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An Introduction to the Nuclear
Powered Energy Depot Concept

EVER SINCE THE FIRST intemnal combustion engine was in-
stalled in a military vehicle, military forces have become
increasingly mechanized in the interests of enhanced mo-
bility. The mule of the past has been replaced by mechan-
ical beasts of burden. Similarly, the candle has given way
to the electric light bulb. the campfire o the oil stove, and
the casrier pigeon to the telephone andthe telegraph. Mech-
anization has paid obvious dividends. It also has given the
military forces a voracicus appetite for petroleum foels.
Whereas the Army mule could forage for sustenance, trucks
and tanks are dependent on fuel supply lines. Today. one
of the major problems of military logistics is sapply of pe-
uoleum products.

During World War 11, petroleum products commanded
roughly half the U.S. Army overseas shipping. In the Kotean
War, this proportion increased to about T0%. Today's fuel
requirements account for approximately 70% of the entire
spply load. While the problem of fucl sapply extends to
all the Military Services. it is especially significant in Army
operations.

The vehicles and tools of the Army, essentislly extens
sions of one man’ s capabilities, are characterized logisti-
cally by small. dispersed energy demands. The Army fuel
requirement is the aggregate of & multitude of these small
energy needs. As a result, the Anmy fuel supply system must
extend from source to the location of the farthest individual
soldier. In a theater of operatioas, the fuel supply system

Because of increased mechanization, petroleum sapply
has become one of the major problems of military logistics,
especially in Army operations where =mall, dispersed energy
demands often necessitate an extensive, vulnerable fuel sup-
ply complex. The nuclear powered encrgy depot, conceived
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becomes a complex and walnerable network that often re-
aricts the very mobility it sapports. Both quantity and dis-
tribution factors are involved.

With the nuclear powered encrgy depot concept. We pro-
pose to attack the petroleum supply problem in its entirety
Nuclear reactor systems developed thus far are primarity

electrical generators, Their fuel cores, weighing 860-900
Ib, consain the energy equivalent of 90,000 bamels of diesel

oil which weigh in excess of 26,000,0001b. To the logisticias,
the utilization of a nuclear powerplant in place of & com=
parable diesel plamt means 3 reduction in fuel transposta-
vion effort of 750 semi-trailer tank-trucks. It allows him

to ship more than a year's fuel requirement slong with other
vital supplies in a single, standard cargo aircraft. It also
may mean a reduction in manpowes needs arising from ship
ping. torage, and opetational functions.

As indicated earlier. petroleum products account for
roughly 70% of all Army supply tornage. Of this percent~
age, almost three quarters take the form of motor wehicle
and afrcraft fuel. Nuclear reactor systems at this time and
for the forseeable future, will be too bulky to be considered
as locomotive mechanisms for the relatively small military
vehicles which opezate on land. An altemative solution o
the fuel supply problem is the manafacture of 2 chemical
fuel pear the point of intended use. The nuclear powered
enesgy depot concept. & means of integrating the wemendous
energy density available from reactots ioto the overall Army

as a potential solution to the problem, will utilize a nuclear
reactor 1o produce a chemical fuel for vehicle and aireraft
engines. The energy depot, logisticaily independent for &
year, would opesate with or near the consumer in the field
and considerably broaden Army capabilities.
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energy requirement, envisages the prodaction of a chem-
ical fuel from readily available mazerials such as air and
water, by mobile units accompanying the forces in the field.

in effect, the energy depot will be a mobile fuel refinery
and service 2ation operating with or near the consumer. The
technical approach involves consideration of three major
subsystems: a mobile reactor as the primary source of en-
ergy. a fuel production complex which tums cut a chemical
fuel suitable for storage and transport to the user, and uti-
lization devices applicable to a variety of operational nceds
such as vehicle and aircraft propulston, heating, cooking,
and local electricity generation. (Through the energy depot
system, we hope initially to supplement petroleum supply:
in the advanced stages, 10 eliminate the requirement for
petroleum products, and achieve a greater freedom of ma-
neuver for combat units; and consequently to achieve an
eligibility for comm itment of ground forces into areas and
situations presently considered infeasible.)

Following in-house evaluation of the technical possibil-
ities of an energy depot. the Army Nuclear Power Program
undertook feasibility studies in the latrer part of 1961. The
contractors for these studies were the Allis-Chalmers Mfg.
Co. and Allison Div. of General Motars Corp. Both studies
followed the same ground miles conceming mobility require~
ments, raw materials avatlablility (water, earth, and air), de~
sired fuel characteristics and, hopefully, compatibility with
existing and projected engines. Both smdies, completed in
May and June 1962, concluded that the concept was oper-
ationally feasible and that a logistic advantage would ac-
crue, Representatives of the two firms will present papers
covering their participation in the enemgy depot work

The general conclusions of the twostudiesadd up o three
possible enesgy depot systems deriving primary energy from
a reactor. The reactor produces thermal energy or elec-
tricity for process power or for the electrolysis of water. The
resulting hydrogen is then liquefied for transport to the user
or combined with nitrogen obtained by air fractionation in
the synthesis of ammonia. These two fuels are then used
in combustion engines or fuel cells to produce mechanical
power. The revolutionary regencrative cell concept also

offers posibilities although it is recognized that a Joeg and
expensive development program would be required toachicve
a usable device. The regenerative cell operates similarly

to a rechargable battery and would result in the elimination
of the fuel production complex.

After considerable study and evaluation, it was decided
that the initial energy depot work would be directed wowards
the production of ammonia for intemal combustion vehicles.
Phase two of the program. we feel. will probably be used
with electric drive vehicles. powered with fuel cells, and
regenerative cells considered a third phase.

Within the Army Nuclear Power Program we have at-
rempted some mdimentary experimentation of our own on
the utilization aspect of the project. At Fu. Belvoir, Va..
enlisted personnel in our Nuclear Power Field Office mod-
ified a standard 1-1/2 hp Army engine to operate on am-
monia. The success of this effoct led them to attempt 3
more ambitious project. modification of 2 Chevrolet pick-up
tuck for ammonta-fueled operation. This second experi-
ment, also successful in demonstrating the possibilities of
ammonia as & fuel, has led us to hope that & conversion kit
can be developed to pemmit inexpensive, easy medification
of standard military vehicle engines to bum ammonia as
a fuel.

The nuclear powered energy depot concept offers a po-
tential breakthrough in reducing the logistic problem of mil-
itary fuel supply. The capability for extended operation
of reactors without continuous logistic support has been dem-
onstrated. The utilization of this relatively independent
energy source o produce vehicle fuel in a theater of oper-
ations will add a considerably broadened dimension to Army
capabilities. Military units, equipped with Energy Depot
system, may be capable of mistaining operations for periods
up to a ycar without the need for providing fuel.

As a result of the development of the energy depot sys-
tem, ir is felt that the military forces in the field will have:
1. Greater capability to perform operational missions.

2. Greater freedom from logistic encumberance.

3. Greater economy of forces and resources in perform-
ing new capabilities,



Energy Depot -
A Concept for Reducing

the Military Supply Burden

ONE OF THE MOST important factors in any combat oper-
ation is the ability to provide an adequate supply line. With
ever increasing requirements for highly mechanized and
highly mobile forces, fuel supply has become a critical con-
sideration. Aside from the usual problems of logistics,main-
enance of fuel supply in combat situations is further ag-
gravated when rail and road transportation facilities are
highly vulnerable or ot available. Under these conditions,
the maintenance of fuel supply can become very costly ia
terms of casualies to transportation personnel and equip=
ment. This is particularly tue when air supply must be used.

Modem ammies can consume fuel at a voracious rate.
Recent estimates indicate that even a small force of 1000
men can require several million pounds of fuel over a one
year period. The same amount of energy could be produced
by nuclear reactors welghing less than 1% of the equivalent
fuel lozd. The welight advantage of nuclear energy supply
can be directly translated into a reduction of wansporation
equipment and personnel. Furthermore, if the nuclear re-
actors could be used directly in the combat area. long and
vulnerable supply lines between fuel manufacturing facil-
iries and the combat zope could be eliminated.

Vehicle propulsion accounts for most of the fuel used in
the Army. Consequently a pumber of studies were made

This paper reviews objectives, approach, and current sta-
tus of energy depot studies conducted by the Allison Div.
of General Motors.

An evolutiopary concept is described for near term ap-
plications wherein nuclear energy. air, and water can be
combined to produce 2 fuel for use in conventional vehicle
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to determine if nuclear reactors could be installed directly
in military vehicles. These studies indicated that direct
use of nuclear reactors was not practical for most vehicles.
Therefore, an Army-sponsored program was initiated st Al-
lison in July 1961 to determine if a method could be found
for indirect use of nuclear energy as 3 source of vehicle pro-
pulsion powes. The concept conceived for this purpose was
termed the energy depot.

CONCEPT DEFINITION

In planning the initial study at Allison, the energy depot
was visalized, as shown in Fig. 1, to consist of a nucléar
powerplant and an associated encrgy conversion and storage
system. The combined system would provide a means for
fragmenting the available nuclear energy in a form suitable
for vehicle propulsion. The overall system was 10 be ca-
pable of being packaged so that it could e transported by
land, sea,or aiz. Anuclear powerplant suitable for the over-
all symem was already under investigation in an AEC Army
program being conducted at Allisca. Therefore, primary
effort in the initial energy depot study was directed towards
s definition of feasible processes for conversion, storage, and
utilization of energy from the nuclear powerplant.

engines. Fuel manufacture and engine operation studies
are discussed. For longer term use, a revolutionary concept
is described whereby a nuclear power source can be used
to recharge an electric vehicle propulsicn system. Both the
evolutionary and revolutionary concepes are shown 10 pro-
vide important logistics advantages for military operations.



INVESTIGATION APPROACH

As shown in Fig. 2, a very broad approach was taken in
the study of feasible processes for the energy depet. Con-
sideration was given to storage of reactor output in its basic
form of heat and radiation, as well as to the conversion of
basic output for storage in the form of mechanical or chem-
ical epergy. Direct storage of reactor output would elim-
inate losses asscciated with the convenion of energy from
one form to another. However, all methods for stocage of
heat and radiation were found 1o be too bulky for vehicle
applications. Similarly, po reasonably compact method was
found for storage of energy in mechanical form. Thas, it
was concluded early in the study that puclear energy would
have to be converted and stored in chemical form in ordes
to obtain a feasible system. It should be noted here that
so-called electric storage batteries derive their energy from
chemical reactions and were, therefore, considered in the
chemical energy storage class.

The apalysis of chemical energy storage systems was di-
vided into two categories. One classification, called chem-
ical manufacture, considered approaches in which fuels would
be synthesized from locally available materials with a pu-
clear reactor asthe power source for fucl manufacture. How-
ever, it was required that the fuel materials be universally
available in substantial quantities in common earth, air,
and water. For such systems, the reaction products fromthe
energy utilization device would not be saved since the source
of fuel marerials was considered essentially limitless.

The second classification, called chemical regeneration,
considered techniques that would permit complete freedom

Fig. 1 - Energy Depot concept

from local fuel material supply requirements. To achieve
this, a given guantity of reactants would be taken into the
field. After use in a power producing device, the products
of reaction would be stored and sabssquently regenerated
to obtain the original reactants. Power for regeneration
would be provided by an on-site nuclear powerplant.

Both thermochemical. or conventional combustion en=
gines, and electrochemical devices were considered for
energy utilization methods.

REGENERATIVE FUEL SYSTEMS

In the study of regenerative fuel systems, the use of com-
bustion engines was considered impractical because of the
difficulties associated with collection, compression, and/ot
liquefaction of the exhaust gases in order to reduce their
storage volume prioe to regeneration. Thus, primary effort
in this area was directed oward fuel cells where the reace
tion products as well as the reactants could be obtained in
liquid form for maximum compactness of storage.

Afrer analyzing a large number of reactants, it was con-
cluded that the liguid metals offered greatest promise as
regenerative fuel marerials because they offered potentially
high power-to-weight ratios for fuel cell systems. Furtber,
the liguid metals could be regenerated in liquid form rather
than in gaseous form as with other reactants. The latterad-
vantage eliminated the added complexity of liquefying or
compressing the regenesated products for storage. It was
also concluded that air would be desired as the oxidantsince
it was readily available and thus did not have w be stored.
The most common electrolytes used for the electrochemical
reaction of liquid metals with oxygen are aqueous solutions.
Ordinarily, the liquid metals would react violently with the




water in the elecuolyte. To prevert this reaction. the liquid
metals are combined with mercury in an amalgam before
being fed to the reaction zone. The reaction product of the
amalgam apd air is an alkali hydroxide. This material could
be returned to e depot and elecuolytically regenerated

w free the 1iquid metal for re-use. Howeves, what wasreally
desired was the ability to regenerate the fuel within the fuel
cell in amanner similar tothe recharging of & banery. This
would elimipate the need for an electrolytic plant at the
depot and the need to handle and store liguid metals.

The regenerative fuel cell system conceived for this study
is shown in Fig. 3. Sinceitisa combination of two basic
fuel cell types, it was temmed the combined cell. In this
system a fuel such as potassium would first be reacted with
mercury. This reaction would produce glectric power while
forming an amalgam product, The amalgam would thea
be reacted with oxygen from air to foem KOH. Mercury in-
ventory would be minimized since it only serves to transfer
¥ from coe portion of the system 10 anceber. To recharge
the system, the KOH would be pumped back into the amal-
gam cell and power would be sapplied. This would elec-
wolytically regenesate the K and retsm it to the amalgam.
The oxygen would be liberated. The amalgam would thes
flow to the upper cell where it 100 would be electrolytically
decomposed 1o return the K 10 the storage tank. Under an
Army-spoasored program, laboratory studies were conducted
at Allison 1o demonstrate the regenerative characteristics
of this concept. On the basis of conoeplusl design stdies,
it was estimated that a powesplant of this type would be less
than 1/10sh the size and welght of an equivaleat Jead-acid
bauery. 1a contrast with a conventional batiery, the raage
or opezating time of this device is dependent only on its
fuel storage capacity. Thus, & offesed good potential as
a power source for vehicles.

A conceptal vehicle installation for the combined cell
is shown in Fig. 4. Power from the cell would be fed w
electric motoes which would drive the wheels rather than
e conventional engine and trapsmision system. The elec-
wochemical processes used for both fuel regenesation and
power production in this concept offer the highest efficien”
cies for coaversson of chemical energy to other forms. This
wonld provide a higher ovezall energy depot power conves«
sioa efficiency than any other system comsidesed. Al in
this concept. the energy depot proper would only comsist of
a puclear powesplant which supplied electricity for recharg:
ing the battesfes. This would improve Energy Depot mo-
biliry and would simplify energy depot operation. Ox, in
other terms, the combined cell approach would permit fewer
depots for operation of a given number of vehicles.

As with other electochemical devices, the combined
cell is significantly larger and heavier than conveaticaal
engines of equivaleat power cutput. As a result, its appli~
catton would be limited to vehicles that can tolente rel-
atively low power-to-weight ratio propulsion systems. There
fore, consideration was also given to concepts which would
utilize conventional engines in order to permit wides pos-
gible application of the energy depot concept.

MANUFACTURED FUEL SYSTEMS

In ordet to determine the feasibility for using coaven=
tional engines, firt attestion was directed 1o the character~
istics and availability of potential foel materials, Table 1
shows the distribution of elements in commeon carth, air, and
water. An evalsation of materials available for fuel man~

Fig. 4 - Combined cell powerplant



ufacture showed that common earth would pot be a good
source of supply. Silicon, a potential fuel material, can
be found almost everywhere, but it is generally in oxidized
forms that are difficult to beeak down. It would also be ex-
tremely difficult to use, because of its grear affinity for ox-
ygean.

