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This volume presents a variety of example problems for students of fluid me-
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Chapter 1

Introduction

Problem 1.1

Consider a glass container, half-full of water and half-full of air, at rest on
a laboratory table. List some similarities and differences between the liquid
(water) and the gas (air).

L— Air

/

A

L— Water

/

Solution

Similarities
1. The gas and the liquid are comprised of molecules.
2. The gas and the liquid are fluids.

3. The molecules in the gas and the liquid are relatively free to move about.

4. The molecules in each fluid are in continual and random motion.
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Differences

1. In the liquid phase, there are strong attractive and repulsive forces between
the molecules; in the gas phase (assuming ideal gas), there are minimal
forces between molecules except when they are in close proximity (mutual
repulsive forces simulate collisions).

2. A liquid has a definite volume; a gas will expand to fill its container.
Since the container is open in this case, the gas will continually exchange
molecules with the ambient air.

3. A liquid is much more viscous than a gas.
4. A liquid forms a free surface, whereas a gas does not.

5. Liquids are very difficult to compress (requiring large pressures for small
compression), whereas gases are relatively easy to compress.

6. With the exception of evaporation, the liquid molecules stay in the con-
tainer. The gas molecules constantly pass in and out of the container.

7. A liquid exhibits an evaporation phenomenon, whereas a gas does not.

Comments

Most of the differences between gases and liquids can be understood by consid-
ering the differences in molecular structure. Gas molecules are far apart, and
each molecule moves independently of its neighbor, except when one molecule
approaches another. Liquid molecules are close together, and each molecule
exerts strong attractive and repulsive forces on its neighbor.

Problem 1.2

In an ink-jet printer, the orifice that is used to form ink drops can have a
diameter as small as 3 x 1076 m. Assuming that ink has the properties of
water, does the continuum assumption apply?

Solution

The continuum assumption will apply if the size of a volume, which contains
enough molecules so that effects due to random molecular variations average
out, is much smaller that the system dimensions. Assume that 10* molecules
is sufficient for averaging. If L is the length of one side of a cube that contains
10* molecules and D is the diameter of the orifice, the continuum assumption
is satisfied if

L
— 1
D<<



The number of molecules in a mole of matter is Avogadro’s number: 6.02 x 1023,
The molecular weight of water is 18, so the number of molecules (N) in a gram

of water is
N — 6.02 x 1023 molecules mole
N mole 18 g

_ 334 x 1012 molecules

The density of water is 1 g/cm?®, so the number of molecules in a cm? is 3.34 x
10'2. The volume of water that contains 10* molecules is

10* molecules
3.34 x 1012 %%neb

=30x10"" cm?

Volume =

Since the volume of a cube is L2, where L is the length of a side

L=1+/3.0x10"19 cm?
=6.2x10"" cm
=62x10%m

Thus
L 62x 1079 m

D 30x10%m
= 0.0021

Since % < 1, the continuum assumption is quite good.
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Chapter 2

Fluid Properties

Problem 2.1

Calculate the density and specific weight of nitrogen at an absolute pressure
of 1 MPa and a temperature of 40°C.

Solution

Ideal gas law
P
RT

From Table A.2; R = 297 J/kg/K. The temperature in absolute units is T' =
273 +40 = 313 K.

P

B 10° N/m”
P~ 997 J/kgK x 313 K
=10.75 kg/m®

The specific weight is

v =pg
= 10.76 kg/m® x 9.81 m/s’
=105.4 N/m®
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Problem 2.2

Find the density, kinematic and dynamic viscosity of crude oil in traditional
units at 100°F.

Solution

From Fig. A.3, v =6.5 x 107° ft?/s and S = 0.86.

The density of water at standard condition is 1.94 slugs/ft3, so the density of
crude oil is 0.86 x 1.94 =1.67 slugs/ft> or 1.67 x 32.2 =53.8 lbm/ft3.

The dynamic viscosity is pv = 1.67 x 6.5 x 107° =1.09 x 10~* Ibf-s/ft2.

Problem 2.3

Two parallel glass plates separated by 0.5 mm are placed in water at 20°C.
The plates are clean, and the width/separation ratio is large so that end effects
are negligible. How far will the water rise between the plates?

Solution

The surface tension at 20°C is 7.3 x 1072 N/m. The weight of the water in the
column h is balanced by the surface tension force.

whdpg = 2wo cos b

where w is the width of the plates and d is the separation distance. For water
against glass, cosf ~ 1. Solving for h gives
_ o _ 2x7.3x1072 N/m
dpg 0.5 x 1073 m x 998 kg/m” x 9.81 m/s”
= 0.0149 m = 29.8 mm




Problem 2.4

The kinematic viscosity of helium at 15°C and standard atmospheric pressure
(101 kPa) is 1.14x10~* m?/s. Using Sutherland’s equation, find the kinematic
viscosity at 100°C and 200 kPa.

Solution

From Table A.2, Sutherland’s constant for helium is 79.4 K and the gas constant
is 2077 J/kgK. Sutherland’s equation for absolute viscosity is

n (TN T,+8
T+S

The absolute viscosity is related to the kinematic viscosity by u = vp. Substi-
tuting into Sutherland’s equation

pv <T)3/2TO+S

PoVo - T, T+S

or

v &(T)B/QTO—i—S

From the ideal gas law

SO

Vo b

v _&(T)S/QTO—&—S

The kinematic viscosity ratio is found to be

v 101 (373)5/2 288 + 79.4

v, 200 \ 288 373+ 79.4

=0.783
The kinematic viscosity is

v=0.783 x 1.14 x 107 =8.93 x 107° m?/s
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Problem 2.5

Air at 15°C forms a boundary layer near a solid wall. The velocity distribution
in the boundary layer is given by

Y exp(—2Y
U—l exp( 25)

where U = 30 m/s and § = 1 cm. Find the shear stress at the wall (y = 0).

u

——>

¥ u/U=1-exp(-2y/8)

Solution

The shear stress at the wall is related to the velocity gradient by

du
T= Md_y ly=0

Taking the derivative with respect to y of the velocity distribution

du U y
—Z —9Z 92
R exp(—25)
Evaluating at y =0
du U 30
— |ym0=2==2x — =6x 103 s7!
ay =0~ 25 =2 X gap =6 107s

From Table A.2, the density of air is 1.22 kg/m3, and the kinematic viscosity
is 1.46x107° m?/s. The absolute viscosity is u = pr = 1.22 x 1.46 x 107
= 1.78 x 1075 N-s/m?. The shear stress at the wall is

d (
= ”d_z ly—o=1.78 x 10~% x 6 x 10% = 0.107 N//m?



Chapter 3

Fluid Statics

Problem 3.1

For a lake, find the depth i at which the gage pressure is 1 atmosphere. The
specific weight of water is 62.3 1bf/ft>.

I

Z_

h? water
68 °F

Solution

At the free surface of the lake, pressure will be psurface = 1.0 atm absolute or
0.0 atm gage. At a depth h, the pressure will be 1 atm gage.

In a static fluid of constant density, the piezometric head (p/v + z) is constant.

Thus 1 atm
Deurface a
surtace Zsurface = (Zsurface h) (1)
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Since psurface = 0 atm gage, Eq. (1) becomes

1 atm
gl
(14.7 Ibf/in”)(144 in® /ft?)
62.3 Ibf/ft*

h =

=34.0

=

Problem 3.2

A tank that is open to the atmosphere contains a 1.0-m layer of oil (p = 800
kg/m?) floating on a 0.5-m layer of water (p = 1000 kg/m?). Determine the
pressure at elevations A, B, C, and D. Note that B is midway between A and
C.

A Ava
oil a
B 4 1.0m
C
water 05m
D

Solution
At a horizontal interface of two fluids, pressure will be constant across the

interface. Thus the pressure in the oil at A equals the pressure in the air
(atmospheric pressure).

PA = Patm
= 0 kPa gage

Since the oil layer is a static fluid of constant density, the piezometric pressure
is constant

DA+ Yoitza = PB + Voil2B = Pc + Yoilzc = constant (1)

where z denotes elevation. Let z4 =0, zp = —0.5 m, zc = —1.0 m. Then,
Eq. (1) becomes

pA =PB + Yoir (—0.5 m) = pc + Yoir (—1.0 m)
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So
PB = PA + Yoir (0.5 m)
= Patm + (800) (9.81) (0.5) /1000
= 3.92 kPa-gage
Similarly

Pc = pa + Yoir (1.0 m)
= Patm + (800) (9.81) (1.0) /1000
= 7.85 kPa-gage

At elevation C, pressure in the oil equals pressure in the water. Since the
piezometric pressure in the water is constant, we can write

Pc + Ywater2C = PD + YwaterZD

or

Pp =pc + Ywater (ZC - ZD)
— 7.85 + (1000) (9.81) (0.5)/1000
= 12.8 kPa-gage
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Problem 3.3

A U-tube manometer contains kerosene, mercury and water, each at 70 °F.
The manometer is connected between two pipes (A and B), and the pressure
difference, as measured between the pipe centerlines, is pgp —p4 = 4.5 psi. Find
the elevation difference z in the manometer.

S|
=

kerosene water

mercury

Solution

Beginning at location B and adding pressure differences until location A is
reached (this method is described on the top of page 46 in the 7th edition) gives

PB + (24 2) Ywater — 2VHg — 2Vkero = PA
Rearranging
PB —PA =2 (Ykero = Ywater) + 2 (YHg — Ywater) (1)
Looking up values of specific weight and substituting into Eq. (1) gives
[4.5 x 144] Ibf/ft* = [(2 ft) (51 — 62.3) Ibf/ft® + (2 ft) (847 — 62.3)1bf/ft3}

So

(648 4 22.6)
784.7
= 0.855 ft
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Problem 3.4

A container, filled with water at 20°C, is open to the atmosphere on the right
side. Find the pressure of the air in the enclosed space on the left side of the
container.

Tm i N/
®_ = 0.60 m

i

Solution

The pressure at elevation 2 is the same on both the left and right side.

P2 = Patm + Y (06 m)
=0+ (9.81 kN/m?) (0.6 m)
= 5.89 kPa

Since the piezometric head is the same at elevations 1 and 2
by z21 = L %2
Y Y

SO

p1=p2+7y(22 — 21)
= (5.89 kPa) + (9.81 kN/m?) (~1.0 m)
= —3.92 kPa gage
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Problem 3.5

A rectangular gate of dimension 1 m by 4 m is held in place by a stop block at
B. This block exerts a horizontal force of 40 kN and a vertical force of 0 kN.
The gate is pin-connected at A, and the weight of the gate is 2 kN. Find the
depth h of the water.

=

water A

Solution

A free-body diagram of the gate is

60:\

BX

where W is the weight of the gate, F is the equivalent force of the water, and r
is the length of the moment arm. Summing moments about A gives

B;(1.08in60°) — F' x r + W(0.5c0os60°) =0
or

F x r = B, sin60° + W (0.5 cos 60°)
= 40,000 sin 60° 4 2000(0.5 cos 60°) (1)
= 35,140 N-m
The hydrostatic force I acts at a distance T/7A below the centroid of the plate.

Thus the length of the moment arm is

—05m+ = (2)
T=4uU.om yA
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Analysis of terms in Eq. (2) gives

7y = (h/sin(60°) — 0.5)
T=4x13/12=0.333
A=4x1=4
Eq. (2) becomes
r=0.5 + 00833 (3)

(h/ sin(60°) — 0.5)

The equivalent force of the water is

F=pA
=~(h —0.55in60°)4
=9,810(h — 0.5sin60°)4
=39,240(h — 0.433) 4)

Substituting Eqs. (3) and (4) into Eq. (1) gives

35,140 = Fr
0.0833

35,140 = [39,240(h — 0.433)] [0.5 + ———
’ [39, 240( ) * 155 —05)

(5)

Eq. (5) has a single unknown (the depth of water h). To solve Eq. (5), one may
use a computer program that finds the root of an equation. This was done,
and the answer is

>
Il
o
o
I3}
=
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Problem 3.6

A container is formed by joining two plates, each 4 ft long with a dimension
of 6 ft in the direction normal to the paper. The plates are joined by a pin
connection at A and held together at the top by two steels rods (one on each
end). The container is filled with concrete (S = 2.4) to a depth of 1.5 ft. Find
the tensile load in each steel rod.

Concrete (S =2.4) N\ /—Steel Rod (2 places)

S~ \ 2 A\

1.5ftI \%’;/43&/
A\/

Solution

A free-body diagram of plate ABC' is

Summing moments about point A
Fyxi = 2F, (4sin(30°) ft)

or I
hT1

= 1

T TR (1)

The length from A to B is AB = 1.5/ cos (60°) = 3 ft. The hydrostatic force
(Fy,) is the product of area AB and pressure of the concrete at a depth of 0.75
ft.

Fj, = (AB x 6 ft) (Yeoncreie) (0.75 ft)
= (3% 6 1t%) (2.4 x 62.4 bf/ft") (0.75 ft)
— 2020 Ibf

The geometry of plate ABC'is
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To find the distance x5, note that portion BC' of the plate is above the surface
of the concrete. Thus use values for a plate of dimension 3 ft by 6 ft.

T
7
(6t x 33 ft%) /12
© (15 ft) (3% 6 ft%)
=0.5 ft

)

The moment arm x; is

xr1 = (15 ft) - X2
=1.0ft

Eq. (1) becomes

- thl
CA4ft
(2020 1bf) (1.0 ft)
4 ft
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Problem 3.7

A closed glass tube (hydrometer) of length L and diameter D floats in a reservoir
filled with a liquid of unknown specific gravity S. The glass tube is partially
filled with air and partially filled with a liquid that has a specific gravity of 3.
Determine the specific gravity of the reservoir fluid. Neglect the weight of the
glass walls of the tube.

N F/—Air S=7
L3 d < /'

L3

L3 —— Liquid (specific gravity = 3)

« (

Solution

A free-body diagram is

A

I:buoyant

Weight

Y

The buoyant force on the tube is

wD? 2L
Fp = 57,0 Vbisplaced = SVH,0 ( TR ?>
Weight of the fluid in the tube is
7D? L
W = 37H20VLiq111d = 3’YH2O (T X 5)

From the equilibrium principle, weight balances the buoyant force.

W =Fp

mD?> L 7wD? 2L
3VH,0 4 Xg = S7m,0 W X?
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Eliminating common terms

3=85x%x2

Thus

N
Il

=
o

Problem 3.8

An 18-in. diameter concrete cylinder (S = 2.4) is used to raise a 60-ft long
log to a 45° angle. The center of the log is pin-connected to a pier at point A.
Find the length L of the concrete cylinder.

o
45 60!

<

/ water

68 °F

Solution

A free-body diagram is
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where By, and B¢ are the buoyant forces on the log and concrete, respectively.
Similarly, Wi, and W represent weight.

Summing moments about point A
By, (15") cos45° + (Bc — We) (30") cos 45° = 0 (1)

The buoyant force on the log is

wD?
Br. = v1,0VDisp = VH,0 < 4L X 30’>
w12
=623 — x 30/
(<)
= 1470 1bf (2)

The net force on the concrete is

Fnet = BC - WC
= ’YHQOVConcrete - ’YConcreteVConcrete
= 7H20(1 - Sconcrete>VConcrete

2
= 62.3(1 — 2.4) (W]‘f x L)

= —154.1L Ibf (3)

Combining Eqgs. (1) to (3)
(1467 1bf) (15 ft) cos 45° — (154.1L Ibf) (30 ft) cos 45° = 0

Thus
L =4.76 ft



Chapter 4

Fluids in Motion

Problem 4.1

A 10-cm-diameter pipe contains sea water that flows with a mean velocity of 5
m/s. Find the volume flow rate (discharge) and the mass flow rate.

Solution

The discharge is
QR=VA

where V is the mean velocity. Thus

Q:5x£x&P
= 0.0393 m3/s

From Table A.4, the density of sea water is 1026 kg/m?3.

