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Preface for the Student

This manual provides the solutions to the problems whose answers are provided at the end of our
book, MECHANICS OF FLUIDS, Sl. In many cases, the solutions are not as detailed as the
examples in the book; they are intended to provide the primary steps in each solution so you, the
student, are able to quickly review how a problem is solved. The discussion of a subtle point,
should one exist in a particular problem, is left as a task for the instructor. In general, some
knowledge of a problem may be needed to fully understand all of the steps presented. This
manual is not intended to be a self-paced workbook; your instructor is critically needed to provide
explanations, discussions, and illustrations of the myriad of phenomena encountered in the study
of fluids, but it should give you considerable help in working through a wide variety of problems.

The degree of difficulty and length of solution for each problem varies considerably. Some are
relatively easy and others quite difficult. Typically, the easier problems are the first problems for
a particular section.

We continue to include a number of multiple-choice problems in the earlier chapters, similar to
those encountered on the Fundamentals of Engineering Exam (the old EIT Exam) and the
GRE/Engineering Exam. These problems will provide a review for the Fluid Mechanics part of
those exams. They are all four-part, multiple-choice problems and are located at the beginning of
the appropriate chapters.

The examples and problems have been carefully solved with the hope that errors have not been
introduced. Even though extreme care is taken and problems are reworked, errors creep in. We
would appreciate knowing about any errors that you may find so they can be eliminated in future
printings. Please send any corrections or comments to MerleCP@att.net.We have class tested
most of the chapters with good response from our students, but we are sure that there are
improvements to be made.

East Lansing, Michigan Merle C. Potter
David C. Wiggert
Flint, Michigan Bassem Ramadan



Chapter 1 / Basic Considerations

CHAPTER 1

Basic Considerations

FE-type Exam Review Problems: Problems 1.1 to 1.13

1.1 (C) | m=F/a or kg =N/m/s*= N-s*m
1.2 (B) | [u]=[=du/dy)] = (FILD/(LIT)/L = FTIL?
1.3 (A) | 2.36x1078 Pa=23.6x10"° Pa=23.6 nPa
The mass is the same on earth and the moon, so we calculate the mass using the
weight given on earth as:
14 (C) m = W/g = 250 N/9.81 m/s? = 25.484 kg
Hence, the weight on the moon is:
W =mg=25.484 x 1.6 = 40.77 N
The shear stress is due to the component of the force acting tangential to the
area:
15 (C) Fehear = F Sin @ =4200sin30° = 2100 N
= Fonear _ 21004'\' ~=84x10° Pa or 84 kPa
A 250x107" m
1.6 (B) —-53.6°C
Using Eqgn. (1.5.3):
1.7 (D) _4)2 _4)?
puater =1000-T =2 _1000- BO=D" _ 965 g/m?
180 E—
L ] du
The shear stress is given by: 7 = u @
[
We determine du/dr from the given expression for u as:
1.8 (A) 4 d
=% =~ [10(1-2500r*) | = -50,000r
dr dr

At the wall r =2 cm = 0.02 m. Substituting r in the above equation we get:

1
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Chapter 1/ Basic Considerations

du

=50,000r = 1000 1/s
dr

The density of water at 20°C is 10° N-s/m’
Now substitute in the equation for shear stress to get
du

=1073 N-s/m?x1000 1/s =1 N/m? =1 Pa

T=U

1.9 (D)

Using Eqn. (1.5.16), B =0(for clean glass tube), and o =0.0736 N/m for water
(Table B.1 in Appendix B) we write:
_4ocosp 4x0.0736 N/mx1

p9D 1000 kg/m® x 9.81 m/s? x10x107° m

h =3m or 300cm

where we used N = kgxm/s?

1.10 (C)

Density

111 (C)

Assume propane (CsHs) behaves as an ideal gas. First, determine the gas

R R, _8314 kJ/kmol - K _0.1885 ki/Kg
M 44.1 kg/kmol

constant for propane using

2 3
p\- 800 kN/m“ x4 m =59.99 kg ~ 60 k

then, m= =
RT  0.1885 kJ/(kg-K)x (10+273) K —

112 (B)

Consider water and ice as the system. Hence, the change in energy for the
system is zero. That is, the change in energy for water should be equal to the
change in energy for the ice. So, we write AEj . = AEzer

Mice X 320 kI/KG = Myyater X Cyyater AT

The mass of ice is calculate using

M, = p¥- =5 cubes x (1000 kg/m*)x(40x10° m*/cube)=0.2 kg

Where we assumed the density of ice to be equal to that of water, namely 1000
kg/m®. Ice is actually slightly lighter than water, but it is not necessary for
such accuracy in this problem.

Similarly, the mass of water is calculated using

My = PY- = (1000 kg/m® ) x 2 liters (10°° m®/liter) = 2 kg

Solving for the temperature change for water we get

0.2 kgx 320 kJ/kg = 2 kgx 4.18 kI/kg-KxAT = AT =7.66°C

2
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Chapter 1 / Basic Considerations

Since a dog’s whistle produces sound waves at a high frequency, the speed of

113 (D) | soundis ¢ =+RT =/287 J/kg-Kx323 K =304 m/s
where we used J/kg = m?/s.
Dimensions, Units, and Physical Quantities
2
a) density = % = FTB/L =FT?/l
1.16 c) power = F x velocity = Fx L/T = FL/T
2
e) mass flux = MIT _ FT2 L FT/L®
A LT
1.18 b) N = [C] kg ~.[C] = N/kg = (kg- m/s?)/kg = m/s®
m m . : . :
kg— +c—+km = f. Since all terms must have the same dimensions (units)
S S
we require:
1.20
[c] = kg/s, [K] = kg/s® = N-s* /m-s> =N/m, [f] =kg-m/s* =N
Note: we could express the units on ¢ as [c] = kg/s=N-s?/m-s=N-s/m
1.22 a) 1.25x 10 N c) 6.7 x 10° Pa €) 5.2 x 102 m?
a) 20 cmir=20 SMu M ' 556,105 mis
hr 100cm 3600s
1.24 c) 500 hp =500 hpx ASTW 37,285 W
2
e) 2000 kN/cm? = 2000 sz x[loo ch — 2x10% N/m?
cm m
The mass is the same on the earth and the moon, so we calculate the mass, then
1.26 calculate the weight on the moon:

© 2012 Cengage Learn
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Chapter 1/ Basic Considerations

Pressure and Temperature

1.28

Use the values from Table B.3 in the Appendix:

b) At an elevation of 1000 m the atmospheric pressure is 89.85 kPa. Hence, the
absolute pressure is 52.3 + 89.85 = 142.2 kPa

d) At an elevation of 10,000 m the atmospheric pressure is 26.49 kPa, and the
absolute pressure is 52.3 + 26.49 =78.8 kPa

1.30

p — po e—gZ/RT - 101 e—(9.81 x 4000)/[(287) x (15 + 273)] - 62.8 kPa

From Table B.3, at 4000 m: p = 61.6 kPa. The percent error is

% error = 628 - 61.6 100=1.95%

61.6

1.32

Using Table B.3 and linear interpolation we write:

10,600 — 10,000
12,000 — 10,000

or (221.32 - 273.15) g = -51.83°C

T=223.48+ (223.6 — 216.7) = 221.32 K

1.34

The normal force due pressure is: F, = (120,000 N/m?)x0.2x10™* m? =2.4 N
The tangential force due to shear stress is: F, = 20 N/m? x0.2x10™* m? = 0.0004 N

The total force is F = \/F.2+ R2 = 2.40 N

The angle with respect to the normal direction is 6= tan™ (0'0004

j = 0.0095°

Density and Specific Weight

1.36

Using Eq. 1.5.3 we have

p=1000 — (T — 4)%/180 = 1000 — (70 — 4)%/180 = 976 kg/m’
7=9800 — (T — 4)%/18 = 9800 — (70 — 4)?/180 = 9560 N/m®

Using Table B.1 the density and specific weight at 70°C are
p =977.8 kg/m®

7 =977.8x9.81=9592.2 N/m’®

% error for p= % x 100 = —0.20%

% error for y= 9960-9992 100 = -0.33%

9592

4
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Chapter 1 / Basic Considerations

3 6,3
Lo b) m= y¥- 12,400 N/m ><50(;><10 M~ _ 1635k
g 9.77 m/s
Viscosity
Assume carbon dioxide is an ideal gas at the given conditions, then
3
P _ 200 kN/m — 2.915 kg/m’
RT (0.189 ki/kg-K)(90+273 K)
y=W MY _ g =2.915 kg/m® x9.81 mis’ = 28.6 kg/m’ - = 28.6 N/m’
A
1.40
From Fig. B.1 at 90°C, x=2x10"° N-s/m?, so that the kinematic viscosity is
-5 2
yo £ A0 NSIM_ g 010 mess
o 2.915kg/m
The kinematic viscosity cannot be read from Fig. B.2 since the pressure is not at
100 kPa.
The shear stress can be calculated using 7 = y|du/dy|. From the given velocity
distribution, u=120(0.05y—y®) we get = (;_u =120(0.05-2y)
y
From Table B.1 at 10°C for water, 2 =1.308x10° N-s/m’
1.4 So, at the lower plate where y = 0, we have
g—“ =120(0.05-0)=6s" = 7= (1.308><10’3)>< 6=7.848x10"° N/m’
y
At the upper plate where y = 0.05 m,
3—“ =[120(0.05-2x0.05)|=65s" = 7=7.848x10"° N/m’
y y=0.05

5
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Chapter 1/ Basic Considerations

The shear stress can be calculated using 7 = y|du/dr|. From the given velocity

u=16(1-r’/r’) = we get %=16(—2r/r02). Hence,
r

du )
—|=32r/r
dr‘ /°

At the centerline, r =0, so 3—“ =0, and hence z=0.
r

144 Atr=0.25cm, = ‘d—u‘=32r/r02 :32%1()()2:3200 st =
' dr (0.5/100)
7 =3200x 4 =3200(1x10°°) = 3.2 N/m’
At the wall, r = 0.5 cm, = ‘d—“‘ 321/ 2322910 _sag07, =
dr (0.5/100)
7 =6400x 1 = 6400(1x10°°) = 6.4 N/m’
3
Use Eq.1.5.8 to calculate the torque, T :Z”RTwLﬂ
where h=(2.6-2.54)/2=0.03 cm =0.03x10° m
The angular velocity o = 2—7[>< 2000 rpm = 209.4 rad/s
1.46 60
The viscosity of SAE-30 oil at 21°C is 1 =0.2884 Ns/m* (Figure B.2)
2 N3 2
T 27 x(L.27x10™ m)° x 209.4 rad2/s x1.2 mx0.2884 Ns/m _310N-m
(0.03x10)m
power = Tw=3.1x209.4 =650 W = 0.65 kW
Assume a linear velocity in the fluid between the rotating disk and solid surface.
The velocity of the fluid at the rotating disk is V = rw, and at the solid surface
V =0. So, (;_u :rTa) , Where h is the spacing between the disk and solid surface,
y
and o =27 x400/60 =41.9 rad/s. The torque needed to rotate the disk is
1.48

T = shear force x moment arm T/ N dr
Due to the area element shown, dT =dF xr = zdA x r

where 7= shear stress in the fluid at the rotating disk and \

dA=2zrdr = dT = yj—;x 27zrdr xr = ,urwa 2zrédr

6
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Chapter 1 / Basic Considerations

T= T—Z”ﬂwrs'dr = THO pa
h 2h

0

The viscosity of water at 16°C is ¢ =1.12x10"° Ns/m’

7z(1.12><10’3 Ns/mz)(41.9 rad/s)(o'15
TUD 4

j4
-T=2EYR = 2 ) _116x10° N-m
2h 2><(2><10_3 m)

1.50

If 7= ,u% = constant, and = Ae®™ = Ae®¥ = Ae¥ then
y

pe® QY = constant, - Y = De ™, where D is a constant.
dy dy
Multiply by dy and integrate to get the velocity profile
_ [Deody—-Leo) _E (e -1
o= [De oty -—Zeo] - E(¢7-1)

where A, B, C, D, E, and K are constants.

Compressibility

The sound will travel across the lake at the speed of sound in water. The speed of

sound in water is calculated using ¢ = \/E where B is the bulk modulus of
Yo

elasticity. Assuming (T = 10°C) and using Table B.1 we find

1.54
B =211x10" Pa, and p=999.7 kg/m’ = ¢ = \/M =1453 m/s
999.7 kg/m
The distance across the lake is, L = cAt = 1453 x 0.62 =901 m
b) Using Table B.2 and T = 37°C we find B = 226x10" N/m*, p =993 kg/m*
e The speed of sound in water is calculated using:

c =\E = \/(226><107)/993 ~1508 m/s
P

7
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Surface Tension

1.58

For a spherical droplet the pressure is given by p = 2?6

Using Table B.1 at 15°C the surface tension o =7.41x10° N/m

20 2x0.0741N/m
R 5x10°m
4o 2x0.0741 N/m

For bubbles: = p=—-= — =59.3 kPa
R 5x107 m

=29.6 kPa

1.60

For a spherical droplet the net force due to the pressure difference Ap between

the inside and outside of the droplet is balanced by the surface tension force,
which is expressed as:
20 2x0.025 N/m

AD=—=1Dp .. — o=——" =10 kPa
p R p|n3|de pout5|de 5)(1076 m

Hence, P, 4 = Pousice +10 kPa =8000 kPa +10 kPa =8010 kPa

nside

In order to achieve this high pressure in the droplet, diesel fuel is usually pumped
to a pressure of about 2000 bar before it is injected into the engine.

1.62

See Example 1.4:

he 4ocosf 4><(0.47 N/m)cosl30°

pgD (13.6><1000 kg/m3)x9.81 m/s? ><(2><1o—2 m)

= _4.53x107* m =-0.453 mm

Note that the minus sign indicates a capillary drop rather than a capillary rise in
the tube.

1.64

Draw a free-body diagram of the floating needle as shown in the figure.
The weight of the needle and the surface tension force must balance:
W =2cL or pgV=2cL

2
The volume of the needle is V- = (% Lj

oL oL

rd®
- (T L]pg =20l needle

d= |89
\ 709

8
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1.66

There is a surface tension force on the outside
and on the inside of the ring. Each surface =
tension force = o x 7z D.

Neglecting the weight of the ring, the free-body
diagram of the ring shows that

F=20c7xD

Vapor Pressure

1.68

To determine the temperature, we can determine the absolute pressure and then
use property tables for water.

The absolute pressure is p =—80 + 92 = 12 kPa.

From Table B.1, at 50°C water has a vapor pressure of 12.3 kPa;

so T =50°C is a maximum temperature. The water would “boil” above
this temperature.

1.70

At 40°C the vapor pressure from Table B.1 is 7.38 kPa. This would be the
minimum pressure that could be obtained since the water would vaporize below
this pressure.

1.72

The inlet pressure to a pump cannot be less than 0 kPa absolute. Assuming
atmospheric pressure to be 100 kPa, we have
10,000 kPa + 100 kPa = 600x - X =16.83 km.

Ideal Gas

1.74

Assume air is an ideal gas and calculate the density inside and outside the house
using T,, =15°C, p,, =101.3 kPa, T,, = -25°C, and p,, =85 kPa

v tout

P 101.3 kN/m®
RT  0.287 kilkg- K x (15+ 273 K)

85
0.287x248
Yes. The heavier air outside enters at the bottom and the lighter air inside exits

at the top. A circulation is set up and the air moves from the outside in and the
inside out. This is infiltration, also known as the “chimney” effect.

Pin =1.226 kg/m*

Pout = =1.19 kg/m®

9
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1.76

The weight can be calculated using, W = ¥ = pg¥-
Assume air in the room is at 20°C and 100 kPa and is an ideal gas:

Po__ 100 4189 kg
RT 0.287x293

=p=

=W =¥ = pg¥-=1.189 kg/m®x9.81 m/s? x (10x 20x4 m®) =9333 N

1.78

The pressure holding up the mass is 100 kPa. Hence, using pA = W, we have
100,000 N/m? x1 m? = mx9.81 m/s?

This gives the mass of the air m=10,194 kg
Since air is an ideal gas we can write p¥-=mRT or

_ mRT 10,194 kg x0.287 ki/kg - K x(15+273 K)
p 100 kPa

v — 8426 m*

Assuming a spherical volume = ¥ = zd*/6, which gives

3 \/3
q (M) Cosom

T

10
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1.80

The fist law of the thermodynamics is applied to the mass:
Q.,-W,_, =APE +AKE + AU

In this case, since there is no change in potential and internal energy, i.e.,
APE =0, and AU =0, and there is no heat transfer to or from the system,

Q_, =0. The above equation simplifies to: -W, , = AKE
2

where W, , = I Fdl
1

a) F=200N=W,_,=-200 Nx10 m=-2000 N-morJ

Note that the work is negative in this case since it is done on the system.
Substituting in the first law equation we get:

2000 N-m :lm(v; ~VZ) =V, = [0 misy’ L 2x2000N"M _ g 45 pyg
2 15 kg

10
b) F=20s=W_, =~ 20sds=-10s? =-1000 N-m
0

1000 N-m =3m(v22 —VZ)=V, = (10 m/sy L 2A000NM _ 4508 1y
2 15 kg

10
c) F=200cos(zs/20)=W,_, = —J' 200cos(s/20)ds
0

—W,_, =-200x(20/)sin (107/20) = —4000/z N-m

2x4000/7 N-m
15 kg

4000/ N-m =%m(V22 -V )=V, = \/(10 m/s)? + =16.42 m/s

1.82

Applying the first law to the system (auto + water) we write:
Q.,-W,_, =APE + AKE + AU

In this case, the kinetic energy of the automobile is converted into internal energy
in the water. There is no heat transfer, Q = 0, no work W = 0, and no change in
potential energy, APE =0. The first law equation reduces to:

%m\/l2 = AUy, , =[mcAT ]HZO

where, m, , = p¥- =1000 kg/m’ x 2000 cm’®x10° m®/cm’ =2 kg

11
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For water ¢ =4180 J/kg- K. Substituting in the above equation

2
(209909 s |~ 2 kg 4260 g K xT

%x1500 kg

= AT =69.2°C

2
For a closed system the work is W_, = I pov-
1

For air (which is an ideal gas), p¥-=mRT , and p =%
2
Wi, I pav- = I—mRT v = RTJ— _mRT InY2
1 Vi
ince T = | v _m
Since T = constant, then for this process p;¥; = p,¥5 or —==—
1.84 iR

Substituting in the expression for work we get: W,_, =mRT P

W, , =2 kg x (287 J/kg-K)x 294 K In% =-116,980 J =—116.98 kJ

The 1% law states that Q,_, —W,_, = mAG = m¢,AT =0 since AT =0.

Q=W =-116.98 kJ

2
For a closed system the work is W, , = I pov-

1

If p = constant, then W,_, = p(¥%; —¥)
1.86 Since air is an ideal gas, then p-=mRT, , and p,% = mRT,
W, , = mR(T,=T,)=mR (2T, —T,) = mRT, = 2 kg x 0.287 ki/kg - K x 423 K = 243 kJ

12
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Isentropic Flow

1.88

Since the process is adiabatic, we assume an isentropic process to estimate the
maximum final pressure:

423

1.4/0.4
—j =904 kPa abs or 804 kPa gage.
293 -

T k/k-1
P, =p, (?2} = (150 +100)(

1

Note: We assumed pam = 100 kPa since it was not given. Also, a measured
pressure is a gage pressure.

Speed of Sound

b) ¢ =vkRT =+/1.4x188.9x 293 = 266.9 m/s

1.90 d) ¢ =vkRT =+1.4x4124x 293 =1301 m/s
Note: We must use the units on R to be J/kg'K in the above equations.
b) The sound will travel at the speed of sound

1.92 ¢ =vkRT =+1.4x287x293 =343 m/s

The distance is calculated using L =cAt=343x8.32=2854 m

13
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CHAPTER 2
Fluid Statics

FE-type Exam Review Problems: Problems 2-1 to 2-9

2.1 (C)

The pressure can be calculated using: p = g hwere h is the height of mercury.

P = 14gh = (13.6x9810 N/m®) x (28.5x 0.0254) = 96,600 Pa = 96.6 kPa

2.2 (D)

Since the pressure varies in a vertical direction, then:

p = py — 2gh = 84,000 Pa —1.00 kg/m> x 9.81 m/s? x 4000 m = 44.76 kPa

2.3 (C)

B = Patm + 7P — Vuwater My = 0+ 30,000%0.3-9810x 0.1 =8020 Pa =8.02 kPa

This is the gage pressure since we used Pgyy, = 0.

2.4 (A)

Initially, the pressure in the air is
Pairg =—7H =-(13.6x9810)x0.16 =-21,350 Pa.

After the pressure is increased we have:
Pair2 =—21,350+10,000 = -11,350 = -13.6 x9810H,,.

S H,=0.0851m=2851cm

25 (B)

The moment of force P with respect to the hinge, must balance the moment of

the hydrostatic force F with respect to the hinge, that is: (2x§)x P=Fxd

F =yhA=9.81 kN/m* xlmx(2x§x3m2)] - F=98.1kN

The location of F is at
T 3(333) /12

=yV+—=1.67+
Yo=Y y 1.67(3.33%3)

333xP=98.1x1.11 ..P=32.7kN

=222m =d=333-222=1.11m

2.6 (A)

The gate opens when the center of pressure is at the hinge:

1.2+h _ T 112+h b(1.2+h)>/12
2 Ay 2 (1.2+h)b(11.2+h)/2

7:

This can be solved by trial-and-error, or we can simply substitute one of the
answers into the equation and check to see if it is correct. This yields
h=1.08 m.

15
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Chapter 2 / Fluid Statics

2.7 (D)

The hydrostatic force will pass through the center, and so Fy will be balanced
by the force in the hinge and the force P will be equal to Fy.

~P=F, =9.81x4x12xw+9.81x(7rx1.2>/4)xw =300. ..w=>5.16 m.

2.8 (A)

The weight is balanced by the buoyancy force which is given by
Fg = 7@ where V- is the displaced volume of fluid:

900x9.81=9810x0.01x15w. w=6m

29 (A)

The pressure on the plug is due to the initial pressure plus the pressure due to
the acceleration of the fluid, that is: Ppjug = Pinitial + 7 gasolineAZ Where

A :Axi
g

5
9.81

Ppiug = 20,000 +6660x (1.2x——) = 24,070 Pa

Folug = PpiigA=24,070x 7x0.02* =3025 N

Pressure

2.12

Since p =yh,then h=p/y
a) h=250,000/9810=25.5m
c) h=250,000/(13.6 x 9810) = 1.874 m

2.14

This requires that P, =Py, = (7h) .. = (]/h)Hg

b) 9810 x h=(13.6 x9810) x 0.75 ..h=10.2 m

2.16

Ap =—yAz7 = Ap=—1.27 x 9.81 (3000) = ~37,370 Pa or -37.37 kPa

2.18

From the given information the specific gravity is S = 1.0 + z/100 since S(0) = 1
and S(10) =1.1.
By definition p= 1000 S, where pyateer = 1000 kg/m3 .

Using dp = —ydz then, by integration we write:

|

] = 103,000 Pa or 103 kPa

p 10 22/2
dp = [1000(1+ 2 /100)gdz = 1000g| z+
lp ! ( )g g( o

10°

2x100

p :1000><9.81(10+

16
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Note: we could have used an average S: S,y = 1.05, so that p,,, = 1050 kg/m’
andso p=yh = p=1050x9.81x10=103,005 Pa

2.20

From Eq. (2.4.8): p = Pam[(To —2) /Ty 1%/ “R =100 [(288 — 0.0065 x
300)/288]7#1/0-0065 <287 — 96 49 kPa

Assuming constant density, then

100
= p. —pgh=100— —2 )59.81x300/1000 = 96.44 kPa
P= Patm =19 (0.287x288j

% erro _ 964479649 x100 ==0.052%

96.49
Since the error is small, the density variation can be ignored over heights of
300 m or less.

2.22

Eq. 1.5.11 gives B = p:—p But, dp = pgdh. Therefore
Pir

d_/; -9 4n

p- B

Integrate, using p, = 1064 kg/m’, and B = 2.1 x 10° N/m’

E

This gives p =

pgdh=2dp or
P

N|b

h
_gj [__ ! j: 9.81 h=4.67x10"h
B 1064 ) | 2.1x10° (N/mz)

]
9.4x10™* -4.67x10~°h

h h
g
Now p=|pgdh= dh
P -([pg '([9.4><10_4—4.67><10_9h

9 1n(9.4x107*-4.67x107h)

~4.67x107°
If we assume p=const: p=pgh=1064x%x9.81xh=10,438h

b) For h=1500 m: Paccurate = 15,690 kPa and Pestimate = 15,657 kPa.

% error = 15’6fz _6;3’690 x100=—-0.21%

2.24

9.81
Use Eq. 2.4.8: p=101(288 —0.00652 / 288)0-0065:287

17
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a) for z=3000 ~.p=69.9 kPa.
c) for z=9000 ~.p=30.6 kPa.

Manometers

2.26

Referring to Fig. 2.7b, the pressure in the pipe is:
p=h=(13.6 x9810) x 0.25 =33,350 Pa or 33.35 kPa

2.28

Referring to Fig. 2.7a, the pressure in the pipe is p = pgh. If p = 2400 Pa, then

2400
2400=p0h=px981h or p=——
PIN=p P98

2400 3 . )
a) p=—— =680 kg/m .. The fluid is gasoline
) P R1x036 8 HIE IS sa30tne

2400

=—— =999 kg/m3 .. The fluid is water
9.81x0.245

c) p

2.30

See Fig. 2.7b: The pressure in the pipe is given by p, =-nh+ »H
pi=—-0.86 x 9810 x 0.125 + 13.6 x 9810 x 0.24 = 30,695 Pa or 30,96 kPa

2.32

Puater — Poit = Yoit X 0.3+ Vg xH - Vwater 0.2

40,000 — 16,000 =920 x 9.81 x 0.3 + 13,600 x 9.81 x H—-1000 x 9.81 x 0.2
Solving for H we get: H=0.1743 m or 17.43 cm

2.34

pwater = 7Hg (016) ~ Vwater (002) - 7/Hg (004) ~ Vwater (002)
USIng 7o = 9-81 KN/m’ and  y,, =13.6x9.81 kN/m’
pwater = 1562 kPa

2.36

Pwater —9.81 x 0.12 — 0.68 x 9.81 x 0.1 + 0.86 x 9.81 x 0.1 = poil

2.38

pgage = pair +7water x4 Where’ pair = patm _yHg xH
= pgage :_7/Hg xH + Vwater x4

pgage = _13.6 X 9.81 X 0.16 + 9810 X 4 = 17.89 kPa

Note: we subtracted atmospheric pressure since we need the gage pressure.

18

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 2 / Fluid Statics

2.40

p+ 9810 x 0.05+ 1.59 x 9810 x 0.07 — 0.8 x 9810 x 0.1 = 13.6 x 9810 x 0.05
-.p=5873 Pa or 5.87 kPa

242

The distance the mercury drops on the left equals the distance along the tube
that the mercury rises on the right. This is shown in the sketch.

0il (S =0.87)

10cm

From the previous problem we have:
( Pg )1 = Pp+ Vater X 0.07 = 746 x0.095in 40—, x0.1=2.11 kPa (1)
For the new condition:
(Ps), = Pa + Varer X(0.07+ Ah) = 4, x0.115in 40 — 7,,, x(0.1- Ahsin 40) ~ (2)
where Ah in this case is calculated from the new manometer reading as:
Ah+Ah/sin40=11-9cm = Ah=0.783 cm

Subtracting Eq.(1) from Eq.(2) yields:

( Pg )2 —( Dg )1 = Vomter ¥ (Ah) — e X0.028in40—y,;, x (—Ah sin 40)
Substituting the value of Ah gives:

(Pg ), =2.11+[(0.00783) ~13.6x0.02sin 40 — 0.87 x (~0.00783sin 40) | x 9.81
=0.52 kPa

244

a) Using Eq. (2.4.16):

P :;/1(22—21)+72h+(73—y/2)H where h=2z,-2,=17-16=1cm
4000 = 9800(0.16 — 0.22) + 15,600(0.01) + (133,400 — 15,600)H

S H=0.0376 mor 3.76 cm

19
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2.46

From No. 2.30: poii = 14.0 kPa

From No. 2.36: Poil = Pwater — 9.81 x (0.12+Az) — 0.68 x 9.81 x (0.1-2Az) +
0.86 x 9.81x (0.1-Az)

S A2=0.0451m or 4.51 cm

Forces on Plane Areas

The hydrostatic force is calculated using: F = 7hA where, h =10 m, and

2.48
A=7zR* =7(0.15m) hence, F =9810x10x7(0.15) = 6934 N
For saturated ground, the force on the bottom tending to lift the vault is:
F=p:A=9800x 1.5 x (2 x 1)=29,400 N
250 The weight of the vault is approximately: W= pgV vl
W =2400x9.81[ 2(2x1.5%0.1)+2(2x1x0.1)+20(0.8x13x0.1) | = 28,400 N
The vault will tend to rise out of the ground.
b) Since the triangle is horizontal the force is due to the uniform pressure at a
depth of 10 m. That is, F = pA, where p=yh=9.81x10=98.1 kN/m’
2.52
The area of the triangle is A=bh/2=2.828x2/2=2.828 m’
F=98.1x2.828=277.4kN
a)F =yhA=9.81x6x72% =739.7 kN
T 2% /4
Yp=YV+——= 6+u= 6.167m  ..(X,¥)p=(0,-0.167) m
Ay 47 %6
C)F=9.81 x(4+4/3) x6=313.9kN
2.54 \
3x4°/36 y
Y, =533+ 250 30 550 y— 15 X
5333x6
4/2.5 = LS - Xx=0.9375
X
(X Y)p=1(0.9375,-1.5) m
2.56 F=/A=9810x6x20 =1.777 x 10°N, or 1177 kN

20
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I 4x5°/12
Yo=Y+ =75+ 2 g 0g
Ay 7.5%20
M, =0 =(10 - 7.778) 1177 =5 P P =523kN

The vertical height of water is h = V122 -04? =1.1314m

The area of the gate can be split into two areas: A=A + A or
A=12x1.1314+0.4x 1.1314=1.8102 m*

Use 2 forces: F = ;/I;IAI =9810x0.5657x(1.2x1.1314) =7534 N

F, = yhyA, =9810x 1'1314><(0.4><1.1314) =1674 N
2.60 )
The location of Fy is at y,, =§(1.1314) =0.754 m, and Fis at
T 3
Y, =G+ Iz_:l.l3l4+ 0.4x1.1314° /36 —0.5657 m
F Ay 3 0.4x(1.1314/2)x(1.1314/3)
1.1314
IM e =0 7534 % +1674x(1.1314—-0.5657) —1.1314P =0
~P=3346N
The gate is about to open when the center of pressure is at the hinge.
3
2.62 b) y, 1.2+ H = (2.0/2+ Hy+ 22212
P (1+ H)2b
- H=0.6667 m
A free-body-diagram of the gate and block is
sketched. T
Sum forces on the block: 0 T
IF, =0 SW=T+FK 54; T
F
where Fg is the buoyancy force which is given BT
2.64 by Yp
Fy |l
Fo=y[ 7R (3-H)] W
Take moments about the hinge: R,
Tx35=F,x(3-Y,) Ry

where Fy is the hydrostatic force acting on the gate. It is, using

21
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h=15mand A=2x3=6m’
Ry =7hA=(9.81 kN/m’)(1.5 mx 6 m’) =88.29 kN

From the given information

T 2(3')/12

T 88.29%x(3-2)
35

F,=W-T=70-2523=4477kN.  ~.yzR*(3-H)=44.77

=25.23 kN

H=3m- 44.77 kN =1.55m

9.81 kN/m’ )z (1 m)’
(1m)

2.66

The dam will topple if there is a net clockwise moment about “O”

The weight of the dam consists of the weight of the rectangular area + a
triangular area, that is: W =W, +W, . The force F3 acting on the bottom of the

dam can be divided into two forces:
Fpl due to the uniform pressure distribution and
Fp2 due to the linear pressure distribution.

