287 
-, high absolute velocity in 

gates, 287 
-, inlet shock, 287 
-, overload, 287 
-, part load, 287 
-, rectified diffusion, 287 
-, turbulence, 287 
Cavitation in turbine runner, 

288 
-, cavitation index for a 

turbine, 258 
-, cavity, 288 
-, contrary to a pump 

impeller, 285 
-, strength of rotor, 288 
Cavitation indcx, 281 
Cavitation indcx of plant, 

282 
Cavitation model tests, 292 
-, discharge, 292 
-, effects of cavitation, 292 
-, efficiency,.292 
--, fillet cavitation, 292 
-, in axial turbines, 292 
-, influence on cavitation 

index, 292 
-, observation, 292 
-, output, 292 
-, stand, 292 
-, tip clearance cavitation, 

292 
Cavitation on suction face, 

28 1 
Cavitation origin, 272 



-, elenlentary effects. 272 
-, free gas content, 272 
-, llarvey's model. 272 
-, liquido-phobc crevice, 272 
-, nuclei, 272 
-, total gas content, 272 
Cavitation parameters, 283 
-, cavitation index, 283 
-, dependence on working 

data, 283 
-, linkage with specific speed, 

283 
-, minimum, 283 
-, suction specific speeds, 283 
Cavitation safe operation, 

282 
-, backwater effect, 282 
-, design parameter, 282 
-, flow-off of the river, 282 
-, gate opening, 282 
-, hydrograph, 282 
-, storing capacity, 282 
-, topography, 282 
-, type number, 282 
-, whirl, 282 
-, working programme of 

plant, 282 
Cavitation scalc effects, 284 
-, B factor, 284 
-, free air content, 284 
-, onset of cavitation, 284 
-, period of dwell of nuclei. 284 
-, real cavitation index, 284 
-, re-attac11mer.t of laminar 

scpapation, 284 
-, rectified diffusion, 284 
-, roughness, 284 
-, theoretical cavitation 

index, 284 
-, thermodynamic effects, 284 
-, turbulence, 284 
-, turbulent boundary layer, 

284 
Cavitation summary, 270, 

271 
-, references, 270 
Cavity formation in pump 

impeller, 288 
-, anglc of incidence, 289 
-, away from bep, 290 
-, backflow, 289 
-, cavitation zones, 288, 289 
-, radial impellcrs, 288 
-, in impeller eye, 289 
-, choking the flow, 290 
-, close t o  shroud, 289 

-, development, 289 
-, on pressure facc, 289 
-, on shroud, 289 
-, on suction face, 289 
-, past midchord, 289 
-. pressure trough on suction 

face, 289 
-, ring vortex, 289 
-, wall-attached cavities, 288 
-, water hammer, 290 
Celerity, 306 
-, breathing of cross sectional 

area, 308 
-, characteristics, 308 
-, cylirldrical pipc, 307 
-, head reservoir, 307 
-, mass conservation, 307 
-, momentum equation, 307 
-, observer in wave front, 306 
-, of measurement, 307 
-, pipc axially fixed, 307 
-, pipe closed a t  one of its 

ends, 307 
-, pressure pulse, 308 
-, pulse of density, 308 
-, reflection time, 307 
-, velocity pulse, 308 

--- 

Celerity in two phase flow, 
310 

-, absolute temperature, 31 1 
-, case of evaporation, 312 
-, celerity of a mixture, 31 2 
-,equation of state, 311, 312 
-, example, 3 12 
-,gas water mixture, 312 
-, interface between gas and 

liquid, 31 1 
-, mass conserved, 3 1 1 
-, perfect gas law, 31 1 
-, pressure of mixture, 31 1 
-, thermodynamic 

equilibrium, 31 1 
-, void fraction, 312 
Channel, 158 
-, capitalized cost, 158 
-, cross sectional area, 158 
-, dimensioning, 158 
-, erosion, 159 
-, excavation, 160 
-, ground acquisition, 160 
-, head loss, 159 
-, hydraulic diameter, 159 
-, indemnities, 160 
-, investment cost, 158, 160 
-, limitation by site condi- 

tions, 161 

-, material. 160 
-, mean velocity. 159 
-, open channel. I59 
-, optimum depth, 1 59 
-, optimum \vetted periphery, 

159 
-, present value of energy 

loss, 159 
-, rectangular, 1 59 
-, resistance coefficient, 1 59 
-, resulting cost, 160 
-, sedimentation, 159 
-, wall material. 160 
-, wall roughness, 159 
Characteristics, 505, 506 
-, components, 71 
-, features, 9 
-, graphical procedure, 506 
-, mode1 runners, 506 
-, one-dimensional computer 

programm, 506 
-, performance in pumping 

mode, 506 
-, reversible runner, 506 
-, runner layouts, 506 
Chemical composition of 

liquid, 278 
CKna , - l l ,  1 S 
-, development, 11 
-, Gezhouha, 11, 59 
-, Sanxia, 11 
Churchill Falls, 12, 64, 450 
-, accomodation, 66 
-, annual x t p u t ,  65 
-, catchment area. 66 
-, data of plant, 65 
-, dikes, 65 
-, elbow draft tube, 65 
-, energy trans~nission, 65 
-, financing, 66 
-, Goosebay River system, 

64 
-, noisy operation, 65  
-, penstock, intake, 65  
-, power installations, 65 
-, runners, 65 
-, service for residents, 66 
-, Smallwood reservoir, 64 
-, surface geology, 65  
-, temperatures, 65 
-, topography, 65 
-, tower, 65 
-, townsite, 65 
-, volume of material, 65 
-, wicket gates, 65 
Churchill River, 12 



Circrlmli.rcnt i:t l  dcvcl(-~pniclit 
of spir;~l casing. 172 

-, a11gul:tr u1omcntum 
rcquircrl. 472 

-, dimcnsioning of cross 
sections, 472 

-, free vortcx, 473 
-, distance of outmost spiral 

wall, 473 
-;semi-spiral, 473 
Civil engineering work, 134 
-, alternator, 134 
-, catastrophic high water, 

135 
-, climate, 134 
-, dynamic response, 134 
-, fatigue effects, 134 
-, foundation, 134 
-, hydraulic thrust, 134 
-, ice floes. 134 
-,impact of rockfall, 134 
-, impact of wind, 134 
-, in unreliable ground, 134 
-, jurassic g r o u n c  f 34 - - - - 
-, land survey, 134 
-, load of shaft vibrations, 

134 
-, powerhouse, I34 
-, pumping siations, 134 
-, reaction force and 

moment, 134 
-. reinforcement, 133 
-, resulting uplift, 134 
-, seepage, 1 34 
-, slippage, 134 
-, soil deformation, 134 
-, stability of the structure, 

134 
-, stresses, 134 
-, surge-induced load, 134 
-, temperature-induced load, 

134 
-, water tightness, 134 
-, water waves, 134 
-, weight of electro-mechanic 

equipment. 134 
Climate, 9, 13 
Collapsing bubbles, 275 
-. cavitation, 276 
-, free air content, 276 
-, total air content, 276 
Collection of water, 13 
Comparison with calculated 

value, 387 
Computation of pressure 

number, 296 

Co~nputation of rclativc flow, 
38U 

-, comparison of ci~lculatcd 
and mcnsurcd rclativc 
velocity, 385 

-, boundary condition, 384 
-, distribution of bound 

vortices, 384 
-, elementary vortcx, 381 
-, Euler equation, 382 
-, flow encrgy, 382 
-, induced velocities, 38 1 
-, kinematic boundary 

condition, 380 
-, points of reference, 384 
-, results, 384 
-, semi-infifiitely extended 

elementary vortex, 382 
-, spatial singularity method, 

380, 384 
-, Stokes' theorem, 382 
-, umbrella-like vortex star, 

380 
Cemputer aided design, 537 
-, automated factory, 537 
-, automatic cost calculation, 

538 
-, cad software, 537, 538 
-, change parameters, 538 
--, computer design system, 

538 
-, data for a numerically 

controlled machining, 538 
-, design and performance 

development of turbines, 
538 

-, disk storage units, 537 
-, drafting system, 537 
-, Francis turbine from start 

to finish, 533 
-, graphic information, 537 
-, information of rotor blade 

surface, 538 
-, intervention of designer, 

538 
-, major parameters, 538 
-, methods of making model 

runner, 538 
-, numerical control of 

machine tools, 537 
-, permutations of the design, 

537 
-, punched tape, 537 
Computer techniques, 575 
Conductor cable, 166 
-, adjacent towers, 166 

-. c;ltcnary, 166 
-. horizontal pull, 166 
-, permissible tcnsilc stress, 

166 
-, sagging of conductor, 166 
-, simplified equation, 166 
-. suspension points, 166 
Construction of nItertlator 

rotors, 584 
-. additional criteria, 584 
-, critical flexural speed, 584 
--, critical torsional speed, 584 
-, fly-wheel effect, 584 
-, runaway spced, 584 
--, shaft dimensions, 584 
-, transport limitations, 584 
Control of air content, 284 
-, closed test rig, 254, 285 
-, deneration, 284 
-, device for control, 284 
-, free air content, 284, 285 
-, laser, 284 
-, natural air content, 284 
-, nuclei entrained, 284 
-, prcparcdness for 

cavitation, 284 
-, resorbcr vessels, 284, 285 
-, total air content, 255 
-, van Slyke apparatus, 284 
-, Venturi tube, 284 
Conventional measurements 

of internal efficiency, 339 
-, flow measurement, 340 
-, flow metering, 340 
-, hydraulic loss, 340 
-, internal efficiency, 340 
-, internal in(out)put, 340 
-, internal torque, 330 
-, leakage, 340 
-, torque reaction 

dynamometer, 340 
Coolant circuit, 582 
-, air cooling, 582 
-, high speed generators, 

582 
-, slow generators, 582 
Cooler, 51 9 
-, air separation, 51 9 
-, axial booster pump,. 519 
-, circulation, 519 
-. radial bore, 51 9 
Cooling of lubricant, 522 
-, baffles, 522 
-, circulation, 522 



-, cooled oil flow, 522 
-. flinger bores, 522 
-, flinger shell, 522 
-, helical groove, 522 
-, lubricating oil flow, 522 
-, Pitct tube, 522 
-, rotating shaft, 522 
-, viscous shear stress. 522 
-, water deflection shield, 522 
Cooling systems, 582 
-, axial ventilation, 582 
-, closed system, 583 
-, machines for reversible 

operation, 583 
-. open system, 582 

radial ventilation, 582 
-, re-cooling, 582 
Cost, 42$ 47, 139 
-, altitude of plant, 140 
-, as function of blade speed 

coeficient, 151 
-. assembly, 141 
-, capitalized loss, 152 
-, critical pressure, 140 
-, erection. 152 
-, exca\-ation, 139, 140, 152 
-, fabrication. 141, 152 
-, r o u n d  acquisition, 42 
-, indemnification, 42 
-. latcra! size, 139 
-. .VPSH required, 140 
-, opra r ion .  maintenance, 

repl'czment, 47 
-. p"p5eraI  blade speed, 140 
-, cr house, 139, 1 52 
-, xn- ice .  42 
-. XI. 152 
-. s~ream\visc extension, 139 
-, suctian head, 143 
-, supersrructure, 139, 152 
-. trznspor:. 141 
-. n-arr r  casement, 42 
Cost as 3. function of set 

n u n k r .  144: 145 
-. ccst drrrcasing, 149 
-, aLcce.;sories, 148, 149 
-. ascernbly. 148, 149 
-. cosr ;zcrei~sing, 149 
-. dzrn p r t .  149 
-. dsp'h of river bed, 147 
-, fahication. 148, 149 
-. rrround excavation due to 

deFih. 147. 149 
-. .YPSII. 146 
-, o ~ t i r ~ i x ~ t i n n ,  145 
-. polvcr house, 144, 147 

-, present value of energy 
loss, 148, 149 

-, Reynolds number, 148 
-, runner diameter, 144 
-, runner speed coefficient, 

145 
-. specific speed, 144 
-, submergence, 146 
-, substructure, 147 
-, transport, 148 
-, type number. 145 
-, width spillway, 144 
Cost pump-turbine, 484 
-, cavitation factor, 484 
-, diffuser loss, 493 
-, disk friction loss, 493 
-, einpirical loss coefficients, 

484 
-, friction loss, 489 
-, from excavation work, 484, 

. 489 
-, from mechanical losses, 

484 
-, geometrical dimensions, 

484 
-, guide vanes, 493 
-, head, 489 
-, impeller, 484, 493, 494 
-, Kiihtai, 489 
-, manufacture, 489 
--, material, 489 
-, optimum design, 484 
-, power station, 489 
-, processing, 489 
-, rotor, 492 
-, rotor housing, 433 
-, sectional diagram, 493 
-, suction head, 489 
-, type number, 493 
Cross flow turbine, Ossberger 

turbine, 101 
-, power plant, 101 
-, step up gear, 101 
-, superstructure of larger 

turbine, 101 
-, cross seciion, 100 
-, disk friction, 98 
-, dividing wheel chamber, 98 
-, draft tube, 100 
-, Michell-Banki, 98 
-, Ossberger design, 98 
-, snifting valve, 98 
-, superst ructure Ossbcrger 

turbine, 10 
Curves, 375 
Cut of river bcd, 12 

D 
Dam. 11, 75. 85 
-, adequate planning, 81 
-, alkalinity. 81 
-, consequences on the physi- 

cal system, 81 
-,consequences to the local 

fauna and flora, 80 
-, crest height, 11 
-, disease propagation. 81 
-, environmental damages, SO 
-, resettlement problems, 81 -. response of society, 80 
-, salinity, 81 
-, soil fertility. 81 
-, survey, 74. 75 
Damming da-ice, 72 
-, barrage, 72 
-, spillway, 72 
-, weir, 72 
Damming of a river, 9 
Dams, highest, 22 
Danube, 1 1, 12, 61 
-, Aschach, 61 
-, Austrian section, 61 
-, bulb turbines, 61 
-, Bulgarian section, 62 
-, Czechoslovakian- 

Hungarian section, 61 
--, Gabcikovo and 

Nagyn~aros, 61 
-, German-Austrian scction. 