The mass flow rate is

1 = pQ = 1026 x 0.0393 = 40.3 kg/s

21
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Problem 4.2

A jet pump injects water at 120 ft/s through a 2-in. pipe into a secondary
flow in an 8-in. pipe where the velocity is 10 ft/s. Downstream the flows be-
come fully mixed with a uniform velocity profile. What is the magnitude of the
velocity where the flows are fully mixed?

> ||«
120 ft/s
A |
—>
8in l -
—>|

10 ft/s V

2in

by b

Solution

Draw a control volume as shown in the sketch below.

V=120 ft/s

’ “ f Conftrol surface

T
[ w —>
©, =—— @
V=10 ft/s v
Because the flow is steady
Z pV-A=0

Assuming the water is incompressible, the continuity equation becomes
Y V-A=0
CcS

The volume flow rate across station a is

[/ 8\
V. A=-10x2 (=
; 0X4(12)
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where the minus sign occurs because the velocity and area vectors have the
opposite sense. The volume flow rate across station b is

and the volume flow rate across station c is

ZV-A—VXz 3Y
- o 4\ 12

where V is the velocity. Substituting into the continuity equation

(120 x 22 + 10 x 8%)
82
=175 ft/s
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Problem 4.3

Water flows into a cylindrical tank at the rate of 1 m3/min and out at the
rate of 1.2 m3/min. The cross-sectional area of the tank is 2 m?. Find the
rate at which the water level in the tank changes. The tank is open to the
atmosphere.

Qn—» —»
Qouf

Solution

Draw a control volume around the fluid in the tank. Assume the control surface
moves with the free surface of the water.

— conftrol

Z / surface

Q n——» I — > Q
out

The continuity equation is

d
i V.A—
o wpdVJrE p 0

CcS

The density inside the control volume is constant so

d
E/CvdVJrgV-A_O

v
E%-gV-A:O



25

The volume of the fluid in the tank is V = hA. Mass crosses the control surface
at two locations. At the inlet

and at the outlet

V'A:Qout

Substituting into the continuity equation

dh
A— out — Win —
dt+Q t— @ 0
or
@:Qin_Qout
dt A
1-12
2

= —0.1 m/min
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Problem 4.4

A velocity field is given by
V = 52%i — 10zyj + 20tk

Find the velocity and acceleration at point (1,2,3) at time ¢ = 0.1 second.

Solution
The velocity at the given point and time is

V = 5i — 20 + 2k

The acceleration components are found from

ou ou ou ou
Uy = — tu—+tv—+w

ot oz dy 0z

_ov_ ov_  ov_ o
W T T ey TV

ow ow ow ow
Qy = — tu—+v—+w—

ot ox Oy 0z

Substituting in derivatives, the component accelerations are

ay = 0+ 52 x 10z — 10zy x 0+ 20t x 0
ay = 0+ 52% x (=10y) — 10zy x (—10z) + 20t x 0
a, = 204 522 x 0 — 10zy x 0+ 20t x 0

Substituting in values corresponding to the point and time gives
a, = 0+ 50 =50
a, = 0—100 + 200 = 100

a, =20

The acceleration is

a = 50i+100j 4 20k
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Problem 4.5

A flow moves in the z-direction with a velocity of 10 m/s from 0 to 0.1 sec-
ond and then reverses direction with the same speed from 0.1 to 0.2 second.
Sketch the pathline starting from x = 0 and the streakline with dye introduced
at x = 0. Show the streamlines for the first time interval and the second time
interval.

Solution

The pathline is the line traced out by a fluid particle released from the origin.
The fluid particle first goes to x = 1.0 and then returns to the origin so the
pathline is

x=0 x=1

The streakline is the configuration of the dye at the end of 0.2 second. During
the first period, the dye forms a streak extending from the origin to z = 1 m.
During the second period, the whole field moves to the left while dye continues
to be injected. The final configuration is a line extending from the origin to
z=-—1m.

X=- x=0

The streamlines are represented by

0<t<0.1 0.1<t<0.2
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Problem 4.6

Water flows steadily through a nozzle. The nozzle diameter at the inlet is
2 in., and the diameter at the exit is 1.5 in. The average velocity at the inlet
is 5 ft/s. What is the average velocity at the exit?

—

21in. 1.5in

I

V=>4 ft/s

Solution
Because the flow is steady, the continuity equation is
Z pV-A=0
CcS
Also, because the fluid is incompressible, the continuity equation reduces to

ZV-A:O

Draw a control surface that includes the inlet and outlet sections of the nozzle
as shown.

»ﬁ Control surface

At the inlet, station 1,

At the exit, station 2,
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Substituting into the continuity equation

T 2\? T (15
ZV~A——5><Z><<E) +V2XZX<E)

Ccs

2
=0

or

2
2.0
Vo =5x <1—5> = 8.89 ft/s

Problem 4.7

Air flows steadily through a 10 cm-diameter conduit. The velocity, pressure,
and temperature of the air at station 1 are 30 m/s, 100 kPa absolute, and 300
K. At station 2, the pressure has decreased to 95 kPa absolute, and the tem-
perature remains constant between the two stations (isothermal flow). Find
the mass flow rate and the velocity at station 2.

—_— i i —_—
Air —— i I 10 cm i .
- 5 . . - >
| |
V,=30m/s V,=?
p, =100 kPa p,=95kPa
T=300K T=300K
Solution

The mass flow rate is
m=pVA

The density is obtained from the equation of state for an ideal gas.

__pr
P=RT

At station 1
100 x 103 N/m?

= = 1.16 kg/m’
P1 =987 J/kgK x 300 K g/m

The flow rate is

i = 1.16 x 30 x % x 0.12 = 0.273 kg/s
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Because the flow is steady, the continuity equation reduces to
> pV-A=0
cS

which states that the rate of mass flow through station 1 will be equal to that
through station 2. The air density at station 2 is

95 x 103 N/m?

= =1.10 kg/m"®
287 J /kgK x 300 K g/m

P2

The mass flow is the same at each station. Thus
(/)VA)1 = (PVA)Q

So
o 1.16
= —_— = — —31.
1% V1p2 30><1'10 31.6 m/s

Problem 4.8

The velocity profile of a non-Newtonian fluid in a circular conduit is given by

1/2
= @]

where up,., is the velocity at the centerline and R is the radius of the conduit.
Find the discharge (volume flow rate) in terms of uyax and R.

Solution

The volume flow rate is

Q:/AudA

For an axisymmetric duct, this integral can be written as

R
Q= 27r/ wrdr
0

Substituting in the equation for the velocity distribution

Q = 2MUmax /OR [1 — (%)2] v rdr
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Recognizing that 2rdr = dr?, we can rewrite the integral as

R 271/2
_ (T 2
Q—Wumax/o {1 (R) } dr
R 27 1/2 2
_ 2 (" r
_”“m‘“R/O {1 (R)] d(R)
or
1
Q= wumaxR2/ [1-— 77]1/2 dn
0

2
= § 7Tu1naxR

Problem 4.9

Water flows steadily through a 4-cm diameter pipe that is 10-m long. The
pipe wall is porous, leading to a small flow through the pipe wall. The inlet
velocity is 10 m/s, and the exit velocity is 9 m/s. Find the average velocity of
the water that is passing through the porous surface.

/— Porous wall

—_— —_—
_— I4cm
_— _—
V=10m/s V=9m/s
‘<— 10 cm
Solution

The flow rate is steady, and the fluid is incompressible so the continuity equation

reduces to
Y V-A=0
CcS

Draw a control surface around the pipe. The entrance is station 1, the exit is
station 2, and the surface of the porous pipe is station 3.
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v=10m/s_ ______ 1_@_ ___V=9m/s
| | |
—t >
I® |®

For station 1 -
(V-A), =10 x Vi 0.04?

For station 2 .
(V-A)y=9x7 x 0.047

For the porous surface
(V-A), =Vsxmx0.04 x 10
The continuity equation is
m 2 ™ 2
—IOXZ x 0.04 +9><Z><O.O4 + Vs xmx0.04x10=0

or
Vs = 0.001 m/s

Problem 4.10

Show that the velocity field

2 2 3
Vz:z:yz%—%zj—l—y(%—%)k

satisfies the continuity equation for an incompressible flow and find the vorticity
at the point (1,1,1).

Solution

The continuity equation for the flow of an incompressible fluid is

Oou Ov Ow
V Ve h 22—

ox + dy + 0z
Substituting in the velocity derivatives

Y22 —yz4+yz—yz2=0

S0 continuity equation is satisfied.
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The equation for vorticity is

w=VxV
L (ow oo\ (oudw\ | (o0 o
\oy 0z INoz o dor Oy
Substituting in the velocity derivatives
72 28 y? . 2
w=i [(7 —§> —l—?] +Jj(2zy — 0) + k (0 — z2%)
Substituting values at point (1,1,1)

2
=-i+2j—k
w 31+J
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CHAPTER 4. FLUIDS IN MOTION



Chapter 5

Pressure Variation in
Flowing Fluids

Problem 5.1

A piston is accelerating upward at a rate of 10 m/s?>. A 50-cm-long water
column is above the piston. Determine the pressure at a distance of 20 cm
below the water surface. Neglect viscous effects.

= t
=] water

Py
50 cm
T a=10m/s?

Lt

Solution

Since the water column is accelerating, Euler’s equation applies. Let the /-
direction be coincident with elevation, that is, the z-direction. Euler’s equation
becomes

—% (p+72) = pa (1)

Since pressure varies with z only, the left side of Euler’s equation becomes
0 dp
_ == 2
5; (P +72) <dz+7> (2)

35
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Combining Egs. (1) and (2) gives

d
d—i = —(pa=+7)

= —(1000 kg/m® x 10 m/s* 4+ 9810 N/m?) (3)
= —19,810 N/m®

Integrating Eq. (3) from the water surface (z = 0 m)to a depth of 20 cm (z =
-0.2 m) gives

p(2=—0.2) z2=—0.2

dp = / ~19.8 dz

p(:=0) 2=0

p(z = —0.2) — p(z = 0) = (—19.8 kN/m3) (~0.2—0) m
Since pressure at the water surface (z = 0) is 0,

Pz=—02m = (_198 kN/m3> (—02 m)
= 3.96 kPa-gage

Problem 5.2

A rectangular tank, initially at rest, is filled with kerosene (p = 1.58 slug/ft?) to
a depth of 4 ft. The space above the kerosene contains air that is at a pressure
of 0.8 atm. Later, the tank is set in motion with a constant acceleration of 1.2
g to the right. Determine the maximum pressure in the tank after the onset of
motion.

L~ 0.8 atm y
1ft] f \V4 .
4 ft
—~
[~ kerosene,20 °C
| |
| 10t |
Solution

After initial sloshing is damped out, the configuration of the kerosene is shown
in Fig. 1.
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C
Figure 1 Configuration of kerosene during acceleration

In Fig. 1, s is an unknown length, and the angle « is

tana = de _ 1.2
g
So
o = 50.2°

To find the length s, note that the volume of the air space before and after
motion remains constant.

(10)(1)(width) = (1/2)(1.25)(s)(width)

s =1/20/1.2 = 4.08 ft

The maximum pressure will occur at point ¢ in Fig. 1. Before finding this
pressure, find the pressure at b by integrating Euler’s equation from point a to
point b.

So

dp
2
dzx p
b

b
/dp:—/pazdas
a

a
Pb = Pa + pay (10 — 5)
= (0.8)(2116.2) Ibf/ft>+(1.58)(1.2 x 32.2)(10 — 4.08) Ibf/ft>
= 2054 Ibf/ft* absolute

To find the pressure at ¢, Euler’s equation may be integrated from b to c.

_dlpt+r2)
dz
dp _

dz

/dp:/—'ydz
b

b

-

Pe—Pb = =Y (2 — 2)
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SO
pe = b+ (5 ft)
= 2054 1bf/ft> + (1.58 x 32.2 Ibf/ft*)(5 ft)
= 2310 1bf/ft>-absolute

Problem 5.3

A u-tube filled with mercury (p = 13,550 kg/m3) is rotated about axis A-A.
Length L is 25 cm and the column height z is 5 cm. Determine the rotation
speed (w).

A
|
|
|

a @

| z

@

Mercury

I
l
A

Solution

Integration of Euler’s (see Eq. 5.9 in the 7'" edition) shows that p + vz —
pr?w?/2 = constant. Thus
(p+7z— pr2w2/2)1 =(p+yz— pr2w2/2)2
where locations 1 and 2 denote the liquid surfaces. Locate an elevation datum
along surface 1. Then
p1=p2 +7z — pLPw?/2
Since p; = p2 = 0 kPa-gage,
vz = pL*w?/2
or
29z
iz
[/2x9.81 x0.05
-V 0.252

= 3.96 rad/s

w =
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Problem 5.4

A cylindrical tank contains air at a density of 1.2 kg/m3®. The pressure in
the tank is maintained at constant value such that the air exiting the 2-cm di-
ameter nozzle has a constant speed of 25 m/s. Determine the pressure value as
indicated by the Bourdon-tube gage at the top of the tank. Assume irrotational
flow.

@ Bourdon-tube gage

50cm air

_— r-—> V,=25m/s

|— 30cm —|

Solution

When flow is irrotational, the Bernoulli equation applies. Apply this equation
between location 1 at the gage and location 2 on the exit plane of the jet.
n W pz V5

Lt ==+

1 + 29 1
v 29 v 2g M)

By the continuity principle
AV = AV,

Since A1 > As, V7 = 0. Define a datum at the elevation of the nozzle;thus
z1 = 0.5 m, and 2o = 0. Pressure across a subsonic air jet is atmospheric; thus
p2 = 0 gage. Eq. (1) becomes

no_ Ve
v 2 7
or
pVs
b1 = 5 PIz1
1.2)(25)2
- % — (1.2)(9.81)(0.5)
= 369 Pa-gage

Note that the elevation terms are quite small. When applying the Bernoulli
equation to a gas, elevation terms are commonly neglected.
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Problem 5.5

Water is forced out of a 2-cm diameter nozzle by a 6-cm-diameter piston mov-
ing at a speed of 5 m/s. Determine the force required to move the piston
and the speed of the fluid jet (V). Neglect friction on the piston and assume
irrotational flow. The exit pressure (p2) is atmospheric.

|p=6cm d=2em

F — V2
—> V,=5m/s

— t

! @

Solution

When flow is irrotational, the Bernoulli equation applies. Applying this equa-
tion along the nozzle centerline between locations 1 and 2 gives

p Ve e W

== 1
Y29 v 2 o
The continuity principle is
AV = AoV
So
0.062
Vo= (5 m/8)g55
=45 m/s (2)

Letting ps = 0 kPa gage and combining Egs. (1) and (2)
VE -V

2
— (1000)
=1 MPa

b1 =
452 — 52
2

Since the piston is moving at a constant speed, the applied force F' is balanced
by the pressure force.

F=pA
= (1 MPa) (7 x 0.06*/4 m?)
= 2.83 kN
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Problem 5.6

The sketch shows a fertilizer sprayer that uses a Venturi nozzle. Water mov-
ing through this nozzle reaches a low pressure at section 1. This low pressure
draws liquid fertilizer (assume fertilizer has the properties of water) up the suc-
tion tube, and the mixture is jetted to ambient at section 2. Nozzle dimensions
are di = 3 mm, do = 9 mm, and A = 150 mm. Determine the minimum
possible water speed (V2) at the exit of the nozzle so that fluid will be drawn
up the suction tube.

water @
—»\CD/——>

h
suction tube / I\V
| =

Solution

Since we are looking for the lower limit of operation, assume inviscid flow so
that the Bernoulli equation applies. Also assume that the pressure at 1 is just
low enough to draw fluid up the suction tube, meaning there is no flow in the
suction tube.