Oxygen and nitrogen are readily available from air, but
they are considered building blocks for fuels rather than fuels
themselves.

Formnately, hydrogen, an excellent fuel material, is
readily available from water and was considered to be the
key element in any field manufactured fuel.

Table 2 compares some potential energy depot fuels with
gasoline. As shown, hydrogen obtained from water in gas-
eous form is not sufficiently dense to pemmit reasonable stor-
age volume. In order to reduce volume, it was considered
necessary to liquefy the hydrogen before it could be con-
sidered practical for vehicle propulsion. In addition, con-
sideration was given 1w compounding the hydrogen with ni-
trogen and/or oxygen to increase its storage density. Ofthe
many compounds investigated, the most promising was am-
monia which could be prepared by combining hydrogen with
nitrogen to form M~13.

Thus the potential fuels were namowed to liquid hydro-
gen and ammonia. In the final analysis, ammonia was se~
lected in preference to liquid hydrogen as the recommended
fuel for use in conventional engines. The selection was

Table 1 - Chemical Fuels Source

Fer Cemt
Earth
Normal silicate rocks - 96% 0, 49.5
(includes sand) Si 25.7
Shale - 4% Al 7.5
Sandstone fe 4.7
1%
Limestone Mg 1.9
Ca 3.4
Na 2.6
K 24
DQ Alr
Gases and vapor traces N2 78.0
o 20.9
A 0.9
o) 0.03
= 2
Inert
Water
Salt and fresh water, snow H, 11.1
Ice (atmaospheric vapor) O 88.9

based on its ease of manufacture, ease of handling and stor=
age, and greater safety in recipeocating engines.

After selection of a fuel, a conceptual design was pre-
parcd for an Epergy Depot as shown in Fig. §. This plact
basically consists of a mobile ammonia mamfacturing plant
and an associated mobile nuclear powerplant. The con-
ceptual design was based on a powerplant output of 3000
kwe. In the fuel manufacturing system, one module would
be used to extract hydrogen from water by clectrolysis. An-
other module would be used to obtain nitrogen from air by
fractionation. The third module would combine the nitro-
gen and hydrogen under high pressure to produce anhydrous
ammonta. The ammonia would be handled and stored in
conventional, over-the-highway vehicles as used for com-

Table 2 - Comparison of Fuels

Specific Fuel Plus

Heatin, Coatainer
vm::s Dcnsi;y B =
Fuel Buu/1b 1b/fi°  Bw/lb Bw/ft
Gasoline (ref.) 18,700 48.6 17,900 904,400
Hydrogen gas
(70F 2000 peia) 51.693 0.0065 2,22 32,8600
Hydrogen liquid
(~423F 15 psia) 49,150 4.44 11,600 179,900
Ammoaia Hquid
(TOF 125 psia) 7492 424 7.340 247,400
Hydrazine liquid
(70 F 15 psia) 6.723 62.8 6.450 409,500




mercial distribution of ammonia. This system could be
moved by land, sea, or air to any bauwle zone and starved
up in a matter of hours.

The air fractionation and ammonia synthesis modules
are based on current state-of-the-arnt equipment. However,
the electrolysis unit is required to be an order of magnitude
lighter than available commercial units. In order to achicve
this objective, Allison has been developing a lightweighe,
compact unit under Army sponsorship.

The electrolysis unit will be comprised of a group of
modules similar to the one shown in Fig. 6. Each module
will contain a series of electrodes separated by plastic which
also form the containment vessel when bolted together. An
aqueous electrolyte will be fed into the unit. When power
is supplied to the elecirodes, the water in the electrolyte
will be dissociated to form hydrogen and oxygen The ox-
ygen will be vented and the hydrogen will be fed to the am-
monia synthesis unit. More than 150 electrodes were eval-
pated in order to determine the optimum com position for
high efficiency and structural integrity. A laboratory pro-
totype unit was fabricated and installed in the test rig shown
in Fig. 7. Endurance and performance tests were conducted
wo evalpate power requirements, fluid flow characteristics,
and mechanical design features. Results of the completed
tests to date show that the proposed electrolysis unit will

better the desired size and weight objectives for the encigy

depol systenn.

Fig. 7 - Multiple dynamic cell test rig

-

The next step in the investigation of the manafactured
fucl approach was to determine the feasibility of using am-
monia in conventicnal engines. Ammonia was known to
have low flammability limits and high igniticn encrgy re-
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quirements. Although special engines might be developed
to accommodate these characreristics, it was desired that
modification: be held to a minimum 5o that existing en-
gines could be operated on conventional fuel as well as am-
monia. An exrensive investigation was conducted to de~-
termine the feasibility of using ammonia in reciprocating
engines. This program is described in an accompanying
paper by the General Motors Research Laboratories,

At Allison, a comprehensive analytical and experimental
cffort was made to define the extent of modifications re-

quired for tarbine engine operation. Combustion studies
were conducted in the test rig shown schematically in Fig.
8. These tests evaluated both liquid and vapor injection

of ammonia in a variety of injector and burner configura-
tions. Some typical injectors are shown in Fig. 9. There-
sults indicated that the poor flammability and ignition char-
acteristics of ammonia could be improved by mixing itwith
hydrogen. The hydrogen would be provided by partially dis-
sociating the ammonia before it is fed to the combnstor.
Fig. 10 compares the combustion test performance of pure

Air

Fig. 9 - Ammonia injector designs

Fig. 10 - Hydrogen enrichment of ammonia vapor



Fig. 11 - Energy Depot versus gasoline load for supply ve-
hicle company

ammonia with that of dissociated ammonia. These results
indicate that the dissociated mixture can be used to provide
satisfactory performance over the engine operating range.

SUMMARY

The logistics savings of both the regenerative and manu-
factured fuel concepts were found to be extremely great.
For emample. Fig. 11 compares the weight of gasoline with
the weight of equivalent energy depots that would be trans-
ported to a theater of operations to supply energy for a typ-
ical vehicle group over a one year period. With the regen-
erative fuel-combined cell concept, the cross-over point
would occur in about five days. All of the fuel required
after this period would weigh in excess of the equivalent
energy depot. Similarly, with the ammonia mamufactured
fuel-combustion engine system the logistics load cross-over
point occurs after about 30 days of operation.

The next step in the energy depot program fs to deter-

mine its cost/effectivencss in competition with conventional
fuel supplies. Preliminary studies have shown that the En-
ergy Depot can improve the mobility of a combat group by
removing its fuel supply constraint. Investigations are un-
derway to determine the cost advantage of increased mo-
bility versus the cost of procurement for the energy depot.

If the energy depot proves as attractive from an economic
standpoint as it does from a logistics standpoint, the useful-
ness of nuclear power formilitary applications will be greatly
enhanced.
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Energy Depot Fuel Production

MODERN FIELD ARMIES today face an increasing fuel logis-
tics problem. The major portion of the supplies brought o
a theater of operations is fuel for vehicles, electric power
generation, and heating. All studies point to an even greater
increase in fuel consumption in the future.

Use of nuclear energy in the field is a potential solution
t this problem. However, limitations of size and weight
imposed by present nuclear technology prohibit the use of
vehicles individually powered with nuclear energy. There-
fore, the nuclear energy must be converted to energy forms
that can be used to power individual vehicles.

In this concept, energy output of 3 mobile Auclear re-
actor would be processed 10 storable energy forms readily
transportable 1o the energy consumers. This energy depot
would be mobile and could accompany the field army in
its operation. The concept would allow an extended oper-
ation of field units independent of outside fuel supplies.
Field commanders would have greater freedom on opera-
tion, thus providing an opportunity to seize and maintain
the initiative.

ENERGY DEPOT FEASIBILITY STUDY - A feasibility study
of the encrgy depot concept was undertaken by Allis-Chal-
mers Manufacwring Co. with Air Products and Chemicals,

ABSTRACT:

and Utilization

P. G. Grimes
Research Div., Allis-Chalmers Mig. Co.

Inc., as a subcontractor (1) ® In this study every conceiv-
able means 1o power vehicles indirectly with nuclear energy
was considered. Numerous criteria or guidelines were used
in evalvation and selection of auractive energy depot sys-
tems. Such systems have to be mobile, highly efficient.
small in size and weight, and capable of operating essen-
tally independent of supply. The energy depots must be
road, air, and sea transportable. Thus, all equipment must
be contained in modules, not exceeding 30,000 Ib inweight
and 8.5 x 8.5 x 24 ft in dimensions. Source of raw mate-
rials for the energy depot is limited o air and water. Earth
as a raw material is eliminated because of variable com-
position. Maintenance materials are too minimal permit-
ting extended operation free of outside supply. Energy forms
should be storable to permit a supply buildup for use during
movement of the energy depot. The conversion of nuciear
energy to “power at the wheels” requires efficiency to mini-
mize the depot's size and weight.

Using these criterla, analysis of potential energy depot
systems leads to the general selection of systems which con-

*Numbers in parentheses designate References at end of
paper.

The Army's fuel logistics problem could be reduced or
eliminated by use of nuclear energy in the field. In this
concept, nuclear energy is converted 1w chemical fuels with
locally available raw materials. Hydrogen can be produced
by electrolysis of water with electricity from a nuclear re-
actor system. It can be converted to liquid hydrogen for

10

ease of ransportation. Altemately, liquid ammonia. can
be produced from the hydrogen and nitrogen extracied from
air through liquefaction of air.

These fuels can be used most efficiently in fuel cell sys-
tems. The electric powered vehicles in these cases mayhave
distinet military advantages. The fuels can be used o power
modified combustion engines.



vert the nuclear energy W chemical fuels. These fuels can
be stozed, their epergy transported in an easily divisible
form, and they can be used for heating and to powes ve-
hicles.

Two broad chemical approaches can be employed in the
energy depot concept; the open cycle and the closed cycle.
1n the opea cycle process, the chemical fuel is synthesized
from raw materials (air and water) at the depos site. The
fuel §s then transported 1o the wser. There fuel is oxidized,
energy is extracied, and oxidation products of the fuel are
discharged 10 the atmosphere. In the closed cycle process,
the oxidation products are retained at the user, returned 1o
the depot, and reprocessed o foel.

in the open cycle process, ouly the elements present in
air and wazer are available to synthesize potential foels and
oxidants.

Consideration of the physical properties, the methods and
efficiency of synthesis, the energy content, and the usage of
compounds reduced the potential foels 1o liquid hydrogen
and the hydrogen carries, liquid ammonia. Potential oxi-
dants were reduced 10 air and liquid oxygen.

The liquid hydrogen synthesis process involves conversion
of nuclear energy to electrical enezgy, electrolysis of water
to hydrogen, followed by liquefaction of hycdrogen. Ammo-
nia is prepared by reaction of the hydrogen with nitrogen
produced by liguefaction and fractional distillacton of air.
Both processes are basically techaiques of densification of
hydrogen for stocage and transpoct.

gadiolytic decompositica of water and otber chemo-
nuclea: synthesls processes wese found to be of low effi-
cieacy, and the synthesis product purificatica process com-
plicated fuel production. Direct thesmal decomposition of
water requires reaction temperatares 100 high for an attrac-
tive process. Indirect thermal decomposition of water using
intermediate reaction steps with thermally regenerable
chemicals does not appear to offer a highly efficient process
for hydrogen production.

In the closed cycle processes, almost any chemical oxi-
dation reduction process has potential as an energy cames

N e N SR

Fig. 1 - Astist concept of liquid hydrogen encrgy depot

1

in the enesgy depot concept. Considerations of physical
properties of compounds, enetgy content of fuels /oxidants,
and efficiencies and methods of syatbesis, and state-of-the-
art of varlous powerplants rapidly reduce the list. Of all
processes considered, only the sodinm metal process and the
methanol /caustic system survived foe further analysis.

In the sodium process, sodium hydroxide solution at the
depot s etecurochemically converted to metallic sodium,
water, and oxygen. Sodium and water are stored and trass-
ported 1o the using vebicle. They are used there 10 peoduce
electric powes fo¢ the vehicle drive, The sodium is con-
verted 10 sodium amalgam is as electrochemical process
producing electrical energy. Amalgam. water, and air are
then supplied to a sodium amalgam/alr fuel cell that pro-
duces more electrical energy foc the vehicle drive. The
sodium hydroxide solution prodect is returned 10 the depot
for reprocessing. Altesnately, the vehicle may retum to the
depot where electrical epergy is fed iato the electrochemi-
cal devices. This reverses the process above and produces
sodium metal axygen and water from the sodiem hydroxide.
This process is analogous 1o the recharging of secondary bat-
teries. The sodium process is potentially very efficient, but
in an early state of development (2-4). Operational and
tactical ¢haracteristics of the system require fusthes anal-
ysis before a system selection.

In the methanol /caustic system, sodium bicarbopate at
the depot is reduced with hydrogen to methanol and sodium
hydroxide. These are carried 1© the wing vehicle. Metha-
ool {s used in a methanol/ air foel cell and w produce elec-
trical energy for the vehicle drive. The oxidatios products
are retusned to the depot as sodium bicarbonate solutica.
The total weight of the vehicle drive based upon the state-
of -1he-art of methanol cells eliminated this system in initial
studies. Recent advances in methanol utilizaton efficiency
may make this system attractive following further analysis.

Energy depot fucls need to be used with kigh efficieacy
10 utilize the nuclear encegy most effectively. The feasi-
bility analysis showed that hydrogea and ammoeia could be
used most efficiently in fuel cells 1o produce power at the
user.
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ENERGY DEPOT FUEL PRODUCTION AND UTILIZATION  study was to define more clearly the characteristics (weight,
CONCEPTUAL DESIGN - Allis-Chalmers with Air Products  volume, processes, and performance) of the depots and
then undertook a conceptual design study of energy depot vehicles designed for these two fuels. A fuel-cell-powered
fuel production plants, and fuel cell powered vehicles using  armored personnel carrfer, based on the M113, was selected
either liquid hydrogen or ammonia (5). The object of this  for the vehicular study.

Fig. 3 - Liquid hydrogen process flow diagram



Other studies have shown the feasibility of mobile nuclear
reactor electric power plants. For this andlysis, a system
capable of producing 3000 kw of clectrical energy was as-
sumed.

For purposes of this stdy, the conceptual designs were
projected to the late 1960's state-of - the-art representing
prototype eaergy depots and vehicles as designed after com-
pletion of an extensive development program. However,
the selected conceptual designs are based upon firm engi-
neering principles.

Much of the data used o develop these conceptual de-
signs was made available to the project from the company
and government sponsored research in our Research Labora-
tory. The electrolysis system was developed exclusively
from company sponsored research. The fuel cell systems
described were developed through our own programs and
contracts sponsored by NASA, the Air Force, and the Army.

LIQUID HYDROGEN FUEL PRODUCTION

FACILITY DESCRIPTION - An artist concept of a liquid
hydrogen energy depot is shown in Fig. 1. It consists of four
modules, exclusive of the reactor system. During operation
the electrolysis module -- containing the water purifica-
tion plant, the water electrolysis plant, and rectifiers -- is
located adjacent to the nuclear powerplant. This arrange-
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ment allows the water purification plant to use the waste
thermal energy from the twbine exhaust (Fig. 2). However,
the greater significance of this arrangement is that it re-
quires only a short length of electrical cable to connect the
wrbine alternator to the electrolysis plant. Since this plant
utilizes about 80% of the electrical power, a significant re-
duction in the weight of electrical cable needed by the
energy depot is allowed. This electrolysis module also con-
tains the circuit breakers for the total plant. Raw water is
supplicd to the purification plant on the electrolysis module
by a pump located outside the reactor exclusion radius. A
small high pressure hose is used to transport the gaseous
hydrogen from the electrolysis plant to the liquefaction
plant.