W =2.4x9810x18.9x1.8=801kN assume 1 m deep

b
) W, —24x9810x18.9%72/2=1602 kN —
W.—l
W = 9810 x (18x 6.86/2) = 605.7 kN a it
— /W |.F
F =9810x9x 18 =1589 kN v
F, =9810x1.5x3 = 44.14 kN T,

F,, =9810x3x9=265 kN
F,=9810x15x9/2=662.2 kN
SMg: (1589)(6) + (265)(4.5) +

(662.2)(6) — (801)(0.9) — (44.14)(3/3)
— (1602)(4.2) — (605.7)(6.37) = 3392 kN - m > 0. .-.will tip

22
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Forces on Curved Surfaces

Since all infinitesimal pressure forces pass through the center, we can place the
resultant forces at the center. Since the vertical components pass through the
bottom point, they produce no moment about that point. Hence, consider only
horizontal forces:

2.68 (o _ _
(Fe water = (yhA)Water =9.81x2x(4x10) = 784.8 kN
(Fy )oil = (yHA)0i| =0.86x9.81x1x20=168.7 kN
>M: 2P =784.8x2—-168.7 x 2. ~P=616.1 kN
A free-body-diagram of the volume of water in the
vicinity of the surface is shown.
Force balances in the horizontal and vertical
directions give: F
2
F, =F
R =W+F B
where F,; and F, are the horizontal and vertical components of the force acting
on the water by the surface AB. Hence
Ry =F =(9.81 KN/m’)(8+1)(2x4) =706.3 kN
The line of action of Fy is the same as that of F,. Its distance from the surface
is
T 4(2°)/12
2.70 yp=7+_—=9+—( )/ =9.037 m
YA 9x8

To find Fy we find W and F;:

W =¥ =(9.81 kN/m3){2x2—%(22 )}4 =33.7kN

F =9.81kN/m’ (8x2x4)=628 kN
K =FR+W =33.7+628 =662 kN
To find the line of action of Fy, we take moments at point A:
K xx =Fxd +W xd,

where d, =1m, and d, = 2R __2x2 =1.553 m:

3(4—7[) 3(4—7[)

23
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_ Fxd +Wxd, 628x1+33.7x1.553
3 662

=1.028 m

Finally, the forces Fy and Fy that act on the surface AB are equal and opposite
to those calculated above. So, on the surface, Fy acts to the right and Fy acts
downward.

2.72

Place the resultantF, +F, at the center. K, passes through the hinge. The

moment of F; must equal the moment of P with respect to the hinge:

2x(9.81x1x10)=2.8P  .~.P=70.1kN

2.74

The resultant F +F, of the unknown liquid acts through the center of the

circular arc. K, passes through the hinge. Thus, we use only (F, ). Assume
I m wide:

F, =7hA=y,(R/2)(Rx1)=yR*/2
The horizontal force due to the water is F, = y,hA=7, (R/2)(Rx1)=y,R*/2
The weight of the gate is W =Sy, V-=0.2y, (JZ'RZ/4) x1

Summing moments about the hinge: F.(R/3)+W(4R/37) =F, xR

2 2 2
a) (9810x%jx§+[0.2x9810”i ]xﬁz(n R—]x R

3 2
Sy, =4580 N/m’

2.76

The pressure in the dome is:
a) p=160,000—-9810x3—-0.8 x9810x2=14,870 Pa or 14.87 kPa
The force is F = pAprojected = (7 x 3%) x 14.87 = 420.4 kN
b) From a free-body diagram of the dome filled with oil: *W
Fueld + W =pA

. A weld
Using the pressure from part (a): P

174
Fweld = 14,870 x 7 x 3% (0.8 x 9810) x 5(57[ X 33) =-23,400 or-23.4 kN

24
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Buoyancy

Under static conditions the weight of the barge + load = weight of displaced
water.

218 (a) 20,000 + 250,000 = 9810 x 3 (6d +d?/2). ..d*>+12d—18.35=0

~d=1372m
e The weight of the cars will be balanced by the weight of displaced water:
. 15,000 x 60 =9810(7.5 x 90 x Ad) ~Ad=0.136 mor 13.6 cm
55 T+Fg=W (SeeFig.2.11c¢)
' T=40,000—-1.59 x 9810 x 2 = 8804 N or 8.804 kN
At the limit of lifting: Fg = W+pA where p is the pressure F,
acting on the plug.
(b) Assume h > 4.5+ Rand use the above equation with
R=0.4mand h=4.92

2.86 ( | &

R =x ¥ =y,x3x ﬁRz—Ageg =9810x3x0.2803=8249 N
i ) T
W + pA=6670 N +9810x4.92x 7(0.1)” =8234 N N7
Hence, the plug will lift for h>4.92 m h I 4.5
(a) When the hydrometer is completely submerged in water:
2 2

W=y = (0.01+m,)9.81=9810 wx0.15+mx0.12}

288 ~.Muyg = 0.01886 kg

When the hydrometer without the stem is submerged in a fluid:

7(0.015)°
W =73 = (0.01+0.0189)9.81=5,x9810x———x0.15

~.5x=1.089

25
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Stability

2.90

With ends horizontal I, = zd* / 64 The displaced volume is ¥ =W/y, .. =
V-=(7,2d*h/4)/9810=8.01x107,d* since h =d

The depth the cylinder will sink is

—5 3
depth = - = 8ODIORE 14 50x10%,d
A 7d“ /4

The distance CG is CG =g—10.2 x107y d /2. Then

- - 4
GM=lo g 7a/8 4 100.00%5,d/250
v 801x10°,d° 2

This gives (divide by d and multiply by %): 612.8—0.5 %+ 5.1 x 107 72 >0.

Consequently %> 8368 N/m’ or % < 1436 N/m’

2.92

1 16 x4
As shown, Y = % = 6.5 cm above the bottom edge.
+

_ 4yx9.5+16yx8.5+16S 4y x4
0.5y x8+2yx8+S5,4yx16

=6.5cm

5130+ 104 Sp =174 + 64 Sp SoSa=1.1

2.94

The centroid C is 1.5 m below the water surface .. CG =1.5m

- 3
Using Eq. 2.4.47: GM = M -1.5=1.777-1.5=0.277>0

x 8 x

.. The barge is stable

Linearly Accelerating Containers

2.96

(@) Pmax =—1000 x 20 (0 — 4) — 1000 (9.81) (0 — 2) = 99,620 Pa
(C) Pmax =—1000 x 18 (0 —3.6) — 1000 (9.81 + 18) (0 — 1.8)
= 114,860 Pa or 114.86 kPa
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2.98

Use Eq. 2.5.2:

b) 60,000 =—1000 ax (~8) — 1000 (9.81 + 10)[— 2.5+ 98?;1}

60 = 8 a,+49.52 — 19.81 /lz‘lgl or ax—1.31=1.574 \fa,

al —51ax+1.44=0 say=0.25, 4.8 m/s’

2.100

a) The pressure on the end AB (z is zero at B) is, using Eq. 2.5.2
p(z) =-1000 x 10 (-=7.626) — 1000 x 9.81(z) = 76,260 — 9810 z

S}

5
-~ Fag = 1(76,260-98102)4dz = 640,000 N or 640 kN

[=1

b) The pressure on the bottom BC is
p(X) = —1000 x 10 (x — 7.626) = 76,260 — 10,000 X

7.626
“Foo = [ (76,260-10,000x)4dx =1.163 x 10°N or 1163 kN
0

2.102

Use Eq. 2.5.2 with position 1 at the open end:
b) pa=-1000 x 10 (0.9 — 0) =—-9000 Pa
pg =—-1000 x 10 (0.9) — 1000 x 9.81(-0.6)
=-3114Pa

N

pc =—1000 x 9.81 x (~0.6) = 5886 Pa C B

€) pa= 1000 x 18 (~1.5x 0.625) = =16.875 Pa

Ps = 1000 x 18 (~1.5x 0.625) — 1000 x 9.81 (~0.625) =-10.740 Pa

pc =-1000 x 9.81 (—0.625) =6130 Pa

Rotating Containers

2.104

Use Eq. 2.6.4 with position 1 at the open end:

[S)

a) p, = % x 1000 x 10? (0 — 0.9%) = —40.,500 Pa

pg =—40,500 + 9810 x 0.6 =—-34.,600 Pa
pc =9810 x 0.6 = 5886 Pa '

)Cl)

27

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 2 / Fluid Statics

The air volume before and after is equal

1 |[| )
L—arh=7x0.6"%x02  ..r’h=0.144 | |
2 W L
a) Using Eq. 2.6.5: 1. x =9,
Using Eq. 2.6.5: r2x5>/2=981h Jib
~h=0428 m |
1 2 2 A I '
A= 5 1000 x 57 x 0.6%- 9810 (-0.372)
= 8149 Pa
(c) For w= 10, part of the bottom is bared
1 1
0.6°x02=—xzrh——zr’h
2106 T X X > T 0 ) T 1y I|IZ
Using Eq. 2.6.5: |
.\ o
@’y _ h, o'’ _ h }—"
29 29 oy
n0144=29p o o R ! r
w w J hl d\\!-/ —
, ., 0.144x10° g
h? _p2 = D20
2x9.81

Also,h—-h;=0.8. 1.6h-0.64=0.7339. ..h=0.859m, r;=0.108 m

Spa= % x 1000 x 10? (0.6*— 0.108%) = 17.400 Pa

1
p(r) =Epw2r2 — pg[0—(0.8—h)] T
p(r)=5000°r* +9810(0.8—h)  ifh<0.8
p(r) = 50007 (r* —r?) ifh>0.8
0.6
2108 | @) F=[p2zrdr=2x [ (12,5001 +3650r)dr = 6670 N
0
(We used h=0.428 m)

0.6
) F= j p2rrdr =27 j (50,000(r> —0.108%7)dr= 9520 N
—0.108

(We used r; =0.108 m)
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CHAPTER 3

Introduction to Fluids in Motion

FE-type Exam Review Problems: Problems 3-1 to 3-9

~

n-v=0 (nxi+nyj)-(3i—4j)=0 or 3n,—4n,=0

31D) | Also n? +n’ =1 since i is a unit vector. A simultaneous solution yields
ny =4/5 and ny, =3/5. (Each with a negative sign would also be OK)

a= %+uzl+021+wil = 2xy(2yi) —y2(2xi—2yj) = —163+8§+163
3.2(C) oY
-Ja]=4/(-8)* +16% =17.89 m/s
a, =%+ua—u+va—u+wa—u= ua—u __10 5 i[10(4—x)_2}
ot ox oy 0z Ox (4-x)°Ox
AL 10 10 1
= ~10(=2)(-1)(4 - X) > ==-x20x = = 6.25 m/s®
(4-x) 4 8
3.4(C) The only velocity component is u(x). We have neglected v(x) since it is quite
i small. If v(x) were not negligible, the flow would be two-dimensional.
2
35B) | L - P_Yuaerh 9810x0800 .\ ;45

2 P Par 1.23

2 2 2
36(€ | L PYs W 020020600 ..V =2x9.81x0.400 = 2.80 ms
29 vy 29 29

The manometer reading h implies:

2 2
W b Vs P v2o_2 (60-102) ..V, =939 mis
P 1.13

3.7 (B) 2 p 2
The temperature (the viscosity of the water) and the diameter of the pipe are not
needed.
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2 2
38(A) | A P2 D 800000 _ V3 “Vp =40 ms
a v 29 W 9810 2x9.81
_P(y2 2\ 90200 L2\
39D) | =% (V7 v )_ > (30715 )_ 304,400 Pa
Flow Fields
a) u=@:2t+2 U:Q:Zt streamlines
dt dt y t=5s
_ 12 _ 2
314 X=t"+2t+c, y=t°+c, /
=y+2.Jy
X2 =2xy +y% =4y . parabola
Lagrangian: Several college students would be hired to ride bikes around the
316 various roads, making notes of quantities of interest.
i Eulerian: Several college students would be positioned at each intersection
and guantities would be recorded as a function of time.
a)cosa=r o 12 083 . 4-3360°
Vo222
3
. . . 3nx+2ny =0 ny, Z—E”x
V-n=0 (3i+2j)- (n,d+n,j)=0 . 9
e+ 1y =1 n§+—n,2(=1
4
2 3 ~ 1 .+ -
SN, =——, N, =——— 0Or n=——(2i —3j
3.18 RV R NT N
¢) COScx = ALY > =0.6202 s.a=-5167
Vo524 (-8)?
. . . 5nx—8ny=0 ny =My
V-n=0 (51 —8j) - (n,i+n,j)=0 s 5
ny +my, =1 64 2. 2 4
25 7 Y
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L (8i +5j)

5) 8 A
n,=——, N, =—— Oof n=—=
N RN /89

ovV oV ov oV

b) U + 0 — + w— + — = 2x(2i) + 2y(2]) = 4xi + 4yj = 8i— 4]
3.20 ) o oy T o (2i) + 2y/(2]) = 4xi + 4yj j
3.22 The vorticity o =2Q. a) o =-40i ¢) o =12i -4k
a) a, _(10—@}050(80]%59 (10 @jsm@(l__J( sin6)
r r r<) r r
1 40\* . , 2
- 10+r—2 sin? @ = (10 — 2.5)(-1)1.25(-1) = 9.375 m/s
3.24 (10—ﬂ) cOS 0(80) sin 0+(1O 40) sin 6)(10 40) cos @
r r r r
—l( 1600) sin@cosd =0 since sin(180°) =0
r r
a,=0
oV %Z oV oV du;
a=—+u + 70—+ —i
3.26 ot X oy az 81‘
For steady flow ou/ot =0 so that a=0
3.28 b) u=2(1-05%)(1-e 1% = 1.875m/s att=o0
%=u‘2—p+va—p+wg—p+a—p=10(—1.23><104e‘3°°°X1°”)
3.30 Eoax oy &
= -9.11x107* kg/m®-s
3.32 % _ uZ—p — 4x(0.01) = 0.04 kg/m®s
X
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a, :%+V-Vu
ot
ov oV
34 a,=—+V-Vo La=—+(V-V)V
3.3 ¥ =7 o (V-V)
0. =% V.V
ot
Q-— 2% R -7272x10k radis
24x60x60
V =5(-0.707i — 0.707K) = —3.535i — 3.535k m/s
A=2QxV+Qx(Qxr)
= 2x7.272x10 °k x (-3.535i — 3.535K) + 7.272x10°k
3.36

x[7.272x10—512><(6.4><106)(—o.707€+o.707f<)}

—52x107°j+0.0224i m/s?

Note: We have neglected the acceleration of the earth relative to the sun since it
is quite small (it is 42s/dt?). The component (-51.4x107%]) is the Coriolis

acceleration and causes air motions to move c.w. or c.c.w. in the two
hemispheres.

Classification of Fluid Flows

3.38 Steady: a,cefh Unsteady: b, d, g
65 a) inviscid  c¢) inviscid
i e) viscous inside the boundary layers and separated regions. g) Viscous.
346 | Re=—"t- 218075 9500 Turbulent
1% 14x10

3.48 a) Re= VD _ 1.2><0.015 =795 Always laminar

v 1.51x10"

Assume the flow is parallel to the leaf. Then 3 x 10° = Vxp/v

3.50 . xp =3x10°v/V =35x10°x1.4x1074/6=8.17 m

The flow is expected to be laminar
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3.52

Dp ua—p+06—p+wa—p+a—p20

Dt ox oy oz ot
For a steady, plane flow dp/ot =0 and w=0

Then u@_p+va_p =0
ox oy

Bernoulli’s Equation

2
o_r Use p = 1.1 kg/m®
3.54 2 p
a) v=\/2p/ p =4/2x2000/1.1 = 60 m/s
2 —
3.56 V2P g AV = 2’f’=\/2"2000:57.0m/s
2 p P 1.23
2 2
Vo,p_ Us b b)Letr=r: p, =202
2 p 2 0 2
3.58
d) Let 9=90": pgoz—gpufo
2 2
\/_+£:U_°°+ p
2 p 2 0
a) p:ﬁ(uz—uz)z£ 102—(10+20—”j2 ~50p 1-(1+1j2
2\ 2 27X X
2 1
=-50p| —+—
3.60 p(x ij
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Assume the velocity in the plenum is zero. Then

2 2
.62 W Ve Peogy2o_2 (60-102) -V, =939 mis
2 p 2 p 1.13
We found p =113 kg/ m?® in Table B.2.
V2
Bernoulli from the stream to the pitot probe: p; :p7+ p
Manometer: pr +yH —ygH —yh=p-yh
v? YHg —V
3.64 Then, p7+ p+]/H —}/HgH:p .'.V2: 9 (2H)
a) V2 :w(zxo.w ~V=314mls
1000
by v2= {36080 5 60y v 407 mis
1000
The pressure at 90° from Problem 3.58 is pgg = —3pU2 /2. The pressure at the
.66 stagnation pointis py = pU2 /2. The manometer provides: p; —H =pg,
%x1.204U020 —9800x0.04 = -§x1.204u£. - U, =12.76 m/s
2 2
Bernoulli: Vi+7pZ LR
29 fr 29 vy
V7
Manometer: +yzZ+ H-yH-yz=—"27+
P72t rugH —yH —72=25 )
Substitute Bernoulli’s into the manometer equation:
V.2
3.68 p1+(7Hg—;/)H:iy+p1

29

2
b) Use H = 0.05 m: %: (13.6-1)9800x0.05 ..V, =3.516 m/s
X J.

Substitute into Bernoulli:

o V7 V2 20%-3516°

y x 9800 =193,600 Pa
29 2x9.81 —
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Write Bernoulli’s equation between points 1 and 2 along the center streamline:

PV \2
o+t = |02+p2 +71,

Since the flow is horizontal, z =z, and Bernoulli’s equation becomes

2 2

3.70 b, +1000 0'25 _ p, +1000x 212

From fluid statics, the pressure at 1 is p, = yh =9810x0.25 = 2452 Pa and at 2,

using p2 = yH, Bernoulli’s equation predicts

0.52 1.125?

2452 +1000 x 5 =9810H +1000x - H=0.1982 m or 19.82 cm

Assume incompressible flow (V < 100 m/s) with point 1 outside the wind tunnel

where p, =0and V, =0. Bernoulli’s equation gives

145 1
0="2+FP2 ., - 2,12
2 p 2

3.72

a) p= P__ %0 =1.239 kg/im® ..p,= —£><1.239><1OO2 =-6195 Pa

RT 0.287x253 2
c) p= P %2 =1.094 kg/m* .. p,= —£><1.094><1002 =-5470 Pa
RT 0.287x293 2
. P V.2 p
Bernoulli across nozzle: ; L P 2 + =2p/p
p

Bernoulli to max. height: ZZ +p1/ ZZ % ~hy=ply
3.74

a) V, =/2p,/ p =/2x700,000/1000 = 37.42 m/s

h, = p; / » =700,000/9800=71.4 m
b) V, = \/2p1/p = /2x1,400,000/1000 =52.92 m/s
h, = p, / y =1,400,000/9800 =142.9 m
2

3.76 \7/2Z+ﬂ = V—2+& p2 = —100,000 Pa, the lowest possible pressure.

p 2 p
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2
q) 000000 _Vy 100,000\ 37 41y
1000 2 1000

300,000 V4 100,000

b) -V, =28.3mls
1000 2 1000
_Py2 2y 90205 oo\
b) p, = 2(v2 A )_ > (2210 )_ 43,300 Pa
3.78 123
_P(y2 _y2\_1e5(52 102\ _ _
d) p, = 2(v2 A ) > (2 10 ) 59.0 Pa
Apply Bernoulli’s equation between the exit (point 2) where the radius is R and
a point 1 in between the exit and the center of the tube at a radius r less than R:
LA AN
3.80 20 T, T2, ThTPT
Since V, <V,, we see that p, is negative (a vacuum) so that the envelope
would tend to rise due to the negative pressure over most of its area (except for a
small area near the end of the tube).
A burr downstream of the opening will create a region that | L
acts similar to a stagnation region thereby creating a high
S pressure since the velocity will be relatively low in that 5stag§a&tion
region. region
The higher pressure at B will force the fluid toward the lower
3.84 pressure at A, especially in the wall region of slow moving

fluid, thereby causing a secondary flow normal to the pipe’s
axis. This results in a relatively high loss for an elbow.
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CHAPTER 4

The Integral Forms of the
Fundamental Laws

FE-type Exam Review Problems: Problems 4-1 to 4-15

4.1 (B)
42 (D) | m=pAV =R—pTAv =%mo.o42 x 70 = 0.837 kgls
. X
Refer to the circle of Problem 4.27:
4.3 (A
(4) Q= AV = (zx0.42x27X2 _010%0.40%5in75.5)x 3= 0516 m/s
: ) B : B
VLS Vv : M by v(\)/p040 _ 1200200
X U.
4.4 (D) v g Y Y v
~Wp =40 kW  and energy required = 04—25 =47.1 kW
_V.2 _ 1902
45(A) | 0= % 1P .1 0-—129", P2 .\ 7200000 Pa
29 ¥ 2x9.8 9810
V5 %
Manometer: yH + p; = pg—=+ or 9810x0.02+ p; = pg =
7HP=poo P P =P9
2
4.6 (C) Energy: K 7967 100000 =3.15
2x9.81 9810
V.2
Combine the equations: 9810x0.02=1.2 x% ~.V;=18.1m/s
2
ho=k APy R 0000 76y
29 ¥ A 7x0.04
4.7 (B) ;
7.96 _ 100,000 K =315
2x9.81 9810
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We _ V7 M Ap
7Q 29 7
4.8 (C) _
. W 16
Wp =QAp=0.040x400=16 KW = —=—+-=18.0kW
n 089
2 2
36.0+15= 4.58 +Pe i3 716 . pg =416,000 Pa
2x9.81 9810 2x9.81 -
4.9 (D) In the above energy equation we used
2
ho =Ko with V=22 92 442
29 A 7x0.2
\Y :9 :L2 =19.89 m/s
A  7x0.04
2 2
Energy—surface to entrance: Hp = V2 1Py Z,+K V2
4.10 (A) 29 7y 29
2 2
. 19.89 N 180,000 50456 19.89° _ 2014 m
2x9.81 9810 2x9.81
~Wp = 7QHp/7p =9810x0.1x 201.4/ 0.75 = 263,000 W
411 (A) After the pressure is found, that pressure is multiplied by the area of the
’ window. The pressure is relatively constant over the area.
2 2 2 2
W P Ve B 95105 (825 2D X12.787 5 heg 00 pa
29 v 29 N 2x9.81
4.12 (C)
A —F =pQ(V,-V;). 3,085,000x 7 x 0.05% — F =1000x 0.1x12.73(6.25—1)
~.F=17,500 N
4.13 (D) -F, =m(V,, —V;,) =1000x 0.01x 0.2 x50(50c0s60° —50) = —2500 N
—Fy = M(V, 5 —Vi1,) =1000x 7 x 0.02% x 60 x (40c0os 45° — 40) = 884 N
4.14 (A)
Power = F, xVg =884x20=17,700 W
Let the vehicle move to the right. The scoop then diverts the water to the right.
4I5(A) | Then, F =m(V,, —Vy,) =1000 x 0.05x 2 x 60x [60 — (~60)] = 720,000 N
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Basic Laws

4.16 b) The energy transferred to or from the system must be zero: Q —W =0

4.20 b) The conservation of mass.  d) The energy equation.

System-to-Control-Volume Transformation

. 1: 1 X S

i i-—=j=-0707(i+j) #,=0866i-05]. fig=-j

1= \/E \/EJ ( J) 2 J 3=7J
424 | Vie=Viiy =100 0707(i+]) |==7.07 mis

V,, =V, -, =10i - (0.866i —0.5]) = 8.66 m/s
Vay = V3-fiy =10i - (-j) = 0

(B-A)A =15(0.5i +0.866])- j (10x12) =15x0.866x120 =1559 cm®
4.26
Volume = 15 sin 60° x10x12 =1559 cm®

Conservation of Mass

Use Eqg. 4.4.2 with m,, representing the mass in the volume:

j n-VdA = —t+ pAV,y — pAVy

4.32

dm, .
= + —1m
i Q
. dm
Finall V. —1i1—
Yy 2.8
32 6°
AV =AN, T X - x 18 = rx — 2 ~Vo=4.5m/s
10 10

4.34 m= pAV :10007TF><18 =51 ka/s

2
Q:Av:;zl% x 18 = 0.051 m%/s
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41 500 3
AVi=p,A,V. =t==———=4433Kkg/
A= P20272 AT R T 0287 %393 om
1246 3
=—————=8317kg/
4.38 P27 0,287 x522 gm
4.433 7 x 0.05° x 600 = 8.317 7 x 0.05” V, -V, =319.8 m/s
m=p,AV, =20.89kals Q,=AV, =4712m°s Q,=2.512 m%s
_ 42
b)(2x15+15x15)3 =r=pxs ~.d,=4.478 m
4.40
a) Since the area is rectangular, V =5 m/s.
1= pAV =1000x0.08x 0.8x5 =320 kg/s Q="=0.32m%s
— P
4.42
¢) Vx0.08=10x0.04 +5x0.02+5x0.02 ~V=75mls
iit= pAV =1000x0.08x0.8x7.5 =480 kg/s ~ Q = = 0.48 m/s
Y2
If dm/dt =0, then p,A\V, = p,A,V, + p,A,V,. Intermsof m, and Q, this
4.44 becomes, letting p =, =5
1000 x 7 x 0.02% x12 = m, +1000x 0.01 .11, =5.08 kg/s
0.1
1y, =ty +m  px0.2x2x10 = {p I 10(20y —100y?)2dy + px 0.1x 2x10 |+ 1it
0
4.46 Note: We see that at y = 0.1 m the velocity u(0.1) = 10 m/s. Thus, we integrate to y =
’ 0.1, and between y = 0.1 and 0.2 the velocity u = 10:
4p = [%p+ 2p}+ m -.m =0.6667p = 0.82 kg/s
0.1
= ijdA = j 1165(1-1.42y)(y —5y?)12 x1.5dy
0
0.1
4.48 =2o,97oj (y—6.42y% +7.1y%)dy = 63.7 kg/s
0

V= gumax =§x 0.6=0.4m/s (See Prob. 4.43b)
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5 :w = 1082kg/m® .. VA=1082x0.4x(L5x0.1) = 64.9 kg/s

Thus, pVA =m since p= p(y) and V = V(y) so that pV = oV

4.50

3 3 .
2oooxfﬂxo.00153wx9000x5m: 15 x (1.5 h)
3 m* of air S

-.h=0.565m

4.52

Mi, =My, + My V, =20 m/s (see Prob. 4.43c)

20x10007 x0.02% =10 +10007 x 0.02% x V5 -V, =12.04 m/s

4.54

The control surface is close to the

interface at the instant shown.
) ) Vv . —h
Vi = interface velocity e ‘{ Vi

PeANe = BiAY,

8000

15x 7x0.152x300 = —————— 7 x1?x V,
0.287 x 673

= Vi=0.244 m/s

4.56

For an incompressible flow (low speed air flow)

0.2
fuda =A,v, [ 20y x0.8dy = 7x0.15°V,
0

Ay

20x0.8§0.26/5 _ 7x0.152V, "V, =27.3mis

4.58

Draw a control volume around the entire set-up:

0= Do v, — i

2 2
= Myissue T P7T

]hz - pr(htang)’hy

or

d? —d
4

2
Miissue = ,07T|: 2 h, + hlzhltan 2¢}
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dm
0= EWL PAN, — pAVy

e — M +1000(x x 0.0032 x 0.02—10x107° / 60)
11 =3.99x10"* kg/s

0= Z—ngqg ~p AV, —m, where m= pAh

4.62 a) 0=10007 x 0.6%h +1000x 0.6/ 60 —10007 x 0.022 x10—10

. h=0.0111m/s or 11.1 mm/s

Choose the control volume to consist of the air volume inside the tank. The
conservation of mass equation is

O=i J. pdV—+IpV-ndA
dtCV CS

Since the volume of the tank is constant, and for no flow into the tank, the
equation is

0= *L(jj—f+ PNA
4.64
Assuming air behaves as an ideal gas, p = % . At the instant of interest,