Identify locations 1 to 3 as shown by the points in the sketch below.
2

———

3 \V4

Applying the hydrostatic principle (constant piezometric pressure in a fluid of
constant density) between 1 and 3 gives

p3 =p1+ (21 — z3)
Let ps = 0 kPa gage, and let (21 — 2z3) = (h + d1/2).

p1=—y(h+di/2) (1)
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Applying the Bernoulli equation between 1 and 2 gives
VQ V2
b1 + Y1 _ P2 + 72 (2)

v 2 v 2

The continuity principle is

Ay = AV (3)
Let p2 = 0 kPa gage, and combine Egs. (2) and (3).
_Ve () d
n=2k(1-2 ()

Combine Egs. (1) and (4).
V2 d
A +dy/2) =52 (1-2
2 di

1000 x V2 9\*
—9800(0.15 + 0.003/2) = % (1 - (—) )

So
Vo =0.193 m/s

Problem 5.7

An airfoil is being tested in an open channel flow of water at 60°F. The velocity
at point A is twice the approach velocity V. Determine the maximum value of
the approach velocity such that cavitation does not occur.

V
., | —
1|ft A
V—> _%

Solution

Cavitation will occur when the pressure at A equals the vapor pressure of water
at 60°F. From Table A.5

pa = 0.256 psia
= 36.9 psfa

Identify locations 1 to 3 as shown by the points in the following sketch.
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) —2

A

CA;
I

The Bernoulli equation between 2 and 3 is

pr V2 369psta  (2V)
=+ —= +
T 29 v 29

(1)

Apply the Bernoulli equation between 1 and 2. Since Vi = V5, and p1 = patm,
the Bernoulli equation simplifies to the hydrostatic condition.

Patm + (1 ft) _ }2
Y Y
Substituting values gives

P2 = Patm + 7Y (1 ft)
— (2116 psf) + (62.37 lbf/ft3) (1 ft) 2)
= 2180 psfa

Combining Egs. (1) and (2) gives

V2 2V)2
(2180 psfa) + PT = (36.9 psfa) + Pl 5 )
So
1.94V2(22 — 1)
2140 = —— =~/
2
2140 = 2.91V?2
or

V =271 ft/s
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Chapter 6

Momentum Principle

Problem 6.1

Water at 20°C is discharged from a nozzle onto a plate as shown. The flow
rate of the water is 0.001 m3/s, and the diameter of the nozzle outlet is 0.5 cm.
Find the force necessary to hold the plate in place.

0.5cm

—_ DR
— 1

Solution

This is a one-dimensional, steady flow. Since the system is not accelerating,
the velocities with respect to the nozzle and plate are inertial velocities. The
momentum equation in the z-direction (horizontal direction) is

Z F, = Z movom - Zmlvlf

Draw a control volume with the associated force and momentum diagrams.

45
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From the force diagram

> F.=-R

From the continuity equation, the mass flow in is equal to the mass flow out so

Me =M; =M

The velocity at the inlet is V. The component of velocity in the z-direction at
the outlet is zero, so the momentum flux is

E movoz — E ’ﬁ-’livim =-—mV

Equating the forces and momentum flux

or

The volume flow rate is 0.01 m?3/s, so the mass flow rate is . = p@Q = 1000 x
0.001 =1 kg/s. The velocity is

~Q  0.001
V—A—%(O.005)2—50.9m/s

The restraining force is

R=509x%x1=509N
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Problem 6.2

A water jet with a velocity of 30 m/s impacts on a splitter plate so that %
of the water is deflected toward the bottom and %toward the top. The angle of
the plate is 45°. Find the force required to hold the plate stationary. Neglect
the weight of the plate and water, and neglect viscous effects.

a A=0.1 m? //

30m/s —>»
/45

¥’

Solution
The pressure is constant on the free surface of the water. Because frictional ef-

fects are neglected, the Bernoulli equation is applicable. Without gravitational
effects, the Bernoulli equation becomes

1
p+ 5,01/'2 = constant

Since pressure is constant, the velocity will be constant. Therefore, each exit
velocity is equal to the inlet velocity.

Momentum and force diagrams for this problem are

The forces acting on the control surface are

F = F,i+ F,j
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The momentum flux from the momentum diagram is
. . 3. . ..
CZ; MoV — ; M;V; = Zmi(301 cos 45 + 30jsin45)
+ imi(f?)()icos 45 — 30j sin45) — 10,301
Equating the force and momentum flux
F,i+ F,j =m;(—19.4i+10.6j)
The inlet mass flow rate is
m; = pAV = 1000 x 0.1 x 30 = 3000 kg/s
The force vector evaluates to
F,i+ F,j=—5.82 x 10* + 3.18 x 10%*j (N)
Thus

F,=-5.82x10* N
F, =318 x 10* N

Problem 6.3

A 12-in. horizontal pipe is connected to a reducer to a 6-in. pipe. Crude
oil flows through the pipe at a rate of 10 cfs. The pressure at the inlet to the
reducer is 60 psi. Find the force of the fluid on the reducer. The specific gravity
of crude oil is 0.86. The Bernoulli equation can be used through the reducer.

V .
> 1 12in. Iéln

—/_

Solution

Draw a force and momentum diagram as shown.
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—» X

SO P

| ——1 ] | \\__'I'
B P mviay 'm,vo
—» | | ] I

| | | /__I

:_/ :—/—

FD MD

At the control surface, forces due to pressure are acting. Also, a force (F) is
needed to hold the reducer stationary.

ZFm =p1A; —prAy — F (1)

The control volume is not accelerating and the flow is steady, so the momentum
change becomes

D MoVos — > Mg = mlVa — Vi = 1i(Va — 1) (2)
The velocity afthe inlet is )
Vi = AQI = % =12.7 ft/s
The velocity at the exit is
%_%_%_50.9&&

The pressure at the outlet can be found by applying the Bernoulli equation.
p Ve pp V3
Sy L == 2
Y o2 v 2
So
_ P V2 _y2
pz—p1+§( T = V)

86 % 1.94
— 60 x 144 + M(m.# ~ 50.9?)

= 8640 — 2027 = 6613 psf = 45.9 psi
Equating the force and momentum flux by combining Eqs. (1) and (2) gives
60 x % x 122 — 45.9 x % x 62 — F =10 x 0.86 x 1.94 x (50.9 — 12.7)
F = 4850 Ibf
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Problem 6.4

An eductor is a pump with no moving parts in which a high-speed jet is in-
jected into a slower moving fluid. In the eductor shown in the following figure,
water is injected through a 2-cm nozzle at a speed of 30 m/s. The flow of water
in the 5-cm duct is 5 m/s. If the pressure downstream where the flow is totally
mixed is 100 kPa, what is the pressure where the water is injected through the
nozzle? Neglect the friction on the walls.

p=100 kPa
I A
4> I
2cmd———»V=30m/s | |5cm
—>V=5m/s v

Solution

Draw a control surface as shown with the appropriate force and momentum
diagrams.

* = >
P . —» :
p_1 4’: :<7p2 _: > rhvjet »mv,
> | — v, :
FD MD

The velocity at the outlet may be obtained from the continuity equation for a
steady flow. The mass flow in the high-speed jet is

Mjer = 1000 x % % 30 x 0.022
=9.42 kg/s
The mass flow through the outer annular region is
The = 1000 x g x 5 x (0.052 — 0.02%)
= 8.24 kg/s
The velocity at the outlet is
Vo = (et +1a)/pA
= (9.42 + 8.24) /(1000 x % % 0.052)
=9 m/s
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The sum of the forces on the control surface is
Y Fo=pA-pA
CcS

= % % 0.052 x (p1 — 10°)
= 0.00196 x (p; —10°) N

The control surface is not accelerating and the flow is steady, so the momentum
flux is

D Movor — D Mivie = (9.42+8.24) x 9 —9.42 x 30 — 8.24 x 5

—164.86 kg - m/s”

Equating the force and momentum flux

0.00196 x (p; — 10°) = —164.86
=15.9 kPa

Problem 6.5

A turbojet with a 1-m diameter inlet is being tested in a facility capable of
simulating high-altitude conditions where the atmospheric pressure is 55 kPa
absolute and the temperature is 267 K. The gas constant for air is 287 J/kg/K.
The velocity at the inlet is 100 m/s. The exit diameter is 0.75 m, the exit
temperature is 800 K, and the exit pressure is the local atmospheric pressure.
Find the thrust produced by the turbojet.

L | —T

—® |[1m 50.75 m

I

\|/

Solution

Draw the force and momentum diagrams as shown.
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From the force diagram

ZFg;:T

where T is the thrust, which is the force applied to the strut in the free-body
diagram.

From the momentum diagram

E MoeVo,x — E MV = m(vo,x - Ui@)

since the flow is steady and the mass flow in equals the mass flow out. Equating
the force and momentum gives

T =1m(Voz — Vi,z)

Since the control volume is stationary, the fluid velocities relative to the control
volume are relative to an inertial reference frame; so

T=m(V,—-V;)
The density of the air at the inlet is

Di 55 X 103 3
=P XY G-k
Pi= RT, ~ 287 x 267 g/m

The mass flow is

= pAV = 0.718 x % x 12 x 100 = 56.4 kg/s

The density at the exit is

Do _ 95X 103

- - = 0.240 kg/m*
Pe = RT, ~ 287 x 800 g/m
The outlet velocity is obtained from
7 56.4
v, = = = 532 m/s

T poA, 0240 x £ x 0.752
The thrust is
T = 56.4 x (532 — 100) = 24,360 N=24.4 kN
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Problem 6.6

A retro-rocket is used to decelerate a rocket ship in space. The rocket is moving
at 8000 m/s (with respect to the Earth’s surface) and has a mass of 1000 kg.
The burn rate of the retrorocket is 8 kg/s, and the exhaust velocity with respect
to the rocket nozzle is 2000 m/s. After the retrorocket has fired, the velocity
should be 7500 m/s. How long must the retro-rocket be fired, and what is the
final mass of the rocket? Assume the exit pressure of the rocket is equal to the
ambient pressure and the drag forces on the rocket are negligible. The rocket
is moving in a direction perpendicular to the gravity force.

Retfro-rocket

8000 m/s " 42000 m/s
[

Solution

Draw a control volume around the rocket as shown.

Because the exit pressure of the retrorocket is equal to the ambient pressure,
there are no forces acting on the control surface. Also there is no body force
in the direction of interest. From the force diagram

ZFm:O

From the momentum diagram

d : : d .
E o pvdv + %: mMeVo — ;mivi = E \AU pvwdv + MoVo,x

where the velocities must be referenced to an inertial coordinate system. Equat-
ing the forces and momentum change gives

d
E - pvxdv + movo,w =0

The unsteady term can be written as

d d d
G | vt = Ston [ ) = S mavn)
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where vp and mpg are the velocity and mass of the rocket, respectively. The
momentum flux term becomes

movo,z = m(vR + V;;’)

since the velocity must be referenced with respect to an inertial reference frame.

Finally, the equation becomes

d
—(mpog) + m(vg+ V) =0

dt
d d
mR% +UR% + 1w + 0V, = 0
However, from the continuity equation dmpg/dt = —r. Thus the equation
reduces to
d’UR
— +mV. =0 1
MR~ +m (1)

The mass of the rocket will decrease linearly with time as
mpr = m, — mt
where m,, is the initial mass of the rocket. Eq. (1) can now be rewritten as

mdt

dvR = —Ve—.
my, —mt

Integrating

Avg =V, In (l—ﬂ>

Substituting in values

8 x t)
1000

—500 = 2000 x In(1 —

0.789 =1 —0.008 x ¢t
t=26.45s
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Problem 6.7

A rotating arm with a radius of 1 meter has slits through which water issues
with a uniform velocity of 10 m/s in the outer halves of the arms. The slits are
3 mm wide and 0.5 m long. The arm rotates with a constant angular velocity
of 5 rad/s. Find the torque required to keep the arm rotating at this speed.

® 10m/s

gy R
@

vyereevyy

—

- ——

Solution

This problem use the moment-of-momentum principle. The force and momen-
tum diagrams are

MVo
N ) N
' & e
| o e e e o =X __ I r
Moment MVo Moment of
diagram momentum

The only moment acting on the arm is the torque, which is a vector coming out

of the page.
> M, =Tk

The flow is steady, so the moment of momentum is

/ (r x v)pVdA = k/ rupVdA

CcS cS

because the velocity is perpendicular to the radius. Thus the moment of mo-
mentum equation becomes

T:/ ropVdA

The differential area is wdr. The velocity with respect to an inertial reference
frame is
v=V —uwr
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Thus the equation for torque becomes

1
T= 2pw/ rV(V —wr)dr
0.5
1 1 !
=2pw |=r?V? — —wVrd
2 3 0.5

102 5 x 10

=2 x 1000 x 0.003 x [7 x 0.75 — x 0.875

=1375N-m

Problem 6.8

A six-in. pipe is used to carry water for a distance of one mile (5280 ft).
Before a valve is closed, the initial pressure in the pipe is 20 psig. Determine
the maximum flow rate (in gpm) in the pipe so that when the valve is closed,
the water hammer pressure will not exceed 50 psig. Also determine the critical
closure time. The modulus of elasticity of water is 320,000 psi. The density
of the water is 1.94 slugs/ft3.

Solution

The pressure increase in a pipe due to the water hammer effect is
Ap=pVe

where c is the speed of sound in water. The speed of sound is calculated from

E,
c=4]|—

p

_ /320,000 x 144

-V 1.94

= 4874 ft /s

The final pressure in the pipe is
pr=pi+pVe

where p; is the initial pressure. Therefore

pVe=pr—p;
= 500 — 20 = 480 psi =69,120 psf
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Solving for V'
69, 120

= Toiagra — BLIt/s

The flow rate is

2
Q=AV = % (%) x 7.31 = 1.44 cfs = 646 gpm

The critical closure time is

2% 5280

T 7R 217s

If the time to close the valve is longer than 2.17 seconds, the pressure rise will
be less.
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Chapter 7

Energy Principle

Problem 7.1

Air flows through a rectangular duct of dimension 1 ft x 5 ft. The veloc-
ity profile is linear, with a maximum velocity of 15 ft/s. Find the kinetic
energy correction factor.

V /A 1Ix 1ft

Solution

The kinetic energy correction factor is given by

1y

== [ =dA (1)
A =3
SV

Area is 1 x 5 =5 ft2. Since the profile is linear, the average velocity is half the
maximum velocity.

V = Vinax/2
=75ft/s

Pick a differential area with a height of dz and width of 5 ft.

dA = 5dzx

59



60 CHAPTER 7. ENERGY PRINCIPLE

Eq. (1) becomes
11N [

A
= 0.00237 / [V (2)]? dax (2)

Since V(z) is a straight line, it can be fit with an equation of the form
V =mx + b, where m is slope and b is intercept. The result is

V(z) = 15z (3)
Combining Eqgs. (2) and (3)
z=1 ft
o = 0.00237 (15%) / 2 da
=0
= 0.00237 (15%) (1/4)
a=2

Problem 7.2

Water flows out of a large tank through a 1-cm diameter siphon tube. The
siphon is terminated with a nozzle of diameter 3 mm. Determine the mini-
mum pressure in the siphon and determine the velocity of the water leaving the

siphon. Assume laminar flow and assume all energy losses due to effects of
viscosity are negligible.

®
Tm

® — A

VAN

water, 20 °C

% Nozzle
) /
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Solution

Let location 1 be coincident with the free surface of the water in the tank. Let
location 2 be the exit of the siphon. The energy equation between 1 and 2 is
2 2
|4 Vv
D b+ hy =22 b2ttt b+ by
v 29 ¥ 29

Now p; = p2 = 0,Vy =~ 0, 21 = 3 m, h, = hy = hy, = 0. Since the flow is
laminar, as = 2. The energy equation simplifies to

So _
Vo =5.42m/s
The minimum pressure will occur at the highest point in the siphon; let this be

location 3. The energy equation between 1 and 3 is
—2

|4
E—l—al
v

—2
1 D3
— +z1+h,=—+4+a3
29 Py

1%
3 4 2+ he+ hp
2g

Dropping terms that are zero and simplifying gives

Z1=p73+0432—3+23 (1)
To find V3, use the continuity principle.