6 1 
-, harnessed potential, 61 
-, Iller, 61 
-, Iron Gate, 62 
-, Kaplan Turbines, 61 
-, Novi Sad, 61 
-, Rumanian section, 62 
-, scepage, 61 
-, Wallsee Mitterkirchen, 61 
-, Yugoslav section, 61 
Dash pot, 547 
-, by-pass, 548 
-, elimination, 54s 
-, leakage, 548 
-, rapid motion, 548 
-, slow motion, 548 
-, strong load fluctuations, 

546, 548 
-, throttle, 546 
Dc transmission, 24, 61 
Dead band, 550 
-, gate opening limiter, 550 
-, introduction of 

insensitivity, 550 



Dcad b;tnd. 
--. sign;lls to pass of clioscn 

threshold, 550 
Dccay of exciting current, 

514 
Degrcc exploitation, 20 
Deniilncl for powcr, 9 
--, peak load, 42 
DL'P~CSS~OI~,  Gibraltar, 27 -. Mediterranean Sea, 27 
-, Ilab el Mandeb, 27 
-, Cattara, 27 
-, Rcd Sea, 27 
Dcsign of alternator rotor, 

577 
-, bearings, 577 
-, its sh:tft, 577 
-, umbrella, and semi- 

umbrella, 577 
Dcsign parameters of axial 

turbines, as functions of 
spcci tic speeds, 431 

-, axial thrust, 431 
-, Uaucrsfeld equation, 431 
-, chord to pitch ratio. 431 
-, cost of excavation, 431 
-, lift coeificicnt, 331 
-, pitch to chord ratio at 

hub, 431 
-, susceptibility to cavitation, 

43 1 
-, torque of centrifugal load. 

43 1 
Details of pol: design, 587 
-, bolted on from air gap, 

588 
-, bolted on from the hub 

sidt, 558 
-, curvature in notches, 588 
-, method of securing, 588 
-, T-head claws, 58s 
-, unavoidable notch effect, 

588 
Development, 20 
Diagonal bulb turbine, 429 
-, Guijo Grrrnadilla, 429 
-, rotor tip diameter, 329 
-, space requirements, 429 
-, tie rods, 425 
Diagnona! turbines, 418 
-, Deriaz type, 4 18 
-, diagonal bulb turbine, 418 
-. Guijo Granadilla, 418 
Diameter of rotor, 578 
-, admissible stress, 578 
-, assembly, 579 

-, diamclcr of turbinc i ~ ~ n n c r .  
579 

-, limiting tlcsign, 578 
-. notcl1 cfl-ects, 578 
-, ritnaway speed, 578 
Diescl hydraulic locomotives, 

3 7 
Difftiser, 196 
-, bcll-shaped diffuser, 196, 

I97 
-, cone angle, 197 
-, cxcav:ltion cost, 197 
-, flow rcgirne, 197 
-. hysteresis, 196 
-, indcpegdent of Reynolds 

number, 197 
-,jet flow, 196 
-, non-swirling, 197 
-, pressure gradient, 197 
-, smooth flow regime, 197- 
-, stall, 197 
-, straight, 197 
-, swirl-free, 197 
-, unsteady flow, 197 
- , unsymnietrical stall, 197 
Diffuser loss, con~pared with 

runner, 204 
-. elbow draft tube, 203 
-, impeller, 204 
-, loss coefficients, 203 
-, optimum, 204 
-, recovery, 203 
-, straight draft tube, 203 
-, suction requirements, 204 
-, whirl velocity, 203 
Dikes, 12 
Dimensioning of structural 

members, 135 
-, accounting for losses, 135 
-, coefficient of rotor blade 

speed, 135 
-, cost terms, 135 
-, depreciation period, 135 
-, diameter electric conduc- 

tor, 135 
-, distance between adjacent 

towcrs, 135 
-, earth excavation, 135 
-, econumical point of view, 

135 
-, hydraulic radius of the 

waterway, 135 
-, initial cost. 135 
-, operating point, 136 
-. optimization, 135 
-, power demand, 135 

-, prcscni vnluc, 136 
--, r;tndo~n cfkcts, 136 
-, rutcd disch;trgc, 135 
-, salc of clcctricity, 135 
-, si7c ;111d liti~nbcr of sets, 1 3 ~  
-, substructure, 135 -. superstructure, 135 
-, topography, 135 
-, uscful lilk of plant, 136 
Dirncnsioning of the shaft, 

577 
-, critical torsion speed, 577 
-, faulty synchronization, 577 
-, tly-whecl type rotor, 577 
-, natural fly-wheel effect, 

577 
-. short circuit, 577 
Dinorwic pump-turbine, 488 
-, impeller, 488 

- - 

-, lases, 488 
-, lubrication, 488 
-, pump-turbine, 488 
-, runner, 485 
-, spiral casing, 488 
Direct problem of blading, 

condition for closure, 221 
-, deflection triangle, 220 
-, dimensioning relation, 220 
-, governing equation, 220 
-, innermost cylindrical , 

section, 220 
-, lift coefficient, 220 
-, outermost cjllindrical 

section, 220 
Discharge ratio, 498, 502 
-, as function of speed ratio, 

49 8 
-, relationsship with type 

numbers, 499 
-, speed coefficient, 499 
-, type number, 499 
Disk friction, 204, 205 
-, boundary layer, 204 . 

-, leakage, 204, 205 
-, model for mixed rotor, 204 
-, rotating disk, 204 
-, secondary flow, 204 
-, shear stress, 204 
Dissipation, 195 
-, apparent stress, 195 
-, eddy viscosity, 195 
-, internal energy, 195 
-, irreversible process, 195 
-, laminar sublayer, 195 
-, main flow boundary layer, 

196 



-, molecular motion, 195 
-, planned motion. 195 
-, rate of strain, 195 
-, viscous stress, 195 
Distance, neighbouring 

groups, 1 17 
Distribution, 365, 394 
Distribution of relative 

velocity, 524 
-, given runner vane, 524 
-, with regard to loss, 524 
-,with regard to  twist of 

streamface, 524 
Diversion power plant, 71 
-, damming device, 71 
-, inlet structure, 71 
-, spillway, 71 
-, structural members, 71 
-, SUPP~Y, 71 
-, surge discharging device, 

7 1 
-, tail race, 71 
-, upper reservoir, 71 
Dniepr, 12 
Double regulated KT, 551 
-,cam, 555 
-, control loops in series, 555 
-, diaphra,gns, 555 
-, electronic speed governor, 

552 
-, flow of oil, 555 
-, forces, 555 
-, function diagram, 552, 555 
-, gate servomotor, 555 
-, loops of gates and runncr 

in parallel, 552 
-, motion stop, 555 
-, nozzles, 555 
-, oil head, 555 
-, paddle, 555 
-, piston movement, 555 
-, runner servomotor, 555 
-, signal processing diagram, 

551, 555 
-, solenoid valve, 555 
-, speedometer, 555 
-, stroke of hydraulic valve, 

555 
-, synchronized actuation, 

555 
-, transform electric current 

into motion, 555 
-, travel, 555 
Draft tube, 406 
Draft tube flow, acceleration 

of main flow, 200 

-, axial machines, 201 
-, bend, 200 
-, cork screw vortex, 200 
-, cross sectional area, 200 
-, curvature, 201 
-, inlet, 200 
-, kinetic energy, 200, 201 
-, loss, 201 
-, secondary flow, 200 
-, steel lining, 200 
-, surface, 200 
Dynamic measurement of 

pressure, 354 
-, piezo electric effect, 354 
-, semi conductor probe, 354 
-, strain gauge, 354 
-, zero drift, 354 
Dynamic measurement of 

relative flow, 389 
-, four port probe with quick 

response, 386 
-, hydrostatic actuator, 386 
-, kulite transducer. 356 
-, on Kaplan turbine runner, 

388 
-, relative flow of Francis 

turbine, 390 
-, relative velocity, 388 
-, results compared with 

time-averaged velocities, 
388 

-, static pressure, 386 
-, time-averaged measure- 

ments, 390 
-, time-averaged profiles, 390 
-, time-averaged velocities, 

388 
-, unsteady boundary layer, 

386 
-, velocity fluctuations along 

runner vane, 389 
-, velocity vector. 386 
-, wake-induced stress 

fluctuations, 389 
Dynamic measurement, 394 
Dynamic stability, 543, 547 
-,combination lever, 543 
-, dash pot, 544 
-, elastic feed back, 544 
-, feedback transitorily, 547 
-, isostatic dcvice, 544 
-, proportional integral 

governor, 544, 547 
-, speed governor, 544 
-, with accelcration feedback, 

547 

Dynamic stability of closed 
control loop. 563 

-, damping coefficient, 563 
-, natural period of system. 
563 

-, proportional band, 563 
-, rate time, 563 
-, reset time, 563 
-, start up  time of set, 563 
-, tempo;ary spced droop,  

563 
Dynamics of ideal flow, 

absolute floiv, 180 
-, absolute flow energy, 181 
-, absolute velocity, 181 
-, conversion of shaft work. 

183 
-, Coriolis force, 182 
-, density, 181 
-, dissipation. 183 
-, equation of motion, 1 SO, 

152 
-, impeller with backward 

curved vanes. 181 
-, instantaneous streamline. 

181 
-, internal energy, 183 
-, potentla1 llo\v. 181 
-, pressure. 18 1 
-, real flow, 183 
-, relative velocity, 181 
-, rotating frame of reference, 

152 
-, rothalpy, 182 
-, runner with forcward 

curved vanes, 181 
-, terms of energy, 182 
-, unsteadiness of absolute 

flow, 181, 183 
-, vector curl, 181 
-, velocity vector, 181 

E 
Economic considerations 

of tidal power. 442 
-, benefit-cost ratio, 442 
-, compromise, 342 
-, dikes, 442 
-, double effect scheme, 442 
-, electromechanical equip- 

ment, 442 
-, fixed cost, 442 
-, intermittent energy 

production, 442 
-, increase of investment, 442 
-, mean efficiency, 442 



Econolnic consitlcr;~tions of 
tidal powcr, 

-. maintenance costs, 442 
-, r!o purnping, 442 
-, single cffcct scheme. 442 
Economic considcrations 

on bulb lurbine, 443 
-, powcr swing, 443 
-, rcmoving gcncrator, 443 
-, slnall rotor diameter, 443 
-, special hatch, 443 
-, supcriority of straflo 

design, 442 
-, tidal powcr bulb turbines, 443 
-, wave-induced pressure 

fluctuations, 443 
-, \..lorking life, 442 
Efficiencies, alternator, 343 
-, bearing, 344 
-, coupling, 344 
-, disk friction, 344. 345 
--, Eulcrian equation, 345 
-, gross (nct) input (ontput), 

344 
-, leakage, 344, 345 
-, loss thrust bearing, 344 
-, measurement of internal, 

3 41 
-, mechanical, 345 
-, peripheral (hydraulic), 345 -. separating loss compo- 

nents. 343 
-, \ cntilatinn loss, 341 
Electric and high voltage 

cquiprncnt, 24 
Elcctric machine, 541 
-, ail--cooled, 573 
-. limiting output, 573 
-. maxirnurn output/speed 

char;~cteristic, 573 --. speed rangc, 573 
-, survey, 531 
-, to reduce number of sets, 

573 
-, water-cooled, 573 
Electric stator iron, 590 
-, clamping fingers, 590 
-, guiding the laminations, 

590 
-, insulating coating, 590 
-, laminations, 590 
-, prevent toothvibm:ion, 590 
-. te~sioned by nuts, 590 
Electricity. cheapness. 21 
-, hydro, 24 
-, in context with, 43 

-. main producers of  hytlro, 
16 

-, production of hydro, 19, 
20 

Electricity ratc, 9, 41, 42, 43, 
49 

-, comparison, 43 
-, duration of service, 43 
-, trends, 43 
-, typical ligures, 43 
Electricity, total power 

prodt~ction, 9 
Electro hydraulic runner 

blade adjustment, 557 
-, actuator, 557 
-, control loops in series, 557 
-, combinator cam, 557 
-, error signal, 557 
-, input, 557 
-, large variations in head, 

557 
-, manual control, 557 
-, maximum closing, 557 
-, pilot servomotor, 557 
-, position of blades checked, 

557 
-, pointer for regulating 

sleeve, 557 
-, pointer for runner blade 

angle, 557 
-, regulating piston, 557 
-, regulating sleeve, 557 
-, servomotor pistoli, 557 
-, three dimensional saddle, 

557 
-, transmitter, 557 
Electro hydraulic speed 

govcrnor, 549 
-, advantages, 549 
-, electronic head, 549 
-, micro processor, 549 
Electrohydraulic valve, 553 
Electronic governor, 553 
-, interaction error detector, 

553 
-, reference frequency, 553 
Emergency case, 51 9 
Emergency device, 547 
-, limit overspeed, 547 
Encrgj, coilsumption per 

inhabitant, 20 
-, electricity, 20 
-, gain by pumping, 440 
-, example, 440 
-, profitable pumping, 440 
-, growth, 20 

-, I~ydroclcct rieity, 20 
-, pcak and basc load, 25 
-, population, 20 
-, priin:iry, 20, 25 
-, production, 19 
-, sales of, 47 
Energy theorem, 263 
-, apparent shear stress, 266 
-, boundary layer element, 

263, 264 
-, dissipation, 263, 264, 266 
-, eddy viscosity, 266 
-, encrgy thickness, 264 
-, expansion work, 264 
-, heat transfer, 263 
-, loss prediction, 265 
-, measured rcsults, 266 
-, turbulent flow, 265 
-, parameters, 264 
-, resulting inflow of kinetic 

energy, 263 
-, Reynolds number due to 

turbulence. 266 
-, work done by pressure, 

263 
Enthalpy, 26 
Equatorial zone, 14 
Equilibrium on shaft, 543 
-, grid-conditioned torque vs 

speed characteristic of 
generator, 543 

-, settled speed, 543 
-, torque of generator, 543 
-, torclue of turbine, 543' 
-, torque vs specd character- 

istic of turbine, 543 
Erection bay, 95 
Erosion past wall-attached 

cavity, 273 
Erosion rate, 278 
Europe, 18 
Evaluation of measurements, 

372 
Excavation rost, 282 
Exploitable river reach, 137 
-, accessories, 133 
-, available head, 137 
-, back water effect, 137, 138 
-, development, 137 -. efficiency, 139 
-, flow duration curve, 137, 

139 -. hydrograph, 137 
-, investment cost, 138 
-, maximum surplus of 

earnings, 137 



-, net head duration curve, 
139 

-, number of sets given, 139 
-, optimization, 137, 138 
-, power duration curve, 139 
-, rated discharge, 137, 138 
-, runner diameter given, 139 
-, spillway, 138 
-, topography, 137 
-, work done, 139 
Exploitation degree, 20 
Exploitation of river, 