%—f = %3—? . Substituting in the conservation of mass equation, we get

1.8 kg/m?)(200 m/s) z(0.015 mY’
%z_—peve&(RT):—( gim’)( )7 ) [0.287 K]

i x 298 K
dt va 15m kg- K

dp =-14.5 kPa/s
dt

Energy Equation

W =To+pAV +,u§—uAbe|t
y

4.66
— 20x500x 277/60+400x0.4x0.5x10+1.81x10"° x100x0.5x 0.8

=1047 + 800+ 0.000724 = 1847 W
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4.68

80% of the power is used to increase the pressure while 20% increases the
internal energy (Q =0 because of the insulation). Hence

riAil =02 W
1000x0.02x 4.18AT =0.2x500 - AT =0.836°C
W :
4.70 ——-=-40x0.89  b) W; =40x0.89x(90,000/60)x9.81=523,900 W
mg
2 2
V—1+ﬂ+zlzv—2+p—2+22 I'm ‘~r:‘,«"_—""_"]‘_
29 y 2¢ 7 v,— e hy )
s N
42 42 | i
+2= +h,
2x9.81 ~ 19.62K3
0.82
4.72 2.82="""+h,
h3
Continuity: 1 x4 =h,V,  This can be solved by trial-and-error:
hy=27m: 2827281 h,=272m: 2.82 2283 h,=271m
h,=06m: 2827287 h,=0.62: 2827275 wh,=0.61m
Manometer: Position the datum at the top of the right mercury level.
2
9810x 0.4+9810z, + p, +V72><1000 =(9810x13.6)x0.4+9810x 2+ p;
» _ : py V5 Py
Divide by y =9810: 0.4+ 2z, +—%+-2=13.6x0.4+2+ 1)
4.74 y 29 y
Energy: Vi+ﬂ+z =ﬁ+ﬁ+z (2)
29 7 ‘29 gy ?
2
Subtract (1) from (2): With z, =2 m \zizlzmm V1 = 9.94 m/s
g
Q =7x107% = 7 x(0.025)%V, ~V1=3.75m/s
ot Continuity: 7 x(0.025)%V; = 7 x(0.0375)%V, ..V, =1.58 m/s
2 2 2
Energy: VPV Pa a7Vt
29 7y 29 7 29
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357° 158
19.62 19.62

5Py =414x10% + 1000{0.63 } =414.3 kPa

4.78

V; =Q/A =L82 =28.29 m/s -V =9V = 254.6 m/s
V4

x0.03

2 2 2
Vi+ﬂ=v—2+&+0.2vi
29 7y 29 vy 29
254.62 _08 28.29°2
2x981  2x981

Energy:

P, = 9810{ } = 32.1x10° Pa

4.80

2 2
a) Energy: \2/lg+&+ Z _Vy P2

29 7y
2V, =4/207, =+/2x9.81x 2.4 = 6.862 m/s

+1Z

Q=AV=0.8x1x6.862=5.49 m’/s

For the second geometry the pressure on the surface is zero but it increases with
depth. The elevation of the surface is 0.8 m:
_ Vz2

Ll et h .V, = J29(z, —h) =2 x981x 2 =6.264 m/s

-.Q=0.8x6.264 = 5.01 m*/s
Note: z, is measured from the channel bottom in the 2nd geometry.
S Zg=H+ h

4.82

2 2 2
Vo \ P, :V—z+&+z2 80,000 ,__ V3

0 +4= ~.V2=19.04 m/s
29 ¥y 290 y 9810 2x9.81

b) Q= A,V, = 7x0.09? x19.04= 0.485 m'/s

4.84

Manometer: yH +yz+p =136yH+yz+p, - L=126H+2
Y e
2 2
Energy: &+V—l:&+v—2.
y 29 7y 29
V7 -V,
Combine energy and manometer: 12.6H :%
g

df dy
Continuity:  V, :d_%vl S V2 =126Hx2g d—i—l
2 2
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d2  7(12.6Hx2g V2 ) »of H V2
LQ=Virt =S| =28 | 4 =12.35dfd5 | ———

4 4\ d}1dy-1 dy —d;

2
a) Energy from surface to outlet: \2/—2 =H .'.V22 =2gH
g

2 2
Energy from constriction to outlet: ﬂ+vi =&+V—2
4.86 y 20 y 29

Continuity:  V; =4V, With p; =p,=2450 Pa and p, = 100,000 Pa

2450 16 2gH - 100,000 1

+ x2gH = + x2gH ..H=0.663m
9810 2x9.81 9810 2x9.81

2
Energy: surface to surface: zy=z,+h.  ..30=20+ 2\2/—2
Continuity:  Vi1=4V, ..V?=160g -V, =109

160g  (~94,000)
= + +
2g 9810

4.88

Energy: surface to constriction: 30 1

~21=-404m H=404+20=604m

Velocity at exit = V, Velocity in constriction =V, Velocity in pipe =V,

2
Energy: surface to exit: \z/—ez H ~V2=2gH

g

D2

Continuity across nozzle: V,=—-V, Also, V; =4V,

4.90 d
. V2 p.
Energy: surface to constriction: H =2L+—V
g 7

4 f—
a) 5= 16x 2 x 20 x5 |+ 9,50 . p_p131m
29 0.2* 9810

M = pAV =1000x 7 x (0.025)? x 36 = 70.65 Kg/s

4.92 9% 362 N 830x1000

2x9.81 9810

W, =70.65><9.81{ }/0.85=18, 500 W or 18.5 kW =24.8 hp
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4.94

0-10.22 , ~600,000
2%9.81 9810

Wy = 2x1000x9.81{ }OB?

6
v = L304x10°W

We used V, _Q =% =10.2 m/s s =0.924
Ay 7x0.25

4.96

2

N Yy,
a) Q-Wsg =mg {ZZ—QIJF%—%JF -1 +%U2 _Tl)jl
2 N

The above is Eq. 4.5.17 with Eq. 4.5.18 and Eq. 1.7.13

_m8g  85x9.81 ~ 600x9.81 20,500

— s _ =9.92 N/m® Vo= =
RT, 0.287x293 0287T, T,

N

200° N 600,000T, 85,000 N 716.5
2x9.81 20,500 992 981

. —(~1,500,000) = 5x9.81{ T, —293)}

~T,=572K or 299°C
Be careful of units. p, =600,000 Pa ¢, =716.5J/kg-K

4.98

L V7 V7
Energy: surface to exit: —W;7r =mg 2—2—20+4.52—2
g g

V, = 15 _1326mis  mg= Qy =15%9810 =147,150 N/s

7x0.6°

-20+45

: - Wy =5390 kW
2x9.81 2x9.81

2 2
~W; x0.8 =147,150{ 13.20 13.26 }

4.100

Choose a control volume that consists of the entire system and apply
conservation of energy:
V2 V)7
HP+&+L+21=HT+&+L+ZZ+hL
ry 29 y 2
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\

7'y 2 | Carburetor
) 0.5m j
Section (1) v O
Section (2)
Pump
| I

We recognize that Hr = 0, V1 is negligible and h, = 210 V%/2g where V = Q/A
and V, =Q/ A,. Rearranging we get:

R-n, V%
H, = +=+z,-7+
P g Z-5+h

6.3x10°m?3/s 2
Vzgz( 2)=O.321 m/s = h; =210 (0.321) =11m
6,3
v, :Q: 6.3x107"°m /: 1253 m/s
A2 r(4x10%m)
Substituting the given values we get:
(95-100) kN/m? (12.53 mis)’
H, = —+05m+-——"-+1.1m=8.85m
6.660 kN/m 2(9.81m/s’)

The power input to the pump is:

Wp = 7QHplnp =(6660 Nim®}(6.3x10°° m*/s) (8.85 m)/0.75= 0.5

4.102

2 2 2
Energy: across the nozzle: &+\i :&+V—2 Vs :5—2V1 =6.25V;
y 29 7 29 2
400,000 V2 6.25%V7
s + =
9810 2x9.81 2x9.81

~Vp=458mls, V,=7.16m/s
V, =28.6 m/s
Energy: surface to exit:

2 2 2
28.6 15 458 132 7.16
2x9.81 2x9.81 2x9.81

HP +15: HP :368 m
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i = 7QHR _ 9810 x (7 x 0.012) x 28.6 % 36.8
.. P -_ —_

=3820 W
np 0.85
Energy: surface to “A”:
2 2
15110 | Pa 3, 16" 39,400 Pa

© 2x9.81 9810  2x9.81
Energy: surface to “B”:

2 2
458°  pg o, 716
2x9.81 9810  2x9.81

36.0+15= .. pg =416,000 Pa

Depth on raised section = y,. Continuity: 3x3=V,y,

. 3 i
Energy (see Eq. 4.5.21): —+3=—"=-+(04+Yy,)
29 29

2
-3.059=— S+Yp  Or  y3-3.059y5+4.128=0
29 Y3
104 raband y,=2.0: —0.1120 m
rial-and-error: = Sy, =1.85m
y,=18: +00520[ V27T
= Y, =2.22m
y,=23.  +0120[ 72
The depth that actually occurs depends on the downstream conditions. We
cannot select a “correct” answer between the two.
The average velocity at section 2 is also 8 m/s. The kinetic-energy-correction
factor for a parabola is 2 (see Example 4.9). The energy equation is:
2 72
4.106 e u S B Y
29 vy 29 vy
2 2
8 + 150,000 _ 2 8 + 110,000 +h, ~.h, =0.815m
2x9.81 9810 2x9.81 9810
0.01 2 2 4
a) V:ideAz 1 5 [ 10|1-—— |27rdr = 202 001" 001 > |=5mis
A 7x0.017 0.01 0.01 2 4x0.01
1 1 ' 2 Y
4.108 a=——5[ViA=——5— [ 10*| 1-—— | 27rdr
AV 7x0.01°x5° ¢ 0.01

2000 [0.012 3x0.01* 3x001° o.ofj

= - + - =2.00
0.012 x5\ 2 4x0.01° 6x0.01* 8x0.01°
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4.110

212
Engine power = FDwa+m[VZ 2V1 +u2—u1J

4.112

2 —6
Y _035+32x 0 <180V
2x9.81 9.81x0.02

V24144V -3434=0 .V =0235m/s and Q=7.37x10° m’s

0=2

4.114

Energy from surface to surface:
2 2 2
Hp :V—2+&+22—V————21+ KV—
29 vy 29 7y 29

Q? 2
a) H, =40+5 — 40 +50.7
) He 7%0.04% x2%x9.81 Q

Try Q=0.25: Hp =432 (energy) Hp =58 (curve)
Try Q=0.30: Hp =446 (energy) Hp =48 (curve)

Solution: Q=0.32m>/s

Momentum Equation

4.116

2 2 2
i Vs P v, =—¢ V=4V,
29 7y 29 vy (d/2)
2 2
by —4 400000 16V .V, =7.303 m/s

—+ =
2x9.81 9810 2x9.81
400,0007 x 0.032 — F =10007 x 0.03% x 7.303(4x 7.303— 7.303) . F =679 N
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2 2
AN R 1 Vorx0.012 =V, x0.006x0.15 ...V, =11.1mls
29 vy 29 7

ZFX = m(sz - le)

2 ) ,
a) Vp= %Vl =1.562 V; Vi N 400,000 _ 2441 Vy
8 2x981 9810  2x981

- V3 =23.56 m/s
S P A-F=mV, -V
400,0007 x0.052 — F = 10007 x 0.05% x 23.56(0.562x 23.56) .. F =692 N

4.118

10 Vi 400,000 _ 39.06 V4*

¢) V, ===\, =6.25V, + = -V, =4.585 m/s
) Vo=t 1 2¢g 9810 29 !

400,000 % 0.052 — F =10007 x 0.052 x 4.585(5.25x 4.585) .. F = 2275 N

2 2 2
ACH VR S o S - W )

V2:4Vl — =

29 y 29 vy 29 vy

,  2x9.81

b) V" = x400,000=53.33 .. V;=7.30m/s, V,=29.2 m/s
15x9810

4.120
piA —Fy = m(VZX _le)
~. F, = 400,000 x 0.042 +10007 x 0.04% x 7.3* = 2280 N

F, =m(V,, —V,,)=10007 x0.04% x7.3x(29.2) =1071 N

y

AV, = AV, 7x0.025% x 4 = 7(0.025% - 0.02%)V/,

2 2
Vy=1111mis PV _Po V3
y 29 y 29

11.11% — 42 P.A
4.122 -9810| =——=——" |=53,700 Pa —>
b1 [ 2x9.81 J [

pA - F=m,-Vp)

- F =53,7007 x 0.025% —10007 x 0.0257 x 4(11.11— 4)
=496 N

.

4.124 Continuity: 6V;=02V, ..V,=301;

Energy (along bottom streamline):

50

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 4 / The Integral Forms of the Fundamental Laws

29 7 g 7 .

V0 6 Vi g kﬁ F,
2x9.81 2x9.81

-V, =10.67, V;=0.36 m/s

Momentum: F -F, -F=m(V, -V,)
9810x3(6x4)—9810x0.1(0.2x4) — F =1000x (0.2x 4) x10.67(10.67 — 0.36)
. F =618,000 N (F acts to the right on the gate)

12
Use the result of Example 4.12:  y, _%[—yl +(y12 +§y1V12J ]
8

4.126
a) Y, =4x0.8=32m
1 8 1/2
32== —0.8+(0.82+ ><0.8><V12j .V, =8.86 m/s
2 9.81
Refer to Example 4.12:
Wy —y x1x 2w = pxbw| 3—2 Viys =2x3
;/Zylw yx1x2w = px 6w y (Viyy =2x3)
1
4.128 5
“ L -4=18p (yl—]
2 n
36
7 x0.052 p V2 p, V?
ViA =2V,A, Vy=15—""—"—=30m/s L4+ L1 =F2,-2
27x0.025 y 28 v 2
2 g2
SpL= 981030—15: 337,500 Pa
4.130 2x9.81
F, =1i1(Voy — Viy) prAL — F =1mi(=V})

F = plAl + mVl
— 337,500 x 0.05% +10007 x 0.05% x 15 = 4420 N

o1
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a) ZFX = m(VZx —le), _F =—mV1

v, |T
1 300
A T 1000k w005 2 M / F
v, —
)
|

4.132 .. F=300x38.2=11,460 N
b) —F =m, (V; —Vg)(cos a—1)
~F= 300x&(38.2 —-10)=6250 N
38.2
b) -F =r, (V,—Vg)(cos @—1)  —700=10007 x0.04*(V; —8)*(0.866 —1)
4.134 V, =40.24 m/s
. th= pAV; =10007 x 0.04% x 40.24 = 202 kg/s
Vg =Rw=0.5%x3.0=15m/s
4.136 —R, =m(V; —Vg)(cosa —1) =10007z x 0.025% x 40 x 25(0.5—-1) ..R, =982 N
W =10R,Vg =10x982 x15=147,300 W
—F, =m(V; —Vg)(c0s120° —1) = 47 x 0.02° x (400—180)%(-0.5-1)
~R,=365N
4.138 _
Vg =1.2x150 =180 m/s W =15x365x180 = 986,000 W
The y-component force does no work.
100sin30° =V,¢siney .
b) sy =47, V=V, ,=68.35mls
100co0s30° —40 =V, cos ey
V,sin60° = 68.35sin a, .
V,=389mis, a,=29.5
4.140 V, cos60° = 68.35c0s o, —40
—R, = 1i1(V,, — V;,) =10007 x 0.015% x 100(—38.9¢0s 60° —100c0s 30°)
R, =7500 N
. W =12V5R, =12x40x 7500 = 3.60x10° W
4.142 To find F, sum forces normal to the plate: =F, = m[M—Vm}
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a) . F =1000x0.02x 0.4 x 40[—(—40 sin 6o°)} ~11,080 N
(We have neglected friction)
IR =0=m,V, + mg(-V3) —m; x40sin30° Bernoulli: V; =V, =V,
0 = rity —titg — 0.5m1} .11y = 0.75r7i1y = 0.75x 320 = 240 Kg/s

Continuity: riyy = i1y + 113 i3 =80 kg/s

F =1i1,(V;,), =1000x0.02x0.4(40 - V;)?sin60°  F, =8(40—V7)sin?60°

4144 W = V5F, =8V(40—V;)? x0.75 = 6(1600V; —80V + V3)

STW — 6(1600-160V;; +3VZ)=0 ..V =13.33 m/s
B

F =, (V; — Vg )(Coscr —1) = 90x 0.8x 2.5x13.89 x (—13.89)(~1) = 34,700 N

4.146
(VB _ 50x1000

3600 =13.89 m/sj - W =34,700x13.89 =482,000W or 647 hp

To solve this problem, choose a control volume attached to the reverse thruster
vanes, as shown below. The momentum equation is applied to a free body
diagram.

Momentum:
_Rx = 05m[(v1,2)x + (VTS)X]_ m X(Vi’l)x

Assume the pressure in the gases
equals the atmospheric pressure

and that V1= V2 = Vis. Hence
(V1) =V,4 =800 m/s, and

4.148 (VrZ)x :(VVS)x =— ,,1><Sina
where « =20°. Then, momentum is Vi —: % R,
—R, =05m[-2V, sina]-1xV,

=1V, (sina +1)

Momentum:

=—1mV,,(sina +1)
The mass flow rate of the exhaust gases is
M = My, + My, =M, (1+1/40)=100x1.025=102.5 kg/s
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Substituting the given values we calculate the reverse thrust:

R, = (1025 kg/s)(800 mis)(1+sin 20° ) =110 kN

Note that the thrust acting on the engine is in the opposite direction to Rx, and
hence it is referred to as a reverse thrust; its purpose is to decelerate the airplane.

For this steady-state flow, we fix the boat and move the upstream air. This
provides us with the steady-state flow of Fig. 4.17. This is the same as observing
the flow while standing on the boat.

50x1000

W=FV, 20,000= Fx—pr— -~ F=1440N (V, =13.89 m/s)
4150 | Foji(v,-V;) 1440=1.237x12 xV2+Tl3'89(v2 _1389) - V,=30.6 mis
5. Q= AgVy = x1? xw = 69.9 m*/s
= _1389 o605 or 625%
vy, 2224
Fix the reference frame to the boat so that V; = 36><i =10 m/s
5
V, =72x—=20m/s
18
Lol o F=1i1(V, - V;) =10007 x (0.25)° x 10;20 (20-10) = 29.44 kN
W = FxV; = (24 kN)x10 m/s = 294.4 KW or 395 hp
1121000 7 x(0.25)2 x 2252 _ 2944 ks
02=VA =V;x2x1.0 .~ Vi=1m/s V) =2m/s .. Vi(y)=20(0.1-1v)
0.1 0.1 0 13
fluxin = 2 [ pV%dy =2 [ 1000x 207(0.1- y)?dy = 800,000~ = 267 N
4.154 0 0 3

The slope at section 1is-20 .. V,(y) =-20y+ A

COHtInUIty Alvl = AZVZ ‘72 = 2V1 = 2 m/S
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V,(0)=A _
~Vy,=A-1/2
V2 (005) = A —1
1
2= A—E nA=25 - Vo(y)=25-20y
005 (y=01253 "™ 800,000
flux out =2 j 1000(2.5—20y)?dy = 800,000 : =2-10.00153]
0 0
=408.3N ..change =408 — 267 =141 N
From the c.v. shown: (p; - pz);rro2 =1,271L
_ Ap du
Ty = =
2L dr, 7, 21r L
4.156 <
. dul _ 210x0.019 P1AY P2A
dr|, 2x9x0.001
=220 m/s/m
mtop =pAYV - ,DJ. Va(y)dA
2
=1.23 2x10x32 - [ (28+y*)10dy | =65.6 kg/s
4.158 0

2
—g = [ pV2dA+ 1y, V) — 1y V; =1.23[ (28+y®)?10dy + 65.6x 32-1.23x 20x 32
0

- F=3780 N

Momentum and Energy

4.160

V2 V7
a) Energy: 2L+ 3 = 2—2 +2,+h, See Problem 4.125(a)

2 2
8—+O.6 _ 1912 +2.51+h ~.h. =1.166 m
2x9.81 2x9.81

. losses = y A;Vih; =9810x% (0.6 x1)x8x1.166 = 54,900 W/m of width
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Moment of Momentum

om 4
° pA, 1000x4x 7 x0.004°

=19.89 m/s  Velocityinarm =V

0.3
M; = [ rx(2QxV)pd¥-= 4jnx( 20k x Vi) p Adr

C.v.

0.3
=8pAV Ok J‘ rdr =—0.36 p AV Qk

4.164 2> M =0 and % f (rxV)pd¥=0

C.v.

[ rxV)V-fipdA =03ix (0.707Vej+ 0.707V6f<) V,pA,

C.S.
The z-component of j rxV(V-n)pdA =0.3x0.707V?A,p
C.S.
Finally —(M,), =0.36pAVQ =4x0.3x0.707V2A,p Using AV = A,V,
0.36Q2=4x0.3x0.707x19.89 . Q=46.9 rad/s

m=10= pAV =10007x0.01°V, .. V,=31.8m/s
Continuity: Vo x0.01% = V2 x0.012 +V, x 0.006(r —0.05)

Vorx0.012 =V,x0.006x0.15 ..V, =11.1m/s
.V =Vy=19.1(r—0.05)V, = 42.4 - 212r

0.05 0.2

4166 M, = j 2ri x (+20k x Vyi) p Adr + j 2ri x[+2QK x (42.4— 212r)i] p Adr
0.05

0.05
= 4QV, p Ak j rdr + 4Qp Ak j (42.4r — 212¢%)dr
0.05

[42 4 (0.22 —0.05%) - 212 (0.23 —0.053)}12

= (0.05Q +0.3Q)k = 0.35Qk
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4.168

0.2 0.2
[ rix(=V,})V,px0.006dr =-11.1° x1000x0.006 | rdrk =-13.86k
0.05 0.05
.. —0.35Q0 =-13.86 . Q=239.6 rad/s
0,008

x19.89=3.18 m/s

See Problem 4.165. V, =19.89 m/s Vv 0022

0.3
M; :4J‘ rix{(—ZQkai)+[—‘Z—?k}xri}pfld1’ A=rx0.01%, A, =7 x0.004
0

03 40 03
=—8pAVQk | rdr—4pA="k | r’dr
0 dt 0

— _360AVQk —36Aé—?1§

j (rxV)_(V-R)pdA =212V2 Ak
C.S.

Thus, 360AVQ + 36A‘Z—£: = 212V2A, or ‘Z—? +31.8Q =373

The solution is Q= Ce 318 +11.73. The initial condition is Q(0)=0
- C=-1173.

Finally Q=11.731-¢1%) rad/s
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CHAPTER 5

The Differential Forms of the
Fundamental Laws

Differential Continuity Equation

m out —

. om .
o — i1, = —Sement. Thjs js expressed as
0

v, (rd0dz) - {pv, +§(pvr ) dr} (r+dr)d0dz +pv,drdz — {pva + % (pvg)dﬁ} drdz

dr 0 dr 0 dr
+pv, (r + ?j dodr - [,Ovz i (pvz)dz} (7 + ?) d0dr = E[P(V + ?j d@drdz}

Subtract terms and divide by rdédrdz:

5.2
_po, r+dr 0 10 0 r+dr/2:§ r+drl2
T (pv,) ; ae(pva) P (pv.) =P
Since dr is an infinitesimal, (r + dr)/r =1 and (r + dr/2)/r =1. Hence
op O 10 0 1
—_—+— +—— +— += =0
P pY;) 0 (pvy) p. (pv.) Py
This can be put in various forms. If p = const, it divides out
For a steady flow % =0. Then, with v=w =0, Eq. 5.2.2 yields
5.4 0 du dp
—(pu)=0 or —+u—=0
ox (pu) L dx dx
Partial derivatives are not used since there is only one independent variable.
Given: %: 0, Z—p #0. Since water can be considered to be incompressible, we
Z
. . op op
5.6 demand that Dp/Dt=0. Equation (5.2.8) then provides ua—+ wa— =0,
X 4

assuming the x-direction to be in the direction of flow. There is no variation
with y. Also, we demand that V-V =0, or
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ou  ow
—+—=0
ox o0z

5.7

We can use the ideal gas law, p:%. Then, the continuity equation (5.2.7)

% =—pV -V becomes, assuming RT to be constant

i&:—LV.V or 1%:_
RT Dt RT p Dt

V-V

5.8

a) Use cylindrical co-ordinates with vy =v, =0:

10
= =0
50

Integrate:

ro, =C S0 =

b) Use spherical coordinates with v, =, =0: ——(r*v,) =0
Integrate:

r?v, =C LU =—

5.9

(a) Since the flow is steady and incompressible then VA = constant, where the
constant is determined by using the conditions at the inlet that is,

(VA)mlet =40x1=40 m®/s. And, since the flow is inviscid, the velocity is
uniform in the channel, so %=V, Hence, at any x position within the channel

the velocity u can be calculated using u =V =40/A. Since the flow area is not
constant it is given by A = 2hw, where the vertical distance h is a function of x

and can be determined as, h=0.15x+0.5H  sybstituting, we obtain the
following expression for the velocity:
u(x) = 40 = 20 m/s
2(0.15x+05) 0.15x+0.5

(b) To determine the acceleration in the x-direction, we use (see Eq. 3.2.9)

du
a, =u— where
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du___ 3
dx  (0.15x+0.5)?
Hence, the expression for acceleration is
20 -3 —60 2
= X 5 = 3 M/s
0.15x+0.5 (0.15x+0.5)° (0.15x+0.5)

Ay

Note that the minus sign indicates deceleration of the fluid in the x-direction.

(a) Using the continuity equation a—u+@ =0, we write v = —I(a—ujdy +C.
ox 0Oy Ox

With the result from Problem 5.9: % =— 3

v
——————=——,We integrate to
ox  (0.15x+0.5) Y

find

_ 3y
)= 0 15x 1 057

and since v=0aty =0, then C=0.

5.10 (b) To determine the acceleration in the y-direction, we use (see Eq. 3.2.9)
ov ov
a,=u—+0v—
Yo ox oy
From part (a) we have
o____ 0%
ox  (0.15x+0.5)°
Substituting in the expression for acceleration we get
20 -0.9y 3y 3 -9y
a, = X + X =
Y 0.15x+05 (0.15x+0.5)° (0.15x+0.5)> (0.15x+0.5)> (0.15x+0.5)*
5.11 Dp_ -pV-V=—p a—u+@ =-2.3(200x1+400x1) = —1380 kg/m®-s
Dt ox oy
In a plane flow, u = u(x,y) and v = v(x,y). Continuity demands that
5.12 ou +@ = 0. If u =const, then ou _ 0 and hence % _ 0. Thus, we also
: ox Oy Ox oy
have v=const and Dp/Dt =0.
513 If u=C; and v=C,, the continuity equation provides, for an incompressible

flow
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% @ w_ =0 .'.@:0 so w=Cj
ox oy Oz 0z

The z-component of velocity w is also constant. We also have

The density may vary with x, y, z and t. It is not, necessarily, constant.

au ov oV
—+—=0 S A+—=0 soo(x,y) =—Ay + f(x)
5.14 ox. oy oy
But, v(x,0) =0= f(x) SLov=—Ay
au, N _, Jov_ ou (¥ +y’)5-5x(2x)  5x° -5y’
ﬂx ﬁy a oy oox (x? +y2)2 - (x? +y2)2
5y° 5x
515 | ~o(ny)- j e A 20 =0
: oy
S.0= 7 2
x“+y
From Table 5.1: 12(r L) = 1% _ —1(10+Mjsin9
r or r 06 r 72
1o, = j (10+0—'24Jsin odr + £(0) =£10r—0;4jsine+ £(0)
r r
5.16 04
0.2,(0.2,6) :(10><0.2—0—'2Jsin9+ f(O)=0 - f(6)=0
:(10—0—'24JSin9
r
From Table 5.1: li(rvr)——E% 20(1+i)cos¢9
ror o r r2
1 1
.'.rvr=J 20(1+ jcosé’dr+ f(@)——ZO(r——jcose+ £6)
5.17

0,(1,0) =—20(1-1)cosO+ f(#) =0 .. f(6) =0

v, = —20(1—%) cosd

r
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5.18

From Table 5.1, spherical coordinates: ié(rzvr) I i(z;@snn 0)
r2 or rsiné 40

i( v, )= 1 (10+4—2j23in00030
or rsing r

1
2

1?0, = j r(10+4—gj2005 odr + £(0) =(10r2 —@j cos0+ f(0)
ia r

4v,(2,0) = (10 x 2° —8—20] cosf+ f(0)=0 .. f(6)=0

( 0—%}0039

r

5.19

Continuity: i(,ou):o .'.pd—u+ud—’0:0
ox dx

3 —
_ P 120 oegs A 1597187 o isim

T RT  287x278 dx 0.1

Ao __pdu_ 1598 or0- 232 kg

dx u dx 147

5.20

U0 5[ _20(1- ex)}z—zoe‘x
ox Oy ox

Hence, in the vicinity of the x-axis:

P _ 20 and 0=20ye " +C
ay

But v=0ify=0 ..C=0

v =20ye™* =20(0.2)e > =0.541 m/s

5.21

802 a -z -z
=0 —|-20(1-e¢ =—-20¢
0z 0z [ ( )}

From Table 5.1, 1i(rvr) +
r or

Hence, in the vicinity of the z-axis:

2
1g(rvr) =20e* and rv, = L 20e2+cC
ror 2

Butov, =0ifr=0 ~.C=0

v, =10re % =10(0.2)¢ > =0.271 m/s
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The velocity is zero at the stagnation point. Hence, 0=10 —% S R=2m
- . . . Ou Ov . ou 3
The continuity equation for this plane flow is — +—=0. Using — =80x",
ox oy ox
5.22 5
we see that a—v = —80x° near the x-axis. Consequently, for small Ay,
Y
Av=-80x"Ay sothat u=-80(-3)"(0.1)=0.296 m/s
The velocity is zero at the stagnation point. Hence
0=(40/R*)-10 ..R=2m
Use continuity from Table 5.1:
120(2 \ 1270 2 20
r—ZE(T U,,) = 75(40—101’ ) = —7
Near the negative x-axis continuity provides us with
5.23
_1 i(vg sing) = 20
rsin@ o0 r
Integrate, letting =0 from the y-axis:  vysin@=-20cos@+C
Since vy =0 when € =90°, C =0. Then, with o = tan‘l% =1.909°
0y =20 cgse __20 09388.091 __20 0.0333 0667 m/s
sinéd sin88.091 0999 —
Continuity: ou +@ =0 . Av__Au_ 135-113 —220 mfs
ox 0oy Ay Ax 2x0.005 m
5.24 SLAv=v-0=-220Ay  ..v=-220x0.004=-0.88 m/s

b) a, = u% =12.6x (+220) = 2772 m/s>
X

Differential Momentum Equation

5.25

IF, =ma,. For the fluid particle occupying the volume of Fig. 5.3:

or,, d 07y, d 0Ty d
yy ay zy 4z xy ax
[TW +E7dez+(% +F7]dxdy+(r"y +F7dedz
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or ot 8
-z T dy dxdz—| 7, fy dz dxdy — Ty dx dydz
ooy 2 Yz 2 ox

+pgydx dy dz = pdx dy dzg—zt)

Dividing by dx dy dz, and adding and subtracting terms:

or,, Ot or,
Xy + yy y

x oy | oz

TPEy = Dt

Check continuity:
u_ Jv Jw _ (x% +¥%)10 —10x(2x) N (x® + y$)10-10y(2y) 0
ox Jy oz (x* +y?)? (x® +y?)?