V3As =V,A,

— A

Vy=Vo—=

3 2A3

0.0032
=0.488 m/s

Substitute numbers into Eq. (1).

=2

vV
2= B, az=2 + 23
Y 29
P3 0.4882
3= 4
9800 T “2x 981 T
—1.024 = 8

9800
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So
ps = —10.0 kPa

Problem 7.3

A pump with an efficiency of 70% pumps water at 60°F in a four-in. pipe.
Determine the power required by the pump. Neglect head loss, and assume all
kinetic energy correction factors are unity.

— Pump |
[ [
@ @
V,= 3ft/s p, = 12,000 psf
p, = 2,000 psf D,=4inch
D,=4inch

Solution

The energy equation between sections 1 and 2 is

—2 2

|4 Vv
&—&—al—l—i—zl—l—hp: p—2+a2—2+22+ht+hL

v 29 ¥ 29

By continuity, V; = V5, and so the velocity head terms cancel. Also, z; = 2.
The energy equation simplifies to

&_A'_hp:p_Q
v

or
P2 —P1
hy,=2—21
g v
(12,000 — 2000) Ibf/ft>
62.4 Ibf/ft”

=160 ft
The flow rate of water by weight is

1Q =VA
2
- (62.4 lbf/ft2> (3 tt/s) (% ft2)

=16.3 Ibf/s
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Power is

P =h,(7Q) /n
(160 ft) x (16.3 Ibf/s)
0.7
= 3730 ft-1bf/s

Converting units to horsepower

3730 ft-1bf/s
550 ft-1bf/ (s-hp)
= 6.78 hp

Problem 7.4

The following sketch shows a small, hand-held sprayer to be used by home-
owners. Water flows through the 6-ft-long by 3/8-in.-diameter hose. The
hose is terminated with a 1/16 in. diameter nozzle and the water exits the
nozzle with a speed of 25 ft/s. Air in the tank is pressurized to produce the
given flow. Determine the air pressure. Head loss in the system is given by
hy = 5.0(L/D) (V?/2g), where L = 6 ft is the length of the hose, D is the
diameter of the hose, and V is the average velocity in the hose. Assume all
kinetic energy correction factors are unity.

air
V
O) = |
1 ft
water
| (¢ 25ft/s
7/ | .
| 6 ft |

@

Solution
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From continuity, the water speed in the hose is

(Dnozzle>2
(Dhose)2
1 2
=925 (136 )2
(5)

= 0.694 ft/s

Vhose = ‘/nozzle

The energy equation between section 1 and section 2 is

v v,
B s+ hy =22 40y 2 4oyt by + By
Y 29 g 29

Now V; ~ 0, hp = hy =0, as = land pp = 0. The energy equation simplifies to

Dair

V2
bz = HQ—QI + 22 +5.0(L/D) (Viipe/29)

Substituting values

Pair 257 0.694

1= 0+5.0 (6 x 12/0.375) ( =

62.4 T 1T acgpg TOHRO(61Y )<2><32.2
— 16.88 ft

So

Pair = 62.4(16.88 — 1)
=991 1bf/ft?
= 6.88 psi
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Problem 7.5

Water from behind a dam flows through a turbine that is 85% efficient. The
discharge is 12 m?3/s, the head loss is 5 m, and all kinetic energy correction
factors are unity. Determine the power output from the turbine.

® =< |

Wat;r, 20°C

/Turbine ‘

=== 0

Solution

The energy equation between sections 1 and 2 is

v v
Zﬂ+a1—1+z1+hp:]2+a2—2+22+ht+h1;
y 2g o 29

Now p; = po =0,V ~ V3 ~ 0, and 2z = 0. The energy equation simplifies to

z1=hs+hp
The power from the turbine is
P =~Qhn

= 9810 x 12 x 20 x 0.85
= 2000 kW
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Problem 7.6

A centrifugal pump will be used to transport water at 50°F from a lake to
a cabin. The discharge will be 10 gpm at an elevation of 60 ft above the lake
surface. Discharge pressure is atmospheric. The suction pipe is 15 ft-long by
1-in.-diameter, and the discharge pipe is 200-ft-long by 1-in.-diameter. Head
loss in each pipe is given by hy, = 0.05 (L/D) V?/(2g), where L and D are pipe
length and diameter, respectively. Assume the kinetic energy correction factor
in each pipe is 1.0. Determine the head supplied by the pump, and sketch an
energy and hydraulic grade line.

60'
discharge pipe 10 gpm

suction pipe W

10’ /- Pump
o<

/

Solution

The water speed in each pipe is

V=Q/A
10 x 0.002228
/4 % (1/12)2

= 4.085 ft/s

The energy equation between section 1 along the lake surface and section 2 at
the discharge pipe exit is

Vi 7,
Bt st hy =2 40y 2 byt by + by
gl 29 gl 29

Now p; =pa =0,V ~0, as =1, 2z = 60, and h; = 0. The energy equation
simplifies to

—2 —2 72
v Vo) (L V) (L
P o522 (= : 15
P 29 +22+ 0.05 ( 2g> (D)suqtion + 0.05 (29> (D)discharge

pipe pipe
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Substituting values

40752 40752\ 15 4.0752 \ 200
= 3gag T OO0 (2 X 32.2) Tz 00 (2 x 32.2) 1/12
= (0.257 + 60 + 2.32 + 30.94) ft (1)
=935 ft

Prior to sketching the hydraulic grade line (HGL) and the energy grade line
(EGL), notice that Eq. (1) provides the following values:

velocity head in each pipe = 0.257 ft
hr, in suction pipe = 2.32 ft
hy, in discharge pipe = 30.94 ft

To develop the HGL and EGL plots, begin with the energy equation.

L N oy N - e TRy ¥
¥ 29 ¥ 29

When h;, = hy = 0, this can be written as

EGL(1) = EGL(2) + hy(2) (2)

72
where EGL(1) = & + al% + z1 and EGL(2) has a similar definition. Define
locations a through e as shown in Fig. 1.

d

d
Pump

V a b /

= /

Figure 1 Sketch of the system

Between points a and b, there is no head loss, and Eq. (2) simplifies to

EGL(a) = EGL(b)
=0 ft

where the value of 0 ft arises because the lake surface has a pressure of zero and
an elevation of zero.
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Let x be an arbitrary location between b and c¢. Eq. (2) becomes
EGL(b) = EGL(z) + hr(z)

where EGL(b) = 0. Since hy, is linear with x, it can be written as hr(x) =
2.32(z/15). Thus

EGL (x) = —2.32(x/15)
forb<z<c

Between ¢ and d, the pump adds 93.5 ft of head. Thus

EGL(d) = EGL(c) + 93.5
=-232+935
=91.2 ft

Between d and e, the EGL is given by

EGL (xz) = 91.2 — 30.9(x/200)
ford<z<e

where 30.9 ft is the head loss in the discharge pipe and 200 ft is the length of
the discharge pipe. From this equation, EGL(e) = 60.3 ft.

A plot of the EGL is shown in Fig. 2.

60'

o ab Ji

Figure 2 Energy grade line (EGL) and hydraulic grade line (HGL)

Fig. 2 also shows the HGL. The HGL was found by subtracting the velocity
head (0.26 ft) from the EGL.



Chapter 8

Dimensional Analysis and
Similitude

Problem 8.1

The discharge, @, of an ideal fluid (no viscous effects) through an orifice de-
pends on the orifice diameter, d, the pressure drop across the orifice, Ap, and
the fluid density. Find a nondimensional relationship for the discharge.

Solution

The functional relationship is

Q= f(d,Ap,p)

Based on the Buckingham II theorem, there should be 4 — 3 = 1 m—groups.
Use the step-by-step method, as shown in the following table.

Variable | ] Variable [] | Variable [] | Variable []
L3 )

o T8 1% r|%/% 0

d L

P % pd? M

Ap o1z | Apd 7= | ok 7=

As shown in the table, the length dimension is first eliminated with d, then
the mass dimension is eliminated with pd®, and finally the time dimension is
eliminated with Ap/pd?. Thus

69
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Q [r _
d2\l Ap

where K is a constant. This may be expressed as

Q= Kd? | 2L
P

Problem 8.2

The terminal velocity of a sphere (maximum drop velocity) depends on the
sphere diameter, sphere density, fluid density, fluid viscosity, and acceleration
due to gravity.

Vi = f(D, ps, ps, i1, 9)

Find a nondimensional form for the terminal velocity.

Solution

Based on the Buckingham II theorem, there should be 6 —3 = 3 w-groups. Use
the step-by-step method as shown in the following table.

Variable [] | Variable [] | Variable [] | Variable []
L i 1 Vi 1 VipsD
Vi T D T D T — 0
Ps % PsD3 M pL‘; 0
Py o |osD° M 1
H r | 1D T | 5D T
D L
2 Dd
g | 5 | 5 & | E- 0

First, length is eliminated with D, then mass is eliminated with pr3, and
finally time is eliminated with p/pyD?.

The nondimensional grouping becomes

VipsD ps 9p3D?
1y :f(_a f2 )

1 Py 1

which can also be written as

B ,ps VgDpyD
Vi=—f(——)
pyD” py I
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or

. \/gDp:D
V= Vaps(Ls, YD)

Problem 8.3

The pressure drop in a smooth horizontal pipe in a turbulent, incompressible
flow depends on the pipe diameter, pipe length, fluid velocity, fluid density, and
viscosity.

Ap = f(D,S,V,p, )

Find a nondimensional relationship for the pressure drop.

Solution

By the Buckingham IT theorem, the number of dimensionless 7-groups is 6 —3 =
3. The exponent method will be used. First, express the equation as

Ap = D*SPV7p0 1€
Substitute the dimensions of each variable
¥ é €
M gaps (LY (MY (M
LT? T L3 LT

Equate the powers of each dimension

M: 1=0+c¢€
L: —l=a+p+7—30—c¢
T: —2=—y—c¢€

Solving for «, v and ¢ in terms of 5 and €

6=1—¢
y=2—¢€
a=—F—c¢€

Substituting back into the equation for pressure
Ap _ D—B—ss,@vQ—epl—eMs
s\”? o€
N VLR _r
v (5) (v
This relation can be expressed as

Ap _ (5 pVD
pV2 " \D’ p
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Problem 8.4

A 2—15 scale model of an airship is tested in water at 20°C. If the airship travels
5 m/s in air at atmospheric pressure and 20°C, find the velocity for the model
to achieve similitude. Also, find the ratio of the drag force on the prototype to
that on the model. The densities of water and air at these conditions are 1000
kg/m3 and 1.2 kg/m3. The corresponding dynamic viscosities of water and air

are 1073 N-s/m? and 1.81x107° N-s/m?.

Solution

The significant nondimensional number for this problem is the Reynolds number.
Thus, for similitude

Remodel = Reprototype

Vi L pm _ VoLppp

Hm Hp
or
L m
Vi = Vp_P&'u_
Ly pm 1
1.2 1073
=5x25
= 1000 1.81 x 105
=8.29 m/s

Dimensional analysis for the force yields
F = pV?L*f(Re)
Thus, for the ratio of forces

Fp _ pp VPQ L127 f(Rep)

Fr  pm V2 L2, f(Rep)

Since the Reynolds numbers are the same

2 72
By _ oo Vo Ly

Ip
F, pm V2 L2
The force ratio is

F,, 1000 8.292
=0.273

Fo_ 12 % o,
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Problem 8.5

A scale model of a pumping system is to be tested to determine the head losses
in the actual system. Air with a specific weight of 0.085 Ibf/ft? and a viscosity
of 3.74x 1077 Ibf-s/ft? is to be used in the model. Water with a specific weight
of 62.4 1bf/ft? and a viscosity of 2.36x1075 Ibf-s/ft? is used in the prototype.
The velocity in the prototype is 2 ft/s. A practical upper limit for the air veloc-
ity in the model to avoid compressibility effects is 100 ft/s. Find the scale ratio
for the model and the ratio of the pressure losses in the prototype to those in
the model.

Solution

In this problem, the Reynolds number is the important scaling parameter so

Remodel = Reprototype

Vin L pm _ VpLppp

Hm Hp
Therefore
L _ VoPplim
L, VinPmbip

2 (62.4/32.2) 3.74 x 107
~ 100 (0.085/32.2) 2.36 x 10~5
=0.233

or about a Z scale model. Note that the specific weight is changed to mass

density by dividing by 32.2.

Since the Reynolds numbers are the same, the pressure coefficients are also the
same.

Cp,m = Cp,p
(), - (%)
V) \PV2/,
or
App _ oy Yy
App, B Pm Vr%

which gives
Ap,  (62.4/32.2) 22
Ap,,  (0.085/32.2) 1002
=0.294
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Problem 8.6

The sloshing of oil in a tank is affected by both viscous and gravitational effects.
A 1:4 scale model of oil with a kinematic viscosity of 1.1 x 107* m?/s is to be
used to study the sloshing. Find the kinematic viscosity of the liquid to be
used in the model.

Solution

In this problem, both the Reynolds number and Froude number need to be the
same. For Froude number scaling

Fr,, =Fr,
9Lm _ gLy
V2 V2

SO

Vo _ [Lm

Vb p
11
V42

For Reynolds number scaling

Remodel = Reprototype
VoL VL,

Um vp
SO

_ ‘/T)'L L’m
YL

11
=11x10"*==
24

V’H’ 3

=1.37x 107° m?/s
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Problem 8.7

A wind-tunnel test is performed on a 21—0 scale model of a supersonic aircraft.

The prototype aircraft flies at 480 m/s in conditions where the speed of sound
is 300 m/s and the air density is 1.0 kg/m®. The model aircraft is tested in a
wind tunnel in which the speed of sound is 279 m/s and the air density is 0.43
kg/m3. The drag force on the model is 100 N. What speed must the flow in
the wind tunnel be for dynamic similitude, and what is the drag force on the
prototype?

Solution
The primary dimensionless number is the Mach number.

M,, = M,
Vi _ Vo

Cm Cp
Thus

Cm

Vin = Vpg
279
= 4 —_—
80 300

=446 m/s

The nondimensional form for the drag force is

D

WZJC(M)

SO

D, pVy Ly

Dy, B pmvn% E
o 1x 4807
©0.43 x 4462

= 1077

x 202

The drag on the prototype is

D, = 1077 x 100 = 108 kN
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Problem 8.8

The surface tension of pure water is 0.073 N/m, and the surface tension of
soapy water is 0.025 N/m. If a pure water droplet breaks up in an airstream
that is moving at 10 m/s, at what speed would the same size soapy-water droplet
break up?

Solution

The significant dimensionless parameter for droplet breakup is the Weber num-
ber. It is assumed that breakup will occur at the same Weber numbers. The
Weber number is

_ pViL

ag

w

In this case, the dimension L is the droplet diameter.

().~ (%)
g soapy g pure

Since the density and diameter are the same on both sides of the equation

Osoapy
Véoapy = vaure -
Opure

0.025
=10 5073
— 5.85 m/s

Problem 8.9

A 1:49 scale model of a ship is tested in a water tank. The speed of the pro-
totype is 10 m/s. The purpose of the tests is to measure the wave drag on
the ship. Find the velocity of the model and the ratio of the wave drag on the
prototype to that on the model.

Solution

The wave drag is due to gravitational effects, so Froude number scaling is used.