Columbia, 49 
-, Tennessee, 49 

F 
Field coils, 588 
-, cup springs keeping 

windings pre-stressed, 588 
-, finned cooling element, 588 
-, hard drawn copper 

sections, 588 
-, insulating frame, 588 
-, soldered joints, 588 
Finite element method, 535 
-, computational domain, 535 
-, preliminary division into 

bricks, 535 
-, resulting residual. 536 
-, tetrahedron elements, 535 
Fish protecting device, 72 
-, fish pass, 72 
-, mortality, 72 
-, salmon, 72 
-, sturgeon, 72 
Flange, suction, 26 
-, localization, 26 
Flexural vibration, 510, 513 
-, added fluid mass, 51 1 
-, critical speed, 51 1, 51 3 
-, finite amplitude shaft 

oscillations, 51 5 
-, flexibility, 51 1 
-, highest runaway speed, 51 3 
-, influence axial thrust, 51 1 
-, linear system for 

deflections, 51 1 
-, lowest critical speeds, 510 
-, natural frequencies, 51 1 
-, neglecting elasticity. 51 1 
-,oil film, 511, 515, 516 
-, plane of dul'ormation, 51 1 
-, porticn of  shaft mass, 51 1 
-, rotating masses, 51 1 

-, shaft, 51 1 
Flood discharging device, 72 
-, barrage crest, 72 
-, high water, 72 
-, maximum permissible head 

water level, 72 
-, ski jump spillway, 72 
-, spillage, 72 
-, stilling basin, 72 
-, siphons, 72 
-, weir gates, 72 
Flow admission, by siphon, 

110 
-, by open chamber, 1 10 
-, by semi-spiral casing, 1 10 
-, by spherical casing, 1 10 
-, by spiral casing, 1 10 
Flow around inlet edge, 267 
-, velocity past stagnation 

point, 267 
. Flow duration line, 19 
Flow in a bend, bend exit, 

200 
-, boundary layer, 199 
-, cross motion, 199 
-, pressure gradient, 199 
-, secondary flow distorting 

velocity distribution, 199 
-, stalled region, 200 
-, velocity distribu~ion, 200 
1-low in vaneless space, 434 
-, continuity, 435 
-, distribution, 435 
-, equation of motion, 435 
-, streamface-linked loss, 435 
Flow lamina of variable 

depth, 223 
-, flow field, 223 
-, in image plane, 224 
-, induced velocity 

components, 224 
-, influence functions, 223, 

225 
-, ring vortex, 223 
-, straight row of ring 

vortices, 225 
Flow within conical 

distributor, 435 
-, geometrical features, 435 
-, solution, 435 
Forces o n  unit mass, 526 
-, absolule flow, 534 
-, curvature of relative 

streamline, 527 
-, in peripheral direction, 

526, 527 

-, in shroud to hub direction. 
528 

-, relative flow. 534 
Formation of stream\vise 

vortieity. 245 -. bend, 245 
-, cascade, 245 
-, dissipation. 245 
-, energy. 245 
-, loss mechanism. 195, 245. 

251 
-, nozzles. 245 
-, rotor, 245 
-, secondary now, 245 
Francis turbine survey, 437 
-, actiially highcst head. 449 
-, bep eflicienc). 419 
-, Krasnojarsk. 319 
-, Grand Coulee, 448 
-, Hausling, 4-48, 449 
-, high head. 4-18 
-, highest head, 448 
-, in micro plants, 445 
-, largest output, 448 
-, problenls in upper head 

range, 149 
-, pump-turbine. 448 
-, Rosshag, 4-18 
-, under 6jOm, 448 
-, Wehr. 419 
Francis turbine Tucuri 

control. 554 
-, amplifier, 554 
-, common feed back. 551 
-, gate servomotor, 554 
-, mixer, 554 
-, single gates scrvo motor, 554 
-, signal transmitter, 554 
-, speed control, 554 
Francis turbines, 54, 352, 562 
-, aeration valve, 562 
-, by-pass outlet. 562 
-, quick shut down, 562 
-, ventilation, 562 
Francis type pump-turbine. 

574 
-, abnormal wear, 574 
-, lower overspeed ratio, 574 
-, specific output per pole, 574 
French-German Rhine, 12 
F T  Bromat, 452 
-, reinforcement. 452 
-, spiral design. 452 
F T  Churchill Falls. 450 
-, different runner blading, 

450 



I-T Churchill I-nlls, 
-. runncr. 450 
--, skcwcd inlct cdgcs, 450 
- , unit power per wcight, 450 
--, vibrations, 450 
FT design, 469 
-, as function of specific 

spced, 496 
-, axial depth of runncr. 470 
-, cavitation indcx, 471 
-, distanec of adjacent set, 

47 1 
-, draft tube, 471 
-, earth excavation, 471 
--, elevatiort, 471 
-, empirical values, 469 
-, features as a function 

of 11, 470 
-. gate vane number, 471 
-, inlet diameter, 471 
-, non-pnrallel plate stayring, 

47 1 
-, parallel plate design, 472 
--, runner diameter, 470 
-. runner outlet, 470 
-. span of gate, 470 
-. spiral casing, 471, 472 
- . spiral intakc, 471 
-, st;ty vane number, 471 
-. s11 .c~~  calculation, 469 
-. submergence, 469 
--. throat coeificient, 470 
FT G:lri, 457 
--. head increased, 457 
--. previous designs, 457 
-. runner. 457 
-. lemporary output, 457 
1-7' Hdrspranget, 457 
--, exlension in 1974, 457 
--. installed capacity, 457 
-. runncr. 457 
-, stay vanes. 457 
-. town at site, 457 
-. water way. 457 
FT Hitrtwell. 468 
-, bell-shapctl guide bearing, 

458 
--. bottom ring split, 468 
-. parallel plate spiral, 465 
FT Hausling. 461 
-. pseudo parallel plate 

design, 461 -. runner, 461 
-, scroll casing spot-welded, 

16  1 
-, vane stay ring, 461 

FT Itapnrica, 458 
--, runncr, 461 
--, spirltl casing, 458 
-, 111rust bcaring, 458 
FT Karakaya, 454 
-. anti surge aeration, 454 
-, fly-wheel momcnt, 454 
.-,jacking and braking 

cylinder, 454 
-, paritllel plate design, 454 
-, runner, 454 
-, spiral casing, 454 
FT layout, 50% of full-load, 

467 
-, at bep, 467 
-, at full load, 467 
-, cavitation index, 467 
-, dependence on specific 

speed, 467 
-, efficiency, 467 
-, pressure surge, 467 
-, runaway speed, 467 
-, spccific speed, 467 
-, speed, 467 
-, zone of overlap with KT, 

446 
FT or PT, 453, 458 
-, best attainable efficiency, 

453 
-, cross flow turbine, 453 
-, bucket cutout, 458 
-, cutting edge, 458 
-, disadvantages of i FT, 453 -. excessive wear, 453 
-, fixed by operating data, 

453 -. flattest efficiency, 453 
-, frequent repair, 453 
-, guide vanes, 453 
-, highest possible n, of a PT, 

453 
-,jet diameter ratio, 453 
-, labyrinths, 453 
-, leakage, 453 
-, lowest possible n, of a FT, 

453 
-, members easier to get at, 

458 
-, needle, 453 
-, nozzle, 453 
-, operating at  part load, 453 
-, overlap, 453 
-, pronounced efficiency 

pcak, 453 
-, rcasons for superiority of 

FT, 453 . 

-, rel'laccment of hbyrillth 
ritlgs, 453 -. sandy w;ttcr, 453 

-, sh:rllow rcctangulnr section 
of jet, 453 

-, varying peak load, 453 
-, wcilr rings, 453 
FT Rosshag. 460 
-, comb labyrinth, 460 
-, damage, 460 
-, damping oscillations, 

460 -. draft tube vortex, 460 
-, gate, 460 
-, spiral casing, 460 
-, wall lining, 460 
F'T runner vane design, 

474 
-, absolute flow energy,' 

474 
-, c,,r distribution, 475 
-, derivative of angular 

momentum, 475 
-, distribution meridional 

velocity, 475 
-, drop of now, 475 

. 

-, excitation of torsional 
vibrations, 477 

-, flow angle, 477 
-, graphical method, 475 
-, hill diagram, 475 
-, meridional streamlines, 

476 
-, potential flow, 475 
-, radial sections, 477 
-, relative flow, 476, 477 
-, setting the pattern sections, 

477 
-, skewed inlet edge, 477 
-, tests, 474 
-, velocities on suction and 

pressure face, 477 
FT Tucuri, 451, 554 
-, parallel plate spiral casing, 

45 1 
-, single servomolors, 451 
-, thrust bearing support, 

45 1 
F T  Wehr, 462 
-, alternator, 462 
-, high velocities, 462 
-, material selection, 462 
-, runner, 462 
-, storage pump, 462 
-, torque converter, 462 
-, water-cooled stator, 462 



G 
Ganga, 10 
Gas dimusion, 276 
-, concentr~ition of dissolved 

gas, 276 
-, diflerential equation, 276 
-, Fick's law, 276 
-, Henry's law, 276 
-, mass diffusivity, 276 
-, rectified diffusion, 276 
-, time needs, 276 
Gas washer, 26, 31 
Gate vane, 438 
Generator design, 575 
Governors, 563 
-, equivalences, 563 
-, similar dynamic behavior, 

563 
Grand Coulee, gate servo- 

motors, 51 
-, head cover, 50 
-, highest stressed point, 50 
-,journal bearing of shoe 

type, 52 
-, power plant, 50 
-, runner, 50 
-, shaft design, 52 
-, shifting ring, 52 
-, spiral casing, 50 
-, stay vane, 50 
-, tensile und bending stress, 

50 
-, torque transmission, 52 
-, wicket gate, 50 
Gravity dam, Assnan, 77 
-, crest height, 76 
-,embankment, 75 
-, erection, 75 
-, friction on ground, 75 
-, Grand Coulee, 76 
-, Grande Dixence, 76 
-, grout curtain, 77 
-, Iioover, 76 
-, hydraulic thrust, 75 
-, in separate blocks, 75 
-, Nurek, 76 -. of concrete, 76 
-,of gravel (earth), 76 
-, rocky ground, 76 
-, sealing blanket, 77 
-, thermal expansion, 75 
-, transportation facilities, 

76 
Greatest storage capacities, 

22 
Greenland, 18 

Grid frequency variation, 
545, 572 

-, base load plant, 545 
-, peak load plant, 545 
Grid-induced generator 

torque, 564 
-, due to blowers, 564 
-, due to machine tools, 564 
-, due to resistors, 564 
Grout curtain sheet pile, 134 
Guide apparatus, 36 
Guide bearing, 51 7, 51 9 
-, collar for uplift, 51 9 
-, cooling by working fluid, 

519 
-, inclined grooves, 5 19 
-, oil circulation by visosity, 

519 
-, lubrication, 517 
-, magnetic pull, 51 7 
-, overhung rotor, 51 7 
Guide ribs on draft tube 

wall, 397 

H 
Hausling, 38, 461 
Head, 9, 42 
Head range, 35 
High head Kaplan Turbine, 

41 5 
-, Comparison civil 

engineering works, 41 6 
-, oil head in journal bearing, 

41 5 
-. servomotor in hub 

of alternator, 41 5 
-, spiral casing, 41 5 
-, throat ring, 41 5 
-, toroidal servomotors, 41 5 
-, Tres Marias, 41 5 
High voltage transmission, 24 
Highest heads, 22, 465 
Historical development, 24 
Hub design KT, 445 
-, bending stress, 445 
-, centrifugal load, 445 
-, wall thickness, 445 
Hub strength, 479 
-, bending stress, 479 
-, F T  runner vane, 480 
-, geometry of vane element, 

480 
-, hub of Francis runncr, 479 
-, loads acting on hub, 479 
-, peripheral thickness. 480 
-, radial neutral axis, 479 

-, real thickness. 480 
-, tensile stress. 479 
Hwang Ho, 10 
Hydraulic machinc. 334 
Hydraulic machine 

characteristics. 575 
Hydro mechanics, 546 
Hydro power machines. 322 
Hydro power plants. 37, 71 
-, annual reservoir, 38 
-, base load. 37 
-, in cascade, 37 
-, peak load, 38 
-, pumped-storage, 38 
-, run-of-river. 37 
-, speed droop. 37 
-, storage capacity. 37 
-, storage plants. 37 
-, target relief, 38 
Hydro turbomachines. 39 
Hydro turbomachines survey 

of references. 103. 401, 305 
Hydro_eenerators, 573. 573 
-, dual rotation. 575 
-, frequent operation change. 