Thus, it is a possible flow. For a frictionless flow, Euler’s Egs. 5.3.7, give with
g, =9, =0:

pu%ﬂov%:—@
Ox oy  Ox
5.26 op __, 10x 10y% —10x° L 10y  —20xy _plOO(x2+ y)y
" ox x2+y2 (x2+y2)2 x2+y2 (xz+y2)z (x2+y2)3
ov  Op
U—+ PU—=———
P T oy
dp__, lox 20wy 10y 10x° —10y° _plOO(x2+y2)y
oy x2+y2 (x2+y2)2 x2+y2 (x2+y2)2 (x2+y2)3
~  100xp - 100 3 100
~Vp= 6PJ L 5 i Yo 5= p (x1+yJ)
ax dy Py’ Py ()
Check continuity (cylindrical coord. from Table 5.1):
12(7’7)y)+18ﬁ= 10(1+ 1)cose+ﬂ(1+ 1)c059 0. ..ltisa
r or r 09 r r r r
possible flow. For Euler’s Egs. (let v = 0 in the momentum eqns of Table 5.1) in
527 cylindrical coord:

2
%:pv_e_pvra&_pv_eaﬂ:%(jﬁ_ij s|n 9 10p(1_ijco32 g(zoj
or r or r 00 r 2 r r

10’0(1+ L ]sm 9(10——8)
r r2 r
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1 0,0 ov v,y OV 100
_@:_pra_pvr 0 9 9Y9 P

—p—+—L= (1— L jsin@cose
r 00 r or r 00 r vt

2
—10p(1—i2jcosesin9(22j 103’0(1 iz] sindcosé
r r r

op : 1 6;% 200,0 s 200p . 2
S Vp=—i —-—C0s 20 sin 20
Y A Lz } X 0

5.28

Follow the steps of Problem 5.27. The components of the pressure gradient are

VoY 0o v 00
or P r " or pr 00
Lap_ oo v,
r o0 TP TP e

5.29

L P-p=- (Zé‘mj V-V

08 A5 Aah @

ds As RAa R
05 _AS _hAO .00

ot At At ot

2
_.,ﬂ:(ﬂwavj B VAL P
Dt ot 0Os

2
For steady flow, the normal acc. is [—%] the tangential acc. is V ;ﬁ
s

5.30

For a rotating reference frame (see Eq. 3.2.15), we must add the terms due to Q.
Thus, Euler’s equation becomes

DV aQ
—+20xV+Qx(Qxr)+—xr | =—Vp-—
p( Di (2xr) 0 ] P—pg

5.31

——p+2y%+ A¥~V =-210 kPa

Ty =7z =—P=-210 kPa
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Ty = ,u(%+ gf j —5x1074[32-32x192x0.0025] =8.32x10~% Pa
X

oy
T _3
Tyz =Ty, =0 ﬂ:%:&%xlo_g
Ty 210x10

8y2 16y3

ov  ou 16y 16y° _
- = o y) = I R ETE + f(x)

oy - _g - lE N C2,13/5

o(x,0)=0 .~ f(x)=0 8=C1000"° -.C=0.0318
sou(x,y) = 629yx_4/5 - 9890}/295_8/5

v(x,y) = 252y2x 5270y3 1315

5.32 ou
. =—P+2u— =-100+0=—100 kPa
ox
Tyy =Tz =—p==100 kPa
Ty = y(@ +@J =2x10°° [629x10004” 5} ~501x10° Pa
dy ox
Tz = Tyz =0
&:%Jr ui+vi+wi u=(V-Vu
Dt t ox oy 0z
&: 0 + i+vi+w 0 v=(V:-V)o
Dt t ox oy 0z
5.33
Dw _ + ui+vi+w2 w=(V-V)w
Dt t ox oy 0z
LDV _Dug, Doy DU v V(i +vj+wk) = (V- V)V
"Dt Dt Dt Dt
Follow the steps that lead to Eq. 5.3.17 and add the term due to compressible
effects:
5.34

DV 2¢, M O u o Y7080,
= e Vot pg NV +E LV ViI+ S D V.V V-Vk
Ppr - PR YT 3oy V3%
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=—Vp+pg+,uV2V+ﬁ ii+ij+ﬁf( V-V
3\ox oy oz

p% =—Vp+ pg+ V2V +%V(V V)

If u=u(y), then continuity demands that @ _ 0 ..v=C. But,aty =0 (the

lower plate),v=0 ..C=0, andv(x,y) =0

2 a—u+u%+va—u+w% ——@+ + 62”+82”+62u
.. ,0 Dt p 8t ax ay 82 ax pgx /’l axz ayz 822
5.35 2
.'.0=—@+,ua—z
ox ay
Do o %
Dt dy
Dw op op
——=0=—--2"L 1 p(- i e
Dt 3 p(=8) o, - P8

The x-component Navier-Stokes equation can be written as

%+u%+v%+w% ——@+ + 82u+82u+82u
Plor e oy 0Oz ox P3TH ox® oy® ozt

Based on the given conditions the following assumptions can be made:

One-dimensional (v=w =0) Steady state (aa—f = O)
5.36 Incompressible (o = constant) Zero pressure-gradient (% = Oj
X
Fully-developed flow (a_u = 0] A wide channel (% = Oj
OX 0z
. . e e 0%u ou
The Navier-Stokes equation takes the simplified form u—=0o0r —=0.

ayz
Integrating twice yields, u(y) = ay +b. To determine a and b we apply the
following boundary conditions: u=V;aty =0, and u=-V, aty =h. This gives
b=V, and a=—-(V;+V,)/h. The velocity distribution between the plates is
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then

V,+V.
u(y) :_(szjy"'Vl

Using the x-component Navier-Stokes equation with x being vertical and the
following assumptions:

One-dimensional (v=w=0) Steady state (%u = Oj
Incompressible (o =constant) Fully-developed flow (Z—u = OJ
X

The x-component Navier-Stokes equation reduces to

op ou

5.37 O=———pg+u—s

ox pPY+u Y.

Integrate the above differential equation twice (see Problem 5.36):
1(d
u(y) = —(—p+ pgjyz +ay+b
2u\ dx

Applying the no-slip boundary condition at both plates (see Problem 5.36) we
get

d
u(y) =i(£+pgj(y2 ~hy)

Assumptions: One-dimensional (v, = v, =0) Steady state (agtz = Oj

Incompressible (= constant) Horizontal (g, = 0)

Fully-developed flow(avZ = Oj

0z
5.38 Do _g-_1% Doy _g__1 0P
Dt p or Dt pr 06

Dv, (o ov, Y4 ov, oy op (0%, 1ov, 1 %) 0%,
—Z = + +4"Z 4y =——t | —E+- 2+ +
T ( AT P Ry ol I o % A e I /I &

2
'-.0:_@_{_# %_{_1%
oz o r or
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5.39

Assumptions:

One-dimensional flow (vy =, =0) Steady state [agtz = Oj

Incompressible (= constant) Horizontal (g, = 0)

Fully-developed flow (6802 = Oj
Z

The Navier-Stokes equation in cylindrical form provides the following equation:
2
0=-F, |00 10
0z oré v or

Rearrange the above equation and integrate:

o=_@+ﬁ£(r%j %J@(L}&
oz ror\ or or puoz\2 r

: L 1op r?
Integrating again yields: v, (r)=——| — |+C;Inr+C,
noz\ 4

Ci and C; are determined using the boundary conditions: v, =0,atr =r,, and
v, =V, atr=r. Hence

2 2
Vc:1@ N +CiInr,+C, and Ozlﬁ—p fo +CiInry+C,
noz| 4 noz| 4
Subtracting the second equation from the first yields
- LR (ep)
C - 4u o1
1 In(x/r,)

The drag force on the inner cylinder is zero when the shear stress z,, on the

ov, N ov,

inner cylinder is zero, i.e., 7,, = —=
0z or

} =0. Since v, =0, then
r=r,

0 . :
Tpy = ,u{ vz} =0. From the above expression for v, we find
r=t,

Ny
or

= ia—lori +& =0. Then G, = —i@rf. Combining with the above
r—r  2H O I 24 0z

expressions for C, we solve for V... The result is:
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V.= iZ—Z[(rlz —roz)—Zriz In(r; /7, )J

Continuity: %%(rzvr) =0 .r?u,=C Atr=n,v,=0 ..C=0
r

5.40 Urg p= erﬂt( 2:;9 COW) 0= —%ﬂ{%%(ﬂ agf j— rs::)z 9}
0=t P
rsind o¢
Assumptions:
One-dimensional flow (v, =, =0) Steady state (agtz = Oj
Incompressible (o = constant) Vertical (g, = g, =0)

Developed flow (avf = Oj
00

2
The simplified differential equation from Table 5.1is —*+-—*—-—=2=0

2 r

2
which can be re-written as %JFQ(U_QJ =0.
or or

5.41
Integrating we get: 5@& LYo - ¢
r r

The above equation can be re-written as 1ai(rve) =C;
r or

2
Integrating again yields rv, = C1%+C2 = vy = Cngr&
.

Apply the boundary conditions vy, =0atr =r;, and vy =r,@ atr =r,. We have

0=+ &2 and o= l+&2

2 2

. . wr? wrir?
Solving for C,and C, yields Cl:_zforzand C, = - 1_:2

1 0 1 0
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2 2.2
] r, orr, |1
Finally vo=| 55 T+ 5% |-
-7 o =1, )T

1 0 1

For an incompressible flow V-V = 0. Substitute Egs. 5.3.10 into Eq. 5.3.2 and
5.3.3:

&—i —p+2 %j—i_g 8_1/[ @ +i (%—F@j_'_
’Dra Yooyt oy T ox ) e e e )T
__ o 0w 0w 0w 0fou dv ow)|.
o Mo T e e T e\ o Ty T e )T

Do 0 a_u_}_@ +i —pn+2 @ +g @_{_a_w +
th 6x'u oy Ox pre z'u z Py

o
op %0  8%v 0% 6[(%{ oo ow
+—+

5.42
=——+ + + +U—| —+—+— [+
oy H— ﬂ@yz Hs ”ay ax oy azj P8y
___@+ 8_212+620+820 N
P ay M\ a2 a2 Sy
%—i (%.}.a_wj_{_i @_{_a_w +£(_ +2 a_wj_{_
Por T \a o ) oyt e ey ) e\ T e )T
__ o, Pw  Pw dw 0(ou dv ow ‘o
0z 'uaxz ,uayz 'uazz 'u&z ox 0Oy Oz P8z
 bw_ p, f[ow d'w dfw)
o e MR oy oz’ P8z
If we substitute the constitutive equations (5.3.10) into Egs. 5.3.2 and 5.3.3,,
with x = p(x,y,z) we arrive at
2 2 2,
5.43 p&z_% ng+/l 0 Ll 0 I/l+8 +28_,u@+8_,u %.}.@ a’u(%_i_é_wj
Dt o ol ayz 072 oxox oy\oy ox) 0z\oz ox
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5.44

If plane flow is only parallel to the plate, v =w =0.Continuity then demands
that ou/ox =0.The first equation of (5.3.14) simplifies to

ou 0 ou ou ol *u 82
p(?%w@%g]-%W%W[ﬁ{%z%ﬂ

u_ o
Pat H o
We assumed g to be in the y-direction, and since no forcing occurs other than
due to the motion of the plate, we let dp/ox = 0.
Tor +7T,, +T
From Egs. 5.3.10, —w:p—z—” CUCCRCCR Iy
3 3\ox oy oz
5.45
_ 2u _ 2u
Lp=p- ?+l V-V -p=—|—+4|V-V
Vorticity
(V-V)V = ui+vi+wi (ui+vj+wl§)
ox oy 0z
Vx(V-V)V = 9 ua—w+va—w+wa—w _9 u@H)a_erw@_v i
oy\ ox oy 0z ) oz\ ox oy 0z )|
o ou ou  ou) o ew ow  ow)l|s
+H—|U—+—+w— |-— | U—+o—+w— | |j
oz Ox Oy 0z) oOx\ ox Oy 0z )|
5.46

o v v v of eu ou  ou)ls
+—|u—+o—+w— |-——|u—+v—+w— | |k
| ox\ ox oy 0z) oyl oOx Oy 0z

Use the definition of vorticity: o = (a—w—@)h (a—u—a—w)j+ (@—a—u)f( :
oy 0Oz 0z Ox ox oy

ow ov,0 ,0u ow,0 ,0v oOx,0 |, > ~ =~

VWV =| () =+ () =+ (=—-2) = |(ui+vj+wk

(V) [(ay 2ot e wy ay)éz}(l vi+wk)

(V-V)o = ui+vi+wﬁ a_w_@)}Jr(a_”_a_w)jJr(@_@)l}
ox oy oz || oy Oz 0z Ox ox oy
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Expand the above, collect like terms, and compare coefficients of i, j and k.

5.47

Studying the vorticity components of Eq. 3.2.21, we see that @, =—0u/dy is the

only vorticity component of interest. The third equation of Eq. 5.3.24 then
simplifies to
Do,

== oy V2,
Dt

=V

8}/2

since changes normal to the plate are much larger than changes along the plate,
ie.,

Z Z

oy ox

ow ow
> —

5.48

If viscous effects are negligible, as they are in a short section, Eq. 5.3.25 reduces
to

Dw
Dt

that is, there is no change in vorticity (along a streamline) between sections 1
and 2. Since (see Eqg. 3.2.21), at section 1

_v_du_ 4

a)z—a
x oy

Z

we conclude that, for the lower half of the flow at section 2, Z—u =10. This
Y

means the velocity profile at section 2 is a straight line with the same slope of
the profile at section 1. Since we are neglecting viscosity, the flow can slip at
the wall with a slip velocity u,; hence, the velocity distribution at section 2 is

u,(y)=u, +10y. Continuity then allows us to calculate the profile:

VlAl = VZAZ
%(10>< 0.04)(0.04w) = (1y +10x0.02/2)(0.02w) .1y =0.3 m/s

Finally
uy(y) =0.3+10y

5.49

Da)x_a) 8u+ 8u+a) ou
=0, —

No. The first of Egs. 5.3.24 shows that W, —+ w0, —
ox Yoy 0z
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neglecting viscous effects, so that @, , which is nonzero near the snow surface,
creates w, through the term o, du/dy, since there would be a nonzero du/cy
near the tree.

Differential Energy Equation

2 2
jKVT-ﬁdA: jé V—+gz+ﬁ d—LL+I V—+gz+ﬁ+£ pV-ndA
ot\ 2 2 0
C.S. C.v. C.S.

o V2 3 V2 _p
IV-(KVT)d-\#: ja_t p—2 + pgz + pii d-\#+J‘V-pV —2 + gz +ii+— |d~
Yo,
C.V.

C.v. C.v.

2 2
5.50 '[ —KV2T+2 pv—+pgz+pﬁ +V.pV V—+gz+ﬁ+£ d¥-=0
ot 2 2 P
C.v.
o Vv? %6 p) V% op v ~
apT'i‘vpV[T"rgZ"r;J—T(— pVJ-’*pVM—O
continuity momentum
o - - Dii 2
. =KV?T + = pii+ pV-Vii=0  or —— =KV°T
att P "Dt
Divide each side by dxdydz and observe that
or| ot o ot or| _eor
5.51 O |ypgy  OXly _ o°T Ylyay Y1y _ 0T 0zlppay 02|, _ o°T
dx o’ dy o’ dz 072
Eq. 5.4.5 follows.
pRi_ ) PUi=plp) D _Dp pDp_ Db Dp pr gy
Dt Dt Dt Dt p Dt Dt Dt p
where we used the continuity equation: Dp/Dt=—-pV-V. Then Eq. 5.4.9
becomes
5.52

pD_h_%JrE[_pv.V]:KvZT_pV.V
Dt Dt p

which is simplified to pD—h _kviT+ 2P
Dt Dt
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5.53

See Eq.5.4.9: ii=cT .. pc o o O _kvor
ox oy 0

Neglect terms with velocity: pcaa—f = KV?T

5.54

The dissipation function @ involves viscous effects. For flows with extremely
large velocity gradients, it becomes quite large. Then
DT

c,—=
P i

and % is large. This leads to very high temperatures on reentry vehicles.

5.55

1 =10(1-10,0007%) - g—” __2rx10°  (r takes the place of v)
Ia

2\ %y

At the wall where 7 =0.01m,  ® =1.8x10"2x4x0.012x10%° = 72 N/m? s

2
From Eq. 5.4.17, ® = 2;1[3[8—”) }: 1 x4r? x101°

At the centerline: %=O so ®=0
r

At a point half-way: ® =1.8x107x4x0.005%x10'° =18 N/m?-s

5.56

2
(a) Momentum: Z—? = vﬁ

8y2

2
oT _ 8°T ou
Energy: pc—=K—+ 1| —
oy pelf -k y[ayj

2
(b) Momentum: p%:ﬂa_z+a_ﬂa_“
ot oyt oy oy

2

oT . d°T ou

Energy: pc—=K—+ 1| —
oy pel K y[ayj
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CHAPTER 6

Dimensional Analysis
and Similitude

FE-type Exam Review Problems: Problems 6-1 to 6-6

The dimensions on the variables are as follows:

: L L M2 ML/T?2 M L
:F V:M— —:—, d:l_, A = = y = —
WI=[FxV]=M oxm="5m [dl=L ()= 5= M=
6.1 (A) First, eliminate T by dividing W by Ap. That leaves T in the denominator so
divide by V leaving L?in the numerator. Then divide by d?.That provides
W
T = >
ApVd
V =1(d, I, g, @, ). The units on the variables on the rhs are as follows:
L _ ML
6.2 (A) [d]=L. =L [g]=—. [o]=T b=
Because mass M occurs in only one term, it cannot enter the relationship.
V,L L
6.3(A) | Ren=Re, Volm _ Yoop ~ Vi =VpL—p=12><9=108 m/s
W n
V,L L B
6.4(A) | Re,=Re, Vmlm _To=p .y :Vp—pv—m:4x10%:461 m/s
Vi Vp Lo Vp 1.31x10
2 V2
65(C) | Frn=Fr, IVm = b Vp =V, :ﬂ=2x%=0.5 m/s
m2m  Tp Fp p
From Froude’s number V,,, =V, /:ﬂ . From the dimensionless force we have:
p
6.6 (A) - . V2 |2
Fo=F, o —0—=—2FP_ - F =F,—2-L=10x25x25% =156,000 N
PVl PpVplp Vin I

7
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Introduction

a) [m]=kag/s= N-s?/m-s=N-s/m Fr
2
6.8 c) [p]=kg/m*=N-s?/m-m*=N-s*/m* .. %
e) [W]= - FL
Dimensional Analysis
L M
V:f f, y V =—, f :L, =—, [
o) V=7 [0=L [pl=T5. [ul=15
6.10 ~.Thereisone 7 —term: m ='DVT£
S = fl(yzg) =Const. .. pﬂ =C or Re=Const.
_H
L L
sz(Hygym) [V]:?, [g]z_l__zi [m]=M| [H]ZL
6.12 0
V _—
ML M
Fo= f@.6V.p) [Fp) =2 [d]=L, V]~ [u]=15 [P]=75
= FDEalVblpol, Tty = dvbzpczgaz, T3 = ﬂ£a3vb3pC3
. _ Fp _d __H
..ﬂ'l—vngz, 7[2—(, ”S_pVE
6.14 R . d u
v 0 pev
We could write —- fz(i,ﬁj or a: — =1 ( J This is
ﬂ; Ty 70, pd?V d’ pdv
equivalent to the above. Either functional form must be determined by
experimentation.
M M L
616 | = f(odypg). [M]=L [0]=25. [d]=L. [r]=—35. [A]=1 [s]=—5Se
T LT T
78
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lect d,y,g as repeating variables:
= hdalyblgcl, Ty = O'dazybzgcz, n3=p
sm=hld, 7,=clyd*, 7,=p
sohld= fl(O'/ydz, /). Note: gravity does not enter the answer.
M MI?
o= fMyD) [o]=—s, [M]=Z [y]=L [1]=I
LT T
6.18
Giventhat b=-1, = _ol_ Const. SO= Cw
yM |
L L M
V: H1 ) V = H :La =~ =
fH.gp)  [V]=g. [H]=L [g]=—5. []=73
6.20 ab ¢ P’
m=VH ¢ p"=V =Const. ..V =Const. \/¢H
1 8 \/g\/ﬁ 8
Density does not enter the expression.
Ap=f(V,d,v,L, ¢ p)
M L L2 M
Ap|l=—=, |V|==, |[d|=L, [v|==, |L|=L, [e|=L, =—
[ap]=—7. [V]= [d]=L, [V]=5 [L=L [e]=L. [o]=T5
Repeating variables: V,d, p
6.22 = ApValdblpcl, Ty =V Vazdbzpcz, Ty = I Va3db3pc3, Ty =e Va4db4pc4
. L Ap v L e
By inspection: "ﬁlzﬁ’ KZZW, ﬂgzg, TTy=—
m = fi(7my, 7 7rs) - AplpV? = f(vIVd, LId, eld)
13 2 L
Q=1(R.AeS.0). [Q]=5 [R]=L[A]=L"[e]=L.[s]-L[0]-—
There are only two basic dimensions. Choose two repeating variables, R and g.
6.24 Then
m =QR%g™ 7, = AR%g™ 71, =eR%g™ 7, =sRg™
'72'_—Q ﬁ_iﬂ'_gﬁ_s
" \/ERE‘/Z’ 27 g2 TR A
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nmy = f(my ) QGRS = £,(AIR? elR,s)

Fp=f(V,u,p,el,d) Repeating variables: V, p,d

[e]=L, [1]=1 [d]=L

ML L M M

[Fol =25 [V]-£. [u] =22 [p]- 5.

6.26 m = FpVapld® 7, = N%2p%d% go=eV®phd%, £, =1 Vg
" = ) = ) = =I
M ,oVZd2 "2 Vd "3 d "
< EplpV?2d? = f,(ulpVd,eld,I)
T=f(pu.V.D)=p"utvD? o ME_|M ML C[L]d
oV, P 2o\ BT T
M: l=a+b=a=1-b
6.28 T: -2=-b-c=>c=2-b
L: 1=-3a-b+c+d=1=-3(1-b)-b+(2-b)+d
b
- _ _ T
nd=2-b. T=p0byE0pEh) - py2p2| 2 | ang = g[Re
P u p VD 25y ¢[Re]
F, = f(V,u, p,d,er,c). Repeating variables: V, p,d
[FD]—T2 , [V]—— [1]= [p] — [dl=L, [e]=L, [r]=L, [C]——
=FV*p"d?, r, :,uVaZprdcz, my=eVep>d®,
6.30 m, =1V p%d%, 7 =cV*p>d®
Fo Y7 e r 2
=g T g BT T 75 = cd
FzD 7 L2 5 cd?
d pvd 'd'd
F =fV,c p ¢, t a). Repeating variables: V, p, ¢,
ML L L M
6.32 [FL]:T_ [V]—— [c]= T [p]=F, [{1=L, [t]=L, [a]=1

m = FVAPME, =V %0 %2, g =tV pES, = oV pPee

80
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F,=f(V, p, u, d, L, p., ®whered is the cable diameter, L the cable length,
p. the cable density, andew the vibration frequency. Repeating variables:
V, d, p. The = —terms are

Fp Vdp d P Vv
M=% 75, Np=—"—4, A3 =", Ny =", Nlg=—7
6.34 ! PV 242 2 7 A Pe > wd
We then have
P _f(Vdp 4 r ij
pVvidE o N u L e
T=9(f, o, d, H, 7, N, h, p). Repeating variables: w, d, p
ML 1
FF]=— [f ]—— [o ]=;, [dl=L, [HI=L, [[]1=L, [N]=1 [h]=L, [pl=—
T f H 1 h
6.36 ﬂl=m, V%) =;, 73 :F, Ty :E, 72'5:N, TTg :H
T H 7/ h
DL L)
pw-d o d d d
d=f(V,V, D o p u p,). Repeating variables: V;, D, p
L M
[dl=L, [V]=;, [V,-]— . [DI=L, [o]= 2, [p]—F, [ﬂ]_ [pa]——
638 | =3 5=V =9 gt P
D V pV{D pV;D Yol
d_f|V o K Pa
D Y’ WD VD' p
u=T(D, H, ¢ g, p, V). D=tubedia.,, H =head above outlet, /= tube
length.
6.40 H ' oD
: : : H
Repeating variables: D, V, =1 =—, =—, .
peating pﬂlpVDﬁZDSDMVZ
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.,u:f[H 1 gD)
N D' D V2

y, = f(V,, v;, o, ). Neglect viscous wall shear.

[y2]=L, [\/1]—— yl=L, (1= 3 [9]=

Repeating variables: V;, y;, o

6.42
b =2 Ty :g_yzl (o does not enter the problem)
1 V1
Y2 f M
- 2
Y1 V1
Similitude
~m Vmfrzn Apm pmV2 (F ) pmVZKZ
QP Vpgi App (F ) ppVP gi
6.44 T _ PoVe Tw _ pmV2£3 Qn _ PuVnla
oV T VLT Q Vil
(Q has same dimensions as W)
V,d d
a) Rep, =Re,, Y _Y6% . Vm % g
Vi Vo Vp  dp
: 2
6.46 M _ PV —izx5 My, = 1_800/5 160 kg/s
My ppaV, 5 P5
2
AP _ AV _52 - Ap, = 25Ap, = 25 600 = 15,000 kPa
APp  ppVy -
V.0 4
Re,, =Re, Vmfm _Ye%p  Vm _"e ¥m_qq assuming M =1
Vi Vo Vo Invp Vo
6.48 Vi =10V, =1000 km/hr

This velocity is much too high for a model test; it is in the compressibility
region. Thus, small-scale models of autos are not used. Full-scale wind tunnels

are common.

82
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Properties of the atmosphere at 8 km altitude: T = -37°C +273 = 236 K and
pressure = 35.7 kPa, density = 0.526 kg/m?, and viscosity = 1.527 x 107> N-s/m?

Properties of air at standard atmosphere: T = 20°C, p = 101.325 kPa, density =
1.204 kg/m?, dynamic viscosity = 1.82 x 107> N-s/m?

Use the Reynolds number to achieve dynamic similarity, (pVDj :('D\/Dj
“o) M),

6.50
D -5
and V,, =V, Pt | Zp. :200(0.526j 1.82x10 5 (Ejzlmlkm/hr
Pty )\ Dy 1.204 ){ 1.527x10™ )\ 1
To calculate the thrust apply: Z > | = 1; 5
pV°D p pV°D*)
V2D?2 2 2
Then T,=T,| 222~% |_10 0'526X10412X1S =1184 N
: VD> 1.204x 200% x1 —
\Y \Y b
Re, =Re, “min_TC0 . g _q 0 Vn_g75,1, 0
Vi Vo Vin Vp 5x10
6.52 =0.0015m=1.5mm
2
Find v,; using Fig. B.2. Then AP _ pmvfg _ 1000 2 =111
APy ppVZ 1000x09
2
Re, =Re, .- Vi'm _Yo'p Fr., = Fr —V"% _ Yo Vm_ L
. P Vi Vo P O N P 30
' 1
ﬁ:—pv—’”zs’ov—m: L .'.V—’”zi .'.vm:6.1><10‘9 m?/s Impossible!
V, L vy v, V30 v, 164 S
2 V2
Fr, = Fr, Vm _ e Vin _ [fm
Emgm gpgp p p
6.56 , ,
v, 0 V.ol 1 1 2
a) =t =—n1n =Q, 2 =2x x — =0.00632 m°/s
)QP v, On =0y v, 0 V10 10°
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b) Fo _foVm’m . p =F,—2—P =12x10x10% =12,000 N

2,2 2 42
PVmlm Vp EP

2,2 p 2 )2
Fo  ppVplh Vil

Neglect viscous effects, and account for wave (gravity) effects.

2 2
Froy =Fr .'.—Vm =—Vp .-.\ﬁz ‘m On _VYnlln
A T | e AV I

. l
058 "o, =a)pv—m—p=600x L 10-1807 rpm
Vo lm 10
2,3 V2 3
Tn _AoVln ¢ 1 Y0P _19.10%10° =120,000 N-m
P PpVptp m tm
Check the Reynolds number:
— _ -6 _ 6
Re, = Vpdp/ v, =15x 2/10™ =30x%10
This is a high-Reynolds-number flow
Re, = 2% 2_/30 =1.33x10°
6.60 10
This may be sufficiently large for similarity. If so
- 3,2 3
Win _ AnVm'm 2 L5 6310
Wp  ppVpty 157 30
W, =(2x2.15)/2.63x10"° =1633 kW
Re, = Ll(l =13.3x10°. This is a high-Reynolds-number flow.
15x10
For the wind tunnel, let Re,, =10°> =V,, x0.4/1.5x10° ..V, >3.75 m/s
For the water channel, let Re, =10° =V, x0.1/1x10° -V, >1.0m/s
6.62 Either could be selected. The more convenient facility would be chosen.