Fry, =Fry,

(o). (),



Thus
Ly,
Vi = Vi | —
p Lp
1
m = 1 s
%4 0 x \/49
=143 m/s

The nondimensional form for the wave drag is

D

WZf(FT)

Because the Froude numbers are the same

Dy _ mVy Ly

D pmV2 L2,

The density for the prototype and model are the same, so

Dy _ 4949°
D, 11

=1.18 x 10°

7
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Chapter 9

Surface Resistance

Problem 9.1

An aluminum cube of density 2700 kg/m? slides with a constant speed of 20
cm/s down a plate that is at an angle of 30° with respect to the horizontal. The
plate is covered with a stationary layer of 0.1-mm-thick oil of viscosity p = 0.008
N-s/m?. The cube has dimensions of L x L x L. Find L.

<

<0
C") Ve
30°
Solution
The weight of the cube is
W = Ly

A free-body diagram is

Fshear\
A

X

79
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Balancing forces in the z-direction gives

Flear = W sin (30°)
= (Lya;) sin (30°) (1)

The shear force is

Fshear = TL2 (2)

Assuming Couette flow, the shear stress is

=g ®)

where V is the speed of the block and h is the thickness of the oil layer. Com-
bining Egs. (2) and (3) gives

\%4
Fshear = (ME) L2 (4)

Combining Egs. (1) and (4) gives

(,u%) L? = (L*ya;) sin (30°)
or

1%
H (3 a1 sin 30°)
0.2
0.0001 (2700 x sin 30)

=11.9 mm

L =

= 0.008
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Problem 9.2

A 1.000-in.-diameter shaft of length 2 inches rotates at an angular speed of
w = 800 rpm within a stationary cylindrical housing. The gap between the
stationary housing and the shaft has a dimension of 0.001 in. The gap is filled
with oil of viscosity 0.0003 Ibf-s/ft2. Find the torque and power required to
rotate the shaft. Assume the oil motion in the gap can be described by planar
Couette flow.

Stationary housing
Oil: gap thickness 0.001 in.

Shaft--1.000 in.DIA

Solution

As the shaft rotates, a clockwise applied torque is required to balance the mo-
ment caused by forces associated with fluid friction (viscosity).

Applied Torque
Figure 1 Sketch of the shaft

The force dF in Fig. 1 is the viscous force on the top surface of the pie-shaped
region. Since shear stress is force per area

dF = 7dA
=7 (rd0) L (1)

The shear stress is
T =
dy

which simplifies, for Couette flow, to

T:,UIE
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where V' = rw is the speed at the outer surface of the rotating shaft. Thus
T= MT (2)
Combining Eqs. (1) and (2) gives
dF = u% (rdf) L
The force dF will cause a frictional torque of dT'.

dl' =rdF

r3 Lw
=p— do

The net frictional torque balances the applied torque.

Applied torque = frictional torque
2

73 Lw
—/,u A do
0

3 Lw

=2mp

Ibf-s\ /053 x2. . ft? 271 x 800 1
=9 . in.3 _ z
”(0 00032 ) ( 0.001 ) (123 ms‘) ( 60 b)

= 0.0228 ft-1bf

Power P is

P = (applied torque) (angular speed)
B 2 x 8001 hp-s
= (0.0228 ft-Ibf) < - S) (550 — f>
— 0.00347 hp
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Problem 9.3

Oil with viscosity 0.0014 Ibf-s/ft? and density 1.71 slug/ft3 flows between two
parallel plates that are spaced 0.125 in. apart and inclined at a 45° angle.
Pressure gages at locations A and B indicate that po — pg = 5 psi. The
distance between the pressure gages is 2 ft. Fach plate has a dimension (i.e.,
depth into the paper) of 1.5 ft. Determine the rate of volume flow of oil.

\J

N

A

4

/!

Oil

Solution

Laminar flow between parallel plates (planar Poiseuille flow) is described by Eq.
(9.12) in the 7th edition, which is repeated here.

12u dp dz
(e, 9z 12
< B3 > =% T (9.12)

The left side of Eq. (9.12) is

B (n_u) _ [12x0.0014 Ibf-s/ft*
B3 )1~ (0.125/12)° f7 )4

= (~14,864 /67 g

The pressure gradient is

dp _ Ap
ds  As

[ —=51bf/in? (144 in?
B 2 ft ft2

= —360 Ibf/ft*
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The slope term is

'y% = ysin (45°)
= 1.71 x 32.2 x sin (45°)
= 38.93 Ibf/ft*

Substituting numerical values into Eq. (9.12) gives

(1w, _dv, d
B3 q_ds ’Yds

(—14,864 Infes/ft”) g = (—360 Ibf/fe”) + (38.93 Ibi/fc*)

So

~ —360+ 38.93
- —14,864
=0.0216 ft*/s

The volume rate of flow is

Q=qu
= (0.0216 £t*/s) (1.5 ft)
=0.0324 ft3 /s

Checking the Reynolds number

_ar
1
(0.0216 £t /s) (1.71 slug/ft3)

0.0014 1bf-s/ft?

Re

=26.4

Since this is far less than the critical value of the Reynolds number for turbulent
flow (1000), the flow is laminar and Eq. (9.12) is valid.
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Problem 9.4

A thin plate that is 75 cm long and 30 cm wide is submerged and held stationary
in a stream of water (T' = 10°C) that has a speed of 2 m/s. What is the thick-
ness of the boundary layer on the plate at the location where Re, = 500,000
and at what distance x does this Reynolds number occur? What is the shear
stress on the plate at this point?

Solution

The Reynolds number is

500,000 = pve
W

1000 x 2 x x

500,000 = T3~ 70-3

So, the distance «x is
z=32.8 cm

The boundary layer thickness is

5x

vRe,
5 x32.8 cm

/500, 000

= 2.32 mm

6:

The local shear stress coefficient is

or = 0.664
F= vRe,
0.664

/500, 000
=939 x 1074

The local wall shear stress is

. (pr>
o—Cf
2

=9.39x 107* (

1000 x 22
2

=1.88 Pa
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Problem 9.5

Air with a kinematic viscosity of 15.1 x 1076 m?/s, a density of 1.2 kg/m3
and a free stream velocity of 30 m/s flows over a 0.8-m-long by 0.2-m wide flat
plate. Find the wall shear stress at a horizontal distance of 0.5 m. Also, find
the shear force on the top side of the plate.

30m/s
—_—
—_—
_—
_—

0.5m

08m

Solution

To find the wall shear stress, begin by finding the local Reynolds number at
x=10.5m.

Re, = E
v

. 30x05
~15.1 x 106
= 993, 400

Since Re, > 500,000, the boundary layer at this location is turbulent. The
local shear stress coefficient is
0.455
Cf =15 o
In” (0.06 Re;,)
B 0.455
In? (0.06 x 993, 400)
= 0.003763

. <pU§>
o — Cf
2

= 0.003763 (

The wall shear stress is

1.2 x 302>

= 2.03 Pa

To find the shear force on the plate, begin by finding the Reynolds number
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based on plate length.

VL
ReL = —
v

. 30x0.8
T 15.1x 106
= 1,589,000

The average shear stress coefficient is
B 0.523 1520
7 2 (0.06Re;) Rer
B 0.523 1520
~ In%(0.06 x 1,589,000) 1,589,000
= 0.003022

The shear force is

2
F,=Cy (pgf’) Lw

1.2 x 30°
— 0.003022 (%) (0.8 x 0.2)

=0.261 N

Problem 9.6

Assuming that drag is entirely due to skin-friction drag, find the drag force
and power for a person swimming. Assume that the human body can be rep-
resented as a submerged, thin, flat plate of dimension (30 cm) x (180 cm) with
drag occurring on both sides of the plate. Use a swimming speed of 1.5 m/s, a
water density of 1000 kg/m? and a dynamic viscosity of 0.00131 N-s/m?.

Solution

Drag force Fp is

U2
Fp=Cy <p20) 2w (1)
To find the average skin friction coefficient, the value of Rey, is needed.
VL
ReL = —
v
. 1.5x18
~ 1.31 x10-6

= 2,061,000
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Since this Reynolds number is above 500,000, the boundary layer is mixed (lam-
inar followed by turbulent).

The average skin friction coefficient is

o, = 0.523 1520
In? (0.06Rer) Reg
B 0.523 1520
" In®(0.06 x 2,061,000) 2,061,000
= 0.00307

Substituting into Eq. (1) gives

2
Fp=Cy (ng) (2Lw)

1 1.52
— 0.00307 (%) (2 x 1.8  0.3)

=373 N

Power to overcome surface drag is the product of force and speed.

P =FpU,
= (3.73 N) (1.5 m/s)
=5.60 W
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Problem 9.7

The small toy airplane that is shown in the following photo is flying with a
speed of 2.5 m/s. Represent the wing as a thin, flat plate of dimension 5-cm
x 30-cm, and find the drag force on the wing. Also, determine the power
that must be supplied by the propeller for constant-speed, level flight. For this
calculation, assume that the shear force on the wing is 50% of the total drag
force. For air, use a kinematic viscosity of 15.1 x 107¢ m?/s and a density of
1.2 kg/m?>.

Solution

To find the shear force on the wing, begin by finding the Reynolds number based
on cord.

VL
ReL = —
v

_ 25x0.05
" 15.1x 106
= 8,278

Thus the boundary layer is laminar, and the average shear stress coefficient is

1.33
RelL/2
133
8,2781/2
=0.01462

Cr =
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The shear force is

2
F,=Cy <ng> 92 Lw
1.2 x 2.5
= 0.01462 (XT> 2(0.3 x 0.05)
=1.64x103N

To find the power output of the propeller, begin with a free-body diagram.

\
Lift
- = —>
Thrust Drag
Weight

In the horizontal direction, the thrust of the propeller exactly balances drag.
The power (P) produced by the propeller is given by the product of speed
(V) and thrust force (Fr).

_ (164x10° N\ (25m
B 0.5 s

=8.2mW
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Flow in Conduits

Problem 10.1

Water at 20°C (u = 1072 N-s/m?, p = 1000 kg/m?) flows through a 0.5-mm
tube connected to the bottom of a reservoir. The length of the tube is 1.0 m,
and the depth of water in the reservoir is 20 cm. Find the flow rate in the tube.
Neglect the entrance loss at the junction of the tube and reservoir.

20cm

> 40.5mm

<<=

Solution

Applying the energy equation between the top of the water in the reservoir (1)
and the end of the tube (2) gives

Ve V3
Bt hy =2 byt b+ by
gl 29 gl 29
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The pressure at points 1 and 2 is the same (atmospheric), the velocity in the
reservoir is zero, and there is no pump or turbine in the system. Also, the only
losses are friction losses in the tube. The energy equation simplifies to

2

[2
=ay—=—+2z+h
zZ1 (%) 29 Z9 f

We will assume the flow is laminar, so g = 2. The head loss due to friction in
a laminar flow is
uLV

hy =32
f ,YDQ

Substituting into the energy equation gives

Vi pLVa
zZ1 = a22—g +ZQ +32W

and replacing the variables with values

19— V$ 1073 x 1 x Vs
981 9810 x 0.00052

0.102Vy +13.05V, — 1.2 =0

Solving
Vo =0.092 m/s

The volume flow rate is
Q=AV = % % 0.0005% x 0.092 = 1.8 x 105 m3/s

=1.8x 1072 ml/s

To determine whether the flow is laminar, calculate the Reynolds number.

Re = 2VP
o)
~10% x 0.092 x 0.0005
B 10-3
=46

Since the Reynolds number is less than 2000, the laminar flow assumption is
justified.
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Problem 10.2

An oil supply line for a bearing is being designed. The supply line is a tube
with an internal diameter of %6111. and 10 feet long. It is to transport SAE
30W oil (u = 2 x 1073 Ibfs/ft?, p = 1.71 slugs/ft?) at the rate of 0.01 gpm.
Find the pressure drop across the line.

Solution

First determine the Reynolds number to establish if the flow is laminar or tur-
bulent. The velocity in the line is

Q
V==
A
~0.01 gpm x 0.00223 cfs/gpm
= . —
§x (55 % 55)
= 1.05 ft /s

The Reynolds number is

VD
Re= 2"~
I
1 1
_ 1'71X1‘05X1_6Xﬁ
2 x 103
=4.68

The flow is laminar, so the head loss is

uLV
hf=32—-+
f ,\/DQ
2 x 1073 x 10 x 1.05
gt XX 450
171 x 322 x (£ x 15)
The pressure drop is
Ap =hy

=1.71 x 32.2 x 450
= 24.8 x 10° psf =172 psi
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Problem 10.3

Kerosene (u = 1.9x 1073 N-s/m?, $§=0.81) flows in a 2-cm diameter commercial
steel pipe (ks = 0.046 mm). A mercury manometer (S = 13.6) is connected
between a 2-m section of pipe as shown, and there is a 5-cm deflection in the
manometer. The elevation difference between the two taps is 0.5 mm. Find
the direction and velocity of the flow in the pipe.

%‘

/ 2cm

Az=0.5m

Ah=5 cmi

»®_ mercury

Solution

First find the difference in piezometric pressure between the two pressure taps in
the pipe. Flow is always in the direction of decreasing piezometric head. Take
station 1 on the left and station 2 on the right. Define the distance s as the
distance from the center of the pipe at station 2 and the top of the mercury in
the manometer. Using the manometer equation from 1 to 2 gives
p2 = p1 + (21 — 22) + WS + g Ah — AR — s

Thus we can write

P2 + 22 — (P1+%z1) = (yrg — )AL

P22 — P21 = (Vg — WAL

Since Yug > Y, P22 > P21, the flow must be from right to left (uphill).

The energy equation from 2 to 1 is
V2 V2
72 + Whp =p2a + alpk?l + Wwhe +hi

Since the pipe has a constant area, V; = V5, and there are no turbines or pumps
in the system, the equation reduces to

P22 + Qopi

P22 — P21 = Yh = (YHg — W) AR
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The head loss can be expressed using the Darcy-Weisbach relation

LV?
hL—fBE
SO
LV2 'YHg )
— (M _g)An
fD?g (w

Substituting in the values

13.6 2 1
. b 2 L I
0.05 % (0.81 ) YV e rxos

fV? =0.155 m? /s>

Since f depends on the Reynolds number (and velocity), this equation has to
be solved by iteration. The relative roughness for the pipe is

ks 0.046
2 0.002
) 20 0.0023

From the Moody diagram (Fig. 10.8), the friction factor for a fully rough pipe
would be about 0.025. This would give a velocity of

0.155
V=100 = 249 m/s

The corresponding Reynolds number is

_ pVD 1000 x 0.81 x 2.49 x 0.02
T 1.9 x 103
=212 x 10*

Re

From the Moody diagram, the friction factor for this Reynolds number is 0.0305.
The velocity is corrected to

0.155
0.0305

=225 m/s

The new Reynolds number is 1.92 x 10%. The friction factor is 0.030, giving a
velocity of 2.27 m/s. Further iterations would not significantly change the value
SO

V=227m/s

and the flow is from right to left.
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Problem 10.4

A pump is to be used to transfer crude oil (u = 2 x 10~ Ibf-s/ft2, S = 0.86)
from the lower tank to the upper tank at a flow rate of 100 gpm. The loss
coefficient for the check valve is 5.0. The loss coefficients for the elbow and the
inlet are 0.9 and 0.5, respectively. The 2-in. pipe is made from commercial steel
(ks = 0.002 in.) and is 40 ft long. The elevation distance between the liquid
surfaces in the tanks is 10 ft. The pump efficiency is 80%. Find the power
required to operate the pump.

10 ft

valve

check N pump 7

()
1%

Solution

To find the power required, we need to calculate the head provided by the pump.
The energy equation between the oil surface in the lower tank (1) and the oil
surface in the upper tank (2) is

Ve

_ b2 V22
+z1+hy,=—=4a=+n+h+h
29 gl

D1
— 4o
0l 2g

The pressure at both stations is atmospheric, and the velocities are zero. Also,
there is no turbine in the system. So, the energy equation simplifies to

hp:ZQ—Z1+hL

The head losses are due to pipe friction, check valve, elbow, inlet section, and
sudden expansion on entry to the upper tank.