574 
-, methods of starting, 575 
Hydrograph, 19 
Hydromatic dri\e, 37 
Hydrostatic water 

lubrication, 521 
-, thrust bearing, 521 

I 
Idealized vortex, 245 
-, kinetic energy, 246 
-, moment of momentum, 

246 
-, Stokes' theorem, 246 
-, theorem of Helmholtz, 246 
-, vortex tube, 246 
lmpeller loss, 494, 495, 496 
-, assumptions, 494 
-, flow coefficient, 496 
-, hub to tip ratio, 495 
-, impeller eye, 495 
-, number of vanes, 495 
-, peripheral input. 494 
-, resistance force, 495 
-, rotor inlet, 496 
-, shroud and hub Face, 495 
-, vane surfaces, 495 
Imploding, 277 
lmpulsc turbines. balanced 

necdlc force. 96, 109 
-, bus pipe distributor, 95 



Impulsc turbines. b;~l;~nccd. 
necdlc force, 

-, dccking wall, 96 
-, El 'I'oro, 97 
-, hytiropncum;ltizcd, 97 
-, milnifolds, 95 
-, Maurangcr, 97 
-, nccdle servomotor, 96 
-, Ncntlaz, 97 
-, outdoor power hoi~sc Silz, 

98 
-, overhung, 95 
-, pine-trcc-design, 95 
-, ramification of 2 branches, 

97 
-, space requirement, 96 
-, spiral distributor, 95, 96 
-, tongs design, 95, 96 
-, Tysso, 97 
-, underground power house, 

96,97 
-, with horizontal shaft, 95 
Increment of entropy, 339 
Indemnification, 25 
Inpa Rapids, 12, 14 
Instationary (unsteady) 

cascade flow, 226 
-, active cascade, 226 
-, amplitudes lift moment, 

232 
-, downwash velocity, 227 
-, free vortices, 227 
-, influence wa!ies, 233, 234 
-, integral equation, 230 -. lift amplitudes, 231, 232 
-, lift moment harmonics, 233 
-, moment, 231 
-, overstress, 234 
-, passive cascade, 226, 227 
-, passive cascade downwash 

- velocity, 229 
-, recent investigations, 234 
-, trailing edge. 227 
-, unsteadiness from non axi- 

symmetry, 234 
-. vortex distribution, 230 
-, vortex sheets, 227 
Interest rate, 47 
Internal efficiency, 338 
Inventions, 24 
Investment, 25, 41, 46, 47 
-, benefit, 47 
-, depreciation, 41, 42 
-, economic safety, 47 
-, interest rate, 47 
-, maintenance cost, 41 

-, opcr;tting cost, 41 . 
-, pay-off, 46 
-, pcriod, 46 
--, prescnt v;lluc, 47 
-, rcplacenlent cost, 41 
-, revenues, 41 -. specific, 41 
Irkulsk, 82 
Iron Gate. 62, 414 
-, cavitation pitting, 63 
-, cost, 63 
-, crane capacity, 63 
-, double hook sluice gates, 

63 
-, ground acquisition, 64 
-, indemnifica!ion, 64 
-, inundated area, 63 
-, Kaplan turbincs, 62 
-, longitudinal section, 62 
-, mechanical equipment, 63 
-, reconstructed buildings, 64 
-, rock excavations, 63 
-., storage basin, 63 
-, transformer voltages, 63 
Irrawadi, 10 
Irrigation, 19, 25 
Itaipu, 12, 53 
-, alternator, 586 
-, alternators Krasnoyarsk as 

comparison, 586 
-, barrage, 57 -. catchment area, 57 
-, civil engineering work, 57 
-,data of power station, 54 
-, electricity rate, 55 
-, Francis turbinz, 56 -. gap clearance, 586 
-, investment cost, 55 
-, live storage, 57 
-, outside stator diameter, 

586 
-, perspective sectional view, 

585 
-, rated terminal voltage, 586 
-, rotor weight, 586 
-. runaway speed, 586 
-, skewed spider arms, 586 
-, spillways, 57 
-. stator bore diameter, 586 
-, thermal expansion, 586 
-, thickness of stator bundle 

lamination, 586 
-, thrust bearing load, 586 
-, total weight, 586 
-, treaty, 54 
-, sectional view, 55 

J 
Jacking device, 519 
Ji~piin, 1 Y 
Joints, 5 1  
Journal bcnring, 58 
Jurassic ground. 14 

K 
Kaplan turbine, 407, 434 
-, acccssibility, 407, 409 
-, Aschach, 51 3 -. btllancing hydraulic 

chamber, 408 
-, bottom ring, 407 
-, connecting ring between 

shaft and generator, 409 
-, detnchablc pivot, 41 3 
-, efficiency, 41 1 
-, elevation, 434 
-, emergency shut down 

pcnclulum, 409 
-, flow deflection shield, 434 
-, high herid KT, 409 
-, insert ring, 409 
-, inspection window, 407 
-, Kapl;lnls patent, 41 1 
-, Jupia, 408 
-, Porto Primavera, 41 3 
-, Schaffhausen, 407 
-, Solbergfoss, 41 2 
--, leak oil chamber, 409 
-, leakage pump, 409 
-, Lilla Edet, 41 1 
-, oil admission, 407 
-, oil circulation pump, 409 
-, oil pressure, 41 1 
-, oil supply, 409 
-, Palmar, 410 
-, pcndulum generator, 409 
-, Pirttikoski, 409 
-, proportions runner 

chamber, 434 
-, runner servomotor, 413 
-, servomotor piston bolted 

on hub, 407 
-, shortest flux of force, 407 
-, spherical throat ring, 434 
-, stator support, 409 
-, stay vane ring, 409 
-, steel lining, 409 
-, thrust bearing, 411, 412 
-, tie rods, 409 
-, torsional stiffness, 412 
-, upper throat ring, 409 
-, water guide shield, 409 
-, welded design, 407 



-, welded shaft, 4 12 -, axisymnlctric rellitivc flow, 
Kaplan turbine. control, 562 176 
-, cam-off operation. 563 -, axisymmctric streamface, 
-, loops in parallel. 562 179 
-, in series, 562 -, backward curved vanes, 
-, swell-reducing cam, 562 178 
Kaplan turbine features, 415, -, celerity, 173 

419, 420 -, circulation. 178, 179. 1 SO 
-, excavation cost, 419 -. continuity. 173 
-, flatter efficiency, 4 19 -, curl, 173 
-, head range, 420 -, difference of reltitive- 
-, heads larger than 30 m, velocities bctwccn suction 

419 and pressure face, 178 
-, higher speed, 418 -, distribution of rel:itive 
-, limit of size, 420 velocity, 179 
-, requirement of transport, -, flow laminae of varying 

420 thickness, 176 
-, strongly varying head, 41 8 -, forced vortex. 173 
-, submergence, 4 1 9 -, foreward curved vanes. 178 
-, upper head Iimit;420 -, free vortex 174 
Kaplan turbines for river -, graphical solution. 176 

rapids, 431 -, in mixcd flow turbo 
-, adjustable stay cables. 432 machines, 178 
-, bulb laterally squeezed, 432 -, irrotational absolute flow, 
-, discharge, 433 178 
-, example, 433 -, Kutta Joukovsky, 180 
-, float, 432 -, lift on a vane. 180 
-, head. 433 -, lift on acrofoil. 179 
-, op~imized diameter, 433 -, mass conscr\,ation, 17 1 
-, optimum angular velocity, -, mean angular velocity, 173 

433 -, potential. cquation. 173 
-, resulting power, 433 -, potential flow, 172, 173 
-, stabilizing fin, 432 -, potential llow in meridian, 
-, step up spurgear, 432 174 
-, tie rod, 432 -, prcsst~re difference 
-, turbine runner, 433 between-prcssurc and 
-, wit11 planetary-gear, 432 suction face. 179 
-, without guide apparatus, -, rate of strain tensol-, 177 

432 -, relative eddy, 175, 176 
Kaplan turbine Iron Gate, 31 4 -, rela tivc How, 175, 176 
Kaplan turbine Vangcn. -, rotation (curl). 172 

anticavitatio~i fin, 430 -, speed sonic, 173 
-. runner blades, 430 -. Stokes' thcorcm. 178, 179, 
Kinematics of hydro- 180 

dynamics, strerimfunction, -, streamfunction. 176 
171, 173 --, streamline, 174 

-, absolute flow, 175 -, supcrpcsition. 174 
-, absolute frame of -, thc absolute Ilow 

reference, 175 irrotational, 180 
-, absolute velocity, 175 -, trinl~gle of velocities. 175, 
-, annlytictil solution, 176 179 
-, angular velocity, 175 -, velocity incrcmcnts by 
-, axial synlmetric potnitial rotation, : 76 

flow, 174 -, velocity increment due to 
-, iixial symmetric stream stwin rntc, 177 

surfaces, 176 -, vcloci:y triangle, 172 

--, velocity vector, 172. 173 
Krasnoyarsk, 57 
-. turbines. 57 

L 
L'Eau d'Olle. 559 
-, control loops in series, 559 
-, double rep la ted  Pelton 

turbine, 559 
La Coche. 483 
La Grande. 1 1. 12 
Lakes, largest. 2:! 
Laminated pole. 587 
-. construction. 588 
-, damper \\.inding. 587 
Laser Doppler ancmometry. 

398 
-, advantazes, 399 
-. assiznment, -100 
-, computerized processing. 

402 
-, data acquisition. 401 
-, diffraction, 399 
-, disadvantage. 398 
-, electronic equipmen:, 49 1 
-, experimental tcchniqucs, 

402 
-. f r~nge  pattern. 399 
-, hitting the \\all, 399 
--. kinetic e n e r g  of turbulent 

motion, 402 
-, measured neu s. 400 
-. operational ~nodes ,  300 
-, optical contact surfaces. 

399 
-. probe volume. 399 
-, Reynolds stress, 400 
-, scattering particles. 399 
-, signal processing in 

periodically unsicad y 
pipe flo\v, 400 

-, [rend, 402 
-, tuning the refractive index. 

399 
-. ~ a \ ~ e l e n g t h ,  399 
-, Womersley parameter, 402 
Latin America. 18 
Leakage, 204 
-, 1 st-stage impeller, 204 -. clearance, 201 
-. comb labyrinth, 304 
-, contraction coefficient, 206 
-, gap flow, 204, 206 
-, gap vclocity. 206 



Leakage. 
-, 1;lbyrintIi. 204 
-. loss cocfticienl, 2C6 
-, multi-stage in~pcl!cr, 204 
-, resulting rclativc flow. 206 
-, Kcynolds number rotor, 

206 
-, seal types, 204, 206 
-, stepped off seal, 204 
-, successive gaps, 204 
Lcisurc zones, 41 
Lena, 10 
Lengthening of vortex tube, 

246 
-, bends in series, 246 
-, in nozzle pipe, 247 
-, multi-nozzle impulse 

turbine, 246 
-, origin, 246 
-, streamwise vorticity, 246 
L.imit, 33 1 
Limiting the load, 543 
Limits of operation, 331 
-, cavitation index, 332 
-, draft tube surge, 332 
-, gate opening, 331 
-, power capacity, 331 
Liquid cooling, 583 
-, cooled conductor element, 

553 
-, cooling water, 584 
-, devices, 583 
-, hollow conductors, 583 
--, insulation of' a conductor 

e!ement, 583 
-, of the stator, 583 
-, transfer unit, 583 
-, lbater cooling, 583 -. water-cooled Roebel bar, 

583 
Liquid cooling system, 584 
-, circulation. 584 
-, conductivity to be 

controlled, 584 
-, relative humidity to be 

controlled. 584 
--, treated watcr, 584 
--, two circuits. 584 
-, untreated water, 554 
Load distribution. 545 
-, change of power. 546 
-, ends, 536 
-, proportional band. 546 
Load rejection, 577 
Loss coemcient in unsteady 

flow, 266 

Losses and el'ficicncics, 34 
Low tic,~ci liytlro, 10 
Lowest numbcr of scts, 143 
--, head vnryirig, 143 
--, lowest flow, 143 
Lubricant, 521 
-, grcnse writer emulsion, 521 
-, oil, 521 
-, purified watcr, 521 

M 
Mackenzie, 10 
Madeira, 11 
Main crane, 1 17 
-, crane runway, 11 7 
-, tall hall design, 11 7 
Manicouagan, 12 
Manometer, 345, 256 
-, Retz, 345 
-, capacitor, 346 
-, deformation, 346 
-, electric output, 346 
-, photo cell, 346 
-, piezo quartz, 346 
-, pressure conversion, 346 
-, resistor, 346 
-, si~nultaneous measurement 

of pressure, 346 
-, strain gauge, 346 
-, types, 345 
-, u type, 345 
-, weight, 345 
-, liquid, 345 
-, measurement, 345 
-, pressure, 345 
-, reference pressure, 345 
Mastering of inundations, 25 
Maximum, minimum, mean 

speed, 545 
Maximum power capacity, 

149 
Meaning of cavitation index, 

283 
-, cavitation tunnel, 283 
-, denominator, 283 
-, numerator, 283 
-, pressure number, 284 
-, velocity head, 283 
Measurement of absolute 

flow, 371 
-, 6-hole, 371 
-, absolute v~locity, 371 
-, computation of velocity 

components, 371 
-, distribution pressure, 371 
-, measuring programme, 371 

--. nic.;~si~r.i~~g scctic>ti. 371 
. rc;~clion tc,rtluc tiyn:lm,,- 

mctcr. 770 
--. sl;~lic prcssurc. 37 1 
-, tot;~l pressure. -37 1 
-, two-li~igcr probe, 371 
Me:tstireriicnt of ; ~ ~ n p l i t u ~ l ~ ~ .  

516 
-. alarm. 5 16 
-. anom:rlics, 51 6 
-, bearing wear, 516 
--, ct1ierScnc.y niaint;tin;incc, 

516 
-, forecast, 516 
-, inclicator, 516 
-, locking signal. 516 
-, recording device, 5 16 
-, shaft vibration, 516 
-, short circuit, 516 
-, signal ;i~nplilicr, 5 16 
-, transducers, 5 16 
Mcasurenient of relative 

flow, 372 
-, bou~idary layer flow, 372 
-, eiderdowns illuminated 

stroboscopically, 372 
-, examination of rcs~tlts, 372 
-, ~hotographic observations, 

372 
-, stroboscopic illumination, 

3 72 
Mechanical design of 

scanning valve, 357 
Mckong, 10 
Method of characteristics, 

305, 315 
-, application, 309 
-, barotropic relat~ons, 308 
-, closure of main valve, 317 
-, computing transient, 317 -. constant celerity, 31 5 
-, disconnection from grid, 

318 
-, drive failure in brake field, 

317 
-, drive failure on pump, 318 
--, equation of motion, 308 
-, equation of motion of set, 

3 i 7 
-, example impeller pump, 

3 16 
-, example impulse turbine, 

31 5 
-, failure, 317 
-, friction loss, 315 
-, graphical procedure, 31 5 



-, in the x, t-plane, 309, 310 
-, Joukovsky shock, 316 
-, largest pressure surge, 316 
-, limits, 316 
-, linear closure, 31 5 
-, mass conservation, 308 
-, other examples, 31 7 
-, pipe element, 308 
-, prediction of transients, 

31 8 
-, pressure surge, 31 5, 316 
-, pressure wave, 31 5 
-, pump drive, 317 
-, retaining grid connection, 

31s 
-, rcverscd water hammer, 

316 
-, scheme, 31 7 
-, shut down of turbine, 317, 

318 
-, shutoff rate of valve, 316 
-, snifting valve, 316 
-, throttle valve, 317 
-, time step procedure, 316 
-, underpressure wave, 31 6 
-, various examples, 31 8 
-, wall shear, 309 
-, water column separation, 

31 6 
-, water hammer 

computation, 319 
Method of singularity, 357 
Methods of filling, 505 
-, air-pockets, 505 
-, appropriate timing, 505 
-, Leitzach pump-turbine, 505 
-, pony motor, 505 
-, preventing faults, 505 
-, recommendations, 505 
-, speeding up, 505 
-, stiff design, 505 
Microprocesssor, 550 
-, accuracy, 550 
-, modifying parameters, 550 
-, module, 549 
-, operating principlcs, 549 
-, testing important elements, 

550 
-, values displayed, 550 
-, various inputs, 550 
Minimum number of set, 

arguments in favour, 150 
-, fabrication on site, 150 
-, limiting alternator design, 