The hydrogen liquefaction plant is contained on two
modules located adjacent 1o each other outside the exclu-
sion radius. All cold equipment is in two insulated cold
boxes on the hydrogen liquefier cold equipment module.
This module also contains the expanders for the hydrogen
recycle and nitrogen refrigeration loop. The two major
compressors, the hydrogen recycle and niwogen recycle comr
pressor, are mounted on the hydrogen liquefier compressor
module.

The coatrol module, containing the centralized control
panel for the overall energy depot, is adjacent 10 the two
liquefsction plant modules. Space is provided on this mod -

coven for eloctrolysn
cell modyles

high presiue

wpoce for voring watte heot
L builer duving tromipon

—
-
-~
-
-
-~

Fig. 4 - Electrolysis module
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ule for depot maintenance Operations, supplies, and for car-
rying the cables and hose during trapsit,
PROCESS DESCRIPTION - The process system flow dia-

electrolysis plant, and rydrogen liquefaction plam,

Water Purification - A water purification plant is required
to make the raw water suitable for we in the electrolysis
plant. Coataminants in the water would remasin in the elec-
trolysis cells. The raw water (4-6 gpm) is heated in an az-
masphesic pressure bojler by the exhaust gas of the reactor
£33 turbine. One half to one third of the raw water is evapo-
rated, and the remainder continually drained from the boiler
10 reduce scale formation on the Beat-transfer surfaces.

Electrolysis Plant - In this study it was found desirable
to operate the clectrolysis cells above the pressures required

for the feed stream of e hydrogen liguefaction plant. This
eliminated the need for feed compressors for that system

which resulted in a weight saving for the total fyel produc-

02 scrubber
8n

Bd

8"‘;'"

trop

electrolysis
multi-cell modyles

tion plant. In addition, operation of the electrolysis plant
At high pressure eliminates the inefficiencies of the mechan
lcal and cycle losses of the bydrogen feed compressor and
increases the product catput. The theoretical increase in
power, 1.35 kw he/1b "2' required for operating the elec-

trolysis cells at 1840 psia, over that required for cells oper-

* ating ar aumospheric pressure was ysed for this design study.

It is projected that the high pressure electrolysis process will
require 19.86 kw lir /1b H2 produced.

The electrolysis module is illustrated in Fig. 4. Electro-
lysis cell modules connected electrically in series parallel
are assembled in multicell groups fimted into pressure tanks.
These modules (Fig. 5) are arranged in four groups of six
each. Each group has a rated input of 700 v.

Gas outlets from each electrolysis module are conpected
o one of the four collection manifolds, which conduer the
fluids to the centrally located gas-electrolyte collection and
separation equipment, serving all four circuits, Remotely

separator

Fig. § - Hectrolysis cell module stack
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operable valves provide for isolation of any of the four
independent circuits. Pressure throughous the cycle is regu-
lated by an arrangemeat of coatrol valves at the outlets of
the electolysis plant,

individual electrolysis cells are of the series bipolar
design, similar to those used in Allis-Chalmess fuel cells.
Major compeaents of each cell consist of a hydrogen elec-
tode, an oxygen electrode, an asbestos matrix electrolyte
bolder filled with KOH solution and an electrode holder or
bipolar plate. Electrolyte is circulated through the oxygen
evolution sides of the cells to provide make-up water,
femove oxygen, and control the cell operating temperature.

Fig. 6 illustrates electrolysis cell voltage characterisics
obizined by Allis-Chaimers with cells atilizing fuel cell
bipolar plate comstruction. Extrapolation of today's state-
of -the-an indicates that elecwrolysis cells can most probably
be developed that operate ar 1.535 v per cell and 400

amp/ 112 Currens density at atmospheric pressure. (This is
equivalent to a power requirement of 18.5 kw hr/1b H2
produced.)

Circular bipolar plate geometry permits maximum utilj-
Zation of a cylindrical pressure vessel (Fig. 7). The pro-

clecricol
Conmedlion

electrically,
isoloted
pretsure 1ol
2%

ing

presuwia
el bellzws
plete Fig. 7 - Electrolysis cell module
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posed design is based on the use of porous sintered metal
electrodes. Catalysts are deposited on the electrodes to aid
in the decomposition of water by lowering clectrode poten-
tial.

In order to minimize intemal resistance, the cell is
designed with a thin KOH filled asbestos membrane. This
membrane safely withstands the maximum pressure differ-
cntials allowed in the projected pressure conwrol system.

designed to take the pressure differential between the cell
operating pressure and the atmosphere. Bellows pressurize
the inside of the vessel (outside of the electrolysis cells) o
the pressure level inside the cells with a nonelectrically
conductive liquid. This design eliminates pressure differ-
entials at each of the individual cell junctions.

Each electrolysis module contains two units (A and B in
Fig. 7) of elecwolysis cells operating electrically in paral-

Each cell is sealed with O-rings. This seal separates the gas
and electrolyte from the pressurizing liquid fill outside the
cells. The pressure drop across these seals is negligible,
since the liquid fill of the electrolysis module is held at a
pressure only slightly less than that of the hydrogen gas. The
pressure of the liquid exceeds the internal cell pressure only
at shutdown and then only by the head of the liquid in the

lel. Each unit contains 70 cells in series. The “pressure-
seal” type of closure for the pressure vessel! was selected over
the more conventional bolted flange to reduce weight and
overall diameter.

LIQUEFACTION PLANT - Hydrogen at about 1500 psi is
delivered 1o the hydrogen liquefaction plant. A modified
high pressure Claude liquefaction cycle (Fig. 3) wassclected

module.
The electrolysis cells are in pressure tanks (see Fig. 7).

for the system because of its efficiency (6).
A hydrogen liquefier is a specialized combination of

Table 1 - Characteristics of the Energy Depots

Liquid Liquid Liquid Liquid
Characteristics Hydrogen Ammonia Characteristics Hydrogen Ammonia
Fuel Production Effi- Electrolysis (d-c),
ciency®, % 68.0 67.1 kw /[l /b Hy 19.86 19.93
Production Rate Hydrogen liquefaction,
Fuel, Ib/hr 114 710 kwhe/Ib H, 4.60
Equivalent heat®, Nitrogen generation,
Btu/hr 6,960,000 6,870,000 kwhr/1b N 0.40
Pure water, 1b/hr 1050 1136 -
Hydrogen, 1b/hr 117 126 Ammeonia synthesis,
Nitrogen, 1b/hr - 580 kwhs/Ib NH, 0.12
Power Requirements Module Weights
Water purification Electrolysis, 1b 27,000 29,000
plant, kwe 7 8 H2 liquefaction, cold
RISCITORYEES Pranc: equipment, 1b 28,000 --
(a-c), kwe 8 9 H_ liquefaction, com-
(d-c). kwe 2320 2523 2
Liquefaction plant, pressors, Ib 29,000 =
kwe 595 = Control, 1b 25,100 25,300
Nitrogen generator Ammonia == 30,000
plant, kwe A 235 Totals 109,100 84,300
Ammonia synthesis
plant, kwe -- 85 Module Dimensions
Transmission and dis- Electrolysis, ft 22x8.5x8.5 24 x8.5x85
tribution losees, kwe 45 40 Hz liquefaction,
R e cold equip., ft 24 x 8.5 x 8.5 ==
kwe 85 100 3 -
— H2 liquefaction,
Tomkim RIS 3000 3000 compressors, ft 24 x 8.5 x8.5 --
Control, ft 20x85x85 20x85x85
Thermal energy to Ammonia, ft == 24 x8.6x8.5
water purification
plant, kwt 390 420 *Based on higher heating values of fuels.




compressors, heat exchangers, expansion valves and cngines,
adsorbers, piping, and other standard types of process equip-
ment. A transportable hydrogen liquefier could be builtwith
present technology, but such a system would not meet the
energy depot criteria. Commercial compressors, expanders,
and heat exchangess would impose severe limitations o the
characteristics of the plant. It is projected that lightweight,
nonhydrocarbon lubricated double acting, reciprocating com-
pressors operating at 850-1600 ft/min and 4000 rpm with an
efficiency of T5% can be used. Advanced design, ncahydro-
carbon lubricated, expanders with efficiencies of 90% would
be used. These expanders would be operated at half speed
during start up. Advanced concept high surface area heat
exchangers will be incorporated in the liquefactioa plant
design. Anticipated power requirements for liquefying the
high pressure stream of hydrogen are 4.6 kw hr/1bliquid H,

This liquid hydrogen fuel depot is expected 10 produce
114 1b of liquid hydrogen per hour from an electrical input
of 3000 kw plus some thermal energy recovered from the
reactor turbine exhaust heat. Characteristics of the liquid
hydrogen fuel production plant are given in Table 1.

LIQUID AMMONIA FUEL PRODUCTION

FACILITY DESCRIPTION - The ammonia production unit
is similar to the liquid hydrogen unit except here hydrogen
is mixed with nitrogen and converted to ammoaia for stor-
age and handling. The ammoaia eaergy depot occupies only
three modules exclusive of the nuclear powerplant. Arrange-
ment of the modules is similar 1o that for the liquid hydro-
gen depot shown in Fig. 2 with the exception that the two
modules of the liquefaction plant are replaced by a single
module adjacent to the conwol module. Both the nitrogen
generator plant and the ammonia synthesis plant are mounted
on this single module.

The projections for the size and weight of the clectro-
lysis module in this system are based upon exwrapolations of
the weights and sizes developed under the liquid hydrogen
energy depot design. Production of ammonia from hydrogen
and air requires less input encrgy pet pound of hydrogen than
that needed for liquefaction of this hydrogen. The produc-
tion rate for water purification and electrolysis plants are
correspondingly about 8% larger than that for the liquid hy-
drogen plant. Because of the larger production rate, thesize
and weights of the water purification and electurolysis system
are larger than in the liquid hydrogen system.

PROCESS DESCRIPTION - The process system flow dia-
gram for the ammonia system is shown in Fig. 8. The proc-
ess flow for the production of hydrogen is identical to that
discussed before. The electrolysis plant is designed 10 opes-
ate at 2000 psi pressure. This permits hydrogen w0 be mixed
directly with the nitrogen at this pressure in a stoichiomet-
ric ratio prior to the final stage of compression required by
the ammonia saythesis process. Design of the electrolysis
plant for operation at the 5000 psi required by the ammonia
synthesis process was discarded as being excessively difficult
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for the resultant gains in the process. Operation of the elec:
trolysis process at the 2000 pei delivery peessure requires a
projected energy input of 19,93 kw hr/1b H2 produced, or

1.43 kw hr/1b H, above operation requirements of the cells
at atmospheric pressure.

NITROGEN GENERATION - Nitrogen for the production
of the ammonia is provided by the liquefaction and frac-
tional distillation of air (Fig. 8). An advanced design, four
stage, 36,000 rpm, centrifugal air compressor was used in
the design. Oversizing by 50% was used for fast start up and
opezation at extreme altitude conditions. A radial inflow
turbine operating at 81,000 rpm and approximately BO% ef-
ficiency was used for the expansion eagine. Main heat ex-
changers are envisioned to be of the aluminum plate-and-
fin-type for maximum heat transfer capacity per unit of
volume and weight. The distillation column will utilize
either bubble-cap or sieve trays. It is estimated that an
energy input of 0.4 kw hr will be needed 1o produce 99.993%
Ng. The warm start up time of the plant would be about

12 hr.

AMMONIA SYNTHESIS - Ammonia is synthesized by the
reaction of stoichiometric mixtwure of nitrogen and hydrogen
over catalysts

3H

o . N2= 2-NH

3

This equilibrium reaction for the formation of ammoaia
is favored by high pressure, low temperature, and low coa-
centration of ammonia in the feed stream. The schematic
focme:yndtesiscycleushminmelowupordonof
Fig. 8. The synthesis reaction is highly exothermic. It is
envisioned that the chemical reactor will be cooled by water
flowing through coils in the synthesis reactor. The super-
heated steam so formed is passed through a coaveational-
type steam turbine-generator to recover a portion of the
heat of reacrion as electrical energy.

A pivotal item in any ammonia plant is the synthesis
catalyst. The energy. weight, and volume of the plant are
largely determined by the ability of the catalyst effect
the synthesis reaction. Available catalysts are relatively
crude materials which, though studied intensively, have not
been appreciably improved. Cost of the available materials
is 50 low that significant development programs have not
been commezcially justified. It is projected that an ad-
vanced synthesis catalyst can be developed which is more
active than the best current materials.

Typical process conditions for commercial low pressure
plants are 500 C and 300 atm. Under these conditions, the
resctor effluent contains about 20% ammonia and represents
a 75% approach to equilibrium. Characteristics of the en-
ergy depot plant have been estimated on the basis of a cat-
alyst which produces 35% ammonia in the effluent stream
(77% of equilibrium) at 400 C and at 350 atm. The flow
rate of gases recycled back to the reactor is approximately
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equal to the feed gas rate; therefore, the conversion separa-  fore. It is estimated that an energy input of 0.12 kw hr/Ib
tion circuit operates with a gas flow rate approximately dou- N}{a will be needed for the ammonia synthesis plant.

ble the feed gas rate. It is anticipated that this combina-

tion of conditions will yield a substantial weight and volume The ammonia fuel depot is expected 1o produce 710 Ib
savings for the overall plant. Compressors-in the ammonia  of ashydrous ammoaia per hour from the 3000 kw outpus of
synthesis plant will be of the advanced type discussed be- the nuclear powerplant plus some thermal energy recovered
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from xhe Feactor mrbine exhaust heat, Characreristics of
liquid ammonia fuel production plant zre given inTable

FUEL PRODUCTICN SYsTEM MODIFICATIONS -In the
systems discussed, about 80% of the electric power is con-

clectrolysis cell voltage by sbout a thirg, ceasibility studies
on the dual pH concept hiave indicated that the vse of ther-
mally regenerated acid and base o maintain a difference
in pH at the electrolysis cell electrodes will lower the eleg-
@olysis cell voliage By about & half.

Electrochemical techriques of Prepaation of nitrogen
fiom air may lower the power cequirements for nirogen pro-
duction by half,

Improvements in techaology and new Processes may
g-eatly enhance the fuel Srocuction yiedds over those pro-

concept does roq depend -
techniques but they will greacly aid the program.

LIQUIC- HYDROGEN AND AMMONIA STORAGE
AND DISTRIBUTION UNITS

temal vesiel pressure and forces liquig hydrogen traugh the
Gansfer system.

Becanse liquid hydrogen can only be stored under cryo-
genic temperature and becayse there will ke hear leakage
to the fuel, there wil) be fome unavoidable 1oss of fue| dug-

the incoming bydrogen liquid, there is 4 los. Efficiency of
he fuel wransfer is EXpected to be about 935,
The ammonia ftorage aad distridution urits consist of

2 large reinforced plastic ammonia storage vessel my

0 an & ton GOER, and a smaller vessel mounted on

vehicle. Both vessels store the liquid ammonia unde
Sure at ambient temperatre. A small pump is provi
move the liquid ammonia from the primary vessel to
usex vehicle through a flexibls base. The vessels are
vemed excepe during emergency conditions, Because
unnecessary to vent gas in any of e filling or transfe
ations, the effiziency of ammonia ransfer is expecte
nearly 100%. The Sy¥lem also has the advantage tha:

ENERGY DEPOT FUEL UTILIZATION

An integral part of the enegy depot concept is the
Zation of energy depor fuels. The efficiency cf fuel
ticn will reflect upon the size and number of enesgy de

4nd bigh fuel efficiencies can be o
taimed. Theoretically, electrical power equivalen: to o
frec enesgy of me fuel oxidation reaction cag be produc

Table 2 - Characteristics of the Fuel Storage
4nd Distribution Uni:

Liquid Liquid
Characteristic Hydrogen Ammeni;
Transfer efficiency, % 93 100
Capacity of 8-ron GOER,
gal 2200 2900
Depot production houes
W fill, he 17 21
Storage temperature of
fluid, = -423 -80
Storage pressiure {normal)
of fluid, psia 14.7 153
Method of detivery from
GCER PR coll pump
Metaod of delivery from
user vehicle tank elecrric heater pump
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ation, and design flexibility are obtainable with fuel cell
powerplants and point toward a greater usage of fuel cells

in future vehicles, and are a prime application in the energy
depot systems.