L &

hp =(f=+ K K+ K;+1)—

L= (g +Ev+ Ky + K + )Qg

Thus

2

1%
hy =10+ (240f +5+0.9+05+1)7

2

1%
=10+ (240f + 7.4)—
( )29
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The velocity is obtained from

v

[0

0.00223 ft3 /s

Q =100 gpm X =0.223 t3 /s

1 gpm
A= (2 27r—00218ft2
“\12/) 4 7
0.223
V= BE =10.23 ft /s

The relative roughness of the pipe is 0.002/2 = 0.001. The Reynolds number is

_ pVD  0.86 x 1.94 x 10.23 x (2/12)
oou 2 x 10—4
=1.42 x 10*

Re

From the Moody diagram (Fig. 10.8)
f=10.031

Thus the head across the pump is

10.232

h, =10 + (240 x 0.031 + 7.4)2X—322

=34.11t

The power required is

YQh, 624 x 0.86 x 0.223 x 34.1
n 0.8

= 510 ft-1bf/s

=0.927 hp

P:
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Problem 10.5

A piping system consists of parallel pipes as shown in the following diagram.
One pipe has an internal diameter of 0.5 m and is 1000 m long. The other pipe
has an internal diameter of 1 m and is 1500 m long. Both pipes are made of
cast iron (ks = 0.26 mm). The pipes are transporting water at 20°C (p = 1000
kg/m?, v =107% m?/s). The total flow rate is 4 m3/s. Find the flow rate in
each pipe and the pressure drop in the system. There is no elevation change.
Neglect minor losses.

[=1000 m, D=0.5m

L=1500 m, D=1m

Solution

Designate the 1000-m pipe as pipe (1) and the other as pipe (2). The pressure
drop along each path is the same, so

L, V3
Ap = f1—p——f—2p2

So, the velocity ratio between the two pipes is

Vo _ [filiDs
Wi fa Lo Dy
B /1000X£ fi
V1500 T 0.5\ fo
S

=1.15
f2

Since the total flow rate is 4 m?/s,
V1A1 + ‘/QAQ =4 mS/s
V(5 x057) + 15 (§ x1%) =4

0196V, + = x 1.15 x V; h_y
4 fa
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or

Vi (0.196 + 0.903\/£> =4
fa

The relative roughness of pipe 1 is 0.26/500=0.00052 and for pipe 2, 26,/1000=0.00026.
We do not know the friction factors because they depend on the Reynolds num-

ber which, in turn, depends on the velocity. An iterative solution is necessary.

A good initial guess is to use the friction factor for a fully rough pipe (limit at

high Reynolds number). From the Moody diagram (Fig. 10.8) for pipe 1, take

f1 =0.017 and for pipe 2, fo = 0.0145. Solving for V;

4
i =
0.196 + 0.903/ 2L
=341 m/s
and
0.017
=11 A1
V2= L1534l o615
=4.25 m/s
The Reynolds numbers are
ViD,  3.41x05 .
Rey ” 105 71 x 10
D 4.25 x 1.
Rey = Y2P2 _ 425X 10 _ o0 g8
v 10-6

From the Moody diagram, the corresponding friction factors are
J1=10.0172 fo =10.0145

Because these are essentially the same as the initial guesses, further iterations
are not necessary. The flow rates in each pipe are

Q1= AV, =0.196 x 3.41 = 0.668 m>/s
Qo = AsVy = 0.785 x 4.25 = 0.334 m? /s

The pressure drop is

L V2
Ap= f 21,0
D lepo

2
=0.0172 x % x 1000 x 341

=2 x 10° Pa = 200 kPa
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Problem 10.6

Three pipes are connected in series, and the total pressure drop is 200 kPa.
The elevation increase between the beginning and end of the system is 10 m.
Water at 20°C (p = 1000 kg/m3, v = 107% m?/s) flows through the system.

3 B
1 ;’
A S 10m
The characteristics of the three pipes are
Pipe | Length, m | Diameter, m | Roughness, mm | Relative roughness
1 100 0.1 0.25 0.0025
2 50 0.08 0.10 0.00125
3 120 0.15 0.2 0.0013

Calculate the flow rate. Neglect the transitional losses.

Solution

Apply the energy equation between the beginning and end of the pipe system
(A to B).

1% V2
PA o an A 4 u =B pap B yopiny
v 29 v 29
Take the flow as turbulent with o = 1. Thus
_ V2 _ V2
M‘FZA—ZB:u-‘th
29
The head loss is the sum of the head loss in each pipe.
Ly V2 Ly V3 L3 Vi
hr = fi—— == _Z =
L le1 5 +f2D2 5 +f3D3 5
The velocity in each pipe section is
_Q
V= A
SO
Q
=———=1274
Vi T %0.12 74Q
Q
Vo=——"-—-=199.0
2T T x0.08? °
Q
V3=————=56.6
ST T %0152 Q
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The energy equation becomes

200 x 10° (56.6Q)°  (127.4Q)° Ly 100 (127.4Q)°
9810 T 2x981 2x0981 Y01 2x981
50 (199Q)2 120 (56.6Q)°
s xosr T POI5 o % 081

or

10.39 = Q(—664 + 8.27 x 10° f; + 1.26 x 10°f5 + 1.31 x 10° f3)

The solution has to be obtained by iteration. First, assume that f1 = fo =
f3 = 0.02. Then

10.34 = 4.37 x 10*Q?
Q = 0.0154 m*/s

Now, calculate the velocity in each pipe, the Reynolds number, and the friction
factor.

Pipe | V (m/s) Re f
1 1.96 1.96 x 10° | 0.025
2 3.06 2.45 x 10° | 0.022
3 0.872 | 1.31 x 10° | 0.023

Substituting the values for friction factor back into the equation for Q

10.39 = 5.07 x 10*Q?
@ =0.0143 m/s

The new velocities, Reynolds numbers and friction factors are shown in the
following table.

Pipe | V' (m/s) Re f
1 1.82 1.82 x 10° | 0.0255
2 2.84 2.27 x 10° | 0.022
3 0.81 1.21 x 10° | 0.023

The answer is unchanged so

Q =0.0143 m®/s
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Problem 10.7

A duct for an air conditioning system has a rectangular cross-section of 2 ft
by 9 in. The duct is fabricated from galvanized iron (ks = 0.006 in.). Calcu-
late the pressure drop for a horizontal 50-ft section of pipe with a flow rate of
air of 5000 cfm at 100°F and atmospheric pressure (u = 3.96 x 10~7 Ibf-s/ft2,
v = 0.0709 Ibf/ft3 and v = 1.8 x 1074 ft2/s).

Solution
Because the cross-section is not circular, use the hydraulic radius.

A _2x075
h TP T 4A¥15

=0.273 ft

The hydraulic diameter is 4Ry, = 1.09 ft. This value is now used as if the pipe
had a circular cross-section with this radius. The velocity in the pipe is

Q _ 5000/60

V=~ 2x075

=55.6 ft/s

The Reynolds number is

VD, 556x1.09 5
Re=— = = 0 =34 %10

The relative roughness is

ks 0.006

= —— _ —0.00046
D, 12x1.09

From the Moody diagram (Fig. 10.8) f = 0.018. The pressure drop is

L 2
Ap=f=p—
P thp 5
50  0.0709  55.62

X X
1.09 32.2 2

=0.018 x
= 2.81 psf
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Problem 10.8

Water flows in a circular concrete pipe (Manning’s n = 0.012) with a depth
that is half of the pipe diameter (0.8 m). If the slope is 0.004, find the flow

rate.

The flow rate is obtained from the Chezy equation.

Solution

Q= %OAR,Q/SSW

The flow area is

1 x
A== x—x0.8"=0.251 m?
5 X 1 x 0.8 0.251 m
The wetted perimeter is
P:gx0.8:1.26m
The hydraulic radius is
A 0.251
Bn=5 =735 =92

The flow rate is

Q= L 0.951 x 0.2/ x 0.0041/2
0.012

= 0.45 m*®/s
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Problem 10.9

A troweled concrete (n = 0.012) open channel has a cross-section as shown.
The discharge is 400 cfs. The drop of the channel is 10 ft in each horizontal
mile (5280 ft). Find the depth of the flow, h.

— Ih h

10 ft

Solution

The flow rate in traditional units is
1.49

2/3
Q= ——AR;S}?
The slope is
S, = 10 0.00189
° 5280
Hhus 0.012 x 400
AR =9 001X = 741 ft*/3
’ 1.496%/%  1.49 x 0.001891/2
The flow area in terms of depth is
A=(10+h)h
The wetted perimeter is
P =10+2V2h
so the hydraulic radius is
A (10 + h)h
Rh ="
P 10+2v2h
Thus 5/35.5/3
ARfI/?’ — M — 741
’ (10 4 2/2h)2/3
o 10+ h)h
_ (0+nh =13.24
(10 4 2v/2h)2/5

Solving this equation by iteration gives

h=3.26 ft
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Problem 10.10

Find the flow rate in the channel and overbank area that is shown in the fol-
lowing figure. The slope of the channel is 0.001, and the depth in the overbank
area is 2 m. The Manning’s n is 0.04 in the overbank area and 0.03 in the main

channel. All the channel sides have a 1:1 slope.

/

50 m 50 m
L v
N n=0.4
A ] 2 m
5m n=0.3
A4 1
>
10m

Solution
The discharge is given by the Chezy equation.
1.0 :
Q="—AR/*s)
n
For the overbank area

A=2x(50+ho/2) X h,
= (100 + Ao )ho

where h, is the depth in the overbank area. So when h, = 2 m, the area is

A =204 m?.
The wetted perimeter is

P =2 x (50 + V/2h,)
=100 + 2v/2h,

So when h, = 2 m, the wetted perimeter is P = 105.6 m.

The hydraulic radius for the overbank area is

A 204
Fn="5=1057  1Bm

For the main channel

A=10h. +2 x5(he —5)+2x5x5/2

= 20h, — 25
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With the main channel depth being 7 m, the flow area is 115 m?. The wetted
perimeter is

P=10+2xvV2x5
=241 m

so the hydraulic radius of the main channel is

A 115

The flow rate is the sum in each area.

_ 1 2/3 1/2 1 2/3 1/2
Q= 001~ 204 x 1.93%/3 x 0.001'/2 + 553 < 115 x 4.77%/3 % 0.001

= 250.0 + 343.5
=593.5 m®/s
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Drag and Lift

Problem 11.1

Air with a speed of V, flows over a long bar that has a 15° wedge-shaped
cross-section. The pressure variation, as represented using the coefficient of
pressure, is shown in the following sketch. On the west face of the bar, the
coefficient of pressure is everywhere equal to +1. On the northeast face, the
coefficient of pressure varies linearly from -2 to 0, and on the south face the
variation is linear from +1 to 0. Determine the coefficient of drag and the
coefficient of lift.

2
e
JR—
— —>
Ar |
— 15°
JR—
v T
VO

+1

Solution
As shown in Fig. 1, the pressure distributions cause resultant forces to act on
each face of the bar. Identify faces 1, 2, and 3 as the west, northeast, and south

sides of the bar, respectively.

107
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Fa

Fig. 1 Resultant force diagram

On the west face of the bar, the average coefficient of pressure is C,; = 1.0
Thus the force F} is given by

B =T 0‘2/02
= 1.04; pg"z (1)
Similarly, the force on the northeast face is
Fy =T p‘;f
= +1.04, p‘f 2)

where C is given as +1 because of the direction of the pressure (outward), as
shown in the sketch in the problem statement. Finally,

= 0.54;22 (3)

By definition, lift (F7) and drag (Fp) force are perpendicular and parallel,
respectively, to the free stream.

F Lift

) FDrag
| 15°

Fig. 2 Lift and drag

Equating drag force (Fig. 2) with forces due to pressure (Fig. 1) gives

Fp = Fy + Fysin 15° (4)
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Substituting Eqs. (1) and (2) into Eq. (4) gives
FD = F1 +ngin15o

V2
= (1.04; + 1.0A5 sin 15°) pTo

Letting A;/As = sin 15° gives

V2
sz&%%f

Since A; is the projected area, Eq. (5) becomes

Fp

CD:W

/N

Il
1o

From Figs. 1 and 2
Fr =F, COS(15O) + F3 (6)

Substitute Egs. (2) and (3) into Eq. (6).

V2 V2
p20 cos(15°) + 0.5A3p2"

PV, PV,
= A, —< 5A—
3 5 + 0.5A3 5
Vs

2

Fp = A,

= (1.040.5) A3

or
Iy

pVg
As5

=15 (8)

Use area As to define the coefficient of lift.

Cp——tr (9)

)

Combine Egs. (8) and (9)
Cp =154



110 CHAPTER 11. DRAG AND LIFT

Problem 11.2

Air with a speed of 30 m/s and a density of 1.25 kg/m?® flows normal to a rect-
angular sign of dimension 5.5 m by 7.5 m. Find the force of the air on the sign.

Solution

The drag force is

(1.25 kg/m3) (302 m?/s?)
2

=Cp (5.5 x 7.5 m?)
= Cp (23.2 kN)

The coefficient of drag from Table 11.1 with £/b =7.5/5.5~ 1.0 is 1.18. Thus

Fp = 1.18(23.2 kN)
=274 kN

Problem 11.3

A student is modeling the drag force on the fins of a model rocket. The rocket
has three fins, each fabricated from % in.-thick balsa-wood to a dimension of
2.5 x 1 in. The coefficient of drag for each fin is 1.4, and the fin is subjected
to air with a speed of 100 mph and a density of 0.00237 slug/ft3. Determine
the total drag force on the fins. Since the fins are not streamlined, assume that

drag on a given fin is based on the projected area (not the planform area).



100 mph
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Solution

The drag force for three fins is

The projected area (normal to fluid velocity) of one fin is

1 1 ft?
Ap = (E X 1) in.2 <Tt2)
m.

=4.34 x 1074 ft2

The velocity is

1.467 ft/s
V, = (100 mph) (Lt/b)

1 mph
= 147 ft /s

Thus the drag force is

PV}
2

Fp =3CpA,

=3(1.4) (4.34 x 10~* ft*)

(0.00237 slug/ft3> (1472 £t /SQ)

2
= 0.0467 lbf
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Problem 11.4

For a bicycle racer who races on the road, a typical speed is 40 kph, the coef-
ficient of drag is about 0.88, and the frontal area is about 0.36 m?. Determine
the power required to overcome wind drag when there is (a) no headwind and
(b) a headwind of 15 kph.

Solution

Power is the product of drag force and speed of the cyclist
P =FpV,
The speed of the cyclist is

1000 m 1 hr
Ve = (40 kph) < 1 km > <3600 s>

=11.1 m/s

With no headwind, the drag force is

(1.2 kg/m3> (11.12 m2/s2)
2

=0.88 (0.36 m2)
=234 N
The power is

P =FpV,
= (23.4 N) (11.1 m/s)
=260 W (no headwind)

When there is a headwind, the drag force changes because the velocity term
represents the speed of the wind relative to the cyclist. The wind speed is

1 1h
Vieind = (15 kph)( 000 m) ( - )

1 km 3600 s
=4.17 m/s

The air speed relative to the cyclist is

Vo = ch + Vwind
= (11.1+4.17) m/s
=153 m/s
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The drag force with the headwind present is

(1.2 kg/mS) (15.32 m2/s2)
2

= 0.88 (0.36 m?)
=445N

The power with the headwind present is

P=1IpV.
= (44.5 N) (11.1 m/s)
=494 W (with headwind)

Problem 11.5

During the preliminary design of a submarine, a designer assumes that the
drag force will be equal to the drag on a streamlined body that has a diameter
of 1.5 m and a length of 8 m. The design speed is 10 m/s, the submarine will
operate in 10 °C water (kinematic viscosity is v = 1.31 x 107% m?/s), and the
sub will be powered by an electric motor with an efficiency of 90%. Determine
the power that will be consumed by the motor.