150 
--, output vs speed, 150 

-. power house of certain 
length, 149 

-, specific cost, 150 
-, specific cost excavation, 

1 50 
Mississippi, 10, 11 
Model test errors, 341 
-, cross fluctuations, 341 
-, efficiency scaling, 341 
-, equivalent roughness, 341 
-, hydraulic diameter, 341 
-, loss scaling, 342 - 
-, relative roughness, 341 
-. sand roughness, 341 
-, technical roughness, 341 
Modern trends, 462 
Momentum theorem, 183, 

185 
-, control surfaces, 184, 185 
-, elementary runner, 185 
.-, Euler's equation, 184 
-, flow of momentum, 184 
-, loss, 184 
-, moment of, 184 
-, peripheral efficiency, 185 
-, peripheral output, 185 
-, pressure on control 

surface, 184 
-, rate of momentum, 184 
-, torque on the runner, 185 
-, unsteady absolute flow 

through runner, 184 
-, volume force, 184 
Mountain regions, 9 
Multiple arch dam, composi- 

tion of concrete, 80 
-, controll, 80 
-, Daniel Johnson dam, 79 
-, foundation, 80 
-, inspection galleries, 80 
-, l a b o ~ r  involved, 80 
-, material, 80 
-, production of concrete, 80 
-, safety, 80 
Multipurpose use, 41, 42, 43 
-, fishery, 4i  
-, flood protection, 41 
--, navigation. 41 
Mutual linkage, 530 

N 
NPSH,, in terms of efficiency 

drop, 281 
Natural opt i~num of type 

number, 497 
Navigation, 25 

Niger. 10 
Nile, 10 
Nominal diameter. 575 
Non-profitableness, 47 
NPSH,  283 
-, available. 281 
-, required. 281 
Number of sets, 42 
NuBdorf, 84 

0 
Observation by rotoscope, 

360 
Ocean basin, 437 
Oceania and Australia, 18 
Offices, 95 
Oil circulation, 519 
-, by flinger bore, 519 
-, heated oil, 519 
-, wiped off, 519 
Oil supply, 546 
-, main servomotor, 546 
-, main sleeve valve, 546 
Operating. maintenance 

and replacement, 25 
Operating voltage, 576 
-, frequency, 577 
-, range, 576 
Optimum diameter of 

impeller eye regarding to  
efficiency, 497 

Optimunl diameter of 
impeller eye with regard 
to cavitation, 497 

Optimum outsidz diameter, 
494 

-, type number, 494 
Optimum runner diameter, 

425, 427 
-, critical comparison o f  

optimum diameters, 427 
-, draft tube, 427 
-, economical solution, 427 
-, erecting cost, 427 
-, excavation cost, 427 
-, fabricating cost, 427 
-, operation-linked cost, - - 

427 
-, resu1tir.g cost, 429 
-, variation, 429 
-, with respect to efficiency, 

425 
-, with respect to suction 

requirements, 427 
Orinoco, 10, 11 
Oscillating flow, 354 



Oatpi~t  of alternator, 581 
- ,  tlifficulty with increasing 

physic:~l dimension, 581 -. gcncral consicler:~tion, 
581 

-, homologous machines, 
581 

-, permissible temperature 
difference, 58 1 

-, resulting heat transfcr 
coefficient, 581 

Overhung design, 34 

Y 
Pad, 518 
--, accessibility, 51 8 
-, common oil vessel, 51 8 
-, easily accessible, 51 8 
-, elastic toroidal shell, 518 
-, jacking, 51 5 
-. oil circulation, 518 
-, radial edge 51 8 
-, spherical calotte, 51 8 
-, supported plunger piston, 

518 
-, thrust collar, 51 8 
Paranl:~, 10, 11, 12, 53, 54 
-, catchment areas. 53 
-, Paraguay, 53 
-, Paranaiba, 53 
-. Rio Grande, 53 
Peak load, 437 
I'elton turbine, 562 
-. control loops in parallel or 

In series, 562 
-, cutter, 562 
-, deflection of jet, 562 
-, dismissal of cam, 562 
--,jet presser, 562 
Pelton turbine problems, 

overtaking slow droplets, 
459, 461 -. bucket cutout, 459 

-, bucket's cut edges, 459 
-, build-up-byelding, 458 
-, check repair, 458 
-.cross flow on bucket, 461 
--. curvature of thc main. 461 
-, detrimental droplc~s, 459 
-, dismantling, 458 
-, erosion, 458 
-, exchange, 458 
-, flow rate, 459 
-, free height, 459 
-, glaciated rock, 459 
-, grinding of bucket, 458 

-, head. 459 
-, jet-to-whccl diamctcr ratio, 

459 
-. 11win of I'T, 459 
-, nccdle, 458 
-, ncgntive scale cffcct, 461 
-, ncighbouring buckets, 459 
-, nozzle, 458 
-, number of jets, 459 
-, price, 458 
-, prototype efficiency, 46 1 
-, reduction gear, 458 
-, straining streamwise vortex 

filaments, 461 
-, streamwise vorticity, 459 
-, tailwater surface, 459 
-, two bends in series, 459 
Pelton turbines Sy Sima and 

Lang Sima, 463 
-, bucket cut out, 463 
-, bucket edge, 463 
-,jet deflector, 463 
-, recent designs, 462 
Pcnstock, 43, 129, 161, 162, 

565 
-, Aigle, 128 
-, avoiding resonance, 163 
-, diameter, 162 
-, distribution chamber, 129 
-, electricity rate. 162 
-, sxcavation, 161 
-, fatigue effects, 163 
-, Hospitalet, 129 
-, intcrest rate, 162 
-, Lanoux and Besines, 129 
-, load factor, 162 
-, loss coefficient. 162 
-, maximum internal 

prcssure, 162 
-, mean velocity, 161 
-, minimum cost, 162 
-, overall efficiency, 162 
-, parameter, 565 
-, prestressed walls, 161 
-, resonance, 163 
-, resulting cost, 161 

ring gate between stay and 
guide vane, 128 

-, spherical valves, 129 
-, travel time of a pressure 

wave, 565 
-, value of energy loss, 161 
-, valve chambers, 129 
-, wall thickness, 161, 163 
-, water hammer, 161 
-, years of depreciation, 162 

Pel-iotlic motion psnstock, 
569 

-, cyclic frcqucncy of 
oscillation, 570 

-, cigenvaluc, 569 
-, n;ltur;il pcriod, 569 
-, pcndulation, 569 
-, pressure, 570 
-, pressure tunnel, 569 
-, rcson;lnce in a system of 

pipc lines, 570 
-, sinusoidtll motion, 569 
-, surge tank, 569 
-, velocity, 570 
Pcriodic torquc on gate vane, 

503 
-, individual servomotor, 502 
-, short vane stems, 503 
-, stall past inlet edge, 502 
-, torque for misaligned 

position, 502 
-, vane channel temporarily 

blocked, 502 
-, varying angle of attack of 

guide vanes, 502 
Permanent speed droop, 546 
P~lot  servo motor, 546 
-, closing tendency, 546 
Pipe flow, 191, 192 
-, boundary layer, 191, 192 
-, developed flow, 192 
-, E. Burka's measurements, 

193 
-,internal flow, 191 
-, laminar flow regime, 193 
-, mean velocity, 192 
-, Nikuradse, 193 
-, pressure drop, 192 
-, Reynolds number, 193 
-, straight pipe, 191 
-, technical roughness, 193 
-, tramition regime, 193 
-, velocity profile, 192 
-, wall roug'hness, 193 
Pit!ing by cavitation, 301 
-, added liquid mass, 304 . 
-, entrance of critical zone, 

304 
-, gas remaining, 304 
-, implosion, 304 
-, initial radius, 304 
-, maximum growth rate, 304 
-, momentum theorem, 304 
-, nuclei, 303 
-, pressure increase, 303 
-, re-entrant jet, 303 



-, rocket effect, 303 
-, screening section, 304 
-, shrinkage by condensation, 

304 
-, shrinkage of bubble. 303 
-, stagnation point, 303 
-, static cavity, 301 
-, sudden condensation, 303 
-, tests, 301 
-, travelling time, 304 
-, two phase mixture, 304 
-, vapour pressure, 304 
-, water hammer shock, 304 
Pitting rate as function of 

velocity, 305 
-, frequency, 306 
-, interpretation, 305 
-, maximum cavity length, 

306 
-, sequence of alternating 

cavities, 306 
-, Strouhal number, 306 
-, wall-attached cavity, 306 
Plains, 9 
Planning, 47 
Plants, 12, 22, 26, 27 
-, diversion, 13 
-, high head, 26 
-, in cascade, 12 
-, low head, 26 
-, the most powerful, 23 
-, the most productive, 22 
Plateaus, 12, 13 
Pole changing, 588 
-, advantages of simple pole 

arrangement, 589 
-, changeover poles, 589 
-, methods, 588 
-, pole arrangement, 589 
-, pole shoes asymmetrical, 

589 
-, poles of identical construc- 

tion, 588 
-, poles with different widths, 

588 
-, separate stator windings, 

589 
Poles, 585 
-, accurate keying, 585 
-, additional losses, 585 
-, floating ring, 585 
-, keyways punched out in 

one operation, 585 
-, laminated, 585 
-, mecha~~ieal  stresses, 585 
-, rewinding, 523 

-, solid, 585 
-, tangential guidance. 585 
-, torque transmission, 585 
Pony-motor, 32 
Positioner, weld, 51 
Positive displacement work, 

26 
Potential, 11. 15, 19, 27 
-, harnessable, 9, 1 I ,  15, 17, 

18 
-, harnessed, 15, 18 
-, theoretical, 9, 14, 15 
Power transmission, higher 

harmonics, 169 
Power demand, 9 
Power house, 62, 120, 129, 

131 
-, (Tall hall design), 124 
-, abutment type, 73, 131 
-, accessibility, 95 
-, admission of water, 123 
-, Aschach, 127 
-, assembly, 95 
-, at  base of dam, 73, 123, 

130 
-, at distance from the dam, 

131 
-, at the base of a slope, 131, 

133 
-, axial thrust, 95 
-, bends in,series, 95 
-, Birsfelden, 124 
-, booster pump, 123 
-, Bratsk, 130 
-, by-pass outlet, 126 
-, Cabora Bassa, 132 
-, chamber design, 73, 120 
-, changing modes, 95 
-, common tail water, 131 
-, dismantling, 95 
-, distance of adjacent sets, 

125 
-, draft tube, 131 
-, ducking wall, 131 
-, earth covered, 73, 131 
-, eccentric inflow, 131 
-, elbow draft tube, 129 
-, flow admission, 123 
-, flow admission underneath 

shaft, 124 
-, hall design, 73 
-, horizontal machine, 124 
-, horizontal set, 123 
-, in a bay, 73 
-, in barrages, 131 
-, in interior of the dam, 131 

-, in open air. 110 
-, kecping clenrance. 95  
-, Kuhtai. 127 
-, large submergence. 120 
-, Leitzach, 124 
-, linked to the penstock, 1 3 1 
-, Malta scheme, 122 
-, manifolds, 121 
-, Marimbondo. 133 
-, Massenza, 1 23 
-, Montezic, advantage of 

underground, 133, 134 
-, natural cave. 73 
-,on river banks, 73, 131 
-, open air building, 131 
-, open air sw~tch yard, 95 
-, pit design, 73, 120 
-,pit type. 120, 127. 131 
-, pressure recovery, 1 3 1 
-, pressurized tunnel, 1 3 1 
-, proximity of dam, 13  1 
-, pumped storage plant, 129 
-, purpose, 94 
-, removable cover, J 20 
-, removable hatch, 120 
-, river bay, 13 1 
-, Kottau, 122 
-, run-of-river plant. 124, 127 
-, semi-underground, 73 
-, servicing, 95 
-, shaft deflection, 95 
--, ski jump type. 73 
-, space requireinen ts, 125 
-, spiral casing, 123, 124, 125. 

127, 131 
-, submergence, 127 
-, submersible, 73, 131 
-, substructure, 94, 129 
-, superstructure, 94 
-, ternary set, 123 
-, tubular turbine. 125 
-, underground, 73, 129, 131, 

132 
-, underground stations, 123 
-, valve chamber. 122 
-, vertical sets, 94 
Power transmission, 163, 164, 

165 
-, absence of skin effect, 169 
-, AC high voltage, 163 
-, A C  transmission, 168 
-, admissible power loss, 168 
-, change over to higher 

voltage, 169 
-, conductor, 164, 169 
-, cost, 168 



!'ou c,r t r :~  11\111i\sio1:. 
- , ~ 0 4 1  0 1  flit con\cr:,:r. 100 
, crc51 \ t~lt:~gc'. 1 O X  
. cross scc~io~:;ii arc;t. I04 

--, cryogenic c;~hlc.;, I00 
-, currcnt, I05 
-, currcnt tlcnsity. 165 
--. DC higll volt;igc, 164 
-, TIC' linc, 169 
-, 1)C tra~lsmission. 168 
-, diamctcr minimizing cost, 
-165 

-. distance, 164 
--, distribution of current. 

169 
-, elcc!ricity rate, 165 
-. examplc. 164, 165 
--, furihcr reduction of cost, 

169 
-, high voltagc 735 XC, 170 
-, in favoilr of .4C, 169 
--, initial in\.t.stn~cnl cost, 164 
-, insulator.. 149 
-, interest r;ltc, 165 
-. load l'actor. 165 
--, material, 164 
--, rn;rrcri;~l cost, 165 
-., maximum temperature. 166 
-. mca!l p.~\vc'r xnnsmitted. 