Future fuel cell powered military vehicle mustbe entirely
new power train. Present designs will probably not be retro-
fitted. However, in order to establish the feasidility of the
applicaticn of fuel cell power W military vehicles, an ar-
mored personnel carrier (APC) based upon the M113 was
selected for study. Two fuel cell powered vehicle drive sys-
tems were investigated for this vehicle: hydrogen/air and
dissociated ammonia /air.® For comparison, the use of hy-
drogen, ammonia, and gasoline in the APC was also investi-
gated.

FUEL CELL ASSEMBLIES

The fuel cell assemblies studied were hydrogen/air
and dissociated ammonia/air. The hydrogen/air fuel cell
assembly was the centerline design. All of the fuel cell
systems consume hydrogen as the fuel and oxygen from air
as the oxidant. Direct use of ammonia as a fuel in low tem-
perature cells has not presently proved successful, and it
must be dissociated into hydrogen and nitrogen for use. In
the cases where the fuel and oxidant contain nitrogen, the
nitrogen remains inactive and serves only to dilute the con-
sumable gas. As a result, the projected performance of the
hydrogen/alr and the dissociated ammonia fuel cell are
lower than hydrogen /oxygen systems.

Hydrogen consuming fuel cells can be classified as solid
electrolyte, liquid electrolyte, or capillary-held electrolyte
type. This study deals with the capillary membrane fuel
cell long under development at Allis-Chalmers. Tests and
analysis have proved that this type of fuel cell is feasible
and well suited 10 use in a military vehicle. This fuel cell
is an electrochemical converter that produces electrical en-
crgy. product water, and heat from & coatinuous supply of
hydrogen and oxygen (air). The basic system has beea de-
scribed in detail in other reports (11-13).

HYDROGEN-AIR FUEL CELL ASSEMBLY - Early in the
study it was necessary to designate a power output for the
hydrogen /air fuel cell assembly which would approximately
satisfy the power requiremensts for the vehicle drive unit ea
the APC. This was necessary to determine the weights, sizes
and other characteristics of the fuel cell assembly and its
componems. A gross power ousput of 160 kw in continuous
service was selected as the total power output of the fuel
assembly. The auxiliaries for the fuel cell assembly require
12 kw of power. This assembly can prodiuce 180 kw (net)
in a 15 minute overload condition.

Hydrogen/air fuel cell assembly designs were projected
to be achievable in the late 1960's on the basis of perform-
ance characteristics available in 1963. Actual assemblies

*The hydrogen/oxygen system for vehicles was analyzed
and found to be very similar o the hydrogen/air system.

developed may differ from those projected, but it is expected
that with reasopable research and development, the size,
weight, and performance goals are attainable. Fig. 9 shows
the predicted performance related to results of tesis per-
formed on a fuel cell module built in an Allis-Chalmers
development program. The prediction was also guided by
results of research and development on hydrogen-oxygea
assemblies for acrospace application.

A primary comsideration in designing a vehicle power
assembly is its weight. In applying fuel cells w a vehicle
it is possible to project an operating design point so that the
fuel cell assembly will be very efficient; that is, operate at

low current density (amp/ ftz) and at high terminal voltage
(see Fig. 9). The twotal electrode area for the cells is large
and their weight is great. The amount of fuel consumed for
a given mission would thea be small. If the design point is
chosen at a very high curmrent density, then the voltage out-
put of each cell is reduced, and the number of cells must
be increased 10 obtain the desired output voltage. The
weight of a module for a given power level decreases up 10
the point where the increased weight. resulting from the
number of cells required, overcomes the weight saving
because of the reduction in plate area. However, this occurs

at a very high amp/fx2 operating peint for the projected
pesformance curves. As this operating point increases for a
given performance curve, efficiency falls. Consequently,
the fuel consumpsion rate, and the water and heat 10 be
removed all increase. These effects result in a system
growth, requiring more fuel and larger capacity auxiliaries.
1f the performance curve, re-required power level, and mis-
sion time are known, it is possible to find a point of mini-
mum assembly weight. Thus, the selection of the amp/

ft2 design point requires a balancing of the results of mathe-
matical analysis with a knowledge and understanding of the
nature of fuel cell development projected o the late 1960%.

Withall these factors in mind, the design point of 300 axnp/i’t2
at 0.825 v was selecteq tor continuous duty of the hydrogen/
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Fig- 9 - Projected performance curves for hydrogen/air fuel
cells



ait fuel cell. A 16 minute overload poia of 400 amp/ft”
at 0.758 was used.

Process Equipment - Arrangemeat of 1he fuel cell process
equipment is shown in Fig, 10. The fuel cells aze arranged
in modules consisting of 91 cells each. Sixteen modules
make up the vehicle drive it and are conaected by com-
mon manifols 1o the cooling circult, the bydrogen and oxi-
dam supplies. and the moistuze removal condenser,

Abouz 70% of the water is removed ticegh the static
moisture control system oa the hydrogen side of the cell,
The remaining 30% of the moistare s removed with the ex-
haust air. Molstuze removal cavities of all cells are con-
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nected through & commoen marifold 10 e condemser. Pres
sure within this condenser is automatically maintained by
the vacuum fan: thes, the migratica of moisure stops at 3
panicular concentration of electolyte whea the correspond -
i.ngpzawemm:h:nbeptmmumﬂnmimmc
condemser. Condeased molsture is returned to the air puri-
fier o humidify the incoming air. An air purifier coadi-
tions the air entering the cells removieg dust, carbon diox-
tde, and the like, and humidifying of air o a vapor pressure
comresponding 1o minimum desired vapor pressure in e feel
cells.

The foel cell modules are maintained at a constant tem-
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perature of 180 F. Heat is dissipated both through moisture
removal from the cells and through a cooling circuit. An
electrically nonconductive, cooling liquid is circulated
through the electrode holders in each fuel cell and the hot
liquid is routed through a common header to the coolant
radiator. The cooled liquid then goes to the sump tank and
a circulating pump forces it through the moisture removal
condenser and into the fuel cell modules to make a com-
plete circuis.

The fuel cells are arranged in modules of 91cells to give
a module voltage of 75 v ar the continuous load design
point. Electrode area was selected to produce 10 kw of
power per module. Current through each module is there-
fore 133 amp. Under overload corditions each module pro-
duces 178 amp at 69 v (12.3 kw).

The modules are arranged in four groups of four modules
cach. Each group of modules is connected in series to pro-
duce 300 v. The groups of modules are arranged so that
modules 1-4 are in parallel with modules 5-8; modules 9-
12 are parallel with modules 13-16. Switches enable those
two parallel groups to provide an output voltage of 600 v
and 266 amp when in series, or 300 v and 532 amp when in
parallel.

The major design and operating characteristics for the
hydrogen /air fuel cell assembly are summarized in Tables
3 and 4.

DISSOCIATED AMMONIA/AIR FUEL CELL ASSEMBLY -
A gross power output of 160 kw in continuous service was
selected as the total power output of the fuel cells for the
dissociated ammonia fuel cell assembly study. This fuel
cell assembly has a net power output of 147 kw in continu-
ous service and 179 kw (net) in the 15 minute overioad con-
dition. The fuel cell assembly studied is 4% more powerful
than required by the APC.

The dissociated ammonia fuel cell assembly differs from
the hydrogen/air assembly in two major respects. The hy-
drogen fuel is diluted with nitrogen and a modification of
the moisture removal process is required.

Table 3 - Hydrogen/ Air Fuel Cell Assembly,

Major Design
Size and Weght
Module weight, 1b 101
Module volume, txa 0.827

Number of modules 16
Assembly weight, 1b® 3160

Assembly volume, ft°® 45.9

*Includes 16 modules plus suxiliary equipment consist-
ing of radiator, filter, air compressor, condenser, vacuum
fan, circulating pump, water pump, plumbing and ducting
controls, fluids, and air purifier.

The dissociated ammonia-air cell is not expected to
reach the performance of the hydrogen/air cell because of
the effect of nitrogen dilution on the hydrogen electrode.

The curve in Fig. 11 shows the performance estimated
for this fuel cell projected 1o late 1960°s. This projection
assumes considerable development on both the fuel cell and
the ammonia dissociator to minimize the amount of and
effects of nondissociated ammonia. Rated current density

was selected at 225 amp/ h2 at 0.825 v per cell. Overload
was selected at 300 amp/lt2 at 0.758 v per cell.

AMMONIA DISSOCIATOR

An ammonia dissociator was conceptuslly designed w
produce up w 20 1b of usable hydrogen per hour for the fuel

Table 4 - Hydrogen- Air Fuel-Cell Assembly

Operating Characteristics
Continuous 15 min
Dury Overload

Gross power, Xw 160 196
Auxiliary power, kw* 12 16
Net power, kw 148 180
Assembly voltage (parallel), v 300 216
Assembly voltage (series), v 600 552
Assembly amperage

(parallel), amp 532 712
Assembly amperage

(series), amp 266 356
Module power, kw 10.0 12.3
Module voltage, v 75 69
Module amperage, amp 133 178
Cell power, kw 0.110 0.135
Cell voltage, v 0.825 0.758
Cell amperage, amp 2 133 178
Cell current density, amp/ft 300 400
Operating remperature, F 180 e
Assembly weight/net power

ratio lb/akv 214 17.6
Assembly volume /net power

ratlo ft/kw 0.310 0.255
Fuel consumptioan, 1b Hzlncx

kwhr 0.108 0.118
Fuel consumption, 1b Hz/b.r 16.0 21.3
Purified air requirernents,

16 air/hr 790 1050
Air purification chemicals

b/hr 2.7 3.6

*Includes power for compressor, cooling fan, vacuum
fan, circulating pump, water pump, and electrical control.




cell assembly. For this case, the ammonia dissociator pro-
duces 25.5 1b/hr of hydrogen in the form of 3:1 hydrogen-
nitrogen mixture. This mixture is produced by catalytic
thermal dissociation of ammonia at 1700 F and 50 psig pres-
sure. Equipment required was estimated weigh about 1025

1b and occupy about 12.5 ftd. A schematic representation
of the unit appears in Fig. 12.
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Fig. 11 - Projected performance curves for dissociated am-
monia/air fuel cells
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Theoretically, 113.3 1b /hr of dissociated ammonia is
necessary to supply the fuel cell with 20 Ib/hr of hydrogen.
To make the process self-sustaining, about 6.5 1b/hr of hy-
drogen are burned in the reactor to supply the energy for the
dissociation process. Included in this figure are possible ra-
diation, diffusion losses, and so on. Therefore, 2 total of
150.1 Ib/hr of ammonia is supplied to the reactor.

A palladium /silver foil hydrogen diffuser used after the
dissociator could supply pure hydrogen to the fuelcells. This
would allow the projection of hydrogen/air fuel cell sys-
tem. The palladium /silver diffuser was disallowed because
of its volume and because it requires the dissociator 10 be
operated at high pressures.

PROCESS EQUIPMENT - Arrangement of the fuel cell
process equipment is shown in Fig. 13. The arangement is
similar to that for the hydrogen/air fuel cell assembly with
respect to the temperatuse control equipment and the supply
of purified air 1o the oxygen elecrode. The fuel supply
cquipment differs in that a hydrogen/nitrogen mixture from
dissociated ammonia is fed to the fuel cell hydrogen elec-
trodes. About 75% of the hydrogen in this mixture is used
by the fuel cell to produce electrical powe:. The remain-
ing hydrogen is bumed to provide the heat for the dissoci-
ator.

Electrical arrangements for the dissociated ammonia /air

N":! 1500 F air
exhoust | BOF
goses 1200 F
1700 F
cancentric
tube
preheatar reactor preheater
No. | No. 2
s Ng-tz 1§ F] moF
mixture 760 F
Ny =H,
mixture ___—..m F
800 F Na-H2 heat exchonger
700 F
water
cordenser
EIENENEREN!
180 F
- 300 F RS 150 F -'J
finned oir cosler humidifier fuel cells
TTTTTITITTITTT
- €001
air Hzo

Fig. 12 - Ammonia dissociator process flow diagram
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fuel cells are identical to that for the hydrogen/air cells.
This system’s auxiliaries consume about 1 kw more power.

The major design and operating characteristics for the
dissociated ammonia fuel cell assembly are summarized in
Tables 5 and 6.

ELECTRIC DRIVE ASSEMBLY

A detailed analysis was made of the electric drive as-
sembly for the M113 (5). A d-c type motor was selected
for the fuel cell powered vehicle. The advantages of the
d-c drive assembly are:

1. It is more efficient since fuel cells produce direct
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current and there will be po losses due o conversion to al-
ternate current,

2. The d-c drive assembly eliminates the need for a-c
conversion equipment with its associated control.

3. A simple one-step switching of the fuel cell banks
from series to parallel operation will change the output from
low speed, high torque to high speed, low torque wsing full
fuel cell output in both ranges.

4. The short time overload capability of the d-c motor
is greatly superior 1o a-c motor.

5. Its ability to weaken its field and deliver constant
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nornmal traction requirements.
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Table 5 - Dissociated Ammonia Fuel-Cell Assembly,

Major Design
Size and Weight
Number of cells per module 9
Module weight, ib 134
Module volume, fta 1.09

Number of modules 16
Assembly weight, 1b*® 4300

Assembly volume, fta‘ 64.1

®Incindes 16 modules plus auxiliary equipment consist-
ing of radiator, filter, air compressor, condenser, vacuum
fan, circulating pump, water pump, plumbing and ducting,
controls, fluids, air purifier, and ammonia dissociator.

Table & - Dissociated Ammonia Fuel-Cell Assembly,

Operating Characteristics
Continwous 15 min
Duty Overload

Gross power, kw 160 196
Auxiliary power, Xw® 13 17
Net power, kw 147 179
Assernbly voltage (parallel), v 300 276
Assembly voltage (series), v 600 552
Aszembly amperage (paraliel),

amp 532 12
Assembly ampezage (series),

amp 266 356
Module power, kw 10.0 12.3
Module voltage, v 75 69
Module ampesage, amp 133 178
Cell power, kw 0.110 0.135
Cell voliage, v 0.825 0.758
Cell amperage, amp 2 133 178
Cell current deasity, amp/ ft 225 300
Operating temperature, F 180 e
Assembly weight /net power

ratio ib/kw 32.7 26.8
Assembly volume /net power

ratio /it w 0435  0.358
Fuel! consumprion, 1b NH3/ net

kwhr 0.816 0.894
Fuel consumption, 1b NHalhr 120 160
Purified air requirements, 1b

air/hr 790 1050
Air purification chemicals

1b/hr 2.1 3.6

*Includes power for compressor, cooling fan, vacuum
fan, circulating pump, water pump, and electrical control.
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Only disadvantagesof the d-c drive assembly are that the
motor is slightly larger and heavier than its a-c counter-
part, and the d-c motor requires a commMuLator.

The design analysis indicated that a single shunt wound
d-c motor was suitable for the drive of the APC based on
M113. At low speeds up to @ mph, the low voltage highcur-
rent parallel circuit output of the fuel cells is applied 1o the
armature of the shunt wound motor. This provides high
torque to the motor eliminating the need for mechanical
shifting. At highes speeds, the fuel cells are switched 10 the
series circuit placing high voltage, low curment source on
the armature. Fine control in each range is provided by
varying the field current which is excited {rom a constant
voltage control.