2 42
Fu  PuValw, 32  _ _.100024% 012
a 2 g2 < Fy, =3.2 7 Xx—>=416N
sz pmzvngmz sz 1.23 15 0.4
A 3,2 3 2 3 2
W — LoVl 15 X084y (15x3.2) 2% x 22~ 71100 W or 95 hp
W, p, V32 20°x10 15° "~ 0.4 —
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Mach No. is the significant parameter: M, =M

p
b) V, =V, ~ 200 /255 _186 m/s
6.64
V22 2
E,=F, p’”—g;’ 10x0.601x 20 202 = 2080 N
PVilom 2002
2 V&
a) Fr,=Fr Y _ Yo Vi _ |m
CoOm L9 Vo ly
l
G _Vnlo_ 1 10 - =2000x—L — 6320 rpm
®, Vp Ly 10 VIO ———
6.66
V, /¢ 1
b) Re,, =Re, AL R R R T
Vi Vo p Im
l
G _Yn e 00l 1 -4 =2000mpm
@, Vol 10 —_—
Vi l
Re, =Re, .. Vil - 2o V. =Vp—”=10><10=100 m/s
v, v, L,
This is too large for a water channel. Undoubtedly this is a high-Re flow. Select
a speed of 5 m/s. For this speed
6.68

5x0.1
1x1078

where we used ¢, =0.1 (¢, =1m,i.e., the dia. of the porpoise)

Re,, = =5x10°

W, = 0, (Vm/Vp)(éplfm) =1x(5/10) x10 =5 motions/s

Normalized Differential Equations

6.70

* IO * * u * 0 * X * y . .
=t =tf,u =—,v =—, x =—, y ==, Substitute in:
P b= =y v =g =y =
o, Vopu), Vﬁ(p ) _
e A

Divide by p,V' /¢
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.'.ﬁap e +i*(p*u*)+ a* (Pv)=0  Parameter = ¥
Vot ox oy v
Va :X, " :E, V=, p :L, h* :D. Euler’s equation is then
U l pU 2 l

u?pv’ VL. -
=—p—V p -pg-Vh
6.72 ¢/ Dt ‘ /

Divide by pU?/¢:

DV* =—V'p' - gf =_V'h"  Parameter = g_t;
Dt U2 u?

The only velocity component is u. Continuity then requires that ou/ox=0
(replace z with x and v, with u in the equations written using cylindrical
coordinates). The x-component Navier-Stokes equation is

ou_sou 9 ou u/g[__iap . gl azu tou, 10U 2
6t 6r r 060 X P Ox x r@r r2 02 2

This simplifies to

ou_ 1op (0% lou
6.74 ot p Ox or? 1’ ar

b) Let u = ulV, x = x/d, £ = tv/dz, p* = p/,oV2 and 7 =r/d:

war _ pViop vVt 1ouw
d? ot pd o d? o o

The normalized equation is

* * 2 * *
8u* :_Reﬁp*+6 ,sz +i*8u* where Re:ﬂ
ot ox or r or v
u*:£1 V*:l’ T*:l’ X*:ﬁ, y*zl1 V*ZZZZVZ
U U To 0 0
Cp{uzo oT” U;O oT } Koo
6.76 ox o | ¢
Divide by pc,UTy/¢:
of ,of __K o Parameter= - £ -1 1
ox oy peUl ucy, pJL - PrRe
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CHAPTER 7

Internal Flows

FE-type Exam Review Problems: Problems 7-1 to 7-12

7.1 (D)
7.2 (A)
7.3 (D) The flow in a pipe may be laminar at any Reynolds number between 2000 and
' perhaps 40,000 depending on the character of the flow.
7.4 (D) The friction factor f depends on the velocity (the Reynolds number).
7.5 (A)
2
Ap=f Lve E:%:0.0075 .. Moody's diagram gives, assuming Re >10°
D2g D 20
15 V2

f =0.034 Then 60,000 =0.034x—— -V =6.79 m/s and
7.6 (B) 0.022x9.81

Q=AV =7x0.012x6.79=0.00214 m3/s

Check the Reynolds number: Re :% =1.36x10° ..OK

£ _02 (00325  AssumeRe>3x105 Then f =0.026

D 80

2 2

7.7 (D) M sino= 1LY sinsor—0.026-1 -V =5.49 m/s

L D 29 0.08 2x9.81

Check Re: Re="> = MQ'OS =439x10°  ~OK

v 10~

L. 0.26 =0.0043 Re= 4>0.06 =3x10* .. f =0.033 from Moody's diagram

D 60 8x107°

Ap=-yf——+yAh=-9810x0.033x +9810x 20 =108,000 Pa

D 2g 0.06 2x9.81
79(A) | R=2-24_gom v=0=_902 55
P 4x4 A 0.04x0.04
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_4RV _4x001x125 __ 5 ¢ _0.046

Re —
v 1078 4R  4x10

=0.00115 .. f=0.021

L V2 40 12.5°

Ap = f—~2—=0.021x x =167 Pa
4R 2g 4x0.01" 2x9.81

7.10 (B) Viscous effects (losses) are important.

7.11 (A) A negative pressure must not exist anywhere in a water system for a community
' since a leak would suck into the system possible impurities.

Q= LAR23512 - 1 (8.2 4%0.482/3 % 0.002Y2 = 4.39 m3/s
© n 0.012
7.12 (C
where we have used R = A = 0.8x2.4 =0.48m
Pueteq 0.8+0.8+2.4
Laminar or Turbulent Flow
7.14 Re =ﬂ= vh 5 b) 1500 = v X16 -V =0.0015 m/s
v 1x10™ 1x10™
716 | Re=2_(/2x14_ 740009 ~.Very turbulent
1% 10
Entrance and Developed Flow
Lp =0.065Re Re =Q \% =&022 =0.1592 m/s
D 1% 7x0.02
7.18 a) Lp= 0.065><%XO'24><0.04 =126 m
1.31x10™
) L= 0.065><%XO'O;'>< 0.04=25.0m
0.661x10™
\Y :L%z =884 Re= M =5.3x10° .. Turbulent
7.20 7x0.03 1.007 %10~
oLy =120%0.06=7.2 m -.Developed
7.22 Lg =0.04Rexh=0.04x7700x0.012=3.7 m
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(L), =0.04x1500x0.012=0.72 m

7.24

Re VD _02:004 gy,
v10

a) If laminar, L. =0.065x Rex D = 0.065 x 8000 x 0.04 = 20.8 m

L =Lg/4=20.8/4=52m

Laminar Flow in a Pipe

In a developed flow, dh/dx = slope of the pipe and p is a linear function of x so
that dp/dx = const. Therefore, d(p + yh)/dx = const and it can be moved outside
the integral. Then

7.28
Lo} 4 2 2
2 : d(p+yh) [ 02~ ryrar = 1 : dprrh)(n 10, 2| 10 dp+yh)
4ur; dx 5 2urg dx 4 2 8u dx
1500=Y2 - Y X0'017 -V =0.0992 m/s _
v 6.61x10° /\Iih
Eq. 7.3.14: fgﬂA_:M SAh_ 8V o=anL
L L r2 L rpg
7.30 0 0
—7
a= 8‘;‘/ = 8"6'61X12 <0092 _ ) 00214 rad or 0,123
08 0.005°x9.81
Q= AV =7x0.005%x0.0992 = 7.79x10™° m%/s
021 9810(0.00015) )
Eq. 7.3.14: Q= j —(0.02y — y*)100dy
0 2x10™
3
=73,600x (0.01x0.01 — 0'21 )=0.049 m®/s
739 For a vertical pipe Ah=L. Thus

y_ P97 _ 9 _981x.012 1226x10”
8/1 8V 8V 1%

1.226x107

b) V = =0.33m/s ..Q=104x10"* m%s Re=17.8 ..laminar
0.34/917
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Neglect the effects of the entrance region and assume developed flow for the
whole length. Also, assume p,... = /h (neglect V2/2gcompared to 4 m).

o

2 2
“Ap=yh—=0 - pgh :@ Ly o8 9.81><4xo€.30025 _ 0,766 mis
7.34 0 8vL 8x1x10" x40
~Q=AV =7x0.00252x0.766 =1.5x10~° m%s
Lp= 0.065><M0_'6005x 0.005=1.2m
1x10
Re=2000=+2_Y ><0.025 SV =15mls
v 15x10"
199 8uVL 8x1.9x107°x1.5x10
Ap=E0m =2 o0 T 23 Pa
% (0.02)
Re—40,000= /2 — on'ls V=604 -V =2V =12.1m/s
v 151x10"
7.38 560
pp =YL 81810 “xB08x10 355, 1 _0065x40,000x0.1=260m
1 0.05
R> Ap+yAh R? y(-L) yR%* 9800x0.0012
8u L 8u L 8u 8x10™
Q= AV =7x0.001* x1.225=3.85x10° m*/s
7.40 VD 1225x00.02
Re=—=——_—"F-—"=2450
1% 10
It probably is not a laminar flow. Since Re > 2000 it would most likely be
turbulent. If the pipe were smooth, disturbance and vibration free, with a well-
rounded entrance it could be laminar.
1’2
a) Combine Eq. 7.3.12 and 7.3.15:  u=u,,,, [1——2]
To
2 2
742 u(r)=v=2vV|1-—| ~r’ =% and r =0.707 1,

b) From Eq. 7.3.17: 7 =Cr where C is a constant. Then z,, =Cr,
If r=7,/2, then 7,,/2=Cr and r =7,/2C =1,/2
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Re=20000=-2 = VX305 /g 44 s
v 11x10°
-3
h, :ﬂ _ 8,u\/2L _ 8x1.1x10 ><0.44;><10 00063 m
7.44 R ar 9810x (0.025) -
o= 1HAp _ (0.025) x0.0063x 9810 _ 008 Pa
2L 2x10
Ly =0.065%20,000x0.05=65m
_ 2 242
See Example 7.2: Q= _z (=ap) - _lp =i)”
2 009212
- =10 003" —0,02¢ - (00372002071 _ 5 55,10 m3s
8x1.81x107° x10 In(0.03/0.02)
-4
_ _Q_ 7.252><10 a2 s
A 7(0.03%-0.02?)
ou A R |
o =H . A | PR M
s r=n 4L |n(1’2 /7’1) n
2 092
_ 10 0. ~0.03"-0.02 y 1 — 0.0054 Pa
4x10 In(0.03/0.02) 0.02| —
2 2
From Example 7.2 u(r) =id—p r2 —r22 + 270 gL
4 dx In(n/r,) n
7’2 —7’2
As 1, =0, In(r/r,) » —o0 so that —2—2—In(r/r,) -0
In(7’1/7’2
1 dp 2 2
7.48 Thus, u(r)=-———=(r* —17) where r, =r,. SeeEq.7.3.11

4 1 dx
2_ .2 ~
As 1 >3, /R 9 .. Differentiate w.r.t ry: =20 _ —2r?
|n(1’1/1’2) 0 1/ rl

Also, Inlzln(l—l];—l, wherey =1, —r
) £] 1)
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1dp( 5, o 27 1dp| 21 1dp, 5
cu(r)=—L| P2+ Sy = = E | 2 2py+ Sy = = TE (% -
u(r) 4u dx[r 2 Ty 4 4y dx y 2y Ty Y 4y dx " ~ay)

Laminar Flow Between Parallel Plates

There is no pressure gradient ..Eq. 7.4.13 gives u = v y
a

The friction balances the weight component. %
TA
rA=Wsiné u_ Y 0.2 W

7.50 ooV
Hoy " T 00004
0.2 oo 2
a) u x1x1=40sin 20 oo =0.0274 N -s/m
0.0004
The depth of water is a/2 with the maximum velocity at the y
surface: %
a2
' =0.012

_dh_Ging Hence, u(y)z—ysme(yz—ay) : "

dx 2u

al2 . : 3 3 3
Q=- j M(yZ — ay)50dy __S0ysinofa” _a”|_254a . 4
5 2u 2u 24 8 12
25 . o 3 3
=————=x9810xsin20"x0.012° =12.1 m"/s
12x10
__tal 40.3 m/s
0.006x50
7.52
- Re Val2 _40.3x 06.006 — 241,000
v 10~ -

The assumption of laminar flow was not a good one, but we shall stay with it to
answer the remaining parts.

L, _9810xsin20° 0.012?
e 2x1073 4

J =60.4 m/s

ou
TO = U

%y

Obviously the flow would be turbulent and the above analysis would have to be
modified substantially for an actual flow.

:_7’S'n€(_a):wx&OlZ:Ml

y=0 2

92

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 7 / Internal Flows

2
124VL ., 50x002 153

a? 12x1.81x107°x 60
~.Q=AV =0.02x0.9x1.53=0.028 m®/s

Eq.7.4.17. Ap=

7.54 This is maximum since laminar flow is assumed. Check the Reynolds number:
Re — Va _1.53x0. Og _ 2030
v 51x10
This is marginally high. Care should be taken to eliminate vibrations,
disturbances, or rough walls.
Assume laminar:
12uVL s 12x9.4x1073V x0.1
Ap = - 4.2x10° = =V =93 mls
7.56 P=— (0.5x1073)?
~Q=AV =(0.0005x0.1)x93=4.6x10"2 m%/s = 4.6 L/s
1 dp U du 1dp U
—ay)+— = — a)+ u—
Y OI(y y) YT iy~ 20|(y )u
a)r —1(—20)(0 006) +1 95><10‘5L—0 ~U =18.5mls
7.58 y=0.006 = 5 ' ' 0.006 T
0.006 1 )
c) Q= —(-20 —0.006y) + dy ..U=-6.15m/s
)Q '([ [2><1.95><10‘5 =20y y) 0.006 y} y -
a) The solution for laminar flow between two parallel plates is given in
Eq. (7.4.13) as
1d U
u(y)=——(p+yh)(y*-ay)+—
W=7, o (Prr)(y —ay)+—y
For a horizontal flow dh/dx = 0, and hence the velocity profile is given by
U
Uy =5, OIX(yz—ay)+;.\/
7.60

b) To determine the pressure gradient we set u =0 aty = a/2, that is

2
o- L dp __a_ +9[2j
2u dx 2 ) a\2
Simplifying and solving for the pressure gradient we get

%:4/1U /a* =4(0.4 N-sim?)(2 m/s)/(0.01m)’ =32 kPa/m
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Note that since the pressure gradient is positive in the flow direction, it is
considered to be an adverse pressure gradient.

7.62

u _ dvg 0.2x30
vg=—y r=pu—==0I1x
a dy 0.0008

=750 Pa

T=FxR=trDxLxR=750rx0.4%x0.8x0.2=151N-m

7.64

Neglect the shear on the cylinder bottom; assume a linear velocity profile:

U 01x30
0= Y= "0001

y=3000y 7= u‘;ﬁ = 0.42x3000 =1260 Pa
y

ZT=FxR=7nDLxtxR=7rx0.2%x0.1x1260x0.1=7.9 N-m

7.66

Assume that all losses occur in the 8-m-long channel. The velocity through the
straws and screens is so low that the associated losses will be neglected. Assume
a developed flow in the channel:

_Rexv _ 7000x1.5x10~
h 0.012
12x18x107° x8.75% 8

Ap = =105 Pa
P 0.0122

1% =8.75 m/s

_Ap

Energy: Wiy =it =22 (pav) = AV
P, P

_105x1.2x0.012x8.75
0.7

189 W

Laminar Flow Between Rotating Cylinders

7.68

Use Eq. 7.5.19:

Admurfrfley  4rx0.035x0.02% x0.03% x 0.4 x (3000 277/60)

T
12— 0.032 —0.022

~T=0040N-m . W=Taw=0.04x(3000x27/60)=12.6 W

Re — on(r,—n)p _ (3000x 27/60)x0.02x (0.01)x917
7, 0.035

-.EQ. 7.5.15is OK

=1650
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7.70

2

I o
With @, =0, Eq. 7.5.15isv, = —2 zz(r—
r,—h

2 2
r, d(v 2ur’ o
1] T, = ur (ej: 2122
r drir r, —r

2,ur2 477,ur2r2L

h—n - r12

Turbulent Flow

7.72

Letu=u+u', v=v+7", w=w+w' The continuity equation becomes
ou ov ow ou ov ow'

o, — N O, _ , 0,_
—@U+u)+—@+)+— W+ )=—+—+ —F+ —+—+—
ox oy 0z ox 0y 0z Ox Oy 0Oz

Now, time-average the above equation recognizing that Z—u = Z—u and
X X

ou =ia'=o. Then,a—u+a—v+a—w:0. Substitute this back into the continuity
ox Ox ox 0y 0z

equation, so that

ou ov'  ow'
n -

+—=0
ox 0Oy 0Oz

7.74

Use the fact that iu’v’ = iu’v’. See Eq. 7.6.2. This is equivalent to

Y %y

T T
i[lju’v’dtJ = lji (u'v")dt
Ty T oy

which is obviously correct. Also
o ,, o0 ,, 0, , ,Lou o ' you  ,ou  ,ou
—UU+—UD+—UW =U _+8y+8 +U—+V —+W —
Z

ox oy 0z ox oy 0z
Time average both sides and obtain the result.
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u=2Xu;/11=162m/s v=23v;/11=-1.6 m/s uw=u-u v=v-7

t 0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

u' -01 95 56 11 11 -6 0.9 124 -95 3 5.4
u’> 001 %2 314 12 121 36 0.81 1538  90.2 9 292
7.76
v 32 38 -7 5.1 57 -44 02 83 36 66 31
0% 102 144 49 2 325 194 004 689 130 436 96
u'v' —032-361 392 56 627 264 0.2 1029 342 -198 167
W =51.2m?s?  02=261m%s?  uv =9.7 m?/s’
=t 2% 0016wl
du/dy (23 18.2)/0.03
7.78 252 _ 5125
rr NN 7
— |nléul dy =,/0.016/(23—18.2)/0.03=0.01 mor 1 cm
b) Re= 22292 _ 40,000, %: 0.0013
7.80 _ o . _
From the Moody diagram, this is in the transition zone where 6 may be near, in
magnitude, to e. The pipe is rough.
b) With Re = 40,000, e/D =0.0013 the Moody diagram gives f = 0.026. Then
Ty = %1000 0.2* =0.130 Pa u, =~+/0.130/1000 =0.01140 m/s
7.82
EQ. 7.6.17: Uy =u,| 2. 44|n—+8 5
=0. 0114(2 441n 0.1 +8.5j =0.262 m/s
0.00026 -
3
_Q_ 100 _Goms Re=YD o 82X012 g 00
A 7x(0.6) v 1.007x107°
7.84 From Table 7.1, n = 8.5. From Eq. 7.6.20
maX:(n+1)(22n+1)x 9.5x18 «6.2=7.34 mls
2n 2x8.5%
96
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Withn =7, Eq. 7.6.21 gives f :%:i =0.0204

n 49

T =1pv2f _ 1, 1000x10? x0.0204 = 1020 Pa
°8 2

Since 7 varies linearly with r and is zero at r =0
r 1020

T=17,—=—1r=20,4007
1, 0.05

— -3
7.86 T = y%‘ =103 {u 1l y_6/7} _107x12.24 617 _ o 00268y 7

max 731 ~ 7x0.057

Ty =T —Tiam = 20400000268y °'" where y+r=005
T\am (Y) is good away fromy = 0 (the wall)

7, (0.00625) =0.21, 7,,,(0.003125) =0.38
7., (0.00156) =0.68, 7,,,(0.00078) =1.24

dp 2z, _ 2x1020

—= = =-40,800 Pa/m
dx T 005 ——mMmmm
We must find u, :
_Q__ 12 >=19.63m/s Re= M =71,400
A rx0.4 2.2x10
£ 9204000325 - Moody diagram = f = 0,021
D 800
7.88 1 1
T, = s fov? = 3 x 0.021x 917 x 19.63% = 928 Pa
U, =\J7olp =/928/917 =1.006 m/s
R :1.006[2.44InM+5.7} — 24.2 mis
2.2x10
a) From a control volume of the 10-m section of pipe
7D? . 0.12x5000
790 ApT—Toﬂ'DL ..To—w—].S Pa
: 1 1
Assume n=7. Then Eq. 7.6.21 gives f = — = Ty =0.0204
n
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§ﬂg_ 8x15

FromEq.7.3.19, Vv?=—"0—-_ "=~
pf 917x0.0204

=6.41 or V =2.53m/s

Check: Re = &X%? =1381. This suggests laminar flow. Use Eq. 7.3.14:

2x1

_gAp 0.06% x5000
8uL  8x(917x2.2x107*)x10

Check: Re = % =611 OK

2.2x10

=1.12 m/s

Finally, Q = AV = 7x0.06%x1.12 =0.0127 m®/s

Turbulent Flow in Pipes and Conduits

7.92

e

2
VD _ (0.020/7x004%)x008 o o5 S0 . f-00143

a) Re=—
) % 1070
b) Eq. 7.6.26 provides f by trial-and-error. Try f = 0.0143 from Moody’s
diagram:

% =0861n(3.18x10°/0.0143)-0.8 . f =0.0146
Another iteration may be recommended but this is quite close. The value for f is
essentially the same using either method. The equations could be programmed
on a computer.
—6
a) Re =%f60'04 21000 - laminar - f =22 2 68107 4564
10 VD 0.025x0.04
5 25x0.04 0.26
c) Re:'SX—J_;:loo,ooo £ 22200065 .. f=0034
10 D
-3
y QL0507 yomys Re= YD _LAX0038_ 0 g0
A 7(0.019) v 1.14x10°
2 2
ho=f oY g 180 145 _ghg
796 D 2g 0.03819.62

a) £ 0000200068 - £-0035 h, —508x0.035-17.8m

D  0.038
o) £ 0000090 0015 . F-00245 -, —508x0.0245-124m

D 0.038
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7.98

V=%=&=4.73 mis £ =915 6001

7x0.075 D 150

2 2
wer BV oirassyy 10 4T3
28

=6.84x10° f
0.15 2x9.81

4.73x0.15

a) Re=————"-=322 .. laminar and Ap=6.84x105x6—4:1.36x105 Pa

0.0022 Re
Eq. 7.6.29 is not applicable to a laminar flow
4.73x0.15

C) Re=—————=16,300 .. f=0.029 Ap= 6.84x10° x0.029 = 20,000 Pa

0.000044

Ap =9.8x917x1.07

2
0.082 %10 0.15 4.4x10°x0.15)"
i L 4.62
0.8x0.15° | | 3.7x50 0.08

=20,700 Pa

7.100

-3
_Q_ 830" S ois Re=224%006 5 108 %:0

A 2(0032 1.31x10°°

2
- f=00167 .. Ap‘%hz}/f%‘z/—g (Recall: Ap=p, —p,, Ah=h, —h,)

90 2.94?

- Ap=9810x0. 0167W +9810x90sin 30° =550x10° Pa. =550 kPa

7.102

y-2__3 ~=9.95 m/s Re—M—S 10°
7x0.4 10°°

A
e _16_ 0.002 (using an average “e” value) .. f =0.0237
D 800 o

2 2
L Ap=y f—V——9810 0023720, 9%

2g 0.8 2x9.81

=147,000 Pa

7.104

Use Eq. 7.6.30: I, _Ap 200000564 m 2106 s
y 9810

b) Q= —0.965{

5 0.5 12 0.5
9.81x 0.04° x 20.4 In 0.046 . 3.17x107* %100
100 3.7x40 | 9.81x0.04%x20.4

=0.0033 m®/s
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7.106

Use Eq. 7.6.30: i=pQ — =204 4000104

3.7D 3.7x120

200
b) p=— = ~338ka/m® .~ h
) P=RT " 0189x313 g L

400

=——=121m
9.81x3.38

-5
po #1307 e 10 m¥s
o 338

05 0.5
0 - —0965| 2BLXOAZXI2L| o 0010y, 317238 <10 x 400
' 400 ' 0.81x0.123 x12.1

=0.0205
-1 =0.069 kg/s

7.108

LO? 475 [ 577004
Use Eq.7.6.31: e=0 D=0.66 e1-25(_Q ] +vQ%* (_j
ghL ghL

a) b, =2 20000 _504m  v=10° m¥s

9810
100 V2]
9.81x20.4 ] B

D= 0.66{106 x0.002%4 [

_ Ap 200,000
7930

c) b, =252m v=21x10"° m?/s

5.2 0.04
D= 0.66[2.1x10‘6 x0.002%4 (&J ] =0.031m

0.81x25.2

7.110

_0.4/60

2 2y2
a) V= LV 1200 (0.00849/D¢) or

=0.00849/D?, h, =f—— or 3=
D?/4 =5 2¢ b 2x9.8

T

f =680D°
Guess: f=0.02. Then the above equation gives D =0.124 m

0.551x 0._265 —_1.05%10°, e _ 0.0015
1.31x10 D

- £ =00175. Use f=0.0175and D=0.121 m
b) Use Eq. 7.6.31:

=1.2x107°

Check: V =0.551m/s, Re =

100
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2 \475 94 5.2 0.04
D = 0.66 (1_5X105)1,25£1200x(0.4/60)J +1.31x106x(%j (moj ]

9.8x3 60 9.8x3
=0.127m
2 2
Exiting K.E. = Ve = 0.892 =0.041m .. negligible
20 2x9.8
Use Eqg. 7.6.30:
L _ 80 _10® mlss, use D= 4R = 4292008 _ 5007
9810 2(0.02+0.04)
7.112 5 05 12 0.5
9.81x0.027 80 0.0015 3.17x10“x2x9810
Q=-0.965 x In + .
2 9810 3.7x27 9.81x0.027° x80
=0.000143 m®/s
b) R= A _06x12_ 0.3 m, h, =10,000x0.0015 =15 m (from energy eq.)
Pet 2.4
(e 9.8x1.2°x15 " 15 3.17x1072x10,000 )
Q =—o.965[#} In{ : +( Ak j ]:0.257 m’/s
10,000 3.7x1200 9.8x1.2°x15

Minor Losses

7.116

2
Referring to the equation Ap = —pV?An (n is in the direction

of the center of curvature), we observe that Ap is negative all Pe
along the line CB from C to B in Fig. P7.115. Hence, the &
pressure decreases from C to B with pc > ps. Using Bernoulli’s  pp

equation we see that Vg > Vc. Fluid moves from the high

pressure region at the outside of the bend toward the low

pressure region at the outside of the bend creating a secondary

flow.

7.118

a) V,=637, V,=159, p =1.78kg/m’

15.92 —63.7% , P2-50000 ., (63.7-15.9)?
2x9.81 1.78x9.81 2x9.81

Energy: 0= . p, =52,600 Pa

7.120

-3 2
V= % _ 33107 =1.6 m/s Neglect pipe friction, i.e., f%v— =0

7(0.025)? 28
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2 2 2
Energy: O:M+O—1.8+(K+O.03) 1.68
2x9.81 2x9.81

S K=11.48

Simple Piping Systems

7.122

Assume completely turbulent regime:

¢ _00% 50012 - F=00205 Re>10°
D 40

2

1% L V?

Energy: 0=—-40+ |:f_ + 2Kelbow + Kentrancej|
29 D 29
2
40 = [1+ 0.0205x 110
0.04

+2x1.0+0.5} (Assume a screwed elbow)

x 9.

3.62x0.04

.V =362m/s Re= T 1.4x10° . Tryf=0.022

V=350m/is ..Q=AV =7x0.02*x3.5=0.0044 m*/s

The EGL and HGL have sudden drops at the elbows, and a gradual slope over
the pipe length.

7.124

2 L VZ
s

Assume screwed elbows: 0= ‘2/— -2+ (Kentrame + 2K ipows + f )
8

b) Assume
V2
2x9.81

f=0.018: 2= (0.8+1+ 2><O.8+0.018ﬁ)

0.08

-V =2.06m/s

_ 2.06x0.08
1.14x1078
V=212 Q=7rx0.04>x2.12=0.011m7s

-~ Re =1.5x10° f =0.0164

7.126

Assume constant water level, neglect the velocity head at the pipe exit and let
P = 0. Then the energy equation says h; =0.8 m:

2 2
08=fF—2_ YV 55 Y
0.025 2x9.8 2x9.8

0.313x0.025
0.73x107°

or 0.8=400fV?+0.153V?

Try f=0.02. ThenV =0.319 m/s Re= =1.1x10* . f=0.029

Try f =0.029 Then V =0.262 m/s

. Q=AV =7x0.0125?x0.262 =1.28x10™* m3/s
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:ﬂz 78.1sec or 1.3 min

Finally At:% 0128

7.128

2 2 2 ’
Energy: 0-Ys _Po_yp 08Yi, g L2 Vi o 12 V)
28 71 2¢g 770.008 2¢ < 0.005 2g

ContinUity: V3 =%V2, V2 :2_:\/1

Assume fi=1,=0.02 Then energy says V; =2.09 m/s

~2.09x0.008

Check: Re; 00 =16,700 .. f=0.026 ThenV;=2.88 m/s

7.130

300 V?
0.0094 2x9.8

Assume turbulent: £ =0.04 Then V' =0.215 m/s

~0.215x0.0094
107°

Assume laminar flow with f =64/Re. Then

Energy: 0=-3+f

Check: Re =2020 .. marginally laminar

3 64x107° 300 V2
V' x0.0094 0.0094 2x9.8
~ 0.271x0.0094
- 10
The flow is neither laminar nor turbulent but may oscillate between the two. The
wall friction is too low in the laminar state so it speeds up and becomes

turbulent. The wall friction is too high in the turbulent state so it slows down
and becomes laminar, etc., etc.

=V =0.271m/s

Check: Re =2540 ..turbulent

7.132

Q 001 796 m/s Re - 7.96x0.04

A 2x0022 1.14x10°°
e 00015 4 108
D 40
- f=0.0145

=2.8x10°

=1010 m.