165 
--. Inonstar!. equivalent of 1 % 

los\, 161 
--. ncu. posz:bi!i:ies. I69 
-, oil prcl;:,urc cables in steel 

pipes, 17C 
-. optimi/;~iion, I65 
--. ,mssibiii!ii.s of increasing 

thc current. 170 
-, po\\ cr transmitted, 169 
-. present v;ilue of losst 165 
--, pricc or  copper, 166 
-, ratio. 169 
-. rcquired ni,lss of material, 

169 
--, soil condiiion, 170 
-. speci:ic rtjistance. I65 
-. supel-conduerive cables, 169 
-, sur\'rty, 163 
-, rhsrnlal insulation, 169 
-. ii;~nsinissicn by 

compr~bs~d-gas-insulated 
cables, 163 

--. transmission tower. 170 
-. undcrground cables. 165, 

169 
--, soItage available, 165 

-, volt;~gc tlrop, 165 
-. yc;irs o f  c1~1>rccia t ion. 165 
I'owcr~niass ratio, 572 
Practical hints on c;ivitotion, 

altitudc rangc of tail water, 
293 

-, oharacteristic pattern, 293 
-, depth, 293 
-, eSScct on performance, 293 
-,extent in area. 293 
-, flow rangc, 293 
-, head range, 293 
-, hours of operation, 293 
-, location, 293 
--, pitting area, 293 
--, real critical point of 

prototype, 293 
-, runner inspection, 293 
Precessing cork screw vortex, 

air injection, 398 
-, distribution of total energy, 

396 
-, fluctuations of total 

pressure, 394 
--. guide tube in draft tube, 

398 
- , increase fluctuations, 395 
--, on draft tube wall, 396 
--, pressure fluctu;+tions on 

head cover, 395 
-, resonance frequencies, 395 
-, semi-conductor probe, 394 -. inifting valve, 3% 
-, sprtctri~, 396 
-, total pressure within 

penstock, 396 
-, turbulence level across 

runner inlet, 394 
Prediction of cavitation in- 

dex, 295 
-, axial turbine, 296 
-. continuity, 296 
-,critical point, 296 
--, critical pressure, 296 
-, elementary turbine, 298 
-, energy theorenl, 296 
-, mixed flow pump, 296 
-, mixed flow turbine, 296 
-, pressure number, 296 
-, pressure difference along 

channe! centre line, 296 
-, relative velocity on suction 

face. 296 
-, Stokes' theorcm, 298 
-. various distributions of 

differential pressure, 296 

-, load cliangcs per annum, 
575 

--, overload capacity, 575 
Prcssure. 365, 51 8 
Prcssure distribution, 51 8 
Prcssure flange, 26 
P~L'SSII~C measurement, 346 
-, dampirig oscillations, 346 
--, diameter, 346 
-, finish, 347 
-, guiding walls, 346 
-, holes, 346 
-, limits for size, 346 -. pressure port, 346 
-, probe, 346 
-, size of probe, 346 

, 

-, streamlined body, 346 
-, tappings, 346 
Pressure pulse, 3 13 
-, equation of motion of set, 

314 
-, internal loss, 314 
-, Pelton turbine, 31 3 
-, pipe How, 314 
-, pressure drop, 31 3, 314 
-, reaction fluid machines, 

313 
-, reflection, 313 
-, stcady flow test results, 314 
-, unsteady pipe flow, 314 
Processing, 548 
-, by microprocessors, 548 
-, electronic governor, 548 
-, from pilot plants, 548 
-, principles, 548 
Profitability, 41, 47 
Proportional band, feedback 

linkage, 543 
-, speed adjustment, 543 
-, synchronization, 543 
Proportional governor, 559 
-, damping'term, 560 
-, natural frequency, 559 
Proportional integral 

governor with acceler- 
ation feedback, 544 

-, accelerometer, 544 
-, adapting gate position, 545 
-, essential task speed 

governor, 545 
-, leading plant, 545 
-. load by turbomachines, 

544, 545 
-, machine tools, 544, 545 



-, resistor load, 544 
-, set tled spccd, 545 
-, speed self control, 544 
-, various kinds of load, 544, 

545 
PT 1'Eau d'Ollc, 464 
-, crest height, 464 
-, dam, 464 
-, main, 464 
-, runner, 464 
-, storage volume, 464 
PT Prutz, 465 
Pump, 34, 36, 488 
Pump impeller, 198 
Pump turbine, 118 
-, 2-stage gate adjusted, 118 
-, Chiotas, 119 
-,multistage, 119 
-, Vouglans, 1 18 
Pump-turbine Langenprozel- 

ten, 491 
-, booster FT, 491 
-, cost of 1 % efficiency loss, 

49 1 
-, pumping, 49 1 
-, spiral casing, 491 
-, start up  into pumping, 491 
-, turbining, 491 
Pump-turbine Montezic, 487 
-, fly-whcel moment, 487 
-, power absorbed of 

dewatercd rotor, 487 
-, pumping, 487 
-, single servomotors, 487 
-, submergence, 487 
-, turbining, 487 
Pump-turbine project 1000 m, 

4 59 
Pump-turbine Rodund, 484, 

492, 500 
-, practical requirements, 500 
-, pumping, 492 
-, shell diagram, 500 
-, s p c ~ d  ratio, 500 
-, start of pumping, 492 
-, turhining, 492 
Pump-turbinc Ronkhausen, 

481, 489 
-, air injection rate, 489 
-, dynamic runaway speed, 

489 
-, pump modc, 489 
-, static runaway speed, 489 
-, starting up pumping, 489 
-, submergence, 489 
-, turbine mode, 489 

Pump-turbine survey, 48 1 
-, 2-stage set with adjustable 

gatcs, 481 
-, 5-stage pump turbine, 383 
-, adjustable multistage, 481 
-, axial thrust, 482 
-, Bajina Basta, 481 
-, Baldeney, 481 
-, Bath County, 481, 482 
-, changing numbcr of stages, 

48 1 
-, compromising, 482 
-, COO, 484 
-, design pump-turbine, 481 
-, distinguishing features, 484 
-, Flat Iron, 481 
-, guide bearing, 482 
-, inner sole ring, 452 
-, Kiihtai, 484 
-, La Coche, 484 
-, Langenprozelten, 484 
-, membrane pull frorn spiral 

casing, 482 
-,modern trends, 354 
-, Obravac, 484 
-, outer sole ring, 482 
-, parallel plate spiral casing, 

482 
-, Pedreira, 48 1 
-, Racoon, 481 
-, skewed outer edges of 

rotor vane, 484 
-, spiral casing attachment 

point, 482 
-, starting turbine, 484 
-, stay vane centre of gravity, 

482 
-, Taum Sauk pump-turbine, 

481 
-, thrust collar, 482 
-, traction power, 484 
-, transferring vcrtical loads, 

482 
Pump-turbine Vianden, 481, 

490 
-, asynchronous start of 

pumping, 490 
-, pumping, 490 
-, single servomotors, 490 
-, turbining, 490 
Pumped storagc machines 
-, Francis Turbincs, 32 
-, isogyre design. 32 
-, Kiihtai, 32 
-, pump-turbinc, 32 
Pumped storage output, 157 

Pumped storage plant. 31, 
121, 158 

-, air suspension, 12 1 
-, binary sets, 31 
-, double flow 2-storage 

pump 32 
-, economical feasibility, 157 
-, essential criterion, 157 
-, impulse wheel. 121 
-, Malta, 121 
-, motor-generator, 31 
-, net balance, 157 
-, special impeller pump. 31 
-, stator and rotor, 121 
-, surplus limit, 157 
-, ternary set, 122 
-, torque converter, 32, 121 
-, water cooled, 121 
-, Wehr 32, 462 
Pumped storage schemes, 

157 
Pumping and turbining 

modes, compromises, 500 
-, adapted rotation;tl speed, 

501 
-, balance, 502 
-, bep, 501 
-, constant speed, 501 
-, deviating from bep when 

pumping, 501 
-, duration of base- and  

pcak-load, 503 
-, hill (shell) diagram, 501 
-, maximum turbine 

efficiency, 502 
-, relationships, 500 
-, runaway parabola, 501 
-, storage cycle, 502 
-, turbine section, 591 
-, turbining mode, 501 
-, two-speed motor-generator, 

50 1 
Pumping mode, 501 

Q 
Qualitative analysis of 

relalive flow, 372 
-, boundary laycr increase 

close to vane, 376 
-, boundary layer flung 

towards casing wall, 376 
-, boundary laycr accumu- . 

lated at  hub, 376, 377 
-, boundary layer shifted 

towards hub, 376 
-, dcflection by vanes, 378 



Q I I . I I ~ ~ : I I ~ v L '  an;~lysis of 
rc1;itivu flow, 

-, d(~..vnstrca~n ol' rotor 
vanes, 375 

-, flow effects in boundary 
layer, 375 

-, influence vanc nombcr, 379 
-, intcruct~on of centrifi~gal 

force with boundary layer, 
378 

-, radial flow, 376 
-, ritdial pressure gradient, 

376 
-, radial velocity, 376 
-, relative eddy, 376 
-, relative flow past the 

runncr, 374 
-, relative !low before outlet 

of runner, 376 
-, relative flow following 

direction of vane, 376 
-, relative How downstream 

trailing edge, 9, 37 
-, secondary Ilow, 376 
-, static pressure, 375 
-. stall on suction face, 375 
-. stalling rcgion, 375 
-. strcamwisc vorticity. 377 
-, tip clearance vortex, 376, 

378 
-. vclocity triangles, 

in boundary layer, 375 
-, velocity triangles brtkveen 

rotor vanes, 375 
-, wakcs (;flung vanes. 378 
-. whirl colnponent, 376 
Quant~ty production, 42 

R 
Rainfall, 9 
Raising capital 42, 
-, base load, 42 
-, bonds, 42 
-, borrowing, 42 
-, expenses. 42 
-, financial safety, 42 
-, insurance, 42 
Reaction turbine 
-, access shaft, 103 
-, accessibility by main crane, 

103 -. Anjala, 1 10 
-, asymmetric draft tube. 104 
-, axial distributor, 102 
-, be\~el gear. 105 
-, bulb in flumc, 103 

--. b11lh turbinc, 100, 103. 110 
--, bulb with ;I liatct8, 103 
-. Cabor;) Uassa, 106 
-, conical dislributor, 103, 

105 
-, diagonal turbine, 100, 105 
-, doublc stage pump-turbine, 

110 
-,draft tubc bcnd, 104 
-, draft tubc bcnd as a 

siphon, 105 
-, drainage, 104 
-, drainage pumps, 104 
-,elbow draft tubc, 100, 102 
-, eccentric flow admission, 

102 
-, external gate regulation, 

102 
-, Feldkirchen, 104 
-, fixed runner vanes, 102 
-, Francis pit-turbine, 102 
-, Francis Turbine, 100 
-, Francis wall-turbine. 102 
-, generator outside, 105 --. Cireenup dam, 109 
-, herid tank, 100 
-, high head KT  Pirttikoski, 

102, 103. 107 
-, horizontal shaft, 102, 108 
-. inside regulation, 100 
-, ijogyre, 1 10 
-, Kaplan turbine, 100, 104 
-, KT with spiral casing, 105 
-, load compensator. 107 
-, nlultistage pump turbine, 

110 
-, one-stage pump-turbine, 

110 
-, open flume bulb turbine, 

109 
-, overhung design, 100, 107 
-, parallel plate stay ring, 106 
-, pillar in draft tube, 104 
-, pit power house, 104 
-, pit turbines, 102 
-, plane joint, 104 
-, power house, 105 
-, punlpcd storage plant, 107 
-, rim generator, 108 
-, Rosshaupten, 105 
-, rotor in back-to-back, 110 
-. runner labyrinths, 107 
-, s-turbine, 104 
-, section of power house, 

109 
-, semi-spiral casing, 102, 105 

- , siphon design, I05 
-, spiral. 10.1 
--,spiral casing, 102, 106, 107 
-. spiral inlct. 107 
-, spur gear, 105 
-, St. Leonhard, 107 
-, stop logs. 103, 109 
-, struflo turbine, 100, 102, 

103, 109 -. sump, 104 
.-, superstructure, 100 
--, supporting watcr head, 

109 
-, ternary set, 1 I0 
-, tidal power plants, 103 
-, tie rods, 103 
-, tongue, 102 
-, thrash rack rake, 109 
-, tubular tubine, 100 
-, vertical shaft, 102 
-, wall turbine, 100 
Reaction turbomachine, 

alternator in power 
house, 1 13 

-, bevel pinion drive, 114 
-, bulb pump-turbine, 112 
-, bulb turbine, 1 12 
-, conical distributor, 1 15 
-, conical guide apparatus, 

116 
-, Dcriaz typc, 11 5 
--, doublc effect Kance, 112 
-, double-cambered blades, 

112 
-, embedding, 116 
-, I-iandeck, 1 17 
-, hollow stay vanc, 114 
-, isogyre, 1 17 
-, Mark tbreit, 1 1 5 
-, Obcrnberg, 1 16 
-, outdoor alternator, 113 
-, planetary gear, 1 12 
-, pump-turbine, 11 5 
-, S-turbine, 1 13 
-, semi-spiral casing, 116 
-, siphon turbine, 1 15 
-, Sir Adan1 Beck, 11 5 
-. spherical articulations in 

gate drive, 11 6 
-, spiral casing, 1 16 
-, tidal power plant, 11 2 
-, tidal power plant 

Kislogubskaja, 1 13 
-, trapezoidal cross sections, 

116 
-, Trier, I 12 



-, tubular turbine with 
siphon, 114 

-, vertical shaft KT, 1 15. 1 16 
Xeal fluids, balance of 

moments, 189 
-, bulk viscosity. 190 
-, compressibility. 188, 190, 

191 
-, dynamic viscosity, 188 
-, equation of motion, 190 
-, flow regime, 188 
-, internal energy. 1 88 
-, kinematic viscosity, 188 
-, memory, 189 
-, Navier Stokes' equztion, 

191 
-, Newtonian fluids, 188 
-, non-Newtonian fluids. 189 
-, origin of stress, 190 
-, Pascal's theorem. 190 
-, rate of strain from 

pressure, 190 
-, real water, 189 
-, shear stress, 188 
-, surface tension, 188 
-, temperature influcncc, 188 
-: tensor of stress and strain 

rate, 189, 190 
-, yield stress. 189 
Rcfcrenccs on clectric 

machine, 542, 543 
Regulating time para~i~e tcrs  
-,closing time, 561 
-, example, 561 
-, opcning time of 

distributo~, 561 
-, reflection time, 561 
-, start up time of penstock, 

560 
Regulation by exciter, 576 
-, phase shiites operation, 

576 
-, rotary machinc. 576 
-, spinning rcscrvc. 576 
-, tenninal output, 576 
-, termiiial voltage, 576 
Relativc flow, 366 
Rcmedies against C;I\ itation, 

295 
-, material, 295 
-, acration, 295 
-, anticavltation fins, 295 
-, avoiding accidcntul scrulch, 

295 
-, building-up-wcldi~~g. 295 
-, clads. 295 

-, compressor. 295 
-,control by pattern, 295 
-, correct fabrication, 295 
-, duration of operation, 295 
-, guide ribs. 295 
-, periodic repair, 295 
-, profiling cavitating surface. 

295 
-, resistant material, 295 
-, snifting valve. 295 
-, submergence, 295 
-, truth to size. 295 
-, welding progr;inis, 295 
Remote control, 386 
Required thickness of runner 

vane, 477 
-, centrifugal load, 478 
-, considered as beam. 475 
-, distribution of thickncss, 

479 
-, full load torque. 478 
-, hydraulic load, 478. 
-, maximum vane thickness, 

479 
-, peripheral forcc. 478 
-, runner bladc, 478 
-. s~ctioniil lnodulus, 37? 
-, thickness in peripher;ll 

direction. 477 
-, transformed into n radial 

rib, 475 . 