VEHICLE ANALYSIS

A mathemartical vehicle analysis was developed to pro-
vide a means of quickly estimating the weight, size, and
power requirements for the APC fuel cell powered vehicle
without preparing a detailed drafting layout of each vehicle
drive unit. This analysis is basically a weight, volume,
power calculation which applies equal averaging o all ve-
hicle components. Detailed analysis would probably arrive
at a lower order of change.

The analysis considered:

1. The present horsepower to differential.

2. Size and weight of present powerplant and fuel supply.

3. Weight of vehicle per present dimensions.

4. The corresponding values for the new vehicles.

This analysis is given in detail in the conceptual design
report (5).

FUEL CELL-ELECTRIC MOTOR DRIVE UNITS - Weight-
to-horsepower and volume-to-horsepowes ratios for the three
fuel cell-vehicle drive assemblies are summarized in Table
7. Ia all cases, horsepower refers to the horsepower deliv-
ered to the steering differential of the APC with the vehicle
drive units operating at their 15 minute overload rating.

Table 7 - Weight-To-Horsepower and Volume-To-
Horsepower Ratios For the APC Powered By a
Fuel-Cell Drive Unit

Dissociated-
Hydrogen /Aiz Ammonia/ Alr
Fuel-Cell Drive Fuel-Cell Drive
Component 1b/Lp ftslhp 1b /ho ftslhp_
Fuel cell assembly 16.4 0.259 25.0 0.364
Electric drive
assembly 11.2  0.069 11.2  0.069
Vehicle fuel unit 1.5 0.314 4.5 0.163
Totals 29.1 0.642 40.7 0.596
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Fuel cell assemblies contain all auxiliaries including the
air purifier and ammonia dissociater where applicable.
Values for the fuel cell assemblies assume that the electric
drive assembly is 88% efficient. A 10% increase in the
welght-to-horsepower ratio for mounting the fuel cell com-
ponents, and a 209 increase in the volume-to-horsepowers
ratio were included as a packaging factor. The electric
drive assembly includes the motor, cooling equipment, and
controls.

Fuel rates for the respective fuel cell assemblies were
determined by using the 15 minute overioad rating adjusted
w include the losses 10 the electric drive assembly. A 5.38
hr operating duration at full power was used to calculate the
capacity of the fuel tank. The weights and volumes of the
fucl containers were estimated from curves given in APCI-

Table 8 - Characteristics of APC Powered By a
Fuel-Cell Drive Assembly

Fuel-Cell Powered
Armored Personnel

Produc- 8
Carriers
tion
Model Dissoci-~
M113  Hydro- ated Am-

Characteristics Gasoline gen/Air monia/Air

Combat weight to horse-

power ratio, Ib/hp 146 146 146
Range (full power dura-

tion), hr 5.38 5.38 5.38
Horsepower to differ-

ential, hp 167 182 203
Vehicle combat weight,

b 22,830 25,600 29,600
Fuel, 1b 490 99 828
Fuel, gal 80 167 165
Fuel container and

supply unit, 1b 30 173 83
Fuel coniner and

supply unit, fts 11 57 30
Powerplant, 1b 1810 5020 7350
Powerplant, ft° 50 80 88
Increase in hull weighe,

1o - 830 890
Increase in hull

volume, fta .- 56 60
Vehicle height, in. 72 79 80
Vehicle width, in. 106 106 106
Vehicle leagth, in. 192 192 192
Fuel rate, full power

b/ br 91.1 18.3 154
Air cleaning chemi-

cals, 1b .- 16.4 18.5

541101 with allowance for ullage, fill, and interconnecting
lines, auxiliaries, and a packaging factor (14).

Values given in Table 7 were then used to calculate the
characteristics of the respective armored personnel carriers
assuming that these values remain constant over the range
of power needed. The performance of these vehicles should
be equal 10 the production M113. Since the components are
designed at approximately the pewer required, this is con-
sidered a valid assumption. The result of the analysis is
given in Table 8.

INTERNAL COMBUSTION ENGINE DRIVE UNITS - It is
apparent that the change in fuel from petroleum to either
liquid hydrogen or ammonia will also influence the design
(or performance) of the APC when these fuels are consumed
in an internal combustion engine. A brief analysis was made
on the same basis as for the fuel cell powered vehicle.

Table 9 presents the weight-to-horsepower and volume-
to-horsepower ratios for the internal combustion engine drive
unit fueled by hydrogen or ammeonia. In both cases the fuel
efficiency of the engine was arbitrarily considered equal
that of the gasoline engine. The engine and its auxiliaries
were arbitrarily assumed to be 10% heavier and larger than
the gasoline engine. The results of this analysis for equal
range vehicles are presented in Table 10. This table shows
that the use of either liquid hydrogen or ammonia in the
APC will require either a larger and heavier vehicle, or a
compromise in the vehicle's range. In particular, the large
liquid hydrogen tanks result in the largest vehicle swudied;
the roof is raised 11 in. and the bull is lengthened 5 in. In
the case of the ammonia fueled internal combustion engine,
the roof must be raised 5 in. to provide for the increased
volume of the fuel. This vehicle is similar 10 the three fuel
cell powered vehicles in outside appearance.

The fuel rates for the internal combustion engine pow-
ered vehicles are considerably greater than for the fuel cell
powered vehicles. This is particularly wue for the hydrogen
fueled vehicles, 33.0 1b/hr versus 18.3 1b /hr, respectively.
In the ammonia feeled vehicles, the fuel consumption
rates are 154 1b/hr for the fuel cell powered vehicle ver~
sus 206 1b/hr for the intemal combustion engine powered
vehicle,

Table 9 - Summary of Weight-To-Horsepower and
Volume-To-Horsepower Ratios for the APC
Powesed By an Intemal Combustion Engine

Ammonia

Gasoline Hydrogen

/e fi/hp B/he f 7 hp

Component 1b/hs ltslhp

Engine and
auxiliaries 11.6 0.319 123 0.351 12.8 0.351
Fuel Unit 3.3 0.069 29 0607 7.3 0.264
Total 14.9 0.388 15.7 0.958 20.1 0.615




The efficiency advantage of the fuel cells over intemal
combustion engines is shown in Table 11. These valves
were computed from the vehicle analysis of the armored
pessonnel carrier. In all cases they include the auxiliasies.
The drive efficiency is defined as the horsepower-hours de-
livered to the vehicle differential divided by the equivalent

Table 10 - Characteristics of APC Powered By Intemal-
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energy of the fuel consumed using the higher beating values
for cach fuel.

The energy depot systems are most easily compared by
considering them as complete individual systems. Table 12
gives the number of borsepower-houss delivered tw the ve-
hicle wransmission for each hour of depot operation, and the
system efficiency.

SUMMARY

Combustion Engine The fuel logistic problem can potentially be alleviated
by using nuclear energy in the field. Feasibility studies in-
Fuel Consumed dicate the technical possibility of converting nuclear energy,
P R air, and water into the chemical fuels, liquid hydrogen and
Eiydeo 3 ammonia in the field. These fuels can be utilized topower
Characteristi line® monia
act = = internal combustion engines or more efficiently to power
fuel cell electric drive systems. A conceptual design anal-
Combat weight-to-horse-
rntli?lb/hp 146 146 146 ysis of the fuel production portion of the energy depot system
Raln e (€ uu-po'ver G resulted in lightweight. compact, mobile units of high effi-
din) he 5.38 5.38 5.38 ciency. The stdy of armored personnel carriers showed the
Honept;wer w0 differential ) 5 suitability of fuel cell electric motor drive systems for mili-
hp g 157 170 168 tary vehicles. The energy depot system should prove to be
1 3 an exciting concept for the army of the future.
:d':c:; EcmbRT g 57 226830 3::00 ?:15000 Continuing studies in the areas of hydrogen and ammonia
F“:l- < = G = production and their urilization in intemal combustion en-
erl.ogon and spply gines and fuel cells should allow the early realization of the
unit, 1b 30 314 1 Tt
Fuel container and supply REFERENCES
3
uaix, ft u 103 44 1. NY010422, "Modile Energy Depot Feasibility Study -
Powerplant, 1b 1810 2180 2150 Summary Report,” Allis-Chalmers Mfg. Co., July 12, 1962,
powerplant, ft 50 60 59 Coatract Report AT (30-1)2931.
Increase in hull weight, 1b e 1670 620
Jocreass hu;ll Table 11 - Comparison of Drive Unit Efficiencies
volume, ft -- 102 42 Efficiencies, Per Cent
iy R AT et e ol e
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Operation Electrical Enesgy Delivered To Depot
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Ammonia 579 1026 937 14.4 25.5 23.3
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Ammonia as an Engine Fuel

Walter Cornelius,
L. William Huellmantel, and Harry R. Mitchell

Research Laboratories, General Motors Corp,

THIS EVALUATION OF AMMONIA as an engine fuel was
performed by the General Motors Research Laboratories in
suppore of the energy depot concegt proposed by the Allison
Div. of the General Motors Corp. (1).* The objective of the
energy depot concept is wo frée the Armed Forces from re-
liance on hydrocarbon fuels. One method is the production
of a fuel from water and air. Of the potential fuels whick
might be preducec, anhydrous ammonia (NHS) was con-

sidered 1o offer the mos advantages. The energy required
to synthesize this foel would be provided by a mobile nu-
clear reactor. The General Motors Research Laboratories
undertook the task of evaluaring anhydrous ammonia as a
fuel for spark-ignited reciprocaring engines.

The chemical equation below describes the combustion
of a stoichiometric mixture of ammoniz and air:

2 NH3 + 1.5 (02 + 3.76 N2) —>3 H20 * 6.64 N2

Table 1 is a tabulation of those propestics of ammonia
and a typical commercial gasoline that have an effect on
combustion.

As shown, the heating value of gasoline is 2.4 times that
of ammonia. However, the stoichjometric air-fuel ratio for

*Numbess in parentheses designate References at end of
paper.

Table 1 - Comparison of Properties of Anhydrous
Ammonia apd Gasoline

Typical
Ammonia Gasoline
Chemical formula NI-!3 Cl~lx
Density, I>/gal 5.1 6.1
Boiling pcint (1 atm), F -28 a
Freezing point, F ~10€ -76
Vapor pressure (70 F), psia 123.8 a
Heat of vaporization (70 F),
Btu/1b 508.6 116
Hear of combumion (Lower heat
vilue -- gaseous), Buu/lb 8000 18,900
Swichiomerric air-fuel ratio 6.08 14.5
Stoichiometric heat release
(weight), Buw/1b air 1320 1285
Stoichiometric hear release
(Vol), Bm/ft3 mixure 7.3 96.5
Octane racing -- Rescarch
Method (Min) >11 a1

# Values not comparative with other data.

ABSTRACT

Studies were conducted wing spark-ignited reciproceeing
engines 10 evaluzte ammonia as an alternate fuel for cer-
tain military applications. Conventional engineswere found
o perform poorly on ammonia. Several practical methods
for improving engine performance while buraing ammoaia
are described which include increased spark energy. increased
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compression ratio, eagine supercharging. and hydrogen ad-
dition to the frel. Dissoclation of ammonia was investi-
gated as a practical means for supplying hydrogen to an en~
gine. The smdy indicares that satisfactory engine perform-
ance can be obtained while buming ammonia. Auxiliary
equipment and coatrols necessary for vehicular use will re-
quire development.
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ammonia is 6.06:1 as compared to a much leaner ratio of
about 14.5:1 for gasoline. Based ca equal volumes of swoi-
chiometric air-fuel mixwres, the beat content of the am-
monia-air mixture is about 305 of that of the gasoline-air
mixture. Therefore. since a reciprocating engine is essen-
tially a positive displacement device, the power produced
with an ammonia-air mixture would not be expected to ex-
ceed about 0% of that produced with & mixture of gasoline
and air. if the engine were normally aspirated in both cases.
The high octane rating of ammonia isanother importan fac-
tor that must be taken into accoum when comparing per-
formances of ammonia and gasoline in an engine. Thisper-
mits higher compression ratios and sapercharging 1o be used,
which improve performance. Also, the beat of vaporizazion
of ammoaia is 4.4 times that of gasoline, and the engine
consnmes 2.4 times a3 much fuel by weight for equal power
outputs because the heat of combustion of ammonia is lower.
Therefore, ammonia fuel requires 10.2 times as much heat
for vaporization as gasoline. This points ow the need for a
vaporizer when using gaseous ammonia as an engine fuel,

The use of ammonia &5 a fuel for internal combustion
engines bas been investigated in Europe. However, very
limited informatfon is available describing engine perform-
apce. The first practical use of ammonis as a fuel co a
limited scale is believed to have been performed by Am-
monia Casale Limited in 1935 (2). A secord and more ex~
tenstve application, the Gazamo Process, was tried on ve-
hicles in Belgium during 1942 (3). In the Gazamo Process,
the engine was supplied with a mixture of ammonia vapor
and cosl gas, Hydrogen that was prescef in the coal gaswas
used to promote the igaition of ammoais. Flow regulation
and proportioning of the ammoaia vapor and the coal gas
were accomplished manually by the operator of the vehicle.
This particular program was undertaken because of ashort=
age of petroleum fuel created by World War 11 and wasterm-
inated when this fuel shortage was relicved.

The experimental program undertaken at the General
Motors Research Labogatories was to determine the feasibil-

Fig. 1 = Test cell (pmallation of single-
cylinder engine and ammonia fuel supply
system

ity of buming ammonia in a spark-ignited reciprocatingen-
gine. The major objectives were:

1. To evaluate the effects of various engine design and
operational parameters on engine performance while bum-
ing ammonia.

2. To determine what minimem modifications to 2 con=
ventional engine are required to provide engine performance
on ammonia equivalent to that developed while using com-
mercial gasoline.

Initial investigations were conducted oa a single-cylindes
test engine. These engine studies were of abasicsarure and
fulfilled the first major objective of the fuel evaluation pro-
gram. In view of the encouraging results obtained on the
single-cylinder engine, a conventional multicylinder auto~
motive engine was procured and performance evaluations of
the engine were begun. Only preliminary tests have been
performed on the multicylinder engine. As a result, most
of the experimental findings discussed in this paper are based
an single-cylinder englne tests.

TEST BQUIPMENT AND PROCEDURE

Single- Cylinder Engine lnstallation - Fig. 1 shows the
test cell installation of the single-cylinder engine. This
overhead-valve engine has a displacement of 27 cu in., &
bore of 3.375 in., a stroke of 3.013 in., and a pominal com=
pression ratio of 9.4:1. The ignition system used Initially
was similar to conventional production equipment used on
a 6 cyl automecive engine, with one exception: the standard
high resizance carbon ignition cable was replaced with &
conventional high tension cable. A standard AC spark plug
of heat mnge type 44 was used. A fuel-air mixing chamber
was substituted for the carburetor when ammonia was bumed.
It insured adequate mixing of the gaseous ammonia and air.
A positive crankcase ventilation system was installedtosafe-
guard againgt the possibility of & crankcase explosion. En-
gine airflow was measured by means of critical flow ori
fices; fuel flow was measured with a variable area flow meter.




Comprossed air from the alr mpply system of tho tost
building was used when supercharging of the single-cylinder
cngine was investigated. The compeened air was flowed
throegh electrical beating clements o simulate the rise in
air temperatuse that would be incurred if an actual supec-
charger bad been used,

Multicylinder Engine lostaliation - The test engine used
was a 215 cu s, V-8 engine eguigped with a turbosuper
charger. Fig. 2 shows the engine installed on the tost tand

and equipped for operaticn on ammosas fuel. It is as alum-

isum engine with 2 sominal compeession ratio of 10.25:1.