2
Hp =80-10+ (0.5+1.0 + 0.0145@j 7.96
2x9.81

0.04

A yQHp 9810x0.01x1010
.. WP = =
np 0.85

= 117,000 W

103

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 7 / Internal Flows

7.96° 1670-100,000

= + S L=13.0m
2x9.81 9810 -

2
+0-10+ O.5+0.0145L ﬂ
0.04 )2x9.81

7.134

2 2 2
Energy across nozzle (neglect losses): ViJrM :V—2 :%
29 9810 29 29

= =0.0009
1.007x10" D 0.05

- £=0.02

22 2
p, = &900)° —18+(O.5+0.02@j 20" _677.2m
19.62 0.05 )19.62

. yQHp 9810x (7 x(0.025)" x9.6)x677.2
.'.WP: =
7 0.75
2 B 3 2
0 96°  (2:3-100)10 _18{ L jg.e

= 0.5+0.02—
19.62 9810 0.05/19.62

—166.97 x10° W or 166.97 kW

S L=111m

7.136

%:0.0013 - £=0021 Q=0.0314V

2
Hp =20+ 0.5+1.0+0.020°% | Y= _ _20.4 170002
0.2)2g

Try Q=023m%s. (Hp)g =70m (Hp)c=70m

~ 9810x0.23x70
P 0.83

Re=15x10° -OK |

=190,000 W

7.138

¢ _009_ 500020 - F-0015 Q=7x0.08V =00201V

D 160

2
Hp :25+(0.5+2xo.4+1+0.015 >0 ) Q > = 25+8820°
0.16 ) 2¢x0.0201

Try Q=0.23m%s (Hp)g=72m (Hp)c =70 m
~ 9810x0.23x72

a) .. Wp =195,000 W
0.83 —
2 2
b)ozll'44 +-P2 —8+(0.5+0.015£J 11.44 " Pin =—81,000 Pa
2x9.81 9810 0.16 /2x9.81

2 2
c) 72 =%+&—8+(05+o.015£j 1144 ., = 625000 Pa
2x9.81 9810 0.16 ) 2x9.81
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7.140

d)
L o— |
e _165 40014 © f=0021 Q=7x06%V =113V
D 1200
2
—HT:—60+(0.8+1+0.0211000j 2Q .. Hy =60-0.77Q?
12 )1.13*x2x9.81

Wy = yQH i = 9810x (60Q —0.77Q%) x 0.9 = 530,000Q — 6800Q°
But, the characteristic curve is WT =500,000 Q (power in watts)
Hence, 500,000Q = 530,000Q — 6800Q° ..Q=2.1m%s

- Wy =1.05 MW

Open-Channel Flow

WAy =Wsing  sind=0.001

or 7, xWx1l=(wxdx1)p,gsing

7.142

7, = Pdgsin € =1000x1.8x9.81x0.001

=17.6 Pa
2/3
a) 0=10 arz3s2 = 105 06)[ 2200 ) 00012 —1.64 m¥s
n 0.012 2+2x0.6

b) Planed wood and finished concrete have the same “n” (i.e., roughness)

7.144

..Use a value for “e” which is relatively small, say e = 0.6 mm. The solution
IS not too sensitive to this choice. Then, with R =0.375m

e_¢_ 95 40004 - f-0016
D 4R 4x375
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2

b= fLVE gy 2XOBL000LX(AX037S) a0
D 2g 0.016
~Q=1.36x2x0.6=1.64 m/s [Check: Re = 1'36X$_X60'375) =2.0x10° . OK)
a) Ro22x05405x05 4 on 52 10 | 850.3252/3%0.00142 = 0.794 m¥s
1.2 +2x0.5/0.707 0.016
V:Q:%=0.934 m/s

A 0.85

b) Use an “e” for rough concrete, e = 3 mm
7.146 Al 3 00023 - f=0025
D 4x325
2

h—Lso f L VE 2 Ax0325x2x081X000L Ly g 01 e

4R 2¢ 0.025

-.Q0=1.01x0.85=0.86 m°/s
Assume >3, R0+ 20/=3)_20y-30 _10y-15
26+2(y—3) 2y+20 y+10
2/3
. 10y -1
100=-20_ 20y —30)| 2=25 ) 0.00142
0.022 y+10
2/3
10y -1
or  6.96=(2y—3)| W1 \_‘ y h/
7.148 y+10

Tryy=5 696°123 y=4: 6.96°7.36

y =38 6.966.47

y =39 6.96°691
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7.150

Tryy=06m: Q= 7 (06)] 2 LA 00011’2
= x— x
Y= 0013 2 067
—062ndls cosq=Y=2-¥=0b
2 06
~y>06m. R= A p RN
27(0.6) x & /180
A=27 (06)180 2+ (y-0.6)0.65ina o 08
Q= 0;13141{2’3 x0.0012=0.66 .. AR?'3=0.27 )

Tryy=0.63 «=87.13", A=0.6012 m?, R=0.33m. 0.28720.27
y=0.612m

Tryy=0.612: ¢ =88.85", A=0.58 m?, R=0.312 m. 0.267°0.27
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Chapter 8 / External Flows

CHAPTER 8

External Flows

FE-type Exam Review Problems: Problems 8-1 to 8-8

8.1(0)

8.2 (O

8.3 (B) Re:\Q:—O.SxO.OOS = 4880
v 1.31x10"

Assume a large Reynolds number so that Cp = 0.2. Then

8.4 (B)
F :% V2ACp :%xl.ZBX(M

2
x 7x5%%0.2=4770 N
3600

Assume a Reynolds number of 10°. Then Cp = 1.2

F=%pV2ACD .'.60=%x1.23x402x4xDx1.2 ~.D=0.0041m

8.5 (D)
Re= Vb _ % —1.64x10° .Cp=1.2 The assumption was OK
14
Re=D_ X002 500 . st_pp1- 2 fx002
v 1.6x10" \% 4
5:6(C) \Y 4 m/s
. f =42 Hz (cycles/second) distance = —=———=10.095 m/cycle
f 42 cycles/s
8.7 (C) By reducing the separated flow area, the pressure in that area increases thereby
’ reducing that part of the drag due to pressure.
From Fig. 8.12a, C; =1.1 C b
g.o.lza, (=1 L_%pVZCL
8.8 (B)

V2 2W  2x1200x9.81

= = =1088 and V =33.0 m/s
pcLC; 1.23x16x1.1
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Separated Flows

8.10

-5
Re=5=Y2 . p->x1>1107
4 20

inM\ (\\ﬂ%\&w ration inviseid—"7
f
?
viscous flow boundary layer
near sphere near surface

=3.78x10° m

separated
region

8.12

bounda
separatemr ({

regiof—— o

building < wake

—)
inviscid el

flow \TTV7———=

8.14

Re= VP _ 20xD __1355,105D

v 151x107

b) Re=13.25x10° x0.06 = 7.9x10* ~.Separated flow

8.16

Fotal = Footiom + Fiop = 20,000% 0.3x 0.3+10,000x 0.3x 0.3 = 2700 N

Foag = 2700 sin 10°=469 N

c -k 2659

SPVZA  2x1000x5°x0.3x0.3

R 469

Cp = =
P 1ov%4 14100052 x0.3x0.3

=0.417

8.18

If C, = 1.0 for a sphere, Re = 100 (see Fig. 8.8).

V' x0.1
v

=100, V=1000v

5
b) V =1000x~2210 " _ 4 798 s
0.015x1.22

~Fp :%x (0.015x1.22) x 0.798% 7 x 0.05% x1.0
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—458x10° N

8.20

The velocities associated with the two Reynolds numbers are

_Re;v 3x10°x1.5x107
D 0.0445

_Re,v  6x10%x1.5%x107
D 0.0445

The drag, between these two velocities, is reduced by a factor of 2.5, i.e.,
(Cp)yign =0-5and (Cp),,,, =0.2. Thus, between 20 m/s and 100 m/s, the drag is

reduced by a factor of 2.5. This would significantly lengthen the flight of the
ball.

Vi =101 m/s

Vs =20 m/s

low

8.22

1

4.2:EX1OOOV27TX0.12CD - V2Cp =0.267 Re =/ x0:2

0—6

= 2x10°V

Try Cp=05: . V=073m/s Re=146x10° ..OK

8.24

25x%x0.05
1.08x107°

Assume a rough cylinder (the air is highly turbulent).

a) Re, = =1.2x10° Re,=1.8x10° Rey=2.4x10°

o Fp = %x1.45x 252(0.05x10x 0.7 +0.075x15x 0.8+ 0.1x 20x 0.9) =1380 N

M= %x1.45>< 252 (0.05x10x0.7x40+0.075x15x0.8x 27.5+0.1x 20x 0.9%x10)
=25700N-m

8.26

Since the air cannot flow around the bottom, we imagine the structure to be
mirrored as shown. Then

L/D=40/5=8 ..Cp=066Cp_

 VDgin  30x2 g
Remin =, “T5aa0s v/ HY

~.Cp =1.0x0.66=0.66

.-.FD=3x1.22x302x(2+8
2 2

X 20) x0.66 = 36,000 N
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8.28

Fy +Fo =Ry 1.22><%7r(0.25)3 +%><1.22V27r(0.25)2CD - 98103%740.25)3

ne__ Vx05

—W=3.4x104v ~.1+0.153V2Cp, =820S
. X

a) $=0.005 V2Cp =20.26 Assume atmospheric turbulence, i.e., rough

Try Cp=04: V=71m/s Re=24x10° ..Cp=03 and V =8.22mis

8.30

From Table 8.2 Cp =035 [y :%xl.ZZVZ x3.2x0.35 = 0.683V'2

80x1000

2
=337 N .. W=337—"—""=7500 W or 10 hp
3600 —

a) Fp = O.GSSX(M

8.32

VD _ (40,000/3600)0.6
v 1.51x107°

Re =4.42x10°> ..Cp =0.35 from Fig. 8.8.

a) Fp, :% pV2AC =%x1.204x (40,000/3600) x 0.6 x 6x 0.35 = 93.6 N

8.34

With the deflector the drag coefficient is 0.76 rather than 0.96. The required
power, directly related to fuel consumed, is reduced by the ratio of 0.76/0.96.
The cost per year without the deflector is

Cost = (200,000/1.2) x 0.25 = $41,667
With the deflector it is

Cost = 41,667 x 0.76/0.96 = $32,986
The savings is $41,667 — 32,986 = $8,800

8.36

Fp =%pV2ACD =%><1.22><(27.8><1.6)2 x 7%0.05?x1.1=10.43 N

W = Fpx V' x2=10.43x (27.8x1.6)x2 =226 W or 1.24 hp

8.38

The net force acting up is (use absolute pressure)

Fip =27 x0.4% x121x9.8 - 05— 27 x0.4% — 20 _98-2.16 N
3 3 2.077 % 293

From a force triangle (2.16 N up and F,, to the right), we see that tana=F,/F,
a) Fp =2.16/tan80° =0.381. Assume Cp =0.2:

0.381= %xl.Zleﬂx 0.4°x0.2 ..V =250m/s
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2.5x0.8

Check Re: Re= — =

1.33x10° Too low. Use C, = 0.5:

51x10

0.381= %xl.Zleﬁx 0.4°%x05 ..V =158m/s

¢) Fp =2.16/tan60°=1.25. Assume Cp = 0.5:

1.25= %xl.Zleﬂ'xOAz x05 .~V =2.86mls
Check Re: Re= M =1.5x10° -.OK
1.51x10"

Power to move the sign:

F,V = % PVZAC, XV

= %xl.lell.ll2 x0.72x1.1x11.11=657 J/s.

aall This power comes from the engine:
657 = (12,000x1000)mx 0.3 .. m=1.825x10"* kg/s
Assuming the density of gas to be 900 kg/m®
1000
1825x 10" x 10 x 3600 x 6 x 52 x 900 x 0.30 = $683
' 1 .2 1 3
W=40><74677=FD><V=§,0V ACpxV =EpACDV
8.42 L
. 40x746%x0.9 = E><1.22>< 3x0.35V° .V =34.7 m/s or 125 km/hr
Vortex Shedding
40>@=&6 ~.D < 25x10° m
v 1.141x10°
8.44 g
10000<2 =180 . 5. 00063 mor0.63m
v 1.141x10
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st=dD_0002x2 g, VD _VX2  yeeFig.8.9
8.46 Voo v v 100
Try St=0.21: V =0.0191m/s Re=38x10° .. OK
Streamlining
Re =25x—0'1§ = 25x10° Fp, = 1 x1.225x 252 x1.0%0.8x(1.8x0.5)=82.7 N
1.5%x10” 2
3.48 The coefficient 1.0 comes from Fig. 8.8 and 0.8 from Table 8.1. We have
W =FyxV =827x25=20675W or 2.77 kW
(Cb)greamiineg =0-035 - Fp=29N W =725W or 0.72kW.=0.1hp
Re=YD _ ZXOE;S =1.6x10°  .Cp =0.45from Fig. 8.8.
v 107
L_4 5 .(C,-062x045-028
D 0.8
Because only one end is free, we double the length.
8.50
Fy :%pvacD :%x1000><22 x0.8x2x0.28 = 900 N
If streamlined, Cp =0.03x0.62 =0.0186
" Fp :%xlOOOXZZ «0.8x2x0.0186 =60 N
V =50x1000/3600 =13.9 m/s Re = m =2.8x10° ..Cp=04
1.5%x10"
We assumed a head diameter of 0.3 m and used the rough sphere curve.
8.52 1 2 1 2 2
Fp :EpV ACp :§x1.2><13.9 (7x0.3°/4)x0.4=3.3N
1 .2 1 2 2
Fp =EpV ACp =§x1.2x13.9 (7x0.32/4)x0.035= 0.29 N
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Cavitation
Cr=71 FLZ = 3 200’0200 =069 . az=3
SPVSA - 5x1000x127x0.4x10
Cp =0.0165 = fp . F,=4800 N
8.54 b 1x1000x12°x04x10
? —
Ogit =0.75> (9810X?'4+101’000) 1670 =1.43  ..no cavitation
>x1000x12%
Py =9810x5+101,000=150,000 Pa p, =1670 Pa Re= 2(1);_2'8 =16x10°
o= 1150'000 _16720 =0.74 ..Cp=Cp(0)1+0c)=0.3(1+0.74) =0.52
8.56 E><:|.OOO>< 20
1 2 1 2 2
- Fp =5pV ACp :Exlooox 20 x 7rx0.4°x0.52=52,000 N
Note: We retain 2 sig. figures since C,, is known to only 2 sig. figures.
Added Mass
SF=ma a)400-9810x 2 7x0.28 =29 1 . 4 _175 mss?
3 9.81
8.58
400 1 4

b) 400—9810><f7z><o.23 -
3 9.81

+Ex1000x§7z><0.23]a s a=1.24 m/s®

Lift and Drag on Airfoils

8.60

The total aerodynamic drag consists of both lift and drag that is:
Frow =F +Fp = [Fru|=yF2+F3 =18kN = F?+F3=(18 kN)’
which can be combined with F_=3F; to yield
OFj +F5 =324 = Fp=4/324/10 =5.69 kN
and hence, F; =3x5.69=17.1kN so
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S A 17.1x10° _ 0587
FULpv%l 1x12x611°x13x10
CL=1 FLZ = 1000X9'821 ~0496 ..a=3.2" Cp=0.0065
2PVPA  1x0.412x80° x15
8.62
W=F,V = (%x 0.412x80% x15x 0.0065}80 =10,300 W or 13.8 hp
o C =122= 1500X9'81+23000 .V =38.0m/s
: EXLOO?XV x 20
g6 | CL-122=—00 800 .y 599 mss
: E><1.22><V x 20
a) C; =1.72= 250’00029'81 SV =752mls
=x1.05xV“x60x8
8.68 2
% change = %xloo =7.77% increase

Vorticity, Velocity Potential, and Stream Function

VXV—V+(V-V)V+E—W2V}=0
ot P

Vx%:g(VxV)za—a) VXEZEVXVPZO
ot ot ot p P

Vx(V2V)=V2(VxV)=V2%e (we have interchanged derivatives)

$.70 Vx[(V-V)V]:Vx{%VVZ—Vx(VxV)}:%M—VX(wa)

=V (V6) -0 (YY) +(V-V)o—(o-V)V
=(V-V)o-(0-V)V since V-.o=V-(VxV)=0andV-V=0

There results: aa—(;)+(V-V)m—(m-V)V—vV2w =0

This is written as % =(0-V)V+ V0
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. Ow, Ow, 0w, ou ou ou 2
X-comp +u +v +w =0, —+0,—+0, —+ Vo,
0 ox oy 0z ox Yoy oz
ow ow ow ow
8.72 y-comp Yiu—"ro—Lrw—"T=-0, G av+a) P 20
ot ox oy 0z ax y@y ‘0z “
®, Ow, Ow, ow, ow ow ow
z-comp +u +0 +w =0, —+o,—+o, Ziw? w,
ot Ox oy 0z ox 7oy 0z
a) VxV= w_ov i+(%—6—w)j+ Jo_ou k=0 -.irrotational
oy Oz 0z Ox ox oy
9 _10x -g=52+ f(y)
ox
9_g =20y . f=10y*+C LetC=0
oy oy
- ¢=5x"+10y°
1,2 2\-1/2 -1/2
A oAy (T + 2x x> (x"+ 2
8.74 c)VxV_Oi+Oj+[ ! 5 yZ ;0 5 y) y] =0
X +y X +y
- Irrotational
0 X
%Zﬁ L=y + f(y)
roJxt+y
9 1,2 +y?)” 1/22y+ af =0 .. f=C LetC=0
oy 2 oy x2+y
L= 4y
u=2Y_100 .y =100y + f(x) vV _ g
ox dx
S f=-50x+C
S (X, y) =100y —50x (We usually let C =0)
8.76 p
u=29_100 - g-100x+f(y) v=20-Y _g
ox oy dy
o f=50y+C

s o(X,y) =100x +50y
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0 2 0 _
U= a?// =20x2 +y - :6—f . ¢=-40tan 1%+f(y)
y

g78 | o=2fo M O A T 502X . foC. LetC=0
oy  1+y’ix* Oy  x*+y® Oy X*+y
¢=—40tantY
X
b) Polar coord: ¢=10rcosd+5Inr? (See Eqg. 8.5.14.)
99 _10c0s0+2 1V . _10rsing+100+ £(r)
or 2 roé
199 _ _10sing=-2Y —_10sin0-9 -t =& -y =10rsing+100
roe or dr
. _ 1Y
Sw(Xy)=10y+10tan— =
X

c) v:%:% Along x-axis (y=0)v =0
oy x“+y
8.80 u :8_¢ =10+ 10x Along x-axis u :10+E
ox x2 +y2 X
Bernoulli: V—2+ +/gé P +)gz/ (assumez =z,)
2 o0

2 2
(10+10/x) +£:£+1oo,ooo - p=100— 50(2 izj KPa
2 p 2 yo,

a, = B6vldy +ugetex =0 on x-axis

e)
a, = uduldx + pouldy = (10+10/x) (—10/x2)

<4, (~2,0) = (10-5)(~10/4) = ~12.5 m/s°
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Superposition of Simple Flows

0457[ . y
=9y +——60=9rsinf+0.2250
=y 2r QHZS m;:
a) v, =£8—W=90039+0'225=0 > — -
r o0 r - \k
ALo=m 0.325=9 51, =0.025m \'\
S
8.82 Stag. pt: (-0.025,0)
¢) g=UxH=Ay  ..9H=02257 .'.H:4£0
Thickness = 2H =% m or 0.157 m
d) v,(1, 7)=9cosz + 0.225 =-825 ..u=8.25m/s
_ 27 2 2 V2 2rx 2 2 12
¢—Eln[(x+1) +y } +¥In[(x—1) +y} +2x
:lln[(x+1)2+y2}—lln[(x—l)2+y2}+2x
2 2
1 1
=2(x+1 =2(x-1
0 2 (x+1) ) (x-1) _ y ) y
u 2.2 7 3t2 2. 2 22
ox  (x+1)°+y° (x-1)°+y (x-D°+y° (x-D°+y
Along the x-axis (y = 0), v = 0 and u—i—i+2
8.84 ’ Xx+1 x-1
1 1 )
Setu=0: ————=2, or X" =2 .'.XZi\/E
x-1 x+1
Stag. pts.: (\/5,0), (—\/E,O)
1 1
u(4,0) = ——— +2=1867m/s o(-4,0)=0
—4+1 —4-1
1 -1 4 4
1(0,4) = - +2=2118m/s  0(0,4)= - =0
1+4% 1442 1+4% 1442
2z a2 22 2z s o2
8.86 ¢—Eln[(y 1) +x} +Eln[(y+l) +x} +Ux

119

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 8 / External Flows

:%In[(y—l)2 +x2}+%ln[(y+l)2+x2}+uoox

a) Stag. pts. May occur on x-axis,y =0

PR P S TV
ox y=0 1+x° l+x
- x?+0.2x+1=0 ..no stagnation points exist on the x-axis

(They do exist away from the x-axis)

h
Along the y-axis: u(y) =10 q:judyzé(bz):ﬂ m?2/s
0

h
.r=[10dy=10h - h=0314m
0

A
27

207
27

w=—60+——Inr=20+10Inr at (x,y)=(0,1) whichis (r,0)= (1 x/2).

b) v, _2 and vy = —E. From Table 5.1 (use the I.h.s. of momentum):
r

r

2 2

a, =%+U_e=vr%_v_e=3 _2 _@=_104 m/s2
Dt r or r r\ ¢?) 43

0= Dv, L0l _ 0, 0vg L) _2(10 N 2(-10) _ 0
Dt r or r  r\s? 73

R ~a(0,1) =104, or (a,,a,)= (0,~104) ms’
2 10
¢) v,(14.14, 7/4) = —=— = 0.1414, v,(14.14, 7/4) = ———— = —0.707 m/s
14.14 14.1
0 (0.0,7/2) =2 =20, (0.1 7/2) =—2 — 100 m/s
e 0.1 IR 0.1
2 2 2 2
Bemoulli: 22900, 014147 +0.707" _ p  20°+100° . ) 415760 pg
1.2 2 1.2 2 —
We used pg;, =1.2 kg/m?® at standard conditions.
8.90

r VCZ 12

b) v, :_(2_'//:_1100 sin H—ﬂsme :(—4—ijsin9=—88in6’
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2 2 2 2 .2
¢) p, = pﬂp%—p"?@:so,ooo +1000><4?—1ooo8 sin~ ¢

—X

©.p, =58-32sin’ 4 kPa

7l2 X=-1 ;

d) Drag = 2 [ (58-32sin” ) cosa x1x1der — 26x 2x1
0
-V

= 2{58—32(%]}52 =42.7kN (See the figure in Problem 8.89c)

vg =—2x20sin6— For one stag. pt.: v, =0at 6=270":
27 x0.4
0=-2x20sin 270" — d - T =2x20x27x0.4=100.5 m?/s
27 x0.4
r=2zr’0 o= L ~= 1005 ~=100rad/s (See Example 8.12)
2rrs 27 x0.4
8.92 ¢
Min. pressure occurs where |vg| ismax, i.e., d=rx /2. There
Vg =—2x20x1— 100.5 =80 m/s
27x0.4
2 2 2 2
i =422 200 500 20 199 89 1 00— 3660 Pa
2 2 2
At 9000 m, p =0.47 kg/m®
8.94
Lift = pU, 'L = 0.47x (105) x (1400) x18 = 1244 x10% N = 1244 kN
Place four sources as shown. Then, with g =27 for each: y
uey) =l X2 < |
(x=2)"+(y-2)" (x+2)"+(y-2) X
2 -2 ° |
8.96 b .
x+2)°+(y+2)° (x-2)°+(y+2)

B y-2 y+2 y-2 y+2
vl y) = (x-2)%+(y-2)° +(x—2)2+(y+2)2 +(x+2)2+(y—2)2 +(x+2)2+(y+2)2
-.v(4,3) =(0.729, 0.481) m/s
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Boundary Lavers

U,x 6x10°v
Reyji = —2L  xp= =2700
crit » T~ 0o v
8.98
b) v=£=322x10"m?/s .. x;=2700x3.22x10°=8.7x10° m or 8.7cm
Yo,
a) Use Re,;; = 3x10° = 11(())af£ ~.% =0.03m or 3cm
5 10xT
8.100 ¢) UseRe;; =3x10° = 106 X% =0.03m or 3cm
10x h
e) Re=6x10" =%°6W‘ " Xgrowtn =0.006 M or 6 mm
The x-coordinate is measured along the cylinder surface as shown in Fig. 8.19.
The pressure distribution (see solution 8.89) on the surface is
p=p, —2pUZ2 sin” & where r.a = x (« is zero at the stagnation point).
Then
810 p(x) = 20,000 — 2x1000x10? sin? (x/2)
= 20 - 200sin?(x/2) kPa
The velocity U(x) at the edge of the b.l. is U(x) on the cylinder wall:
v,(r=2)=-10sin#—-10sin 8 = -20sin(7r — ) = 20sin &
= U(x) = 20sin(x/2)
The height h above the plate is
h(x)=mx+0.4 01=mx2+04 .. m=-0.15
L 24
~h(x)=0.4-0.15x Continuity: 6x04=U(x)h ..U(x)=———— or
® v ) ® 0.4-0.15x
8.104
16
Ux)=
) 2.67—x
Euler’s Eqn: pu@ = _% @ =p 16 X 16 = 256 3
ox  ox dx 2.67—x (2_67—95)2 (2.67-x)

122

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 8 / External Flows

Von Kiarman Integral Equation

8.106

dp d ¢ df
ro——§dX+U(x)dXJ;pudy—dX£pu dy

dx

dp d ¢ du[é j ds
=5+ [ pulldy - ==| [ pudy | - — [ pu*d
dx'([pu Y dx '([puy dx;[pu

o
where we have used gdf 5 fdg {Here U=g, f= qudyJ
X
0

dp d ¢ du ¢
S Ty=—0—+— U-u)dy— p— |ud = const.
f==0" dx!pu( u)dy = p— !u v (p )

8.108

du d g
a) If dpldx =0 then == =0 and 7 = p— [u(U,, —u)dy
dx dx 0

5 5
7o = pijufo sinﬂ—y[l—sin ﬁ—yjdy = puii[—écosﬁ—y—z} = pufoi(ﬁ—éj
dxo 20 20 dx| =« 20 2], dx\ 7 2

Also, we have 7, = ﬂ@_u =pull, 2 cos0

1o 25

o, = —0137pu2 %0 - sas-115-"dx  5=479 |5
25 dx u, u,
b) 7. = =0.328ull,,
) %o 2479‘\/ H \/
-3/2
c)a—l/lzumisin 7y ,/% =Uw£sin Yy, | -2 cos %
ox ox | 2x4.79\ vx o \WJx 2 o oy

o
0.164y (U, / uw
‘-U=IUw x3’2y o{ogzgy ]dy 0.0316 chosHO 189 » ]y}dy
0

8.110

016 012

1
2 413 a _[ uz(y J(l—z——}d
7o Ip 5( jy+ Prhels 3\ s 3)Y

0/6
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o
2 y 2
+ w2l Licli-Y 2y
.[p “’(35 3)( 35 3}3/
812
_4 pUZ (0.13585) = ﬂ?’u—w 590 g H
dx o dx U,

Thus

5(x) =6.65, /LV[—X 70(x) = 0.1358 U2 (6265 /u . j = 0.451pU2 Re /2

6.65-5

% error for 6 =

=100 = 33%

% error for z, :% x 100 = 36%

The given velocity profile is that used in Example 8.13. There we found

5 =5.48Jvx/U,, =5.48v107%x/10 = 0.00173/x =0.00173+/3 = 0.003 m

Assume the streamline is outside the b.l. Continuity is then

0.003 ) )
10x0.02 = J' 10{ y Y ]dy + (7 —0.003)10
0

0.003 0.003?
8.112
=0.02+10h-0.03 ..h=0.021m or 2.1cm
O 20y 10y° 1
5y =— J 10-=2 4+ =Y |4y == (0.03-0.03+0.01) = 0.001 m
10 0.003 " 0.003 10
h-2=21-2=0.1cm or 0.001 m
The streamline moves away from the wall a distance &
3y 1y° 1 3y 14° 3.1
a)y=U,|>L-2Y | s, =—J'uw 1-2Y 28 gy =5-265+-5=03755
26 248 U, 4 26 2653 4~ 8
VX VX
8.114 From Eq. 8.6.16,5,; =0.375x 4.65 /u— =1.74 0 % error = 1.2%

] 3 3
ezi u? 3y 1y 1_51 1y dy = 0.1395
uzd” 25 25°
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5.0=0.139x4.65 — =0.648 |— % error = Mxloo =0.62%
uoo uw 0.644 -

8.116

1/2
-5
a) 5=465 |25 — 465 2210 X061 40001 m
uw 4 e
15x105 )
b) 7, =0.323pU> |—— =0.323x1.22x 4| =222 | =0.00498 Pa
xU,, 6x4

U2
¢) Drag = 1pufowal.zg YL 120w 42 x6x5x1.20| 1210 =0.299 N
2 Lu, 2 64

d)%:uw[_i%_m y }d

Ox 26° 25 |dx
3x4 3 4243 ds
=4 - 2 5 /5% 52 |y
2x4.652x1.5x10°x3" 2 4.65%x(1.5x107°x3)? |dx
-5
.'.a—u:4[—6166y+2.53x107y3}465 Lo>A0 7 1 6414 263x105°
ox \f
5
Lv= —Z—udy 6‘;1 0.0156% - 28310 4 0156 — 0.00391 m/s
X

-5
where 5,_; = 4.65, /W =0.01560 m

Laminar and Turbulent Boundary Lavers

5102 RY
8.118 y 0.0949 m 5 ST
=0.6 Pa
1 1.47x10°5 ) 1.47x107°
a) Drag == x1.225x6° x(3.6x15)| 0.074| =—————| -1060| ~—————
8.120 2 x3.6 6x3.6

=1191(4.32x10°-0.72x10°) = 4.3 N
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8.122

~ 60x1000

a) U, =———=16.67 m/s 6 =0.38x100,000
3600

0.2
5
1.5x10 j o

16.67 x10°

1.5x107°

1
16.67x10°

T0:2

0.2
puicf=%x1.22x16.672x 0.059( ] = 0.0618 Pa

b) 7, :%puicf =%x1.22x16.672 0455 =0.151 Pa

16.67x10° ’
In 0.06'7x5
1.5x10™

= |2 o351 s 10005 4gn O 04 s5-585m
1.22 0.351 1.5x107° —

Both (a) and (b) are in error; however, (b) is more accurate.