Solution

Power is the product of drag force and speed of the submarine
P =FpV;

The power that will be consumed by the electric motor is increased because of
the efficiency rating (7).

To find drag force, the Reynolds number is needed.

VD
Ty
(10 m/s) (1.5 m)
(1.31 x 10=6 m?2/s)
=115 x 10°

Re
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Fig. 11.11 in the 7" edition shows the coefficient of drag for a streamlined body
with L/d = 5. Since the aspect ratio of the submarine is L/d = 8/1.5 = 5.33,
this figure provides a good approximation. Also, we need to extrapolate the
Reynolds number (the data goes to Re = 107). Estimating from Figure 11.11,

Cp ~ 0.045

The drag force is

V2
Fp = CDApp2°
2 1000 kg/m*) (102 m?2 /s’
4 2
= 3980 N

The power is

(3980 N) (10 m/s)
0.9
=442 kW  (59.3 hp)

Problem 11.6

Find the terminal velocity of a 18-cm diameter, helium-filled balloon. The
balloon material has a mass of 2 g, the helium in the balloon is at a pressure of
2.5 kPa, and the balloon is moving through air at 20 °C.

Solution
The free-body diagram is

Fg (buoyant force)

Fp (drag force) i

W (weight)
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At terminal velocity, the forces sum to zero.
Fg=Fp+W (1)

The buoyant force is

w

4mr
Fiy = Yais —5—

= (118 N/w’) (b (0'0393 m3)>

=0.0360 N

Since the given pressure force is small (p < pgim ) , assume it is a gage pressure.
The absolute pressure of the helium is
p = (2.5+101.3) kPa
= 102.8 kPa

Density of the helium is

=P
P=RT
(102.8) (10® Pa)
(2077 J/kg-K) (20 4 273.2 K)

=0.17 kg/m®

The total weight is the sum of the weight of the helium and the weight of the
balloon.

4arr3
W= “helium T +mg
47 (0.09% m3

= (017 kg/m®) (9.81 m/s) (%ﬂq) +(0.002 g) (9.81 m/s”)
= 0.00509 N +0.0196 N
=0.0247 N

Eq. (1) becomes

Fg=Fp+W

0.036 = Fp +0.0247

The drag force is

2
FD = CD (7TT2) (%)

Combining equations gives

V2
0.036 = Cp (m7?) (%) +0.0247
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Substituting values gives

1.2V2
0.036 = Cp (7 x 0.09%) <T> +0.0247
0.036 = 0.0153Cp V.2 + 0.0247 (2)

Rearranging Eq. (2) gives
0.739 = CpV? (3)

While Eq. (3) has two unknowns (V, and Cp), it has a unique solution (i.e. it
is solvable) because Cp is a function of V,. One method to solve Eq. (3) is to
use an iterative approach, as described by a four-step process:

1. Guess a value of V.
2. Calculate Rep and then find Cp.
3. Solve Eq. (3) for V.

4. If the V, values from steps 1 and 3 agree, then stop; otherwise, go back to
step 1.

The solution approach is implemented as follows.

1. Guess that V, =2 m/s.

2. Rep = (2 m/s) (0.18 m) / (15.1 x 1076 m?/s) = 23,800; From Fig. 11.11,
Cp ~ 0.42.

3. From Eq. (3), V, = 1/0.739/0.42 = 1.33 m/s.
4. Since V, from steps 1 and 3 disagree, guess V, = 1.33 m/s.

5. Rep = (1.33m/s) (0.18 m) / (15.1 x 10 m?/s) = 15,900; From Fig.
11.11, Cp ~ 0.41.

6. From Eq. (3), V, = 1/0.739/0.41 = 1.34 m/s.

7. Since V, from steps 1 and 3 agree, we can stop.

‘/terminal =134 m/s



Chapter 12

Compressible Flow

Problem 12.1

Methane at 25°C (R = 518 J/kg/K, k = 1.31) is flowing in a pipe at 400
m/s. Is the flow subsonic, sonic, supersonic, or hypersonic?

Solution

The speed of sound in methane is

c=VERT = +v/1.31 x 518 x 298
=450 m/s

Because the velocity is less than the speed of sound, the flow is subsonic.

Problem 12.2

Air (R = 1716 ft-1bf/slug/°R, k = 1.40) with a velocity of 1500 ft/s, a pressure
of 10 psia, and a temperature of 40°F passes through a normal shock wave.
Find the velocity, pressure, and temperature downstream of the shock wave.

Solution

First find the upstream Mach number and then use relationships for normal
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shock waves. The speed of sound is

¢ =VkRT = /1.4 x 1716 x (460 + 40)
= 1096 ft/s

The upstream Mach number is

V1500

M =—=——=1.37
YT T 1096
The Mach number behind the shock wave is
E—1)M2+2
MQQ — ( > ) 1 +
2EM7 — (k—1)
_04x137%42
 2x14x1.372-04
= 0.567
My = 0.753

The temperature ratio across the wave is

T, 1+ 50
T N 1—&-%]\4’22
1402 x1.37

T 140.2x0.7532
=1.24

Thus the temperature is

Ty, =1.24T1
=1.24 x 500
= 620°R = 160°F

The pressure ratio is

p2 14 kM

p 1+ kM2
1414 x 137
T 1+ 1.4x0.7532
= 2.022

Thus the pressure is

po = 2.022p; = 2.022 x 10
= 20.22 psia
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The speed of sound behind the shock wave is

¢y = VIA X 1716 x 620 = 1220 ft/s

The velocity behind the shock wave is

Vo = Mscy
=0.753 x 1220
— 919 ft /s
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Problem 12.3

Air (R =287 J/kg/K, k = 1.4) at 800 kPa and 20°C exhausts through a trun-
cated nozzle with an area of 0.6 cm? to a back pressure of 100 kPa. Calculate
the flow rate.

Solution

First find out if the exit condition is sonic or subsonic. The exit pressure for a
sonic nozzle would be

k
AN = .
Po _ (_+ ) —1.235 =189
D+ 2
SO

800

=28 o3P
Pe = Tgg — 423 kPa

Since the exit pressure is larger than the back pressure, the flow at the exit will
be sonic.

The flow rate is
m = p.Acs

where the conditions are evaluated at the exit (sonic condition). The exit
temperature is found from

T, k+1
—=—=1.2
T, 2
Thus the exit temperature is
T, = w =244 K

The sonic velocity at this temperature is

cs = V1.4 x 287 x 244 = 313 m/s
The exit density is

_pe 423x10°
P = RT, = 287 x 244

= 6.04 kg/m®

The flow rate is

m=6.04 x 0.6 x 1074 x 313
=0.113 kg/s
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Problem 12.4

A rocket nozzle is designed to expand exhaust gases (R = 300 J/kg/K, k = 1.3)
from a chamber pressure of 600 kPa and total temperature of 3000 K to a Mach
number of 2.5 at the exit. The throat area is 0.1 m?. Find the area at the exit,
the exit pressure, the exit velocity, and the mass flow rate.

Solution

The relationship for the ratio of the nozzle area to the throat area is

k41
A 1 14+ k§1M2 2(k—1)
- =5}

2

A, M
For a Mach number of 2.5

A 1 [14015x252\>%
1.15

Thus the exit area is
A, =2.95x 0.1 = 0.295 m>

The exit pressure is obtained from
A
o kE—1 F-T
Po - (1 + —M2>
D 2
= (1+0.15 x 2.5%)*33

=175
The exit pressure is
600
e =—— =343 kP
The exit temperature is obtained from
T, k=1,
—=14+—M
T + 2
=1+0.15 x 2.5
=194
The exit temperature is
3000
e=——=1546 K
1.94

The speed of sound at the exit is

ce = VERT, = /1.3 x 300 x 1546
=776 m/s
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so the exit velocity is
Ve = Mece = 2.5 x 776 = 1940 m/s

The density at the exit is

pe 343 x 10
Pe = =

— - =0.074 keg/m?>
RT, 300 x 1546 g/m

The mass flow is

m = p.VeAe = 0.074 x 1940 x 0.295
=423 kg/s

Problem 12.5

An airplane is flying through air (R = 1716 ft-1bf/slug/°R, k = 1.4) at 600
ft/s. The pressure and temperature of the air are 14 psia and 50°F. What are
the pressure and temperature at the stagnation point? (Assume the stagnation
process is isentropic.)

Solution

The stagnation pressure corresponds to the total conditions if the process is
isentropic. The speed of sound in air at this condition is

¢ = VERT = /1.4 x 1716 x (460 + 50)
= 1107 ft/s

The Mach number is v 600

The total temperature is

k—1
TO:T(1+7M2)

=510 x (1 +0.2 x 0.542?)
= 540°R =80°F

The total pressure is

k
k—1 k=1
pozp(l-‘rTMQ)

=14 x (1 4+ 0.2 x 0.542%)*5
= 17.1 psia
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Problem 12.6

Carbon dioxide (R = 189 J/kg/K, k = 1.3) flows through a Laval nozzle. A
normal shock wave occurs in the expansion section where the Mach number is
2 and the cross-sectional area is 1 cm?. The exit area is 1.5 cm?. The total
pressure before the shock wave is 400 kPa. Find the area at the throat and the

exit pressure.

Solution

The ratio of the nozzle area to the throat area is

k41
k—1 2(k—1)
A 1 <1+—2 M2>

A TM\T
114015 x 22>
2 1.15
=177

The throat area is

1
A, =—=0. 2
T 0.56 cm

After the normal shock wave, the flow will be subsonic. The Mach number just
downstream of the normal shock is

5  (k—1)M?+2
Mj=-—>"—1"=
2kM? — (k —1)
. 03x22+2
T 2x13%x22-0.3
=0.317
M, = 0.563

The change in pressure across the shock wave is

p1 L+ kM3
1+1.3x 22

~ 1+1.3 x0.5632
=4.39
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The change in total pressure across the normal shock wave is
bt yp2\ BT
Po2 D2 [ L+ 505
Po,1 1+ kL2

430 (1015 05632\
- 1+40.15 x 22

=0.701
The total pressure for the subsonic flow behind the shock wave is
Do,2 = 400 x 0.701 = 280 kPa

The subsonic flow in the expansion section will now decrease in Mach number
as the area increases. The Mach number at the exit must be obtained from
the relationship between area-ratio and Mach number that was used previously.
First, we have to find the area where the flow would become sonic for the
conditions downstream of the normal shock wave.

A1 (14 k12T
2
aTu{TH

1 (140.15x0.563%\>
©0.563 1.15

=124

so the area where sonic flow would occur is

1 2
and the area ratio of the exit is then
A, 1.5
— =——=1.
A,  0.806 86

We now have to find the subsonic Mach number that corresponds to this area
ratio.

L6 L (L0150 583
M 1.15

This equation must be solved iteratively. The result is 0.336. The exit pressure
is then

Do 2

Pe

= (14 0.15 x 0.336%)*33

=1.075
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So the exit pressure is

280
Pe = m = 260 kPa

Problem 12.7

Methane (R = 518 J/kg/K, k = 1.31, u = 9.8 x 1075 N-s/m?) flows isothermally
in a 5-cm diameter commercial steel pipe (ks = 0.046 mm) at 15°C. The pipe
is 10 m long, the upstream pressure is 200 kPa, and the downstream pressure is
100 kPa. Find the flow rate.

Solution

First, we have to check if the flow achieved the maximum Mach number. The
maximum Mach number at the end of the pipe for an isothermal flow is

1 1
~VE Visl

The Mach number upstream for the maximum Mach number at the end of the
pipe is obtained from

=0.873

1—kM?
kM?

flzr —xm)

5 =In(kM?) +

where z1 — x ) is the length of the pipe. The value of the friction factor is not
known, but a good estimate to start is 0.02. Thus

f(xT — JJM) . 0.02 x 10 B
D 005

Solving for kM? gives 0.145. This is the value at the beginning of the pipe that
would give a Mach number of 0.873 at the end of the pipe. The pressure ratio

1S

, 1 1
M _ 2.63

pr VEM V0145

However, the ratio from the data provided is 2, so the Mach number at the end
of the pipe is less than the 0.873. The pressure ratio can be expressed as

po_pipr_ 1 VEMy M,
p2 prp2  VEM; 1 M,
Thus
PL_o_M

P2 M,
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so Ms = 2M;. To determine the Mach number, we can use the relationship

(ZCQ — 261) (.’ET — .’L‘1) rT — T2
L A > ! D)
1— kM2
Ve
:ln(%%>+L_L
MZ) T EMZ T kM2

M} 1 M}
=5+t 2m|l-75
MZ) R M3

(2 —x1) 0.75

———— =1In(0.2 —

1— kM2

= ln(ka) + W
2

—In(kM3) —

With My = 2M,

Solving for M;

0.75 - -
ME == (f<x2Dx1)+1.386>

Taking f@ =4, we have

M, = 0.326
My = 0.652

The speed of sound in methane at 15°C is

¢ =VERT = \/1.31 x 518 x (273 + 15) = 442 m/s
so the velocity at the inlet is
Vi = Mic=0.326 x 442 = 144 m/s

The density is
_p 200 x 10
P=RT ~ 518 x 288

We must now correct the value for the friction factor. The Reynolds number is

= 1.34 kg/m’

_ pVD 134 x 144 x 0.0

u SSx 105~ 9.84 x 10°

Re

The relative roughness is ks/D = 0.046/50 = 0.00092. From the Moody di-
agram (Fig. 10.8) f = 0.02; so the initial guess was accurate. No further
iterations are necessary. The mass flow rate is

1= p ViA = 1.34 x 144 x % x 0.05% = 0.379 kg/s



Chapter 13

Flow Measurements

Problem 13.1

Velocity in an air flow is to be measured with a stagnation tube that has a
resolution of 0.1-in. H2O. Find the minimum fluid speed in ft/s that can be
measured. Neglect viscous effects and assume that the air is at room condition.

Solution

Fluid speed for a stagnation tube is given by Eq. (5.19) in the 7" edition.

v, [22r
P

Convert the pressure change from a unit of in. HoO to a unit of psf.

Ap = (0.1 in. Hy0) <0.03609 ps1) (144 psf)

in. H2O psi
= 0.520 psf

Note that this pressure value could also have been found using the hydrostatic
equation: Ap = (pu,0) gh.
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The minimum velocity is

V= 2Ap

Pair

_ [y (0520 Ibf ft? slug - ft
B ft2 0.00233 slug Ibf - s2

= 21.1 ft /s

Problem 13.2

Air velocity is measured with a stagnation tube of diameter d = 0.5 mm. Pres-
sure in the stagnation tube causes water in a U-tube to rise to a height h. Find
the minimum velocity V' that can be measured with the stagnation tube if the
aim is that viscous effects contribute an error less than 5%. Also, find the
corresponding value of Ap.

Solution

Viscous effects are characterized in Fig. 13.1. From the vertical axis of this

figure
2A
V:"xctual = —p
pCyp

When neglecting viscous effects, the corresponding formula is

2Ap
‘/Ta‘pprox =
p
The error e is given by
‘/Ta‘pprux — Vactual
e =
Vmctual

_1-4/1/C, W
e
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Algebraic manipulation of Eq. (1) gives
Cp=(1+e)?
So, a 5% error is associated with

Cp = (1+0.05)?
=1.103

From Fig. 13.1 in the textbook, this occurs at a Reynolds number of about 25.
Thus

So

25v
Vmin - —5
d
B 25 X (15.1 X 10*6)
N 0.5 x 10-3

=0.775 m/s

Pressure change is related to fluid speed by

v, [22r
P

So

_
2
(1.2 kg/m3) (0.7752 m2/s2)
2

Ap

= 0.360 Pa
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Problem 13.3

The average velocity of gasoline (S = 0.68, v = 4.6 x 1076 ft2/s) is measured
with a 2-in. diameter orifice meter in a 6-in. diameter pipe. The manometer
uses mercury with dimensions of h =4 in. and s = 3 in. Find V.