The tutbompercharges is powezed by engine exhaust gas.

The supercharge poesmine wWas 1imited to 18 in. Hg gage.
The carburetos, which is noemally mounted on the com*
peessor mlet flange, was removed and replaced by an am-~

momia-air mixisg chamber, The amsmonia and alr flows
were each mamally comtrolied and proportioned. As in the
case of the singlo-cylinder engine isstaliation. the flows
wese measured separately and the alr and foel were then in-

k3 |

woduced into the mixing chamber peior to admittance o
the engine.

The sandard engine (gnition system was esaployed dar-
ing preliminsy engine tests. Iznition comparests similar
to those wed on the single-cylinder test eagine were then
subst {tuted.

Fuel Systens - Gaseous ammonia was injected imo the
engine induction systems of both test engine. The fuelsys
tems grovided w accomplid this wore similar i principle
for e two engimes but the syssem for the multicylinder en-
gine was more complex. The fuel sysem for the single-
cylinder engine was insalled in the eagine tex cell and is
shown in Fig. 1. Heat had to be provided to vaporize e
ameonia in the multicylinder emgine sysem, wheress saf«
ficient heat was tramamined theough the walls of the storage
vessels §5 the single-cylinder engine system to cause vapar-
izatica

Fig. 3 Is 3 schematic of the ammonia fuel mepply sysems
for the multicylindor cugine. Fig. 4 shows the foel storage

Fig. 2 - Test cell inallation of multicylindes
englee peepared for oparatice on ammonia fuel

- MEMOTE CONTROL VALVES
? /ENGRE FUEL NORZE

=

EMERGENCY SHUTDOWN BULVE

eoaony TR | N\
258 Diseew l 3 WY WVE
/@ i
PR e I i
PRESSLEN — ], @] "=EsS REG VENT
u-:gg; RE E"Z.J E‘K, n:-. K e i P
} ER Ny DO AL ANMONLA
r:ct\‘nq_ n A 8 71)..2!_0 AL-A' | CYUNDERS
e a1 \ ZOCRELEF VA e >) .}I\I@
] 200" RELEF VA St §
Towatk, «oeox W 010 C{KC"O( -
wewy LU T P e Fig. 3 - Schematic of
QAT _SW 3 2. 3 - o
daarapsy, —FUOW_ CONTROL onla foel sysem
L oONTROL g SOLENODID ammonia feel system
VALVE VALVE foe rmulticylinderengine



32

portion of the system that was located extemal to the en-
gine test cell. Ligquid ammonia was stored in six tanks each
containing 150 Ib of ammonia when full. Darfng engine op-
eration, the saturation peessure of ammonia (approximately
120 paig at room temperatare) forced liquid ammonia into
the heat exchanger where the ammonia was vaporized. Hot
water was used to provide the hear required to vaporize the
smmonia. The level of the liquid ammonia in the heat ex-
changer was controlled with a float switch which governed
the operation of a solenoid valve located in the fuel line
between the tanks and the heat exchanger. The flow of hot
water through the heat exchanger was coatrolled sutomat-
ically. From the heat exchanger, the gastous ammoais
flowed through two pressure regulators, toredoce [ts pressure,
and through two variable area flow mezers and manaally
comtrolled throrling valves. The gaseows ammonia was then
admizted {nto the ammoaia-air mixing chamber through
four nozzles,

The addition of hydrogen to the ammonia was investi-
gated ooly on the single-cylinder engine. For this investi-
gation, gaseous bydrogen from high pressare bottles was added
to the ammonia in the engine fuel-air mixing chamber. The
hydrogen supply system used was similar to the ammoaia
supply sysem.

Exhaust Gas Sampling and Analysis Procedures - Chem-
ical observations were employed, when feastble, to assist
in the inerpresation of performance measurements on the
single-cylinder and multicylinder engines. Toobtainchem-
ical data, it was necessary o develop specialized gas sam=
pling equipment and sampling techniques and to develop
chemical and chromatographic ingmentation and analy=

-

Fig. 4 - Ammonia fuel supply and control system for mul-
ticylinder engine

sis procedures. In several instances, calculating procedures
had to be devised to reduce the experimental data.

One impoctant area of interest was the collection and
analysis of gas samples from the exhaust manifold of the
single~cylinder engine. Gas samples were collected in pre-
evacuated bottles in sach a mamner that the concentrations
of exhaust gas constituents approximated those in the actual
engine exhaust gas stream.

Each gas sample was analyzed as required for ammonia,
hydrogen. oxygen, and oxides of nitrogen. Standard spec-
trophotometric peocedures were employed to determine the
concentration values of ammonia and oxides of nitrogen.
Oxygen concentrations were determined with an Orsat de-
vice. Gas chromatograplryy was used w0 measore the con-
centration of hydrogen. The experimentally determined
concentrazion values for the exhaust gas constitvents were
then expressed in suitable weight units and were substitmed
into appropriate reaction equations together with related
engine fuel flow and airflow measarements.

Only three principle reactions were considered when char-
acterizing the combustion process in mathematical terms.
These reactions wese: the simple oxidation of ammonia,
the oxidation of hydrogen, the dissociation of amenonia. The
oxidation of ammonda to oxides of nitrogen was ignored since
this reaction would have little effect on the calculated re-
sults,

An [terating procedure was empioyed to reconcile the
reactant and product values in the reaction equations. This
procedure naturally became more involved as the number
of equations requiring simultaneows solution increased. In
the case of the ammonia-hydrogen fuel mixtures avesti-
gated, it was assumed thaz all of the hydrogen that was in-
ducted into the engine was burned. The unreacted oxygen
remaining afver the hydrogen=air reaction was satisfied was
then applied 1o the combustion of ammonia. In general,
satisfactory solutions of the combustion equations were real-
{zed after a relatively few trial calculstions were made.
Some typical reactant data and exhaust product data ob-

tzined from balancingthese combustion equations are listed
in Table 2.

Concentration values for the exhaust gas constituents have
been wed to determine:

1. The per cent of the ammonia inducted into the en-
gine that acwally bumed.

2. The effect of engine operation on air pollution.

General Test Procedure - The single-cylinderengine was
run oo ammonia at both part~throttle and full-throttle see-
tings over & wide engine speed range. Only full-throetle
petformance ofthe multicylinder engine was evaluated while
buming ammonia. Normally-aspirated and supercharged
modes of operation were investigated ca both engines, At
each engine operating condition investigated, performance
data were obtained at the minimum spark advance for begt
torque (MBT spark advance) and the leanest afir-fuel matio
for bext torque (LBT air-fuel ratio).

When the single-cylinder engine was run on gasoline, per-
formance data were obeained also at minimum spark ad-




vance and leanest air-fuel ratio setings for development /
of maximum power. However, multicy linder engine per- /
formance with gasoline was obtained with & standard pro-
duction engine of 2 similar type. o

All single-cylindes engine performance data were cal-
culated on an indicated basis. When supercharged opera~
tion of the engine was evalated, the performance data were
comected to account for the power required 1o compeess the
engine air with a T5% efficient compressor.
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SINGLE-CYLINDER ENGINE STUDIES

Initial Oggmion on Ammonia - At the outset of the fuel
evaluation program, serious doubt was raised as 1o whether
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an ammonia-air mixture could be ignited and combustion +2 4 // A_%,_ s
wstainedin a spark-ignited internal combustion engine. The V}r__

limited technical literature found on the subject of ammo- h

nis combustion wasnot encouraging. Therefore, it was beart-

ening when ignition of ammonia was achieved inthe single- el R0
cylinder engine, using a conventional automotive-type ENGINE SPEED- RPM

ignition system and a primary voltage of 12 v, and the en-

could be run over a limited speed range and develop Fig. § - Performance of unmodified single-cylinder en-

some useful work. gine on ammonia and gasoline -~ full-throttie normally
Fig. 5 presents {ndicated horsepower and thermal effi- aspirated operation, 9.4:1 compression ratio

Table 2 - Reactant and Exhaust Product Data

Fuel Mixtures
1 2 3
Reactants
Ammoaia, 1b/hr 13.6 13.0 11.6
Hydrogen. 1b/hr 0.0 0.0 0.24
Alr, 1b/hx 5.9 1.9 79.0
A/F, % Theoretical air mixmre 22.2 6.8 100.5
Excess ammonia, 1b/ e 1.07 015 0.0

Ammonia burned, b/hr 8.7 8.93 1132
Ammonia bumed, % of inducted 64.5 68.6 o7.5

Exhsust Products = Experimental Data

Ammonia in 1 pt sample bottle, mg 22.9 20.0 1.1
Sample bottle pressare, in. Hg vac 3.7 2.6 3.5
Hydrogen. % by vol 0.6 05 0.2

Baromezer, 29.25 in. Hg abs
Exhaust Products - Calculated Data

o LA L

b/hr & /min 1b/hr £ /mia Ib/he £/ min

Ammonia 463 163 392 137 0323 0.08
Hydrogen 0.08 010 0.08 009  0.01 0.08
Water 13.95 4.64 1420 472 2011 659
Oxygen 529 099 555 104 056 0.10

Nitrogen £5.51 14.00 6717 14.38 68.93 14.92
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ciency curves that were obtained at wide-openthrottle while
running the engine normally aspirated both on ammoniaand
on gasoline. An inspection of these plotted data shows that
the engine performed poorly on ammonia. The maximum
power developed at 2000 rpm was only 17.5% of the max-
imum power obtained at 4000 rpm while burning gasoline.
Also, the maximum indicated thermal efficiency of the en-
gine was 21% as compared to 38% when gasoline was used.
Development of useful horsepower ceased when the engine
speed was raised above 2400 rpm while burning ammonia.

The inability to burn ammonia effectively in the engine
was judged 1o be the primary reason for the poor perform-
ance of the engine with this fuel. This observation was sup-
ported by chemical analyses of the engine exhaust gas that
disclosed the presence of significantly large amounts of
ammonia in the exhaust gas at full-throttle operating con-
ditions. Therefore, considerable effort was devoted to ob-
taining representative engine exhaust gas samples and to
developing a procedure for calculating from the exhaust data
the per cemt of inducted ammonia bumed in the engine.

The following practical corrective actions were consid-
ered for improving the ignitability and combustion of am-
monia in 3 spark-ignited engine:

1. Increase in spark energy.

2. Maltiple ignition.

3. Increase in compression ratio.

4. Fuel additive for promoting the combustion of am-
monia.

It was also realized that complete combustion of ammo-
nia in a normally aspirated engine will not result in the
developmentof as great a4 maximum engine power as that ob-
tained while buming gasoline under similar engine operating
conditions. The difference in epergy content of equal vol-
umes of oichiometric gasoline-air and ammonia-air mix-
tures preclude this possibility. Supercharging the ammonia-
fucled engine is a logical means for overcoming this power
disparity. The relatively high octane rating of ammonia
makes this a feasible approach.

All of these suggested corrective measures were subse-
quently evaluated on the single-cylinder engine with con-
siderable success,

Effect of Ignition System Modifications - The first method
that was investigated to improve the combustion of ammo-
nia in the single-cylinder engine was the modification of
the cngine ignition system. The standard coil and 1.5 ohm
primary circuit resistor were replaced with a high perform-
ance coil and a 1.0 chm resistor to increase the spark en-
ergy. The primary voltage was increased from 12 1o 13.6
v which approximates the voltage used in most current an-
tomotive engines.

Full-throttle engine rests were conducted 10 detemine
the effect of spark plug gap size on power output. It was
found that engine performance was affected noticeably by
variation in gap size and that a gap of abow 0.085 in. re-
sulted in maximum power output.

The effect of these ignition sysem modifications on en=
gine indicated power &5 shown in Fig. &, together with in-

dicated power data obtained while burning gasoline in the
single-cylinder engine. Also shown in the figure are engine
power data obtained while buming ammonia and using a
dual ignition sysem. The maximum power of the engine
was increased about 80% and useful power could be devel-
oped up to a speed of about 3200 rpm by replacing the stand:
ard ignition system with the single modified ignition sys-
tem. A further gain of about 205 in power was realized
when the dual modified ignition system was used.

Tests in which each of the two ignition sysems were usec
separately disclosed that greater engine power was devel-
oped with the spark plug in the standard location than in
the altemate location. Therefore, it is believed that fur-
ther improvement in engine performance could kave besn
realized by locating the second spark plug in & more favor-
able position.

Fig. 7 presents plots of the MBT spark advances and LBT
air-fuel mtios established while operating on ammonia and
using the single modified ignition system. Also plotted is
the MBT spark advance curve for gasoline. As shown in the
figure, the spark advances for ammonia are considerably
greater than those for gasoline, indicating the relativelysloy
buming rate of ammonia.

The maximum power air-fuel ratio for ammonia varied
from about 6.1:1 w 6.8:1. These air-fuel ratios areslightly
leaner than the stoichiometric afr-fuel ratio of £.06:1 of
an ammonia-alr mixture.

Although the ignition system modifications resulted in
& considerable impovement in engine performance, the
power differential berween gasoline and ammoeaia fuels was
still greater than the theoretical difference. Chemical anal
yses of the engine exbaust gases indicated thar an appreci-
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Fig. 6 - Increased power of single-cylinder engine through
igniticn system modifications -- ammonia fuel, full-throt~
tle normally aspirated operation, 9.4:1 compression ratio



able amount of ammonia was still passing through the en-
gine without buming.

Effect of Increased Compeession Ratio - To further im-
prove the combastion of ammonia in the single-cylinder
engine, compression ratios greater than 9.4:1 were inves-
tigated. Increases in engine compression ratio to 11.5:1,
15:1, and 18:1 were accomplished by substituting stepped-
head pistons for the original flaz-head piston.

Fig. 8 presents indicated horsepower curves for the var-
ious compression ratios tested and the power curve obtained
while buming gasoline in the engine at the 9.4:1 compres-
sion ratio. These ammonia data and all subsequent full-
throttle single-cylinder engine data discussed in this paper
were obtained while using the single modified ignition sys-
tem and a primary voltage of 13.6 v.

It will be noted in Fig. § that a sizable gain in engine
power wasobtained when the com pression ratio was increased
from 9.4:1 to 11.56:1. The makimum power was increased
58%. Furher increases in compression ratle from 11.5:1
to 15:1 and to 18:1 had negligible effects on indicated power
development at engine speeds below about 2400 rpm, but
did resal: in increased engine power at higher speeds. The
maximum power was increased 68% with the 15:1 compres-
sion ratio and 84% with the 18:1 compression ratio above
that obtained with the 9.4:1 compresion ratio. Maximum
power occumed at 3200 rpm in the case of both of these
higher compression ratios. However at speeds above 3200
rpm, engine power fell off rapidly.

In comparing the powes curves forammonia at these three
higher compression ratios with the gasoline power curve, it
can be seen that at speeds below about 2600 rpm the power
produced with ammonia was about 80% of that obtained with
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Fig. 7 - MBT spark advances and LBT air-fuel ratios for

single-cylinder engine -- ammonia fuel, full throttle nor-

mally aspirated operation, modified ignition system,9.4:1

compression ratio

N
o

AIR-FUEL RATIO

(o)

SPARK ADVANCE-DEGREES BEFORE TOP CENTER
.3 e,
\
\
\
¥

35

gasoline. This is approximarely the theoretical power ratio
for the two fuels based on heating values and stoichiometric
air-fuel ratios.