8.124

a) Use Eq. 8.6.40: ¢ = 0455 =0.00213

2
[ln (o.oagOXESSH
1.47x10"

b) 7 =1pu30c =1 12254902 x0.00213=10.52 Pa
072 U

u, = 1052 _ 2.93 m/s
1.225

5y 5x1.47x107°
VN T 2w

T

d) 0 :2.44In—2'935

+
2.93 1.47x107°

—=251x10° m

7.4 .0=0.071m

8.126

Assume flat plates with dp/dx=0. C; = 0523 =0.00163

2
[ln(o.oe 10><1§)0H
10”

.Drag = 2><%><1000><102 x10x100x0.00163 =163,000 N

To find Oy We need u, :
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%zlxmmnuﬂ 0455 =709Pa ..u, = 799 _ 266 mis
2 2 1000
10x100
In| 0.06=
10~
10 0.2665
———=2.44In +7.4 < Sax = 0.89 M
0.266 10~ -6 Zmax e

Laminar Boundary-Laver Equations

v o Oy oy u_ oy u_ O
oy ox oxdy’ ox' oy oy oyt oy
8.128 Substitute into Eq. 8.6.45 (with dp/dx =0):

oy Qv _owdy _ Oy
oy oxoy  ox oy® oy

v _ dF 6’7 -, P(n)\r U,F ()

We used Eq. 8.6.50 and Egs. 8.6.48.

=———=——{J____F) __JﬁfJF J———-apan

8.130 on ox
= - Ju,vx F' y1/ ( _3/2]
1 /Mﬂz O [T o 1 [T
2 X 2\ vx X 2 X
-5
a) 7, = 0.332x1.22x52,/ﬂ =0.0124 Pa
2x5
-5
b) 6=5 /%:M
8.132

-5
o = WMol Lipopy | o 120755 6 g605 - 0.00527 mis
e x [2 max 2

) o
dF dF
£ { dn I © dn Vllw
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-5
—u, vax [F(8)— F(0)] = 5,/% «3.28 = 0.04 m3/s/m

8.134

Atx=2m,Re=5x2/10°=10" ..Assume turbulent from the leading edge.
1z 045 5 ~ 1, 1000x52 0455 ~=32.1Pa
2 [In(0.06Re,)]” 2 [(ln 0.06><107)]

TO /32 ~0.1792 m/s
1000

0.17926
A441n
o.1792 1078

¢) Use the 1/7 the power-law equation:

a) T0:

+74 ..6=0.0248 m

0.0248 y 7 .
= 5 dy =0.109 m°/s/m
Q £ (0.0248j JT eSS

8.136

From Table 8.5 we interpolate for F'=0.5 to be

o 0503298, L Lo
0.6298 - 0.3298

157= ‘/u—w =y /;5 -.y=0.00385m or 3.85 mm
VX 1.5x10° %2
ACE ( g el 5X10 X3 (0.207) = 0.00127 ms
X
-5
r=u @+ =r"pu? 291(1.2)52«/& =0.011Pa
oy 2x5

8.138

cubic

For the Blasius profile: see Table 8.5. (This is - Blasius

only a sketch. The student is encouraged to draw
the profiles to scale.)

8.140

A: @ < 0. (favorable)
OX
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B: %;O
ox
. op
C: —>0 (unfavorable)
OX
D: P.g
OX
E: @<O
OX

y ;D
7 . C
. 7 E B
Splo T | - A
C - === ! L’ el
SB 6E 6AT T __,,;;;,:_-‘_-’_—::::‘_’__-—"
/
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Chapter 9 / Compressible Flow

CHAPTER9

Compressible Flow

Introduction

9.2

— — __P —
¢, =C,+R ¢, =ke, ¢, =——+R or cp(l——j—R
. Rk
P k-1

Speed of Sound

Substitute Eq. 4.5.18 into Eq. 4.5.17 and neglect potential energy change:

- 2 2
Q .Ws _ Vy Wi y P2 P
m 2 P2 P

Uy =1y

Enthalpy is defined in Thermodynamics as h=u +pv=1u+p / p. Therefore

- 2 2
e
! 2
9.4 Assume the fluid is an ideal gas with constant specific heat so that Al =c,AT.
' Then
)-Ws  VF-V?
Q-Ws Vi W +c, (T, - 1)
m
Next, let ¢, =c, +R and k=c,/c, sothat c,/R=k/(k-1). Then, with the
ideal gas law p = pRT, the first law takes the form
Q—WS _ V22—V12 N k P2 N
1 2 k=1\p, p
The speed of sound is given by
c=./dpldp
9.6

For an isothermal process TR = p/p = K, where K is a constant. This can be
differentiated: dp = Kdp= RTdp. Hence, the speed of sound is c=+/RT.
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For water Bulk modulus :pj—P =2110%10° Pa
yo)

9.8
6
Since p =1000 kg/m?, we see that ¢ = ap =,/m =1453 m/s
dp 1000
Since ¢ = 1450 m/s for the small wave, the time increment is
9.10
At:é— 10 =0.0069 s
¢ 1450
9.12 c=vkRT =1.4x287x263=325m/s ..d=ct=256x1.21=393 m
. 1 ¢
c=+14%x287x263=256m/s sing=—=—
M V
sinae=0.256 ..tana =0.2648 = @ S L=3776m
9.14
V
3776 3.776 s B S a_—"—7*>
1000 1000 mI
!= >
L
Eq.924: AV =_2P___ 4P 03 ~-0.35m/s
pC P~ kRT 1 225+/1.4x 287 x 288
Energy EQ:
V2 V +AV)? AV,
9.16 7+cpT:%+cp(T+AT) .'.O:VAV+(72Z+CPAT

—cAV  —J1.4x287x288 m/s(-0.35 m/s)
c 1005 (N-m)/(kg - K)

SAT = =0.012K

p

Use N=kg-m-s~? (Units can be a pain!)
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Isentropic Flow

a) Ps = Pam +10=69.9+10 =79.9 kPa abs

—> V=0
p, =69.9 kPa abs 1 SN
From1l —>s:
9.18 2 1k 114
W, h_ b, p{&J - 0.906(@J = 0.997 kg/m?
2. /Py n 69.9
2
Vi, 0990079900 V=773 m/s
2 0906 0.997 -
Is p, <0.5283p,?  0.5283x200=105.7 kPa
a) p, <0.5283p, ..chokedflow ..M,=1 .~ VZ=kRT, p,=105.7 kPa
1000 298 = Mﬂooon. ~.T,=248.1K, V,=315.8m/s.
105.7 3 . 2
P, =————————=1484 kg/m® .. 1i1=1.484x 7x0.01% x315.8 = 0.1473 kg/s
9.20 0.287x248.1 e
2 1.4
b) p, >0.5283p, ..M, <1 1000x 298 = Ve, 1:4, 130,000 130 :( Pe j
2 04 p, 200 | 2.338
200 3
=————=2338 .. p,=1.7187 kg/m” .. V,=257.9m/s
0= 0,287 298 Pe J ‘
-1 =1.7187x 7x0.01> x257.9 = 0.1393 Kkg/s
a) p, <05283p, ~M,=1 ..p,=05283x200=105.7 kPa T,=0.8333x298=248.3K
Pp = 1057 43 kg/m®  V, =1.4x287x248.3 =315.9 m/s
0.287x248.3
111 =1.483% 7x0.012 x315.9 = 0.1472 kg/s
9.22

b) p, >05283p, ..p,=130kPa, ££=065 - M, =081, T,=0.884T,
Po

130

== —1.719 kg/m®, V, =0.81y/1.4x 287 x263.4 = 263.5 m/s
0.287x263.4

Pe

i1 =1.719x 7x0.012 x 263.5 = 0.1423 ka/s
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p, =05283x400=211.3kPaabs T, =0.8333x303=252.5 K

9.24 .
V,=+1.4x287x2525=3185m/s ..ri1= &ﬁ x 0.052 x318.5=7.29 kals
0.287x252.5 —_—

p, =05283p, =101.3kPa ..p,=192kPa T, =0.8333x280 =233.3K

V, =+/1.4x 287 x 233.3 = 306.2 m/s
9.26 i1 =[101.3x10%/(287x 233.3)] x 7 x (0.3)> x306.2 =1.31 kg/s
Po =2x192 p, =0.5283 p, =203 kPa, T, =233.3K, V,=306.2m/s

i1 =[203x10°/(287 % 233.3)] x 7 x (0.03)% x 306.2 = 2.62 Kg/s

5193x 300 = 1'667X22077 Le 151037, ~T,=225K -p, = 200(%

= 97.45 kPa abs
Next, T, =225 K, p, =97.45 kPa; .. V, = \/1.667>< 2077 x 225 =882.6 m/s

j1.667/0.667

P __ I8 2085 kgim?  0.2085x7x0 .032x882.6 = p,wx0.075V,
2.077x 225
9.28 ) .
5193x 300 = V—e+ﬂ& Do = 200( Pe j :1330pel.667 kPa
2 0.667 p, 200/2.077x300
V2

= =5 -+3324x 10% x 9,547,067

or 3.116x10° = V? + 63 420x10°V, ®%®"  Trial-and-error: V, =91.8 m/s

. po =0.3203 kg/m® and p, =199.4 kPa abs

We need to determine the Mach number at the exit. Since the M = 1 at the
throat, then A™ = Ao =9.7 M2 . Hence, the area ratio at the exit is

Ae/A* =13/9.7 =1.34. Using the air tables, we find two possible solutions, one

for subsonic flow, and the other for supersonic flow in the diverging section of
9.30 the nozzle. At the exit:

Subsonic Flow:= M, =0.5, T, /T, =0.9524, and p, /p, = 0.8430

Hence, V,=M,c, =M, /kRT, = 0.5\/1.4>< 287(0.9524x 295) =168 m/s
Supersonic Flow:= M, =1.76, T, /T, =0.6175, and p,/p, = 0.1850.
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Hence, V, =M,c, = M,JkRT, =1.76,/1.4x 287 (0.6175x 295) = 476 m/s

o =py/ RT; = (310+101.3)10%/(287 x 289) = 4.96 kg/m®

1/1.4
351.3 3
=406 /= =4.43 kg/m
P2 (411.3] J
9.32 V;x4.96x(0.1)% =V, x4.43x(0.05) ..V,=4.48V,
V2 14 411.3x10° 4.48°V72 1.4 351.3x10°
L2y = L 22 2P 2 v, =365 m/s
2 04 496 2 04 443
- 1i1=4.967 x (0.05)? x36.5 =1.42 kg/s
VZ =kRy 1000x293= Mﬂooon ~T,=2440K V,=313.1m/s
1.4/0.4
~.p; =500 244 —2635kPaabs .. p, = __ 2035 _ 3763 kg/m?
293 0.287 x 244
2
1000x203=Ye 14 Pe 3763, 40,0252 x313.1= 7 x 0.075%,
9.34 0.4 p,
P. _ 263,500
ot 3.763%
V2
293,000 = 76+1.014><1o6 Vv, %4, Trial-and-error: V, = 22.2 m/s, 659 m/s
- p, =5.897, 0.1987 kg/m® .. p, = 494.2 kPa, 4.29 kPa abs
M, =1 ..p, =0.5283x830=438.5kPa, T, =0.8333x289=241K
- p, = 6.34 kg/m?®
rd?
1 =14.6 = 6.34Tt«/1.4x 287x241 .d, =0.097 m
9.36
P g =0.125 ..M, =2014, T, =0.552x289 =160 K, V, = 2.014+/1.4x 287 x160
Po
=253 m/s
2 2
% 1708 7% :1.708% ~d,=0.127m
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Using compressible flow tables for air, we determine the pressure ratio and
temperature ratio for M = 2.8 to be:

P_ 0.03685, and '-II'-_: 0.3894 .. p=0.03685x p, =129 kPaabs
Po

9.38 0
and T =0.3894xT, =125 K
-V =Mc = 2.8VkRT =2.81.4x287x320 =1004 m/s
. 150
Let M, =1. Neglect viscous effects. M; = =0.430
V1.4% 287 x 303
9.40 , ,
S A 15007 A=A _7X008 _xdl 00816 m or 8.16cm
A 15007 15007 4
Isentropic flow. Since k = 1.4 for nitrogen, / _
the isentropic flow table may be used. Ve=0
i. b .t M < 1 [ ]
e
AtM=3 A _1235 Mm
A
100 3
V, =3J1.4x297x373 =1181 m/s p, = —————— =0.9027 kg/m
0.297 x373
9.42
A=t 0 _go0e3gm? A, = 299938600001 m?
PV, 0.9027x1181 4.235
At M =3, T=0.3571T,, p=0.02722 p,
“Ty=T, _ 38 _joaak or 772°C Do = 100 _ p, = 3670 kPa abs
0.3571 0.02722
Assume p, =101 kPa. Then p, = __ o 0.4198 kg/m®
Pe = e T 0 180X 1273
>4 80,000x9.81
F=mV =pAv? ZEX900 _041087x0.252V2 -V =1260 mis
A,
M, =1 v 4, - Mg =294, p, =0.02980 p,
T, =0.3665 T, = 0.3665x 300 =110.0 K, F
9.46 . v,
P, =100=0.0298p, ..p,=3356 kPaabs Pofo —> —

-V, = 2.941.4x 287 x109.95 = 618 /s ‘m
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-100

— 7x0.05°x618% + 3,356,000 x0.2% = 412,000 N
0.287 x109.95 E—

Fg=

Normal Shock

a) 0.9850x1000 = p,V, 80,000 p, = 0.985x1000(V, —1000)

80

VZ -1000° LL14(pa
0.287 x 283

—287%x283 =0 =
2 0.4\ p, J (,01

=0.9850 kg/m?’j

2 2
Yy 10007, 14, V5 985V, +1,065,000) - 284,300 = 0
2 2 04 985

9.48 ~.3V7 -3784V, +784300=0 .. V,=261m/s p,=3.774 kg/m®
Substitute in and find p, =808 kPa abs

1= 1000 =2.966 T, ___ 88 746K or 473°C
V1.4x 287 x 283 0.287x3.774
,= 261 =0.477
J1.4x287x746
2 2012 2
pz pz Tl Zle —k+1 (k+l) Ml _ (k+1)M1
A nl k+l [1 klel}mle 2k +2] 2+ (k-)Mf
M? _k+lp, k-1 (This is Eq. 9.4.12). Substitute into above:
2k p 2k
(k+l){(k+l)pz+(k—1)} (k+1){(k+1)pz+k—l}
9.50 P2 _ P1 _ P1
P1

4k+(k—1){(k+1)7"2+(k—1)} (k+1)?+ (k- (k+1) P2

1 1

For a strong schock in which Py >>1, P2 _ k+1
Py A k-1

If M, =05, then M; =2.645 ..V, =2.6451.4x287x293 =908 m/s

p, =8.00x200=1600 kPa abs p, = 1600 .33 kg/m®

0.287x (2.285x293)

9.52
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9.54

p, =0.2615x101=26.4 kPa T;=223.3K M, =1000/~/1.4x287x223.3=3.34
M, =0.4578 p, =12.85x26.4=339 kPa T, =3.101x223.3=692.5 K

For isentropic flow from 2 — 0: For M = 0.458, p = 0.866p, and

T=0960T, ..py=339/0.866=391kPaabs T,=692.5/0.96=721K or 448°C

9.56

A 101
—=4 ..M, =0.147 =0.985 s po =———=102.5 kPa abs
A e Pe Po Po 0985 — o2 adls

M, =1 p, =0.5283x102.5=54.15kPa T, =0.8333x 298 = 248.3K

54.15
0.287x248.3

py = =0.7599 kg/m®  V, =+/1.4x287x248.3 =315.9 m/s
o 1i1=0.7599 % 7 x 0.025% x 315.9 = 0.471 kg/s. If throat area is reduced, M,

remains at 1, p, =0.7599 kg/m3 and 71 = 0.7599 x 77 x 0.02% x 315.9 = 0.302 ka/s

9.58

p. =100.3 kPa = p, % =4 .M;=294, andp,/p; =9.918

_1003 _ 1611 kpa AtM, =294, p/py=0.0298 .. pp =ik

‘P17 5018 0.0298
M, =1 p, =05283x393.3=179.2 kPa T, = 0.8333x 290 = 242 K

=V =+1.4%x287%x242 =312 mls

M, =2.94, p, =10.11kPa T, =0.3665x 290 =106.3 K

=339.3 kPa

-V, = 2.94\1.4x 287x106.3 = 607.6 m/s
M, =0.4788, p, =100.3kPa T, =T, = 2.609x106.3 = 277.3

.V, =0.47881.4x 287x 277.3 =160 m/s

Vapor Flow

9.60

655 0.3/1.3
p, =0.546 py = 0.546x1200 = 655 kPa T, = 673[%j =585 K

655

= _242kg/m® V,=1.3x462x585=593m/s (M, =1)
0.462x 585

P

7 xd?

m=pAV, 4=242x x593 ..d,=0.060m or 6cm
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0.3/1.3
T, = 673(ﬂj =3802K ..p 01 _ 575 kg/m?

1200 ¢~ 0.462x380.2

2
V7e+1872><380.2 =1872x673 (Energy from 0> ) (c, =1872 J/kg-K)

.V, =1050 m/s ..4=0575(rd?/4)x1050 ..d,=0.092 m or 9.2cm

9.62

546 0.3/1.3
M, =1, p, =0.546x1000=546 kPa T, = 643(mj ~559 K

3
. P, _ 4607 5 11 kgim? V, =+/1.3x462x559 =579 m/s
462x559
7d?
3.65-211 579 ..d, =0.0617 m or 6.17 cm

Obligue Shock Wave

M, = 500 =2.29 v,
1.4x287x303 v, 5 —
From Fig. 9.15, f=46° 79° 0=20°

a) B=46° . My, =2.29sin46°=1.65
M2n == 0654 == M2 S|n(460—200) M2 :149

9.64

p, =3.01x40=120.4 kPa abs T, =1.423x303=431K

Vo =+1.4%x287x431x1.49 =620 m/s

C) adeﬁacrlled

shoc
V,——»
' 77 h=35

M, =3.5sin35°=2.01 .. M,, =0.576 T,=1.696x303=514 K

M, =0.576/sin(35°-20°) =226 6 =20°=0, ..J3,=4T°
9.66

M,, =2.265in47°=1.65 . Mg, =0.654=M;sin(47°—20°) ..M, =144

T; =1.423x514=731K V3 =M3,/kRT; =1.441.4%x 287 x731 =780 m/s
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9.68

M, =3, 0=10° - =28° My, =3sin28°=1.41 -.M,, =0.736
- p, =2.153x40 =86.1 kPa abs

0736
sin(28°-10°)

(pS)normaI =10.33x40 =413 kPa abs

) 2.38  .p,=6.442x86.1="555 kPa abs

Expansion Waves

6,=26.4° ForM=4, §=65.8° (SeeFig.9.18.)
.0 =65.8-26.4=39.4°

9.70
T, = :QEQ _273— 1, 02381-117 K
T, Ty 0.5556
=V, =441.4x 287 x117 =867 m/s T, ==156°C
a) 6 =39.1° 0,=39.1+5=441° .M, =272 p,, =(20/0.0585)x0.04165
= 14.24 kPa abs
9.72

For & =5° and M = 2.5, '8: 27° Mln =25s5in27°=1.13 .. M2n —0.889
. Par =1.32x20=26.4 kPaabs M, =M, =0.889/sin(27°-5°) = 2.37

If @=>5°with M, =4, then Fig. 9.15 — =18°
My, =4sin18°=1.24 - M,, =0.818

ﬂ» % M /shock

", Py, =1.627x20=32.5 kPa 3
My — —_
0.818 shoc 2 —
sy =——— =364
sin(18°—5°)
. . Po Py ..0.002177
At M, =4, 6 =658 At 75.8° M,, =4.88 =p P02 — 20—~
1 & 2u Pou =M 7o 0.006586
= 6.61 kPa
Ci- Lift _ 32.5Ac0s5°- iOx Al2-6.61x(A12)xC0s10° _ ) or s
= pVEA ~x1.4x4*x20A
2 2
C, = 1Drag _ 32.5A3|n15 —6.61x(A/2)xsin10 0,010
Z pVEA ~x1.4x4%x20A
2 2
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CHAPTER 10
Flow in Open Channels

Introduction

o =c0s H(1-2x0.3)=1.159 rad or 66.4°

Q?B _ Q%sina
37 3
8A g[d2/4(a—sinacos(x)J

10.2
42sin(1.159)

"~ 9.81x (4% 64) x 1.159 —sin1.159c0s1.159)°

This equation reduces to:  192.1=4°> ..d=2.86m
Uniform Flow
z.a" R AR"" 2.0 " 2 ARz,}
L5 125
Yy Yy
m) (G0
£O [~ Lo
ost ash
pa az a:—/ aeé o.ls R (72 2 e o.l; 4;7' 75 R O
o o5 o 5 2.0 AR ms, o s s0 5 AR n%)
a) b)
104
& o)
o ﬁ,« o8 sz — Alé
25t ,/””/v
Zol -
e 2 “
‘5 //
//
rofd e
/
i
astf
‘s 3 o zo =23
AR (rm&3)
)
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5/3

o7 /S, - Substitute in
appropriate expressions for A and P, and solve for y, by trial and error.

Use Chezy-Manning equation in the form Q = %

1 5/3
{4.53/0 + Eyg (2.5+ 3.5)}

(@ 35= 575~/0.00035
0.015[4.5 T yo(V1+2.5% +1+3.52 )}
] 4 2\5/3
This reduces to 28.06 = 5y0+3y0)2/3
(4.5+6.33y,)
Solving, yo=2.15m, A=45x2.15+3x2.15% = 23.5 m?,
10.6 P=45+6.33x2.15=18.1m
5/3
1.8%/4 (a —sinacosa)
(c) 33= [ ] 4/0.001

0.012(1.82)%"3

(o —sinacosa)®’®

a2/3

This reduces to 2.63 =

Solving, a =1.94 rad, y, :%(1—0051.94) =1.255m

18
4
P=18x194=35m

A="""(1.94-sin1.94 c0s1.94) =1.845 m?

b=0, m=8, m=0

1, 1,
A=by+§y (m1+m2)=§m1y =-y =4y
P=b+y(\/1+m12+\/1+m§)=y(\/1+m12 +1)=y(\/@+1)=9.062y

/
10.8 oS, o 4yt ) +0.0005
Q= AR — 4y
n 0.062y ) 0.015

=3.456°"°

(@ y=0.12m, Q=3.956(0.12)*°=0.0121 m%s

0.08 V"8
5.456)

=0.244 m

(b) Q=0.08m’s, y= [
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Enerqy Concepts

q= 28]/2 (E-y), E=constant,

dq _14gy(E-y)-2gy* _2gy(E-y)-gy’
dy 2 \Jogy*(E-y) q

Setting dg / dy =0 and noting that g # 0, so that the numerator is zero, one can

10.10

solve for y at the condition g =q,,, (note: y =0 is a trivial solution):

y[2(E-y)-y]=0, 2E-3y=0, s y=2ERB=y,

q=Vyy, =3x2.5=75m?/s

2
T2__p54_3

> = =296m
28y 2x9.81

Ey =y +
1

Y. =§/q2/g ~7.5%/9.81 =1.79 m, E, =§yc ng”g =2.68m

(@ E;,=E;,-h=296-0.2=276m, E, >E. ..y, issubcritical
10.12 2

2
SEy =y, + 1 5, or 276=y, + 75 287

2y} 29817 g
Solving, vy, =2.13m,and y, +h—y; =2.13+0.2-25=-0.17m
(c) Set E,=E.=2.68m and .. maximum h is

h..=E—-E =E—-E =296-268=028m

Sy, +h, —y,=1.79+0.28-25=-0.43m

(a) q1 =V1y1 =3x3=9 m2/s, Q:blql =3x9=27 m3/5

2 2
E—y+-T —3+—> __346m, y, - Y9%/9.81=202m
Zgyz 2x9.81 “a

1

E, = gx 2.02=3.03m

10.14
Without change in width at loc. 2, E,=E -h=3.46-0.7=2.76 m

Since E, < E,, width must change to prevent choking. Set £, =2.76 m

Yoy =§>< 276=184m, q,=+/gy3 =V9.81x184° =7.81m/s

by, =Qlq,=27/7.81=3.46m
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10.16

2 5 52
E =y +—1—=215+—>> ____2484m
23y 2x9.81x2.15
2 2
Fr=—d - 2%  _0557 4, - o1 - 422 _1456~146m
Jg?  9.81x2.153 g Vasl
E = gyc - §x1.456 =2183~218m

() The maximum height of the raised bottom at location 2 will be one for
which the energy is a minimum:

E,=E.+h, 2484=2183+h, .. h=2484-2.183=0.30m

|
|
A [ s

A<

(b) (©)

(d) Since Fry < 1, if h >0.30 m, subcritical nonuniform flow will occur upstream
of the transition.

10.18

At the canal entrance, the condition of critical flow is Fr?> = Q°B/ ¢A® =1, to be
solved for the unknown width b.

(a) Rectangular channel: B=b, A=by, y=y,

Q% __Q° A O
3 \/gys J9.81x1

=5.75m

b’y gb?y

10.20

Objective is to determine the zero of the function f(y)=Q’B(y)/s[A(y)T’ -1,

in which eqns. for B(y) and A(y) representing either a circular or trapezoidal
section area can be substituted. The false position algorithm is explained in
Example 10.10; this was used to determine the roots. The solutions are:

(@ y.=1.00m, (c)y.=181m
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10.22

In the lower section (y <1m), the area is

y y 2 2 2
_ _ 532 } 2 QB _Q73yy 3Q
A—ibdn—£3,/ndn—2y Assume y <1m; then Fr© = gA3 = g8y9/2 _8gy4

2
If y.=1m, then L=1, or Q=+/8x9.81/3=5.1m%s

8x9.81x1*
-.when Q >5.1m%s, critical depth will be > 1 m. Cross-sectional area including
upper region (y > 1 m) is
A=2(1)*?+23(y, -1)=23y, —21, and B=23m
Q’B 55% x 23
gA®  9.81(23y, - 21)°

(a) =1, (2y, - 21)> =7092,

1/3
- (7092)23 S

Q° 3x3.5% _
(b) Py 1, y*=0.468, ..y, ,=083m

8 9.81y? )

10.26

225 ) 1.5°
a) g=——=15m"/s, =3 =0.612m
@ q 15 Y. \/9'81

3 1.5
E.=>x0.612=0919m, E =12+——>
2 2x9.81x1.2°

E,=E,-h=128-0.2=1.08 m>E, ..no choking.

=128 m=E,

Since losses are neglected throughout the transition, y; = yo, and y, can be
computed by writing the energy equation between locations 1 and 2:

1.5% 0.115
— S th=y+—
2x9.81x1.2 Y5

1.28=1y,+ +0.2, -y, ~0.95m

TP S Rl
(b) Y=/ 200 /’"l 0.2m Y= 0950  Y3=/20m

TN TOSNKRTRNSTRANN

/ 2 3
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= B =3.28land H = H
0.3048 0.3048

(@B'=1mH’=036m =B =1.18

10.28 Q=0.11BH®5225"™ _ 0 11, (3.281)(1.18)-522:3218"™ _ 0 42 mP/s

()H’(m) 015 02 025 030 035 04 045
Qm’¥s 017 023 029 035 041 047 053

Ql=b(§J§;J<yl—h)3’z, Q, =b(§gg}(yz—m3’2

given Q;, y;, Q,, y,, solveforbandh

Y —h _[&sz or h= ~y2(Q/Q)*"
10.30 PN 1-(Q Q)"

@ h- 1.05-1.75(0.15/30)23

=1.03m
1-(0.15/30)%3

b= Q, = 30 28.8 m

2 2 3/2 2 2 3/2 )
3[@}(%_;@ 3( /3x9.81j(1.75—1.03)

Momentum Concepts

2 2
M—b(y—Jrq—j
2 gy 3t
) x
M _1[1] L0 %
by? 2\y.)  gyly 2L
10.32 ) 1[ v J2+ Pl
2\y. ) sviyly.) , b
But qzlgyf:l
.£_1(1j2+ 1 °
byl 2\y.) (/v o%*
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10.34

(a) Conditions at location 1:

D

2 2 0
Uo_yg4_ 1O ~1.835m 0

E =y, + F: IO —
LT a2 2x9.81x1.82 — b

y, =¥a2ig =¥15%/9.81=0612 m,

(5 F

The smallest constriction at location 2 is one that establishes critical flow, i.e.,
where minimum energy exists:

S E,=E_, orsince E, =E,,

_2p _2p _2,1835-122m
3173

yCZ 3 Co

©.gy=\8(y,,)* =V/9.81x1.22° = 4.22 m?/s

b, =q1_bl=@=2.13m

q, 422
Hence the maximum diameteris d=b, -b, =6 -2.13=3.87 m

The momentum eqgn. cannot be used to determine the drag since no information
is given with regard to location downstream of cofferdam. But we do have
available the drag relation, which will provide the required drag force:

Frontal area: A=y, d=18x3.87=6.97 m?

Approach velocity: V;=g,/y, =1.5/1.8=0.833 m/s

. F=CpApV;?12=0.15x6.97x1000x 0.833% / 2 = 363 N, a rather
insignificant drag force!