Rcscarch work on pump- 
turbine at Tsinghua 
Univcrsity, 505 

-, dcvclopnicnt. 505 
-, tcstirig, 505 
-, reversible runncrs. 505 
-, cooperation with industri;tl 

rescarch institute, 505 
-. design. 505 
-. pcl-Sor~iir~nce character- 

istics. 505 
Rcscrvoir. 72. 1 C 
-, approximat:, trcitlmc~l: 

155 
-, basin's gcomctry. 154 
--, bcncfits, 153 
-, crest hc ish~ of biil.sn~c. 1 i-l 
-, erection, I53 
-, peology. 153 
--, Iiydsogr;~j>h, 1 54 
--, intitkc strllctllrc. 72 
--, livc stor:tgc \~c~lunic, 153, 

154. 155 
-, ~ n ; ~ x i ~ ~ i i ~ ~ i l  llc;~ii. I54 
-, poivcr gc1icr;l tioll. I 54 

-, power-linkcd flow. 154 
-, tail water level. 154 -. target relief. 153 
-, topography, 153 
-, water tishtness, 153 
Resonance. 514 
Restitution. 96 
Resulting cost, 485. 489 
-, pump-turbine Lritzach. 488 
Rcynolds stress. 192 
Rhine. 11 
Rim generator turbine. 413. 

41 6 
-, axial thrust. 416 
-, dccisi\~e seal. 4 1 1  
-, double regulated. 1 1  6 
'-. lller. 414 
-. Icakage. 414 
-, Lech. 414 
River. 10, 11, 13 
-, damming. 9 
-, dcptlis of valley. 1 1 
-, clcveloplnent, 15 
-. drop in Ic\lel. 1 1  
-, falls. 13 
-. grndicnt. 'I 
-, Ic~lgth. 9 
-. ~nouil i  dischriril_s. 9 
-. rapicls. 13 
-, short-circuiting. I?  
--. slopes. 13 
-. system. 9 
Rotatilip circular cascade, 222 
-. axisy~nriictric flo\v surfircc, 

222 
-, circula~ion, 22-3 
-. co~ihr ina l  mapping. 222 
-, consel-\lation of circulation, 

222 
--, contour \.c!ocit>. 722 
-, dcfici~ of rclati\.c cddy. 322 
--. cdd) -deficit-vorlices, 323 
-. intcgr:~! cquirticn. 222 
-. 1:incni;itic boundary 

co~idilion, I 2 2  
. ~-clativc ~elocily. 232 

-. vislocity con1ponc:ils. 232 
Rotating !lo\+- in diiiuscr, 

',aL\. 11.:.w, 197 
. :ork S C ~ ~ \ V  vortex. 137 
, tlri~ft ~ t ! I x .  197 

-. l?;trt Io.1<1. i Y 7  
-. prC~.c~l; ior~.  107 
. r c ~ t ; ~ t i : ~ ~  stall. 197 
. ~ t ; i I l l . i i  rq!ioii. i1)7 
. \ ,or l~. \ .  107 



Rol;lting probe, 355 
-, dcviccs, 355 
-, hook-shnpctl stcm, 355 
-, m:lnonictcr tixcti 011 sli;~k, 

356 
-, measurcnicnt bctwcen 

rotor vilnes, 355 
-, n~cchanicill transmission, 

356 
-, optical transmission, 356 
-, rotating transniittcr, 356 
-, fotoscopc, 356 
-, secondary flow, 355 
-, stroboscopc, 356 
-, turned by c!cctromotor, 

355 
-, turning about stcm, 355 
-, wide U-turn stcm, 355 
Rotor back-to-back, 35 
Rotor body generator, 584 
-, bearing itrrangcments, 584 
-, cast o r  forged hollow 

central section, 554 
-, central body one unit, 584 
-, clamping bolts, 584 
-, con t inuo~~s  shaft, 554 
-, critical cross-section. 584 
-. disk rotors, 554 
-, laminated rims, 554 
-, lo~gitudinal section, 58 5 
-, plates centred, 554 
-, punched segments, 584 
-. shaft ends flanged, 554 
-, shrunk-on spider, 554 
-, srnall number of poles, 554 
-, solid forgings, 554 
-, stce: spider, 584 
-, strength analysis, 584 
-, transport limitations, 583 
Rotor loss, axial rotor blade, 

202 
-, blade speed coefficient, 203 
-, cylindrical section, 202 
-, forces on blade, 202 
-, slide angle, 203 
-, lift, 202 
-, pump impeller, 202 
-. rotor vanc, 202 
-, spoutins velocity, 203 
-, straight cascade, 202 
-, throughflow coefficient, 

203 
-, turbine runner, 202 
-, undisturbed velocity, 202 
-, velocity triangles, 202 
Rotor alternator, 575 

i<olt, Frcilnssing, 82 
Run;iway, 522 
-, altcrnntol. protection, 523 
-, at ovcrg;itc, 522 
-, ilt  small blatle n~iglc, 522 
-, cani-off operation, 522 
-, coincidence with crilical 

specd, 524 
-, cmcrgcncy shut clown 

device, 523 
-, cxccptional exaniglc, 523 
-, highest possible speed, 522 
-, in micro power stations, 523 
-, runner servomotor short- 

circuited, 523 
-, safety precaution, 523 
-, sophisticated devices, 523 
-, speed governor, 523 
-, torclue, 522 
-, units with step up gear, 523 
-, velocity triangles, 522 
-, withstanding runaway, 523 
Runner, 60, 120 
-, assembly, 120 
-, dismantling, 120 
-, reaction turbine. 120 
-, shaft, 484 
-, submergence, 120 
Runner KT, 423 
-, coefficient of meridional 

velocity, 423 
-, coefficient of blade speed, 

423 
-, diffuser loss coefficient. 

423 
-, glide angle, 423 
-, loss ratio, 423 
-, operating data, 423 
Runner vane design, 473 
-, angular momentum, 474 
-, contraction coefficient, 

473,474 
-, displacement thickness, 474 
-, elementary turbines, 473 
-, elevation and plan, 473 
-, FT runner, 473 
?, local span, 473 
-, pattern sections, 473 
-, procedure, 473 
-, radial sections, 473 
-, torsional vibrations, 474 
-, vane number, 474 
-, vane thickness, 474 
Runner vane axial turbine, 

admissible bending stress, 
444 

- , ;11iti-cavitation tin.  444 
- , fatigue cl'kcts, 444 
--, Iiub disk, 444 
-, K1' runncr bl;~clc, 445 
-, pivot, 445 
-, transmissioll of ~ ~ n t r i f ~ ~ ~ ~ ~ l  

lond, 445 
-, velocity ttiilnglcs, 443 
Ranncr vanc or i l ~ i i ~ l  

turbine, hydrodynamics, 
arbitrary cylindrical 
scction, 443 

-, axial rtuincr blade, 444 
-, bcnding momcnt, 444 
-, sascadc cocflicients, 444 
-, chord, 443 
-, connection, 445 
-, design by cascade theory, 

443 
-, diameter, 443 
--, from cylindrical section, 

4 44 
-, hub to tip diameter ratio, 

444 
-, maximum blade thickness, 

444 
-, maximum lift coefficient, 

443 
-, physical angle of atteck, 

444 
-, pitch to chord ratio, 443 
-, real thickness of blade, 444 
-, root cross section, 444 
-, seal of the blade, 445 
-, skelctons built up, 444 
-, standard profile, 4.14 
-, thickness distribution, 444 
-, vane number, 443, 444 
-, vane skeleton, 444 
-, zero lift angle of attack, 

444 

S 
S-turbines, extra bend, 414 
-, generator outside the main 

flow, 414 
-, lowcst investment cost, 414 
-, syphon design, 414 
S-turbines, tubular turbine, 

41 4 
Salanfe Mitvillc, 465 
San Fiorano, 36 
S l o  Francisco, 11 
Sayano Shushensk, 57 
-, ski jump spillway, 57 



cale subjected loss, 342 
, diffuser loss, 343 
, efficiency scaling. 343 
, hydraulic diameter, 343 
, internal loss. 343 
-, laminar sublayer, 342 
-, outer edge boundary layer, 

342 
-, practice oriented scaling, 

343 
-, Reynolds number, 342, 343 
-, roughness effects. 343 
-, scale-conditioned pressure 

gradient, 343 
-, velocity distribution in 

boundary layer, 342 
Scanning valvc, tappings on 

runner, 356 
Schemes axial turbine design, 

426 
-, bulb turbine, 426 
-, space requirements, 426 
-, straflo turbine, 426, 427 
-, tubular S-turbine, 426 
-, vertical Kaplan turbine, 

426 
Schwabeck plant, 82 
Seals, 41 1 
Secondary flow by relative 

eddy, 201 
-, axial rotor, 201 
-, rotational flow, 202 
-, stream function, 202 
Sccondary flow by 

turbulence, accumulated 
boundary layer, 198, 199 

-, boundary layer, 198 
-, channel rotating, 197 
-, Coriolis force, 198 
-, forward curved vanes, 199 
-. high speed camera, 198 
-, logarithmic velocity 

distribution, 198 
-, measurelnents. 198 
-, minimcrn vane number, 

199 
-, Moon, 198 
-, observed by colour 

injection, 198 
-, principle of least action, 

199 
-, relative velocity, 198 
-, rotoscope, 198 
-, tip clearance, 201 
-, transparent shroud. 198 
-, turbulent fluctuation, 198 

-, unstable, 198 
-, vclocity maximum, 199 
Self control, 535 
-, by machine tools, pumps 

and blowers, 545 
-, non due to resistor load, 

545 
-, stable operation point, 545 
-, synchronization of isolatcd 

set, 545 
Shaft diameter, 520, 578 
-, critical speed,' 578 
-, deflection of shaft, 578 
-, runaway speed, 578 
-, safe operation 

requirements, 578 
Shaft seal, 409, 41 1, 521 
-, leakage sump, 521 
-, oil collector, 521 
Shock loss, 186 
-, accelerating shock, 186 
-, bep, 186 
-, continuity, 186 
-, decelerating shock, 186 
-, in terms of discharge, 

186 
-, niomentum theorem, 186 
-, overload, 186 
-, part load, 186 
-, shockless inlet, 186 
-, turbine runner, 186 
-, velocity triangles, 186 
Shroud to hub velocity 

distribution, 234 
-, determination, 235 
-, differential equation of 

mcridional velocity, 236 
-, inclination of meridional 

streamline, 238 
-, pattern section, 235 
-, plan, 235 
-, radial section, 235 
-, spatial rotor vane surface, 

235 
-, vane, 238 
-, vane skeleton, 235 
Siberia, 18 
Siberian rivers, 14 
Sikiang, 10 
Similarity laws. 323 
-, angle of indidence, 330 
-, as function of design 

features, 326 
-, as function of working, 

326 
-, blade speed coefficient, 327 

-, characteristics reaction 
machine, 330 

-, depcndcnce on H ,  329 
-, disk friction loss, 330 
-, Euier's law, 324 
-, features of turbine. 328 
-, flow coefficient, 327 
-, flow passages, 330 
-, flow vs speed, 331 
-, Francis turbines, 331 
-, Froude's law, 324 
-, geometric similarity, 323 
-, hill diagram, 330 
-, homologous operation. 323 
-, impulse turbines, 331 -. increase of type number, 327 
-,jet diameter ratio. 329 
-, Kaplan turbines, 331 
-, leakage loss, 330 
-, limits, 327 
-, load factor, 323 
-, loss, 330 
-, model, 323 
-, nominal rotor diameter, 321 
-, number of nozzles, 329 
-, number of whecls, 329 
-, prototype, 323 
-, Reynolds numbcr. 324 
-, runaway parabola, 331 
-, specific speed, 325, 328 
-, Strouhal number, 324 
-, technical roughness, 323 
-, type number, 325 -. type number i~npuise 

turbine, 329 
-, type number limit, 329 
-, unit discharge, 325 
-, unit power, 325 
-, unit speed, 324 
-, velocity coefficients, 326 
-, velocity triangles, 324 
Simplified singularity 

method, aerodynamic 
lift, 21 5 

-, circular arc, 21 4 
-, circulation, 21 5 
-, double cambcred skeleton, 

21 5 
-, elementary skeleton, 214 
-, flat plate, 214 
-, geometry of skeleton. 21 5 
-, kinematic boundary 

condition. 214 
-, lift coefficient, 21 5 
-, physical angle of attack, 

21 6 



Sinlplificd singularity 
niclliocl, aerodynamic lift, 

-, profile sinlplificd by skcle- 
ton, 213 

-, row of clcnlcntary vortices, 
213 

-, single skclctvn. 214, 215 
-, small angles of attack, 214 
-, small carnbsr, 214 
-, zero angle of attack, 21 6 
Singularity method, bound 

vortices, 2 1 1 
-, boundary condition, 21 1 
-, ccrtain inflow, 210 
-, contour velocity, 2 10 
-, given cascade geometry, 2 10 
-, induccd velocity, 21 1 
-, integral equation, 212 
-, Kutta condition, 213 
-, linear equations, 21 3 
-, practical solution, 21 2 
-, undisturbed velocity, 21 1 
Slip factor, 239 
-, cascade, 241 
--, cascade factor, 242 
-, cascade parameters, 242 
-, definition, 239 
-, deflection, 241 
-. deviation angle, 241 
-, fiow past cascade, 242 
-, lift coefficient, 241 
-, relative eddy. 240 
-, straight cascade, 241 
-, tests with 6-port probe, 

244 
-, theoretical predictions, 244 
--, varying depth, 243 
.-, wake, 240 
--, zero angle of attack, 242 
-, zero lift direction, 242 
Slipping bubble, 277 
-, added liquid mass, 277 
-, rocket effect, 277 
Slope, 12 
Small hydro power, IS, 19,67 
--, accessories, 68 
-. asynchronous generator, 69 
-, avoidance of submergence, 

70 
-, civil engineering works, 68 
-, common base plate, 70 
-, cooling from outdoor, 69 
-, cost, 68 
-, cost of accessories, 69 
-, cost o r  the generator, 69 
-, cost of turbine, 70 

-. dur;~tion line, 68 -.- 
-, cfficicncy, 69 
-. cxcitcr, 69 
-, inclined-jct in~p l~ l se  

turbines, 69 
-, intakes, 65 
-, irregular supply, 68 
-, isolatcd opcration, 69 
-, labour requirements, 68 
-, maintenance-free 

opcration, 68 
-, micro plants, 67 
-, mini plnnts, 67 
-, multi-ccll cross flow 

turbines, 69 
-, opening lin~iter, 69 
-, power house, 69 
-, propensity to ovarspeed, 69 
-, protection of the generator, 