Fig. 9 illustrates the influence of engine compression ra=

0 a0 1600 2400 3200
ENGINE SPEED- RPM

Fig. 8 - Improved performance of single-cylinder engine

due 1o increased compression ratio -- ammonia fuel, full-

throttle normally aspirated operation, modified ignition
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Fig. 9 - Improved combustion of ammonia in single-cyl=
inder engine by increasing compression ratio -- full-throt-
tle normally aspirated operation, modified ignition system



tio on the percentage of the inducted ammonis burned in
the engine. The beneflclal effect of increased com pressicn
ratio became measurable at an engine speed of 2000 rpm
and became progressively more proncunced as the engine
speed was incressed further. These data emphasize the prob-
lem that is encountered when buening s fuel with 2 decid-
edly slower flame speed than that of a hydrocarbon fuel-

In this case, the combustion of ammonia was promoted by
increased cylinder pressure. temperature, and turbulence
that accompagnied an increase {n compression ratso.

Piston shape may be panly responsible for the impeove-
ment in the combeution process realized by increased com=
peession ratfo. The greatest gain was made when the Mac-
head piston (9.4:1 compeession ratio) was replaced with a
stepped-head pistoa (11.5:1 compeession ratio). The peo-
rrusion of the upper sep of each stepped-bead piston imto
the cylinder head peobably caused an increase in gas tus
bulence & the combustion chamber and thus improved the
combustion of ammonta. Further tests would have to be
made o determine which factor, compression ratio or piston
head shape, was more responsible for the impeoved engine
petformance. No anempe was made o develep a combus-
tion chamber 2ape that would contribute 1o a more rapid
buming of the ammonia.

Effect of Superchasping - To obealn 2 maximum power
cutput with ammoaia commegsuzare with that obtaizned with
gasoline, saupercharging of the siagle-cylinder engine was

o 1800 2400 3200 00
ENGINE  SPEED- RPM

Fig- 10 - Increased pesformance of single-cylinder engine

due to supercharging -- ammonia fuel, modified ignitien

system

investigated. The increased charge densdty due to super-
charging should overcome the theoretical power differential
for the two fecls.

The indicated homepower data oleained while buming
ammonia at sapercharged engine conditioss are shown in
Fig. 10. Also shown again for the purpese of comparisca s
the indicated borsepower curve for the engine that was cb-
tained while operating normally asplrated on gasoline at a
compressfon ratfo of 9.4:1. A supercharge pressuce of 13 in.
Hg gage was used. Fallure of the 18:1 comprestion ratio
piston due to insafficient dlametrical clearance preciuded
testing of this piston at supercharged engine operating con-
ditfons.

The curves (o Fig. 10 show that compression ratio had a
nogligible effect o supercharged engine performance at
spoods below approximately 2400 rpm. However, at higher
spoeds, increasing the compresson ratio resalted in a sig-
nificant improvement in engine indicated power. These
powes gains at high engine speeds were the remit of increased
buming of the ammonia in the engine (Fig. 11).

Fig. 10 shows also that the eagine power developed with
ammonia over the entire engine speed range tested can be
made 10 exceed that obcained while buming gasoline at a
94:1 comprestion ratio and nomnally aspirated engine op-
esating conditicns. This was accomplished by using the 15:1
compression ratio pimon and & mpercharge pressure of 18 in,
Hg gage. The other compression ratios evaluated resulted
in power cutputs greater than those for gasoline over most
of the speed range, bex fell below those for gasoline at high
specds.

Part- Thiowle Englioe CossSderations - Previcusly described
engine tests indicate that a spark-Egnited ammonia - fueled
engine can be supercharged to peovide full-throwtle perform®
ance comenensurate with that realized in current astomo=
tive gasoline engines. Mowever. adequate full-throetle per-
formance is but one of many requirements of a vehicalar
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Pig. 11 = Impeoved combustion of ammeaiain single-cyl-
inder engine by supercharging -- modified ignition sysem,
8.4:1 compeession ratlo



engine. Satisfactory part-throttle performance cannot be
overemphasized because a vehicular engine is operated most
of the time at part loads. In the case of vehicle operation,
the range, the amouns of fuel required for acceptable range.
and the operating cost of the vehicle are each dependent

on the part load fuel economy of the engine.

Of all of the engine modifications evaluated on the sin-
gle-cylinder engine. only compression ratio and ignition
systems should bave significant influences on par-throttle
performance. For this reason, the cffects of these two en-
gine variables oo pant load efficiency of the single-cylinder
ammonia-fueled engine were investigated.

Fig. 12 shows the effect of compression ratio and dual
igniticn on indicated thermal efficiency of the single-cyl-
inder engine at various load sewtings. Typical data was pre=
sented that were obtained at an engine speed of 1600 rpm.
For comparison purposes, parnt-throttle data for one cylinder
of a multicylinder engine are included that were obtained
during operation on gasoline. The displacement per cyl-
inder of this engine is equal to that of the single-cylinder
test engine. The road load requirement per cylinder of the
multicylinder eagine is indicated also on the figure.

It can be seen that for each compression ratio investi-
gated, the indicated thermal efficiency of the single-cylin-
der engine diminished rapidly as engine load was reduced
from full load to road load. At full throttle, the thermal
efficiency approximated that of the multicylinder engine
but was considerably less than that of the gasoline engine
in the vicinity of road load. Only & slight improvement in
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Fig. 12 - Minor improvements in part-throttie thermal ef-
ficiency of single-cylinder engine due to increased com-
pression ratlo and dual ignition -- ammonia fuel, mod-
ified ignition systems,
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single-cylinder engine efficiency was realized with dual
ignition. Asareslt, it wasfelt that satisfactory part-throttle
performance of a spark-ignited ammonia- fueled engine could
not be realized by engine modifications.

Hydrogen Enrichment of Ammonia = The possibility of
enrichening the ammonia with hydrogen was considered as
a means of improving the part-throttle performance ofa
spark- ignited ammonia-fueled engine. The use of hydrogen
1o promote the combustion of ammonia is a logical choice
because it could be produced on the vehicle itself by de-
composing some of the ammonia fuel in a catalytic disso-
ciator. Hydrogen can be ignited readily andhas ahigh flame
speed.

The addition of a relatively small amount of hydrogen
to the ammonia fuel was found to result in an appreciable
improvement in the part-throttle performance of the single~
cylinder test engine. A 2.5% by weight addition of hydro-
gen was found to result in the best performance atthe speeds
investigated. The effect of this amount of hydrogen en-
richment on indicated thermal efficiency of the engine at
part load s shown in Fig. 13 for an engine speed of 1600
rpm. As in Fig. 12, comparable multicylinder gasoline en-
gine data are plotted.

It will be seen in Fig. 13 that hydrogen enrichment re-
sulted in a sizable gain in indicated thermal efficiency of
the single-cylinder engine over the entire load range in-
vestigated. The engine efficiency values obuined with the
ammonia-hydrogen mixture were higher than those for gas-
oline over most of the load range. In view of these test re-
sults and supporting data at other engine speeds, it would
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Fig. 13 - Improved part-throttle thermal efficiency of sin-
gle-cylinder engine due to hydrogen addition to ammonia
-- modified ignition system, 9.4:1 compression ratio
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appear that hydrogen enrichment of ammonia offers a fea-
sible scheme for obtaining satisfactory part-throttle per-
formance of a spark-ignited ammonia-fucled engine. Fur-
ther tests were performed on the single-cylinder engine to
evaluate the influence of hydrogen addition to ammonia
on full-throtzle performance. Both normally aspirated and
supercharged engine operations were investigated.

Fig. 14 {llustrates the beneficial effect of hydrogen en-
richment on engine indicated power at full-throttie nor-
mally aspirated operating conditicns. It can be seen that
only a very small amount of hydrogen addition is safficient
to cause a significant increase in engine power. Maxirmum
engine power was approximately doubled when hydrogen
equal to 2% by weight of the fuel mixture was added to the
ammonia. Further gains of only a negligible amount were
realized over an engine speed range of 800-2600 rpm when
the concentration of hydrogen in the fuel mixture was in-
creased 1o 3%. At 4000 rpm. a 3% hydrogen addition was
more effective than a 2% addirion. In general, it was found
that the engine power began to decrease slightly as the per-
cemage of hydrogen in the fuel mixture was increased above
about 3%.

Fig. 15 illustrates the variant beneficial effect of hydro-
gen addition on indicated power of the supercharged engine.
The (llustrated data were obtained at each of three engine
speeds by increasing the hydrogen concentration in the fuel
mixture in small incremental steps until the engine power
passed through a peak value. An engine supercharge pres-
sure of 18 in. Hg gage was maintained at all times. Alwo
included on the figure are maximum engine power data ob-

0 "8 1600 2400 3200 4000
ENGINE SPEED-RPM

Fig. 14 - Improved performance of single-cylinder engine
due to varying amounts of hydrogen addition to ammonia
== full-throttle normally-aspirated operation, 9.4:1 com-
pression ratio

tained while running the engine on ammonia caly at the
same supercharge pressure and while operating the engine
on gasoline at normally aspirated conditions.

It will be seen in the figure that hydrogen addition has
a slight detrimental effect on engine power development
at the 2000 rpm investigated speed, but enhanced marked
engine power outputs at speeds of 3600 and 4000 rpm.
Optimum concentrations of hydrogen of approximately 1.3
and 1.18% in the fuel mixture were established for engine
speeds of 3600 and 4000 rpm respectively. Employing
a hydrogen concentration of about 1.2% resulted in engim
power development over the entire engine speed range in
vestigated that was equal to or exceeded the engine powe
developed while burning gasoline in the engine under nor
mally aspirated operating conditions.

Chemical analyses of engine gas samples collected du
ing these tests revealed the role of hydrogen as a combus-
tion promoter for ammonia. At most of the test conditio
the addition of hydrogen to ammonia was found to increa
the percentage of inducted ammonia bumed in the engim
The degree to which hydrogen enrichment abetted the co
bugion of ammonia tended to vary directly with the degr
of ineffectual buming of the ammonia itself in the engim
Where combustion of ammonia was relatively poor (for e
ample, duripg part-throwle, all pormally aspirated full-
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Fig. 15 = Varying improvements in performance of single-
cylinder engine due to hydrogen addition to ammonia --
supercharged operation, modified fgnition system, 9.4:1
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throttle, and high-speed supercharged conditions), hydrogen
addition to the ammoaia was beneficial. On the otherhand,
supercharging the engine at low engine speeds peovided op-
timam baming conditions for the ammonia, and bence, hy-
drogen addition was not needed.

The anomalous fact that engine powes declined sligixly
ar all full-throttle operating conditions investigated when
hydrogen enrichment was increased past the opeimum smount
may be auributed W the widely different bumning rates of
the two fuels which necessitated a compeomise MBT spark
advance.

MULTICYLINDER ENGINE STUDIES

It was shown by the single-cylinder engine tests that with
cenain engine modifications and the addition of a small
amount of hydrogen to the ammonia, satisfactory perform-
ance of a spark-ignited reciprocating engine could be ex-
pected. Therefore, it was decided to peove this maore con=
clusively by operating & multicylinder engine o0 Ammonia.
The preliminary tests that were conducted verify the belief
that a multicylinder engine could be developed that would
produce power cutput while buming ammonia equivalem
1o that obtained while operating normally aspirated on gas-
oline.

Nomnall irated Engine ration - Fig. 16 presents
two fall-throttle beake horsepower curves that were obtained
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Fig. 16 - Performance of multicylinder eagine ca ammo=
nia and gasoline -- full-throttle nomnally sspirated oper-
ation, standard and modified ignition systems
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while beming ammonia in the multicylinder test engine at
pormally aspirated engine operating conditions. Curve A
refers to data that were taken with the standard {gnition sys-
tem installed. Data for curve B were obtained after the ig-
nition syzem had been modified. Also shown is & brake
horsepower curve (C) for a similar engine of lower compees-
sicn ratfo (8.75:1 as compared to 10.25:1) that was cbtained
while operating the cogine normally aspirated on gasoline.
A comparison of the power outputs shows a degradatica in
maximum power of approximately 87% when switching from
gamline 1o ammonia fuel. When the modified ignition sys~
tem was installed, the loss in engine power was reduced to
70%%. It is realized that this comparison favors slightly the
ammonia-fueled engine since it was run at maximum power
spatk advances whereas with gasoline the spark timing was
retarded from the best power spark advances.

Two other types of igniticn systems were tested in an
attempt to improve engine performance while buming am=
moais. These were a capacitor discharge system apd & con=
tact operated transistorized system. Also, several coll-re~
sistor comblnations were tested. Spark plug gap sizes were
varied from 0.030 to 0.100 in. when testing the different
systems. However, none of these ignition systems resalted
in engine performance that exceeded that cbtained while
using the modified igniticn system described previously. In
fact, most of them resulted in inferior engine performance.

Su ed En ation - Fig. 17 presents engine
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brake hossepower curves obtained during sapercharged en-
gine operation on ammenia and nocmally aspirazed engine
operation on gasoline. Also shown is the relationship be-
tween supercharge presure and engine speed that was estab-
lished while running the engine on ammonia fosl.

According to the supercharge pressure cusve, supercharg-
ing was noc evident until the engine exceeded 1200 rpem.
Beginning at about 1200 rpen, the supercharge pressure be-
#an to increase rapidly with engine speed and reached the
desired maximum pressure of 18 in. Hg gage at about 2800
rpm. Above 2800 rpm, the turbine bypass valve wasopened
to limit the supercharge pressure w 18 in. Hg gage.

The plotted data show that the engine power developed
over the entire speed range when buming ammonia and us-
ing the turbosupercharger was less than that produced when
baming gasoline im the normally aspirated engine. The max-
imum power realized with ammonia as the fuel was about
96 bhp at 3500 rpm. This maximum valae {s about 10% less
than the maximum engine power obtained when using gas-
oline. Engine performance data were not obtained st an
cogine speed of 4000 rpm while barning ammonsa dwe to
difficulties encoustered with the fuel supply sysem.

It should be noted that the two brake horsepower curves
are in closes agreement at an engine speed of about 2300
rpm. At this speed, the desired supercharge peessure of 18
in. Hg gage was achieved while barmning ammonta. and the
beneficial effect of supercharging was a maximam. Below
2200 rpm, wseful engine work derived from supercharging
decreased progressively with speed and became practically
nooexistent at engine spocds below 1200 rgen, The dver-
gence of the two power carves above 2800 rpm is due prob~
ably to the progressive decrease with engine speed in the
ability of the epgine to bum ammoaia efficiently.

Fig. 18 presents beake specific fuel consumpeion, brake
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Fig. 18 - MBT spark advances, LBT alr-fuelratios and brake
specific fuel consumprions for multicylinder engine -- am-
moeaia fuel, supercharged opesation. modified ignition sys-

tem

thermal efficiency, and spark advance curves for the super-
charged ammonia~-fueled and normally aspirated gasoline-
fweled multicylinder engines. Also shown Is the air-fuel
ratio carve for the supercharged ammonia engine operation.
The curves obtained while burning ammoaia in the engine
extend only through an engine speed of 3200 rpen. Although
comresponding engine power data were obtained at 3600 rpm,
the fuel system failure that was mentionad previously pee~
cluded the recording of a full set of engine performance
data.

As showe on Fig. 18, the two beake thermal efficiency
curves agree closely over the engine speed range of 800~
2800 rpm. However, at this higher speed the curve for am=
monia began to fall off whilethatr for gasoline remained
about copstant.

The brake specific fuesl consamption of the engine while
buming ammonia was about 2-1/2 times as great as that
obtained with gasoline. The marked difference in heating
values for the two fuels is primarily the cause of this large
difference.

Spark advance requirements for the two foels are also
significamly different. The spark advance determined dur-
ing operation on gasline increased gradually from § deg
bede at £00 rpem to 24 deg brde at 4000 rpm. A much greater
MBT spark advance was employed while buming ammonia.
It varied somewhat randomly between 106 bide and 116 deg
brde over the engine speed range fnvestigated.