LA
o T
s
h
v, T T T Mercury
Gasoline
Solution
Discharge and velocity are related by
Q=AW (1)

and discharge for an orifice meter is given by

Q = KA,\/29Ah (2)

Before K can be looked up, piezometric head (Ah) is needed. This is defined

by
Ah:< P +z> —( P —|—z) (3)
Ygasoline 1 Vgasoline 9

One way to evaluate the right side of Eq. (3) is to use the analysis procedure
for a manometer (see description on page 46 in the Tth edition).

D1 + Ygasoline (S + h) — VHg (h) — Ygasoline (S + (22 - Zl)) = P2 (4)

Rearranging Eq. (4)

( P —i—z) —( P +z> :h<77ﬂg —1) (5)
Ygasoline 1 Ygasoline 9 Ygasoline




131

Combining Egs. (3) and (5)

Ah=h (& _ 1)
Vgasoline

= (4/12 ft) (% - 1)

=631 ft

To find the flow coefficient K, calculate the parameter on the top axis of Fig.
13.13.

Red d
— = +/2gAh—
K g v

2/12
= . .
VEXB2X 63l o
= 730,000

On Fig. 13.3, tracing the dashed line to d/D = 2/6 = 0.333 and interpolating
gives K ~ 0.606.

Combining Eqs. (1) and (2) and substituting values gives

V, = ke 29AAh

Ay
(22 in.?)

(62 in.2)

=1.36 ft/s

= 0.606 \/2 x (32.2 ft/s2> x (6.31 ft)
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Problem 13.4

Water speed is measured with a venturi meter. Throat diameter is 6 cm,
pipe diameter is 12 cm, and height on the manometer is ¢ = 100cm. Find the
flow rate in the pipe. Kinematic viscosity of water is v = 1076 m?/s.

Solution

Flow rate through a venturi meter is given by

Q = KA,\/2g9Ah (1)
Before K can be looked up, piezometric head (Ah) is needed. This is defined

by
Ah—( P +z> ( P +z> (2)
’YHQO 1 ’VHQO 2

where locations 1 and 2 are defined in the sketch. One way to evaluate the
right side of Eq. (3), is to use the analysis procedure for a manometer (see
description on the top of page 46 in the 7th edition). Applying this procedure
yields

P1 — VH,0 (5 + 22 — 21) — YH,0 (@) + Yair (@) + V1,0 (5) = P2 (3)
Rearranging Eq. (3) gives
D

Gt () o03%) @
YH>O 1 YH20 2 YH-0

Combining Eqs. (2) and (4), and letting Yair /Y1,0 =~ 0 gives
Ah=a

=1m
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To find the flow coefficient K, calculate the parameter on the top axis of Fig.
13.13.

Red d
29 Ah=
K g hl/

0.06

= \/2 X 9.8 x 1@
— 266,000

On Fig. 13.3, tracing the dashed line to d/D = 6/12 = 0.5 and interpolating
gives K ~ 1.01.

Substituting values into Eq. (1) gives

Q = K A,\/2gAh

= 1.01%% X (9.8 m/s2) % (1.0 m)

=0.0126 m®/s
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Problem 13.5

Air of density p = 1.2 m3/s and speed V; = 20 m/s is metered with an ori-
fice. The orifice diameter is 2 cm, and the pipe diameter is 4 cm. A differential
pressure gage records the pressure difference between pressure taps 1 and 2,
which are separated by a vertical distance of « = 8 cm. Find the reading on
the pressure gage. The kinematic viscosity of air is 14.6 x 1076 m?/s.

D

-~

al - — Pressure gage

Air

Solution

When pressure difference is measured with a transducer as shown, the pressure
reading is piezometric pressure, and flow rate through the orifice meter is

Q= KAy |22 1)

Rearranging Eq. (1) gives the pressure change.

AP-%’(K?%)Q @)

The flow rate is

Q=A41V

(T2 ) 20 )

=0.0251 m*/s
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To find the flow coefficient K, calculate the Reynolds number as defined on the
bottom axis of Fig. 13.13.

B 4(0.0251 m?/s)
~ 7(0.02 m) (14.6 x 10-6 m2/s)
= 109,000

Interpolating in Fig. 13.3 with d/D = 2/4 = 0.5 gives K =~ 0.63.

The area of the orifice is

A, = <7T X 2.022 m2)

=3.142 x 10~* m?

Substituting values into Eq. (2)

ol QN
Ap_§<KAO)

_ 12kg/m’ 0.0251 m®/s 2
B 2 (0.63) x (3.141 x 10~4 m?2)
=9.65 x 10° Pa

So

Ap = 9.65 kPa
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Problem 13.6

An engineer is considering the feasibility of a small hydroelectric power plant,
and she wishes to design a rectangular weir to measure the discharge of a small
creek. The weir will span the creek, which is 1.5 m wide, and the engineer esti-
mates that the maximum discharge will be 0.5 m?/s. If the creek level cannot
rise above 1.2 m, calculate the height of the weir.

-

Solution

Discharge is

Q = K+\/2gLH?? (1)
where the head on the weir H is given by
H=12-P (2)
and the flow coefficient is I
K =0.40+ O.OBF (3)

Combining Egs. (1) to (3)
Q= (0.40 + 0.051‘2]; P) V2gL (1.2 — P)*/?

12— P) V2 x 981(1.2) (1.2 — P)*/? (4)

0.5 = (0.40 -+ 0.05

One way to solve Eq. (4) is to program the right side of the equation and then
substitute values into the equation, until a value of 0.5 is achieved. This was
done-the results are

K =0.422
H =0.368
P=0.832m




Chapter 14

Turbomachinery

Problem 14.1

A propeller is to be selected for a light airplane with a mass of 1500 kg which
will cruise at 100 m/s at an altitude where the density is 1 kg/m3 The lift-to-
drag ratio at cruise conditions is 30:1, and the engine rpm is 3500. The thrust
coefficient at maximum efficiency is 0.03, and the maximum efficiency is 60%.
Find the diameter of the propeller, the advance ratio at maximum efficiency,
and the power output required by the engine.

Solution
At cruise conditions, the drag is equal to the thrust.
T=D=L/(L/D)=1500 x 9.81/30 = 490.5 N

The thrust is given by

T = Crpn®D*
2
490.5 = 0.03 x 1 x 3500 D*
60
=102.1D*
Solving for diameter
D* = 4.805
D=148m
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The advance ratio is

J,ﬁ, 100
" nD 583 x1.48
=1.16

The power output is

TV, 490.5 x 100
n 06

= 81.75 kW

=110 hp

P =

Problem 14.2

A pump delivers 0.25 m3/s of water against a head of 250 m at a rotational
speed of 2000 rpm. Find the specific speed, and recommend the appropriate
type of pump.

Solution

The specific speed of the pump is

nQ'/?
(gAH)3/4
2000 % 0.251/2
(9.81 x 250)3/4
= 0.048

Nng =

From Fig. 14.14, a mixed flow pump is recommended.

Problem 14.3

A Francis turbine is being designed for a hydroelectric power system. The
flow rate of water into the turbine is 5 m3/s. The outer radius of the blade is
0.8 m, and the inner radius is 0.5 m. The width of the blade is 15 cm. The
inlet vane angle is 80°. The turbine rotates at 10 rps. Find the inlet angle
of the flow with respect to the turbine to ensure nonseparating flow, the outlet
vane angle to maximize the power, and the power delivered by the turbine.

Solution
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The radial component of velocity into the turbine is

Q_ Q
Ay 2mmB
B 5

T 2r x 0.8 x 0.15
=6.63 m/s

Vot =

The rotational speed is 10 x 27 = 62.8 rad/s. The angle for nonseparating flow
is
T1W

ay = arccot( + cot 31)
r,1
0.8 x 62.8
= t(——— t 80°
arccot( 663 + co )
=17.35°

The power produced by the turbine is
P = pQu (r1 Vi cosay — raVa cos as)

At maximum power the outlet angle, ay, should be 7/2. In other words, the
flow would exit radially inward. The outlet angle for the exit is

oy = arccot(mw + cot f2)
V2
50 T Tow
cot ag = cot§ =0= Vig + cot By
The radial velocity for the inner radius is
Via = Q__«
’ A2 27TT2B
5
=——— =10.
27X 05 %005~ Toom/s
Thus
0.5 x 62.8
tfy = —————— = —2.96
cot B 10.6
By = 161°
The inlet velocity is
V. 6.63
V= —b = =51.8 m/s

sina;  sin 7.35°
The power output is
P = pQuwr, Vi cos ay
= 1000 x 5 x 62.8 x 0.8 x 51.8 x cos 7.35°
=1.29 MW
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Problem 14.4

A pump is being used to pump water at 80°F (p, = 0.506 psia) from a supply
reservoir at 20 psia. The inlet to the pump is a 3-inch pipe. The NPSH for
the pump is 10 ft. Find the maximum flow rate in gpm to avoid cavitation.
Neglect head losses associated with the inlet and supply pipe.

T=80F
p=20 psia

Solution

The net positive suction head (NPSH) is defined as the difference between the
local head at the entrance to the pump and the vapor pressure.

NPSH = 2P

The energy equation between the supply reservoir (1) and the entrance to the
pump (2) is

NS S
Yo 29 Y29
Simplifying
p2_p V5
v Y2

The head at the pump entrance must be

P2 _ NpsH + 22
Y Y

0.506 x 144
= 1 —_—
0+ 62.4
= 11.17 ft
The velocity head must be
2
Vi _ 20 x 144 11.17
2g 62.4
=35.0 ft

So the velocity is

Vo =4/2x32.2 % 35 =475 ft/s
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The corresponding flow rate is
T 3\°
=VA=417. — —
Q 7.5 % ) X (12>

= 2.33 cfs = 140 cfm
= 1047 gpm

Problem 14.5

A wind tunnel is being designed as shown. The air is drawn in through a
series of screens and flow straighteners at a diameter of 1.5 m. The test section
of the tunnel is 1 m. A fan is mounted downstream of the test section. The
head loss coefficient for the screens and straighteners is 0.2 and the head loss
coefficient for the rest of the tunnel is 0.05 based on the velocity in the test
section. The axial fan has a pressure-flow rate curve represented by

Q 2
Ap = 1000 l1 - (ﬁ) ] Pa

where @ is in m®/s. Find the velocity in the test section. Take p = 1.2 kg/m3.

\

Test section

/ Axial fan
Screens and

flow straighteners

Solution

A system curve has to be generated and combined with the pressure-discharge
characteristics of the fan. Writing the energy equation from the intake of the
wind tunnel to the exit

V2 V2
Bt =R ki
Y29 Y2
which simplifies to
‘/22
hy, =—=—=+hg
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or in terms of pressure
2

v
Ap, = P—2 + Apr

2
The velocity at the exit can be expressed in terms of discharge as
Q Q
*T A T x12 @

The pressure loss is given by

V2 V2
Apr, = 0.2/)71 + 0.05;;72

where V; is the inlet velocity and related to discharge by
Q

‘/i:—
T x1.52

= 0.556Q

Substituting into the equation for pressure across the fan

1.272Q2 0.5562Q2

5 )

App, = 1.2 x (1.05 x
= 1.05Q>

+ 0.2 x

Equating this to the pressure-discharge curve

_ Q)
1.05Q2 = 1000 x ll — <ﬁ) ]

and solving for discharge
Q =29.5 m?/s

The velocity in the test section is

V =127Q =375 m/s



Chapter 15

Varied Flow in Open
Channels

Problem 15.1

Water with a depth of 15 cm and a speed of 6 m/s flows through a rectan-
gular channel. Determine if the flow is critical, subcritical, or supercritical. If
appropriate, determine the alternative depth.

Solution

The nature of the flow is determined by the Froude number.

Vv

Fr= \/ﬁ
_ 6 m/s
\/(9.8 m/s2> (0.15 m)

=4.95

Since F'r > 1, the flow is supercritical. To find the alternative depth, note that
the specific energy of subcritical and supercritical flow are the same.

(05), -0 5) 2

62
- (0.15+ T 9.8)

=199 m
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where subscripts 1 and 2 denote sub- and supercritical, respectively. To solve
Eq. (1) for subcritical depth (y1), speed is needed. The continuity principle
gives

(VA)1 = (VA)Q
(Vyw)1 = (Vyw)g

SO

Combining Eqs. (1) and (2) gives

V2
(y + —) =1.99 m
29 /4

O9°/E _ g9

Nt 508

or

Y — 1.99y7 +0.04133 = 0

We solved for the roots of this cubic equation using a computer program (Math-
Cad). The solution has three roots: y; = (—0.139, 0.15, 1.979 m). Thus the
alternate depth is

<
—
Il
=
Nej
3
Nej
=
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Problem 15.2

Water flows at a uniform rate of 400 cfs through a rectangular channel that
has a slope of 0.007 and a width of 25 ft. The channel sides are concrete with a
roughness factor of n = 0.015. Determine depth of flow, and whether the flow
is critical, subcritical, or supercritical.

Solution

The nature of the flow is determined by the Froude number.

v
Fr=—
VY
To find the depth y, we can use Manning’s equation.
1.49 3/2
Q= TARh 53/2

1.49 25y 3/2 1/2
400 = —— (25 0.007
00152 %) (25+2y) (0.007)

To solve for y in Manning’s equation, we used a computer program (MathCad)
to find a root for an equation of the form f(z) =0. The result is

y =138 ft
Discharge is

Q=VA=Vyw
(400 £t°/s) = V/(1.38 x 25 ft7)

so V =11.59 ft/s.

The Froude number is

11.59 ft/s
/(322 ft/s?) (1.38 ft)
= 1.74

Thus
flow is supercritical
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Problem 15.3

Water flows in a rectangular channel that ends in a free outfall. The chan-
nel has a slope of 0.005, a width of 20 ft, and a depth at the brink of 2 ft. Find
the discharge in the channel.

Solution

A sketch of the situation is

Critical

FIow@

At the brink, the depth is 71% of critical depth.

Y2
Y1=0.0m
2t

071
=282 ft

At section 1, the flow is critical, so the Froude number is 1.0.

Vv

1.0 =— 1
NG (1)
From continuity
Vy=gq (2)
Combining Eqs. (1) and (2) gives
q=gy*
= \/(32.2 ft/s*) (2.82° ft°)

= 26.9 ft?/s
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Thus

Q=qu
= (26.9 ft*/s) (20 ft)
= 538 cfs

Problem 15.4

Water flows with an upstream velocity of 6 ft/s and a depth of 12 ft in a
rectangular open channel. The water passes over a gradual 18-in. upstep. De-
termine the depth of the water and the change in surface level downstream of
the upstep.

©) v @

—>
%
— |
—>
//////////////////////////////////////////////—
} oz
Solution

Assuming no energy losses, the specific energy is constant across the upstep.

2 _ 2 LA 1
Nt g, Tty A (1)
The continuity principle is
y1Vi = y2Vo
So
Ve =W (2)
Y2

Combining Egs. (1) and (2)

V2 V2 2
y1+—1—y2+—1<£) + Az
29 29 \y2

62 ft? /s 62 ft2/s2 12 ft) 2
12 £+ (2 x 32.2 ft/s2) =t <2 x 32.2 ft/s2) ( Ys ) +18/12 £
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S0 80.50
11.06 = yo + —5
Y3
or

ys — 11.06y3 +80.5 = 0

Solving this cubic equation using a computer program (MathCad) gives three
roots y2 = (-2.442, 3.2, 10.30). The negative root is not possible, and the small
root (supercritial flow) is unlikely. Thus, the depth of water at section 2 is

—_

0.3 fi

[l

Yo =

The elevation of the water surface at section 2 is the sum of the depth of the
water and the height of the upstep.

29 = Yo + Az
=103 ft + 1.5 ft
=118 ft