69 
-, reactance compensation, 69 
-, riprap-lined stilling basin, 

68 
-, roller bearings, 69 
-, runaway, 69 
-, sedimentation, 68 
-, separate fly-wheel, 69 
-, servicing cost, 68 
-, simplifici~tions, 69, 70 
-, small intakes, 68 
-, specific investment cost, 68 
-, speed control, 68, 69 
-, standardi~ation, 70 
-, step up spur gear, 69 
-, submergence, 69 
-, transmission line, 68 
Solid poles. 585 
-, by higher field harmonics, 

585 
-, eddy current losses, 585 
Some speculations, 591 
-, future tendencies, 591 
-, regulation, 591 
Sonic speed, 304 
Space requirements, 417 
Specific head, influence 

compressibility, 334 
Specific cost, 43 
.-, access roads, 43 
--, Annapolis straflo turbine, 

43 
-, Bay of ~ u n d y  tidal project, 

43 
-. Churchill Falls, 44 
-, Geisling, 44 
-, ItaipG, 44 

--, L;lngcnpro;lcltcn. 43 
-. prcssurc. sli:~ft, 43 
-. pumpcd sloragc plant, 43 --. tidal powcr planls, 43 
-, tunncls. 43 
Spccilic head, 334 
-, efficiency tests, 336 

- , cl;isticity of ducts, 335 
-, cntlialpy change, 336 
-, cnthalpy increment, 336 
-, error by turbulencc, 335 
-, expansion work, 334 
-, Ilow-averaged velocity, 335 
-, fluid machine, 334 
-, guarantee of maker, 336 
-, I EC standard procedures, 

336 
-, IEC code, 336 
-, internal energy, 334 
-, isothcrrnal coefficient, 336 
-, mcasuretnent static 

pressurc, 335 
-, model tcst, 336 
-, pressure flange, 334 
-, prototype test, 336 
-, suction flange, 334 
-, thermodynamic principles, 

334 
Specific investment cost, 49 
Spccific loss gcnerator, 579 
-, generator/turbine rotor 

mass ratio, 579 
-, hcnt flow, 579 
-, surface, 579 
-, temperature difference, 579 
Speed, 575, 576 
Spced control, 542 
-, adjustment of turbine, 543 
-, checking of voltage, 543 
-, combined power, 542 
-, combined speed and head 

control, 542 
-, control of load, 543 
-, controlled system, 543 
-, disturbances, 543 
-, electric grid, 543 
-, feedback, 542 
-, governor, 543 
-, input, 543 
-, material survey, 540, 543 
-, omit the speed control, 543 
-. output, 543 
-, overspeed limiter, 543 
-, position of servomotor, 

542, 543 
-, speedometer, 542 



-, survey of references, 540, 
54 1 

-, varying demand of load, 543 
Speed govcrnor. 546 
Speed measuring dcvicc, 543 
-, (speed) governor, 543 
-, accelerometer, 533 
-, deviation of speed from 

rated value, 543 
-, load vs speed character- 

istic, 543 
-, proportional-integral 

governor, 543 
-, sleeve valve, 543 
-, tachometer, 543 
Speed metering, 548 
-, by electronics, 548 
-, electronic valve, 548 
-, oscillatory circuit, 548 
-, pilot valve, 548 
-, reference frequence, 548 
-, seiniconductor devices, 548 
-, solenoid, 548 
Speed of alternator, 572 
Spced ratio, contraction 

factor, 498 
-, discharge ratio, 498 
-, head ratio, 498 
-, speed coefficient, 498 
Speed requirements, 572 
Speed staged, 572 
Spced transducer and similar 

dcvices, 550 
-, electronic governor, 

setting, 550 
-, feedback signal, 550 
-, gate position transducer, 

550 
-, interaction gates and 

runner blades, 550 
-, magnets on the rotary 

part. 550 
-,on gatc, 550 
-, on runner blade, 550 
-, quartz clock, 550 
-, reference time, 550 
-, stationary detectors. 550 
-, temporary feedback, 550 
-, tcmpoiary speed droop, 550 
-, time constant of damping, 

550 
-, transducer, 550 
Speed up water-filled into 

pumping, 504 
-. accelerated by main motor, 

504 

-, filling from suction pipe, 
505 

-, filling from gate, 505 
-. impeller seals, 505 
-, pump-turbines, 504 
-, process of filling, 504 
-, filling with air, 504 
-, vibration, 504 
-. virtual mass, 505 
Spillway, automatic control, 

87 
-, catastrophic high water, 85 
-, cavitation, 91 
-. crest, 87 
-, developing country, 86 
-. dewqtering, 85 
-, drop sI~;tft, 86 
-, duties, 85 
-, ejector by-pass, 82 
-, enlarging the head, 91 
-, flow duration curve, 86 
-. flutter, 91 
-, hydraulic jump, 85 
-, hydro-elastic response, 91 
-, Karakaya, 85 
-, Lavamiind, 84 
-, maxilnum permissible 

water level, 85 
-, morning glory, 86 
-, overcritical velocity, 91 
-, pit type, 86 
-, riprap-flume, 85 
-. ski junlp, 85 
-, ski jump type, 91 
-, spillage, 85 
-, submersible plant, 82 
-, syphons, 86 
-, syphon trip baffle, 86 
-, unit together with power 

house, 81 
-, ventilation. 91 
-, wear 311d tear, 91 
-, weirs on thc crest of the 

dam, 86 
-, weirs Lvithin structure of 

d i m ,  86 
Spiral casing. 11  7, 449 
-, inflow above shaft, 1 1  7 
-, inflow u:icierneath shaft, 

117 
-, load compcnsator, 1 17, 

123, 124 
-, p;irallel plrrte stay ring, 1 17 
Spir:~l Jcsign, 472 
-, manhole-, 472 
-, pedestal, 472 

-, relevant loads, 472 
-, strength, 472 
-, test pressure, 472 
-. water hnmmcr, 472 
St. 1,awrencc. 10. l l 
Stabilizing governor 

oscillations, 543 
-. steady state gain, 543 
Stall, 196 
-, diffuser, 196 
-, flow regimes, 196 
-, one side. 196 
-, prerequisite. 196 
-, start, 196 
Start up a set. 546 
-. equation of motion, 656 
-.start up time, 562 
-, syrichroniz;itlon, 546 
Starting up to pump. 557 
Stationary mnnonietcr, 3 2  
Stator frame. 589 
-, active iron. 590 
-, axial thrust, 559 
-, bearer rings, 590 
-, concrete support, 590 -. dead weight. 589 
-, expandablc axially TI-ecly. 

590 
-, impulsi\e tolquc, 559 
-.jolting forces. 590 
-, rated torquc, 589 
-, reinforccmcnt, 530 
-, short circu~t. 589 
-, singlc phase n i a c h ~ n ~ s .  

590 
-, stator iron, 590 
-, stator sul~ported, 590 
-, stress, 589 
- , supporting fcct. 590 
-. welded structul c. 589 
Stator winding. 590 
-, carrier n~ntcrial. 590 
-, imprcgnnrine agcnt. 590 
-, insul:itinp licece, 500 
-, quality of insulation. 590 
-, transposcci on I<ocbcl 

principlc, 590 
Steady flow probe. 352 
Stilling basin, d~ss~p;rtion, 92 
-, energy con\lcrsron, 92 
-, llow convcrtcil, 92 
-, hydraulic jitmp. 92 
-, Rchbock tccth. 92 
-, scour prc\ ctltinn. 92 
Stori ig~.  lka;ihlli t y .  9. 15 
-, pumpcci. platits. 3 1. 32. 34 



Stcrage prolslcm, 155 
--, averilgc: surface area, 155 
-, cncrgy dcmand, 156 
-, encrgy stored, 155 
-, How duration, 155, 156 
-, hc:i~l ratio, 156 
-, livc storage volume, 155, 156 
-, maximum head. 155 
-, minimum head, 155 
-, peak load, 156 
-, river used to ti l l  reservoir, 

155 
-, storing cycle, 155 
-, topography, 156 
S t ~ r i n g  water, 41 
Strallo design, 416 
-, a Fischer and Escher Wyss, 

424 
-, adjustable runner blades, 

324 
-, alterfiator ro:or shrunk.424 
-, axial guide vanes, 424 
-, axial shroud seal, 426 
-, disturbance by tilting, 41 6 
-, tlow deflection, 424 
-, I-Iarza's patent, 424 
-, Illcr, Lech, Sa:ilach, 424 
-, intcrconnccting oil 

cylinders, 41 6 
-, linkage to alternator, 41 6 
-, restoring forcc against tilt, 

426 
-. runner blade adjustment, 

425 
-, sandy water. 425, 426 
-, 3hroud seal, 424 
-, s:able axial and radial 

support, 426 
-, standstill seal, 426 
-, straflo turbine Weinzodl, 

425 
-, tubular turbine with rinl 

generator, 424 
-, typical dimensions, 424 
-, water head, 416, 425, 426 
Strallo turbine, 417, 428 
-, Annapolis, 417, 418 
-, bep efficiency, 428 
-, fly-wheel moment, 428 
-, governor pressure, 428 
-, guide vanes. 428 
-, rated voltage, 428 
-, single effect tidal power, 

428 
-, single pool scheme, 417 
-, tidal power, 417 

Strirflo tiirbinc ~ Q I -  lidiil 
powcr. ;~tiv;~nt:~gcs 433 

-, largcr gcncrator di;imctcr, 
443 

-, comp;trison, 443 
-, cffcclivcly coolcd 

generator, 443 
-, good accessibility to 

generator, 443 
-, limitation to size, 443 
-, one erection pit, 343 
-, stiible regulation, 443 
Straight ndmissioll pipe, 465 
Straight cascade, integral 

equation of, 209 
Streamwisc vorticity past 

cascadc, 250 
-, circulation, 250 
-, secondary flow, 250 
-, Stokcs' theorem, 250 
Streamwisc vorticity past 

radial impeller, 250 
-, from boundary layer, 250 
-, generation, 250 
-, diffuser inlet. 250 
Stress calculation of gates, 472 
-, axial bending stress, 472 
-, closed position, 472 
-, deformation, 472 
-, Grand Coolee exemplary 

construction, 472 
-, head cover, 472 
-, squeezing, 472 
Stroboscope, 359 
Submergence, 34 
Suction head, 281 
-, accidental scale effects, 293 
-, as function of cavitation 

degree, 38 1 
-, back water effect, 293 
-, cavitation index, 293 
-, cavitation index available, 

282 
-, cavitation index required, 

282 
-, cavitation on pressure face, 

281 
-,critical point, 280, 282 
-, critical pressure, 282 
-, draft tube, 280 
-. duration of eccentric 

operations, 294 
-, economic limitations, 281, 

294 
-, efficisncy and power as 

function of. 281 

-. elevation of critical zo~le, 
293 

-, function of specific specd, 
28 1 

-. index duc to l'homa, 281 
-, knowlcdgc of hydrograph, 

293 
-, limiting undcsir;lble 

cavitation, 293 
-, physical scale effects, 293 
-, pressure drop in rotor, 280 
-, prcssurc on tail water level, 

280 
-, requircd, 281 
-, revision and repair, 294 
-, safety margin, 282 
-, submergence, 251 
-, sufficient distance from 

critical point, 293 
-, unusual operation, 294 
-, working programme, 293 
Suction head in pump- 

turbincs, 294 
-, and headwater level, 294 
-, cavitation index available, 

294 
-, fluctuatior~s of tail and 

headwater level, 294 
-, graph of cavitation index 

requircd, 295 
-, operating trapezium, 294 
-, working cycle, 294 
Supply, 72 
-, channel, 72 
-, penstock, 72 . 

-, pressure shaft, 72 . 

Support of brake stator, 357 
Surge relieving device, 72 
-, by-pass outlet, 73 
-, chamber with compressed 

air, 73 
-, controlled ventilation, 73 
-. surge tank, 72 
-, swell cutting cam, 73 
-, swell weir, 73 
Surge tank, 158, 571 
-, air chambers, 158 
-, assumptions, 571 
-, calculating motion, 158 
-, continuity, 571 
-, crucial events, 572 
-, differential tank, 158 
-, dimensioning, 158 
-, double chamber design, 158 
-, dynamic stability, 158 
-, equation of motion, 571 



-, frictional resistance, 571 
-, oscillations, 571 
-, oscillations within 

prescribed limits, 572 
-, velocity head, 571 
-, throttle design, 158 
Surveillance of set, 557 
-, deviation from steady 

state, 559 
-, mean speed, 558 
-, position of servomotor. 558 
-, rate (acceleration) time, 

558 
-, regulating time, 558 
-, reset (isostatic) time, 558 
-, speed rise, 558 
-, start up time, 558 
-, stroke of servomotor 

piston, 558 
-, stroke of valve, 558 
Swell operation, 37, 38 
Swinging brake stator, 357 
Switch plant, 95 
Synchronizing, 36 

T 
Tachometer, 548 
-, acceleration-conditioned 

influence, 548 
-, baffle plate, 548 
-, combined tachometer 

and accelerometer, 548 
-, fly-ball pendulum, 548 
-, fly-wheel ring, 548 
-, speed-condi tioned 

component, 548 
-, spring-suspended fly mass, 

548 
Tail water section, 73 
Take out-of-balance loads, 

51 7 
Tapajos, 11 
Temperaiure control, 581 
-, a series of temperature 

rises, 581 
-,general survey, 581 
-, overheating, 581 
Tendency of Increasing head, 

282 
Ternary set, 119 
-,back to back. 119 
-, fillecl start by torque 

convertcr, 1 19 
-, Miiusling, 120 
-, Ssckingen horizontal set, 

119 

-, storage pumps, 1 19 
-, ternary sets, 120 
-, torque converter, 120 
Test turbine, 351 
Thermal deformation, 51 8 
Thermal expansion, 517 
-, prestressed springs, 51 7 
-, skew spokes, 51 7 
Thernlod y namic measure- 

ments of efficiency, 337 
-, entropy increment, 339 
-, heat rccovery, 339 
-, hydraulic flow losses, 338 
-, ideal machine, 339, 340 
-, internal efficiency, 339 
-, isentropic coefficient, 337, 

339 
-, isothermal coefficient, 337 
-, measurement differential 

pressures, 339 
'-, mechanical energy term, 

338 
-, real process, 340 
-, specific head, 338 
-, thermal diffusivity, 335 
-, throttling isenthalpically, 
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