The LBT air-fuel ratios established for operation on
ammonia varied between 6.2:1 and 6.7:1 over the engine
speed range. These air-fuel ratics are slightly leaner than
the stoichiometric air-fuel ratio of 6.06:1 for ammonia and
are mmch richer than the stoichfometric air-foel ratio of
about 14.5:1 for gasoline.

Again. samples of the exhaust gases were collected and
the constiteents analyzed. At ome superchanged engine op-
erating condition, it was determined that the per cent of
inducted ammonia bumed in the eight cylinden varied be-
wween 93 and 96.5%. An overall ammonia-bumed valve
of 94.2% was detennined from amalyses of engine tailpipe

gas samples.
GENERAL OBSERVATIONS

Engine Noise - No engine knock was detected during any
of the tests described in this report. Although the octane
pumber of ammonia is not known, these tests indicate that
it is exceptionally high. However, during operatson of the
single-cylinder engine at a compression ratio of 18:1 at
speeds of 2400 rpm and sbove, a rappéng nodse similar to
that produced by heavily loaded diesel engines occurred
when the spark advance was sct for best power. This noise
could be eliminated by retarding the spack slighely although
this resulted in a slight power loss.

During nocmally-aspirated operation at the 18:1 com-
pression ratio, several cylinder pressure-time traces weee
obtained to determine the cause of the mpping nolse. Fig.
19 is a photograph of an ascillogram showing sevenl such



traces. These presure-time races weie obtained with the
engine operating at 3800 rpm -- full throttle. The spark
advance was set at 112 deg btc which was the MBT spark
advance. The six upper traces were taken during consecu~
tive engine firing cycles and the lowest Lrace is the motor-
ing compression cuve,

Peak pressure varied from cycie to cycle ranging from
about 720-1700 psi, and the rate of pressure rise varied from
about 25 to 100 pel/deg. This is considered to be high for
the conventional spark {gnition engine. It is felr that these
large variations in peak pressure and rate of pressure rise
were the cause of the rapping noise. Funher evidence of
this was obtained by observing that the rapping noise oc~
cumed in phase with the variations of peak cylinder pres-
aure. that is, when several nearly equal peak pressure traces
were followed by an extremely high peak pressure trace a
rapping sound was heard.

This rapping noise was not present at the lower compres*
sion ratios, Oscilloscope traces obtained ax the 15:1 com-
pression ratio during both normally aspirated and super-
charged engine operations showed less variations in peak
cylinder pressure and rate of pressure rise from cycle 1o ¢y-
cle.

Contribution to Air Pollution = The effect on air poliu-
tion must be weighed seriously when considering a vehic-
ular application of the spark-ignited ammonia-fucled en~
gine. Even a relatively small amount of ammonia in the
engine exhaust is 10 be avoided because of its irritating odor
and toxic effect.

Emission of ammonia from the single-cylinder test en-
gine was minimized by buming an ammonia-bydrogen mix-
ture required for optimum engine performance at the o=
ichiometric air-fuel ratio. A stoichiometric mixture of 96%
ammonia and 2% hydrogen on a weight basis satisfied this
requirement.

Ammeonia concentrations in the single-cylinder engine

Fig. 19 - Cylinder pressure-time Lraces showing large var~
{ations of peak pressures and rates of pressure rise foc six
corsecutive firing events in single-cylinder engine == am-=
moaia fuel. full-throttle normally aspirated operation,
18:1 compression ratio
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exhaust were calculated to be about 81,000 ppe: ondry basis
(water formed by combustion excluded) at 3600 rpm and
full-throttle. Adding 2% by weigiz of hydrogen to the am-
menia and running at & similar engine operating condition
reduced the concentration of ammonia in the engine exhaust
approximately 94% to 5300 ppm. This significant decrease
{n ammonia emistion was the result of & decided fmprove-
ment in combustion efficiency when hydrogen was added

to the ammonia. The per cent of inducted ammaonia bumed
in the engine was increased from approximately 69 10 7. 5%.

These computed ammonia concentration values are ap-
preciably greater than the tolerable timit established for
the human body. However, when these guantities of am-
monia are discharged from the engine tatipipe and mix with
the ambient air, tolerable ammonia concentrations should
resulr if sufficient ventilation is provided. This engine ex~
haust gas condition is similar to that which is experienced
when carbon monoxide is emitted from the tilpipe of agas-
oline engice.

Detectable amousnts of hydrogen were emitted from the
engine while buming rich air-fuel mixtures of both ammo-
nia and ammonia-hydrogen fuels. Approximately seven
times as much hydrogen was discharged while buming a 90%
theoretical air mixture of ammonia and hydrogen as was
discharged while burning a 92% theoretical air mixture of
only ammonia.

While a considerable impeovement in the combustion
efficiency of the single-cylinder engine has been realized,
still it is reasonable to expect that a measurable amount
of ammoaia will be emitted from any spark- ignited ammo~
nia-fueled engine. If & decided reduction in ammeonia emis-
sion from an engine should be required, it may have to be
accomplished in the engine exbaust system. Dissociation
of ammonia to hydrogen and nitrogen. abszorption of ammo=
nia, or chemical conversion of ammonia te inmnocuous con~
erituents are various means that might be em ployed.

Exhaust gas samples were collected and were analyzed
for concentrations of oxides of nitrogen during maximum
power opezation of the single-cylinder engine at several dif-
ferent engine speeds. It was found that the concentrati
of oxides of nitrogen increased with increasing indicated
thermal efficiency of the engine and ranged from a concen-
ration of about 200 ppm for a thermal efficiency of 15%
to 1200 ppen for a thermal efficiency of 3¢ If gasoline
were to be bumed in the engine at similar operating con-
ditions, similar concentrations of oxides of nitrogen in the
engine exhaust gas would be expected.

Engine Oil Analyses - During the coure of this investi~
gation, chemical analyses of the engine lubricating oil were
made to determine if the use of ammonia as an engine fucl
would have an adverse effect on the oil. Approximately 5
gal of commercial 20 weight ofl were used to fill the Iubri-
cating sysems of the single-cylinder and multicylinder test
engines. This large quamity of oil was necded because the
oil was circulated through a heat exchanger.

New oil was provided at the start of engine texing in-
volving the use of ammonia as fuel. Samples of the ofl
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were extracted ar varfous times during the engine tests. The
last sample from the single-cylinder engine was collected
after approximately 75 hr of engine operation at diverse
power and speed settings, while that from the multicylinder
engine had 46 hr of similar operation. All of these oil sam-
ples together with a sample of the new oil. were chemically
analyzed.

The chemical apalyses disclosed that no noticeable de-
terioration of the cil had occurred. The total acid number
of the ofl remained appeoximately constant as did the amounts
of barium, calcium, phosphorus, and zinc additives in the
oil. No resins were found in any of the samples which in-
dicated that no significant oxidation of the oil had taken
place. The viscosity of the oil remained approximartely
constant.

Crankcase Gas Analyses - The possibility of an explosion
occurring in the engine crankcase was considered seriously
when the fue! evaluation study was instituted on the single-
cylinder engine. It was reasoned that piston blowby would
be greater when buming gaseous ammonia and hydrogen than
when burning liquid hydrocarbon fuels. As a result, a pos-
irive crankcase ventilation system was instalied on the en-
gine.

Several engine muns were made with the specific purposes
of measuring hydregen and ammonia concentrations in the
crankcase gas. Samples of the crankcase gas were collected
while running the engine at a variety of supercharged and
nonsupercharged conditions and while buming both ammo-
nia and ammonia-hydrogen mixtures. No hydrogen or am-
monia was detected in any of these crankcase gas samples.

DISSOCIATION OF AMMONIA

Single-cylinder engine tests have demonstrated the ef-
fectiveness of hydrogen enrichmemnt of the ammonia fuel
in the realization of acceptable part-throttle engine per-
formance. It was found that 2.5% by weight of hydrogen
was the minimum required amount. On the otherhand, these
same tests also disclosed that suitable maximum engine
power might be developed without recounse to hydrogen
enrichment of the ammonia.

At a first glance, it would seem reasonable to supply hy-
drogen and ammonia from separate fuel tanks. However,
this would not only require the production, sorage, and dis-
tribution of two fuels, but it would also introduce compli-
cations through the necessity for an additional fuel supply
system on the vehicle. A most critical disadvantage involv-
ing the use of hydrogen is the cryogenic temperamre re-
quired to maintain this fuel in the liquid state. Heavily in-
sulated equipment in additon to specialized techniques
would be required for its storage and handling. Losses in
transfer and storage would be severe. Due o these unavoid-
able losses and the wide flammability limits of hydrogen,
its use would be very hazardous.

The serious shortcomings of & separate vehicular hydro-
gensupply system would be eliminated if the desired amount
of hydrogen could be either dissolved in the ammeonia at

the Encrgy Depot or produced by dissociating some of the
ammonia. Sudies have shown thar sufficient hydrogen car
not be dissolved in liquid ammonia ro provide the desired
concentration (4). Therefore, the dissociation of ammonia
was investigated.

The following simple chemical equation describes the
ammonia dissociation process:

2 ¥
2 NH3 — 3 H2 N2

(Ammonia) (Hydrogen)  (Nitrogen)

To promote this decomposition process, a catalyst may
be used (for example, nickel or iron) and hear must be sup-
plied (5). Ina vehicle, the engine exhaust gas provides a
readily available source of free heat, but elecwrical energy
provided by an engine-driven generator would also be a pos
sible source of heat.

From a theoretical standpoint, a dissociator, heated by
the engine exhaust gases, should fulfill all of the needs of
an autornotive ammonia-fueled engine. The temperanre
of the exhaust gas emerging from the cylinders of a con-
ventional automotive engine is sufficiently high at all nor-
mal operating conditions to insure practically complete dis
sociation of the ammonia. Unfortunately from a practical
standpoint, the dissociator cannot be located close to the
cylinder exhaust ports and the reaction cannot be complete
because the fuel would pot remain in the hot zone long
enough. Comsequently, a catalyst mus be employed to com*
pensate for the shor reaction time and for the inability to
make use of maximum exhaust gas temperatures.

One of the points in favor of an ammonia dissociator is
the fact that only a part of the ammenia supplied to the en
gine need be decomposed to provide the optimum concen~
tration of hydrogen in the fuel mixwure. The dissociation
of about 13% by weight of the ammonia is required to pro-
vide the desired 2.5% by weight of hydrogen in the fuelmis
ure.

It was the original intent to undertake the development
of a full-scale dissociator in several stages. The first stage
was to be a basic study of the dissociation process -- to eval
uate different techniques for promoting dissociation. This
basic study was to be followed in succession by the consruc
ticn of dissociators of increasing size for the single-cylinde
and multicylinder test engines. Only the initial stage of
the development program has been completed.

The basic ammonia dissociation study was conducted wit
miniature models using available laboratory eguipment and
procedures. A gas chromatograph was used to determine
the degree of dissociation accomplished. The concentra-
tions of both ammonia and nitrogen in the effluent from the
dissociator were measured. The three different designs of
ammonia dissociators evaluated in the laboratory are illus-
trated in Fig. 20. Cross-sectional views are presented, and
the small size of these models can be appreciared by com-
parison with the scale. In each model, nickel in various
forms was used as the catalyst. The desirable characteristic



of nickel, as well as its established use in commercial am-
monia disociatng devices, prompted the initial use of this
materizl in the minature models.

Model A in the figure contained a bed of nickel catalyst
(for example, powder or shot) that was heated by an elec-
trical fumace to various selected temperatures. In the case
of Model B, the tubes were constructed of Inconel or stain~
less steel, both of which contain nickel, and the tempera~
ture of the tubes was maintained at the desired temperature
by an electrical fumace. Contolled electrical encigy was
supplied tw the nichrome filament in Model C.

Figs. 21A-21C present some typical ammonia dissocia~
tion values that were obtained with these three models. In
all cases, the ammonia flow rate was kept below 0.25 CFH.
Temperatures ranged as high as 1000 F in Models A and B.
Electrical energy t Model C was held below a maximam
of about 20 w.

From comparisons of experimental data obrained with
these models, it was concluded that the particle bed reactor
containing nickel shot was the most effective one and the
one best suited for engine application. Results obtained with
the Inconel tube reactor were superior to those of the stain-
less steel reactor. The electrical power requirement of the
filament type reactor was judged to be too high for imme-
diate applicatica to an engine. Actually, the filament re-
actor had been designed for quite a different parpose and it
is conceivable that if a reactor of this type had been built
specifically for this study, a more efficient device would
have resulted.

A detatled analysis of the data from the particle bed re-
actor (nicke! shot catalyst) yielded some important informa-
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tion of a practical nature. Catalysis appears 10 be & signifi-
cant factor in the dissoclation process at temperamres below
900 or 1000 F. At higher temperatures, the thermal effect
appears to be the predominant one. A dissociator of a size
reasonable for engine use was scaled up on paper from the
microreactor data. Such a hypothetical dissociator should
satisfy ammonia-fueled engine requirements in the high
part-throttle and full-throttle operating ranges of a conven=
tional automotive engine. Its effectual performance at en-
gine idle and in the low part-throttie operating range is de-
batable due to the difficulty of providing exhaust gas at
sufficiently high temperatres. A combination of the par-
ticle bed and electrically heated filament types of dissoci-
ator might satisfy these engine requirements if the curreatly
high power requirement of the filament Type reactor can be
reduced. It must be emphasized that these observations are
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Fig. 21A - Typical ammonia dissociation data obtained
with experimental microreactors -- Model A-particle bed
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based solely on Iaboratory evaluations of miniature models
and hence, their direct application to full-scale designs and
operating conditions must be considered speculative.
Complementary ammonia dissociation studies are being
corducted at the Allison Div. on a much larger scale dis-
sociator of the particle~bed type. This dissociator is sized
for a single-cylinder engine and uses a promoted iron

catalyst. Preliminary Allison test results corroborate, ingen- tion and 1o R. L. Gatrell, of the Chemistry Dept., for devel

eral, the findings of this paper and indicate that a simple
and reasonably sized dissociator of this type can be evolved
for use on a muiticylinder engine.

SUMMARY

The results of this study indicate that an ammonia-fucled

spark-ignited reciprocating engine can be developed with
performance equivalent to that obtained in current automo-

tive gasoline engines. Desired maximum engine power may

be developed by two different approaches. In one method,

the addition of a supercharger to a conventional engine would

suffice. The engine would have to be supercharged in ex-
cess of curremt automotive practices, which should be pos-
sible due to the high octane rating of ammonia. The other
method would involve also the addition of a supercharger
but only moderate supercharging of the engine, an increase

in the compression ratio, and the addition of & small amount

of hydrogen to the ammonia. The addition of a small
amount of hydrogen to the ammonia is a requisite for suit~
able part-load engine performance.

Hydrogen, when added to ammonia in small quanrities,
was found to act as a combustion promoter in accelerating
the buming of ammonia. Dissociation of a part of the am
monia fuel in the vehicle appears to be the most logical
method for supplying the required hydrogen. A prelim
study indicates that a catalytic dissociator heated by the
engine exhaust gas offers promise of fulfilling the needs of
an ammonia-fueled engine.

The engine modifications invoived when replacing gas-
oline with ammonia appear to be straightforward. Probably
the greatest problem will concern the auxiliary equipment
and controls. The development of an ammonia evaporator
and fuel metering systems would possibly follow along the
lines of similar LPG system developmenss. The dissociator
would be a novel development but appears 1o be feasible
according to preliminary Allison test results,

To drive equal distances in a vehicle, at least 2.8
by volume and 2.35 times by weight as much ammonia as
gasoline will be required. The fuel system in an ammonia
fueled vehicle will be bulkier than that in a conventionally
fueled vehicle. However, it is believed thart this will not
be a serious handicap for the ma joeity of military applica-
tions.
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