10.36

Agy = 1 wh
2 /) =2.3n¢
\

L
:%x2x3x0.3 /#m \\\\\\\E_J/

!-a—w'=szh —

N~ __i— — .
1% =
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2 2 2
Ml=Aly1+Q—=3xo.52xlxo.5+Q—2=o.125+ Q_
84 3 9.81x3x0.5 7.358
2 2 2
MZ:A2y2+Q—=3x1.82x1x1.8+ Q - =5.832+ Q ,
gA, 3 9.81x3x 18 95.35
F_CpAuQ®  04x0.27Q° Q?

y  29A7  2x9.81x(3x05%)? 102.2

Substitute into momentum eqn: M; = M, + Fly

2 2 2
.'.0.125+7Q =5.832+ Q + Q

10.38

95.35 102.2
-1
Q2:(5.832—O.125)[ t 1 1 j = 49.37
758 9535 102.2
~Q=7.03m’s
W_'*“/v/ /
Y, 4 ___,,__VI YL -—~v1

AN =~

Given condition: V,y, =0.4Viy,

Continuity eqgn: y (Vi +w) =y,(Vy +w)

/ 2
Momentum eqn: ﬂzl 1+8M -1
v 2 8

Unknowns are V,, y, and w. Eliminate V, and w, and solve for y,.
1.5(1+w)=y,V, +y,w=0.6+y,w, or w=0.9/(y,-1.5)

2
YL kel 299 | jesix15)-1] or
15 2 Yy, —15

2
1\/1+O.5437[1+ 0.9 j+1.333y2:0
y,—-15
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~.Solving, y, =1.77 m

=V _06_06_ 0.339 m/s
y, 177

w= 0.9 = 0.9 =3.33m/s
y,—-15 1.77-15

10.40

(a) To compute the discharge, write the energy equation between locations
1 and 2, and solve for q:

/- 29(yp—yy) _ [2x9810.00-25) _ o0 o
(yl_z - ygz) (2.5—2 —0.10—2)

..Q=bg=5%0.687 =3.43 m®/s

(b) To compute depth downstream, first compute the Froude number at 2:
L4 0687
*" eyl O81x010°

Ly = (V14 8E7 ~1)= %(\/1 +8x6.9347 ~1)=0932m

2
(c) To calculate power lost, first compute the head loss in the jump:

(y;-v,)°  (0.932-0.10)°
h = = = 1.544
1T 4yy,  4x0932x0.10 o

W =y Qh; =9810x 3.43 x 1.544 = 5.20 x 10* watt, or 52.0 kW

F

=6.934

10.42

Use Eqn. 10.5.16 with F = 0:
2 2
M, =L my, 430+ — L
6 g(by, + my;)

1.12 60°

=== (2x3x1.1+3x5) + —=4455m°
6 9.81(5x1.1+3x1.19)

2 Q2
I2 (2my, +3b) + ——=—— = 44.55
6 g(by, +my3)
60°

2
Y2 (2x3y, +3x5)+ — = 44,55
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367

Y3 +25y5 +———— = 4455 ~.Solving, y, =2.55 m
5y2 +3y2
Energy loss across jump is h;:
Q’ Q’
hi=E —Ey =y +—— —yy ———
] 1 2=0 2gA12 Y2 2gA§

A =5x1.1+3x1.12 =9.13 m?, A, =5x2.55+3x 2.55% =32.26 m?,

2 2
~hi=11 00 00

ji=1 +—————— —2.55+ >=0.575m
2x9.81x9.13 2x9.81x32.26

~.Power dissipated is W :
W; = yQh; =9810x60x0.575= 3.38x10°W

10.44

First find Q, then compute y,:
V, = Fry\[gy, = 0.41/9.81x1.5 =1.534 m/s
~.Q=V,A, =1534x5x15=1151m%/s

q=Q/b=1151/5=2.30 m*/s

y, =3/q* 1 g =3/2.30?/19.81=0.814 m
To compute y,, use momentum eqn, M; —F/y =M, or
2 8h by 2 8y
Substitute in known data, plus the relation V, =g / y,:

vi 230% 0.35x5x0.17x1000x2.30° 15° 2307

2 * 2
2 " 981y, 5x 9810y 2 981x15
which reduces to 2 + 1078 _ 0'03221 =2.97
b 1
-.Solving, y; =0.346 m
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Nonuniform Gradually Varied Flow

10.46

(@) =Q/b=0.35/18=0194m%s y, =3q2lg =0.194%/9.81=0.157 m

Use Chezy-Manning eqn. to compute v,,:

Qn__0.35x0.012 0o (1.8y,)>"°
cfS,  1x30.0163 (L.8+2y,)™"

-.Solving, y, =0.094 m

Ec+h=gyc+h=§><O.157+0.1=0.335 m

2 2
Eo = Yo + —1— = 0.094+ 0.194 >=0.311m
23Y6 2x9.81x0.094

Since E, < E_ + h, normal conditions cannot exist at

loc. 1, and choking will occur at loc. 2. Compute
vam— alternate depths at locs. 1and 3: E, =E, =E_ + h.
0.194° 0.00192

+ =Y+ =0.335
y 2><9.81y2 / yz

~.Solving, y, =0.316 m, y, =0.088 m. (Note: loc. 2 is a critical control, with

subcritical flow upstream and supercritical flow downstream.) A jump is located
upstream of loc. 1. Find the depth conjugate to yo:

Fig =g%/gy> =0.194%/(9.81x0.094%) = 4.62
0.094
"y =y—20(«/1+8Fr§ —1) =T(\/1+8><4.62 ~1)=0243m

10.48

g=Q/b=33/4=8.25m?s y, =Yq%lg =8.252/9.81=1.91m
Use Chezy-Manning eqn. to compute y,,:

Qn__ 33x0012 ... (4y0)*°
/Sy 1x+/0.00087 T (4+2y,)%®

~.Solving, yg=2.98 m

Since y, >y_, mild slope conditions prevail. With e yance < Y., @n My profile
exists downstream of the entrance. For free outfall conditions, y,,; =Y., andan

M, profile exists upstream of the exit. The M, and M, profiles are separated by

a hydraulic jump located approximately 260 m downstream of the entrance
(determined by numerical analysis).
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A spreadsheet solution is shown below. An M3 profile is situated upstream, with a
hydraulic jump at approximately 150 m followed by an M; profile.

Q= 20 n= 0014 S,= 0.001 L= 300 g= 9.81
b= 0 m= 35 y,= 050 ys= 250c,= 1.00
mp = 2.5

Depth Residual
y.= 1554  0.00

yo= 1.809 -1.8E-09
Station| 'y A \Y; E Y S(ym) | Ax| X | ¥g | FM | Residual
1 0500 | 0.750 | 26.667 |36.744 0 | 3.769 |54.49| 2.77E-04
10.50 2 |0.600| 1.080 | 18.519 |18.079|0.550 | 5.720E-01 | 33 | 33 | 3.324 (37.97|-5.67E-05
3 [0.700| 1.470 | 13.605 |10.135| 0.650 | 2.347E-01 | 34 | 67 | 2.837 |28.08| 3.64E-06
4 ]0.800 | 1.920 | 10.417 | 6.330 | 0.750 | 1.094E-01 | 35 |102| 2.578 |21.75|-5.48E-04
5 |0.900 | 2430 | 8.230 | 4.353 | 0.850 | 5.612E-02 | 36 (138| 2.365 |17.51|-1.19E-04
6 |1.000| 3.000 | 6.667 | 3.265 | 0.950 | 3.101E-02 | 36 [174| 2.184 [14.59|-2.52E-05
7 [1.100| 3.630 | 5.510 | 2.647 | 1.050 | 1.818E-02 | 36 [210| 2.028 |12.56 | -4.53E-06
8 [1.200| 4.320 | 4.630 | 2.292 | 1.150 | 1.119E-02 | 35 (245| 1.893 [11.17|-1.48E-04
9 [1.300| 5.070 | 3.945 | 2.093 | 1.250 | 7.175E-03 | 32 (277| 1.778 [10.24|-6.60E-05
10 |1.400| 5.880 | 3.401 | 1.990 | 1.350 | 4.760E-03 | 28 (304 | 1.684 | 9.68 |-3.90E-05
11 |2.500|18.750| 1.067 | 2.558 300
12 |2.450(18.008| 1.111 | 2.513 | 2.475 | 1.878E-04 | -56 |244
13 |2.400|17.280| 1.157 | 2.468 | 2.425 | 2.094E-04 | -56 |188
14 |2.350|16.568| 1.207 | 2.424 | 2.375 | 2.340E-04 | -57 |131
15 |2.300|15.870| 1.260 | 2.381 | 2.325 | 2.621E-04 |-59 | 72
16 |2.250(15.188| 1.317 | 2.338 | 2.275 | 2.943E-04 | -60 | 12
17 |2.200|14.520| 1.377 | 2.297 | 2.225 | 3.313E-04 | -62 | -51
q=QIb=15/4=3.75 m?/s
v =Yqlg =¥3.752/981=1.13m  y, =093 m, y, > yp,
-.upstream reach has a steep slope.
y02 :142 m, yC < y02
10.52 ..downstream reach has a mild slope.

Compute depth conjugate to y,, :

Fro? = q°/(gyo3) = 3.75%/(9.81x 0.93%) =1.782

Yy =y%l[\/1+8Frof —1} :%[\/usxl.?sz ~1]=1.35m
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-.Hydraulic jJump occurs upstream, followed by an S, curve up to the transition.

- S,

T ee——

)/ol N —_—— =

:\)’: 1 —_T;n—,_

s A

AL

q° .|5.75° . .
@y, =3—=3 o8l =1.50 m. Since Yo1 < Yc and Yoz > Y., there will be a
g .

10.54
hydraulic jump between A and C.
(a) Compute y, using Fr* =1:
Q°B Q2dsina ~ 2.5%x2.5s5ina
3 3 3
gA g[(d2/4)(a—sin acosa)] 9.81[(2.52/4)(a—sinacosa)}
—04175—% g
(a—sinacosa)
-.Solving
) d 25
a=1115radand ..y, =E(1—c05a) =7(1—cosl.115) =0.70 m
Compute y, using
[(d2/4)(a “sina COSa)TB [(2 52/4)(ct —sin & cos oz)fl3
1056 Qn 2.5x0.015 | (&

cSo (ad)?® ' 1x~/0.001 (ax2.5)2R

(¢ -sinacosa)®’®

which reduces to 1.039 = 573
a

-.Solving, a=1.361 rad, and
~ Yo :g(l—cos a)= %(1—0031.361) =0.99m

Since y, >y., a mild slope condition exists. The water surface consists of an
M, curve beginning at the inlet, followed by a hydraulic jump to an M, curve,

which terminates at critical depth at the outlet. The numerically-predicted water
surface and energy grade line are provided in the following table.
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X y E X y E
(m (m (m m @m (m
0 040 1.64 406 090 1.03
7 043 144 442 087 1.01
14 046 129 465 0.84 1.00
20° 049" 1.18 480 0.82 0.98
200 097 107 490 0.79 0.97
230 0.96 1.065 500 0.70 0.95
350 0.93 1.05 “hydraulic jump

10.58

2
3 6
9.81

30
(8) 9= =6 méls  y.= =1.54m
62
oo
2x9.81x2
62
+ 2
2x9.81x1.8
y,=19m A =5x19=95m? P, =5+2x1.9=88m, R, =9.5/8.8=1.08m

E =2 =2.459 m

E,=18 =2.366 m

S(y,,) = =0.0036

202 (30%0.012) 1
AR (" 95 ) 108

E,-E 2.366—2.459
Ax = =
So—S(y,)1 —0.001-0.0036

=20.2m

(b) An A; profile is contained within the reach (which has an adverse slope with
Y2<Y1)

10.60

E-F
S0 _S(ym)
Q? Q? Q?

E=y+ >=1.05+ >=1.05+
28A; 2x9.81x(2.5x1.05) 135.2

2 2 2
Q 1.2+ Q 1 Q

> =1 5 = 2+ =
2945 2x9.81x(2.5x1.2) 176.6

Evaluate Q using Ax=

Ey=y,+
1 1
Yo :E(yl+y2) 25(1.05+1.2) =1.125m

QnT (b+2y, )43

SUm) :(? (by) "3
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2 2 4/3
_ Q*x0.018*x(2.5+2x1.125) 429610502

1° x (2.5x1.125)'%/3

Ax[SO —S(ym)] =E,-E

2 2
50(0.005-4.296x10°Q?%) =1.2 + 2 q05- 90
176.6 135.2

which reduces to 4.141x10™#Q? =0.10 .. Solving, Q =15.5 m°/s

AT AT

.. The profile isan S; curve

10.62

Write energy eqn. across the gate to compute the discharge:

2 2

281 285

1 1
q=\/2g(y1 - yz)(_z__zj -1
Y2 W

= \/2><9.81><(1.85—0.35)( - —%)—1 =1.93m?/s
0.35> 185

~.Q=bg=4x193=7.72m%s

v =Yq%1 g =\1.93219.81=0.72m
Compute y, using Chezy-Manning relation:

5/3
Qn__772x0014 _, 000 (4%,)

S, 1x4/0.0008 T (4+2y,)*"

. Solving, y, =117 m. Since y, >y_, mild channel conditions exist.

Upstream of the gate there will be an M, profile, with an M, downstream of the
gate, terminating in a hydraulic jump to normal flow conditions.

Compute the depth upstream of the jump, conjugate to v

Frg =q°/gys =1.93°/(9.81x1.17%) = 0.237

Y = %(\/1+8Fr02 —1) - %(Jl—i—SX 0.237 —1) ~=041m
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Use the step method to compute water surface and energy grade line:
7 , 193 0190
207 7 2x9812 T

_ Q4+ 2y)*”? _7.72% x0.014% (4 + 2y)*?
(4}/)10/3 410/3y10/3

E=y+

5(y)

-115x10™* (4 + 2y)4/3y710/3

M, curve upstream of gate

y E v, SW.) Ax X
(m) (m) (m) (m) (m)
1.85  1.906 0
1.775 2.514x10™* -255

1.7 1.766 —255
1.6 3.336x107 -390

1.5 1.584 —645
1.4 4.824x107 542

1.3 1.412 -1187
125  6.627x107* -583

1.2 1.332 -1770

M, curve downstream of gate

y B v, S.) Ax X
(m  (m)  (m) (m) (m)
035  1.901 0
036  0.02741 5

037 1758 5
038  0.02315 5

039  1.639 10
040  0.01973 5

041 1540 15

Hydraulic jump occurs ~5 m from the gate.

10.64

(@)

I 100 me |
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10.66

Compute normal depth using Chezy-Manning eqgn:

Qn  15.38x0.017 _ (3.66y,,)*"°
S, 1x40.00228 T (3.66+2y,)*"

. Solving, y,, =1.65 m

Compute critical depth:

g=Qlb=1538/3.66 =420 m*/s ..y, = %/qzlg = 3/4.202/9.81=1.22 m

..Upstream of slope change the channel is steep, and downstream, the channel is
mild. The hydraulic jump will terminate at normal depth.

(a) Find depth conjugate to y,, :

Fros = 4°/3y03 = 4.20%/(9.81x1.65%) = 0.400

Yo, ( | 1.65
yC] = 72( 1+8FI’0§ _1) = T(\/l+8>< 0.4 —1) =0.87m

(b) Step method:
q° 4.20° 0.900
_l’_

I a7 Y Taxesn? VT
S(y) = Q’n’(b+2y)*" _ 15387 x 0.017°(3.66 + 2y)*"
(by)""” (3.66) 771073

=9.052x107*(3.66+ 2y)*/3y 10/

y E Y,  Sy,)Ax X

(m ~ (m) (m) (m) (m)

0.6 3.100 0
0.65 0.03216 18.8

0.7 2.537 18.8
0.75 0.02104 17.6

0.8 2.206 36.4
0.835 0.01536 11.2

0.87  2.059 47.6=L,

(c) An M, curve exists downstream of the change in channel slope, terminating
in a hydraulic jump, approximately 50 m from the slope change.
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This is a design analysis problem. Some extensive calculations are required.
(a) Find the depth of flow immediately upstream of the jump (call it location 1):

V=2 -1 _io67ms, g= =005 ms.
A,  0.75x20 20

1.267 0.75
Fr, =227 _ o467, :—(\/1+8x0.4672 —1) ~0.246 m
2= J9.81x0.75 n=7

Compute the loss across the jump, and subsequently the dissipated power:

2 2
hj=E —E, =010+ 055 0.75 095"  _387m

2x9.81x0.102  2x9.81x0.752
~.W = yQh; =9810x19x3.87 = 7.21x10° watt, or 721 kW

(b) The length of the apron is the distance from the toe to downstream of the
jump. First, compute the distance from ye to y; using a single increment of

10.68 length:
2 2
E,, =0.10+ 0.95 ~=4.700 m, E; =0.246+ 0.95 ~=1.006 m,
2%x9.81x0.10 2%x9.81x0.246
Yy = %(0.10+ 0.246)=0.173m, A,, =20x0.173=3.46 m2,
2
P,=20+2x0.173=20.35m, §,, = [19XO'014J ! 73" 0.06275,
3.46 (3.46/20.35)
g, = E,—Ej _1006-4.700 _ 503 m
So—-S,, 0.0005-0.06275
The length of the jump is six times the downstream depth, or 6 x 0.75 = 4.5 m.
Hence the required length of the apron is L = 59.3 + 45 = 63.8 m, or
approximately 65 m. Normal design would require additional length as a safety
factor.
Use the varied flow function to compute the water surface profile.
5 233/10 5 5
Yo = q°n _[1.57x0.015 1627 m
So 0.0001
10.70

2 1/3 1 52
Y. =[’7—] =('—]=0.612 m
g 9.81

Therefore the estuary has a mild slope and an M; curve exists upstream of the
outlet. For a wide rectangular channel (Ex. 10.16), J = 2.5, N =3.33, M = 3, and
N/J = 1.33. Use Eq. 10.7.13 to compute x:
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3
p= 1027 u_p(u,3,33)+[%j 25 iy 25)
0.0001 1627) 3.33

—16,270[u— F(1,3.33)—0.04F (v, 2.5)]

The results of the calculations are as follows:

y (m) u F(u,3.33) v F(v,2.5) | X (m) X — 69,800 (m)
7 4.30 0.015 6.96 0.038 | 69,800 0
6 3.67 0.021 5.67 0.053 | 59,700 —-10,100
5 3.07 0.032 4.45 0.074 | 49,500 —20,300
4 2.46 0.052 3.31 0.117 | 39,500 -30,300
2 1.23 0.348 1.32 0.572 14,700 55,100

10.72

This is a design analysis problem, and requires extensive calculations that would
best be performed on a spreadsheet. Let location A be 400 m upstream of location
B. Conditions at B are known. The energy equation between A and B is predicted

using total energy H=vy +z+aV?* /2g:
H,~H,+h, zHB+§(SA +S;)

In the equation, Hg and Sg are known, and Ha and Sp are unknown. A trial and
error solution is required. With the table of given data, location A is associated
with x = 0, and location B with x = 400 m. The following parameters are
computed at location B, where yg = 3.0 m:

Location As (M) Ps Rs Kgs (Eq. 10.7.8)
(m) (m)

Side channel 60 149 0.40 11

Main channel 273 97 2.83 18,210

Now ag, Vg, Hg, and Sg can be computed:

Y (60+273° (11 +18,2103
®(11+18,210)*( 60 273
Q 280

Vp=——= =0.84 m/s
A, 60+273

]:1.48 (Eg. 10.7.9)

280°
y = ——————=0.000236 (Eq. 10.7.7)
(11+18,210)
0.84°

x 9.

H,=3.0+151+1.48x

=18.153 m
1
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With L = 400 m, the energy equation between A and B is predicted:

H, :18.153+4%.0(SA +0.000236) =18.20+200S ,

The total energy at location A is

2 2
H, =yA+zA+aA£=yA +15.0+ ¢, —2
29 2

The trial and error solution proceeds by assuming values of ya, computing the
corresponding aa, Va, Sa, Ha, and H’, until the latter two are in close agreement.
For ya =3.2 m, the hydraulic parameters at location A are provided in this table:

Location Ax (M) Pa (M) Ra (M) Ka (Eq. 10.7.8)
Side channel 172 116 1.48 4470
Main channel 342 112 3.05 24,000

The corresponding values of Ha and H, are

(172 +342)2 [44703 24,000°
Oy = +

]:1.39 (Eq. 10.7.9)

(44704 24,000)3| 1722 3422
A, 1724342
2
A= 280 ~=9.67x107° (Eg. 10.7.7)
(4470 + 24,000)
2
H, =3.2+15.0+1.39x 054" _1g22m
x9.81

HZ =18.200+200x0.0000967 =18.22 m

Hence the depth at the upstream location is ya = 3.2 m
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CHAPTER 11

Flows In Piping Systems

Steady Flows

W
Substitute V =% and Hp :Ké into the energy equation:

p, QW _p @

y 208 Q7 2gA?

(a) Note that the kinetic energy terms can be neglected:

+h,

11.2 A :’Z’xo.os2 =0.00196 m?, A, :%x0.082 =0.00503 m?,
Q:%:0.00I% m3/s
60
350x10° . 0.001582 . Wy _ 760x10° . 0.001582
9810 2x9.81x0.00196% 9810x0.00158 9810 2x9.81x0.005032
35.7+0.03+0.0645Wf =77.5+0.005+6.6 Wf =750 watt

Write energy eqn. between locs. 1 and 2:
QZ

b 2 ”Dzj
&4

1/5
Solving for D, D:[ QZZ(L+Le)f }
28(714)"(Hp — (2, — 7))

11.4 Substitute the relations

e . 4Q
f =1.325 In(0.27—+5.74Re‘°'9j and Re= , L ="2,
D zDv f

and solve for D by successive substitution.
(a) Compute H, from pump data using linear interpolation:

(0.757-0.95) _,

Hp =136 - (136-127) =
(0.757-1.01)

29.1m
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Q=0.95m%s
0.952(500+ L)) e
= : — f =0.24[(500+L,) f1'°
2x9.81(rr/4)*(129.1-36)
6
D (m) e/D Re =% f L, =29 m)
0.3 0.003 4.67x10° 0.026 29
0.4 0.0023 3.5x10° 0.024 41.6
0.39 0.0023 3.6x10° 0.024 40.6
0.39
.D=139m.
(a) Energy eqgn. from A to B:
[£+zj —(B+zj = (R +R, +R;)Q'™® +[Z—K12+ ZKZZ ]Qz
4 A \7 B 28A7 2845
Use Hazen-Williams resistance formula for R:
10.59L
= LB 487
10.59x 200
g 0 0
ZKlz - 2 . £=1033, R, =—1O£9X15287 ~193.4,
29A?  2x9.81x(7/4)*x(0.2) 120+ x0.25*
11.6 2K, 3 10.59x 300
> = > 7 =999, Rg=""7gs zg7 = 2711
29A%2  2x9.81x(7/4)? x(0.3) 90-% x 0.3*
Substitute known data into energy eqn:
250107 = (1071+193+ 272)Q"® + (103.3+ 63.5)Q°
143 =1535Q"% +167Q?
F(Q) =1535Q"% +167Q? —143, F'(Q) = 2840Q°%% +3340Q
Iter. Qm3/s) F F’ AQ=-F/F'
1 0.277 12.60 1046 —0.01205
2 0.265 0.284 1007 —0.00028
3 0.265
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© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 11 / Flows in Piping Systems

. Q=0.265 m%/s

1/1.85
* 143 . .
~ — 1% iteration

Q (1535) ( )

11.8

Write the energy equation from the liquid surface (location 1) to the valve exit
(location 2):

2

W
Py Z; + L= (ZK+ f£+1jQ—2+z2
y A9 D )2gA
(a) Rearrange and substitute in known data:

W 2
ﬂ+z1 zz+—fi—(ZK+£+lJQ—2=
Y y Q D )2gA
3 4
110x10 L 24-18+ 1x10"0 1
0.68x9810 0.68x9810 Q
~ (0.5+3x0.26+2+0.015x450/0.30+1)

2
=0
2x9.81x(0.7854 % 0.30%)? Q

224+ %—273 2Q% =

By trial and error, Q ~ 0.32 m®/s

11.10

Initially work between locs. B and C:

, Dk 5 8f(L+L)

Cf grn’D°
61:1.2x2=160’ R1=8><0.01§><26(2
0.015 9.81x7°x1.2

= 1x3 _150, R2=8XO'02X211550
0.02 9.81x 7°x1

0.5x2 — 8x0.018x1556
3 = = 56, R3 = > 3

0.018 9.81x7°x0.5

0.75x4 143 R - 8x0.021x943

)

“~70.021 “~ 981x 7’ x0.75°

=0.1295,

=1.900,

=74.05,

=6.895

2 2
w9 & > =6.022m,

24:1 2 (1+ 1,1 j
P T J19 7405 /6.895
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~Qy =|WIR, =/6.022/1.9 =1.780 m*/s,
Q; =y/W/ Ry =/6.022/74.05 =0.285 m*/s,
Q, =|W/R, =+/6.022/6.895 =0.935 m’s.

Check continuity: Q, +Q3+Q, =1.78+0.285+0.935=3=(Q,;, ..OK

To find WP, write energy equation from loc. A to B:

Hp =I_Q1Qf+(ﬂ+zj = R,Q?+W+20
4 B

S Hp= 0.1295x 3% +6.022+20=27.2 m

=1.07x10° W, or W, =1.07 MW

. yQH, 9810x3x27.2
. WP = =
n 0.75

Use Sl data from Pbm 11.11 (a):
2Q=0-Q,-Q; =0, 0r

w(H)_\/BO—H_ H-20 [H-18
1421\ 2324 '\ 1773

H,w(H,)-H,w(H,)
w(H,)-w(H,)

Use false position method of solution: H, =

Sign
1112 Iter Hé Hu w(Hé ) w(Hu ) Hr w(Hr ) w(Hé )w(HT) &
1 25 20 -0.02193 0.2317 24.57 -0.00562 + —
2 2457 20 -0.00562 0.2317 24.46 -0.00144 + 0.0045
3 2446 20 -0.00144 0.2317 24.43 -0.00030 + 0.0012
Q= \/(30 —24.43)/142.1=0.198 m®/s
Q, =+/(24.43-20)/232.4 = 0.138 m*/s
Q3= \/(24.43—18)/1773 =0.060 m®/s
Continuity at junction: Q, - (Q, +Q; +Q,) =0.
11.14

Energy eqn. across pipe 1: P—; =R,Qf +H, or Q =+/(p/y—H)IR,

in which H = piezometric head at junction. For each branch (i= 2, 3, 4):
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H=RQ or Q;=HIR,

o A
Substitute into continuity eqn: {L} =Z[T} -
Ry il Ri

41
HETR

=.Solving for H,
H = Po¥ .
1
1+R | 2 —
i3
~ 300x10°/9810
- 2
1+1.6x104[ t .t 1
J5.3x10°  V1x10° +/1.8x10°
_3058_o646m
" 1.556

-0 =+/(30.58 - 26.46) /1.6 x10* =0.01605 m?/s

Q, =~/26.46/5.3x10° = 0.00707 m’/s

Q3 =~/26.46/1x10° =0.00514 m®/s

Q, =/26.46/1.8x10° =0.00383 m*/s

11.16

(c) Substitute known data into energy equation, and solve for Q,:

ag =48 + ﬁff[Z%] Qf

1 1 1
/82,500 ' 127,900 ! /115,500

-2
= {104 +34,650 + { } }Qf =56,410Q;

Q, =+/45/56,410 = 0.0282 m*/s

. H = 45— (10" +34,650)x 0.0282° =9.49 m

Q, =4/9.49/82,500 =0.0107 m*/s  Q, =/9.49/127,900 = 0.0086 m’/s
Q, =+/9.49/115,500 = 0.0091 m®/s
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11.18

(a) For each pipe compute equivalent length and resistance coefficient:
Pipe 1: L, = DXK/ f =0.05x3/0.02=7.5

Rl_8f(L+Le) _ 8x0.02x37.5

= > - =1.983x10°
gD 9.81x7°x0.05

8x0.025x55
9.81x 72x0.075°

_ 8x0.022x62.7
9.81x 72 x0.06°

2
—Q—z = 5\-1/2 (0.6/68)71/2 5\—1/272 =1125m
3 2 [(1.983x10°) +(4.788x10%) +(1.466x10°) 1]
[zl(ﬁi)lﬂj

Pipe 2: Le=0.075x5/0.025=15, R, = = 4.788x10*

Pipe 3: Le=0.06x1/0.022=2.7, R, =1.466x10°

Q= WIR, =+/1.125/1.983x10° =0.00238 m3/s, or 143 L/min

Q, =JW/R, =+/1.125/ 4.788x10* = 0.00485 m®/s, or 290 L/min

Qs =W/ Ry =+/1.125/1.466x10° =0.00277 m®/s, or 166 L/min

11.20

Write energy eqgn. from junction at A to suction side of pump at B:

ZKZ Q° +PB Zp
2847 7

where Hp, = pump head and pg = pressure. The only unknown in the relation
is Q, since

o _Wen_ 1x10°x076 956
PA7 50 " 081x9810xQ Q

Evaluate the constants:

R, - 8]2[15 _ 8><0.232><50005 400 ZK2 _ 2 : 052
gDy 9.81x7°x0.75 29A7  2x9.81x(7m/4)"x0.75
3
Pe, o 100" oy som.
¥ 0.81x 9810

Substituting into the energy eqn., % =40.5Q° +45.9

Solve using Newton’s method: Q=1.053 m’/s and Hp, = 95.6/1.053=90.8 m
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The second reach is now analyzed. Write energy eqn. from suction side of pump
at B to the downstream reservoir:

&+ZB+HPB = RZ+Z—K2 Q?+50
/4 20A
Evaluate the constants:

R, = Bfle _ 8x0023x7500 o) ¥k 10

- - = 60. - = 2.61
gn’D5  9.81x7? x0.75° 29A?  2x9.81x (z/4)?x0.75"

©.45.9+Hp, =(60.1+2.6)x1.053° +50 or Hp =73.6m

_ 7QHp,  0.81x9810x1.053x73.6
n 0.76

.‘.WPB =8.10x10° W or

W, =810 kKW

Compute resistance coefficients:

1059 L 10.59x 200 10.59x600
Ry = CLepasT = 130185 » 0.5%87 =176 Ry =1301.85XO'34.87 =246
10.59x1500 10.59x1500
Ry=———=6865 = =169.1
3 1304803487 K 1304 50,448

(@) Let H, = piezometric head at junction J. Assume Q; =2 m3/s (out of J).

Then H; =30+ RQf =30+7.6x2°=60.4 m

Q, =+/(250—60.4)/274.6 = 0.831 m*/s (into J)

w Qs =/(300—60.4)/686.5 = 0.591 m*/s (into J)

Q4 =+/(200—60.4)/169.1 = 0.909 m®/s (into J)
L AQ=-2+0.831+0.591+0.909 = +0.331

Assume Q; =2.5m%s. Then H;= 30+7.6x25°=77.5m

Q, =+/(250-77.5)/274.6 =0.793 m*/s

Q= \/(300—77.5)/686.5 =0.569 m*/s

Q, =+/(200-77.5)/169.1 = 0.851 m*/s
- AQ=-2.5+0.793+0.569 + 0.851 = —0.287

Linear interpolation to find the next estimate of Q, yields
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~0.287-0.331  —0.287
25-2 25-Q

LQ=221m’/s

Then H, =30+7.6x2.27° =69.2 m

Q, =4/(250-69.2)/274.6 =0.811 m*/s

Q, =+/(300-69.2)/686.5 = 0.580 m*/s

Q, =/(200-69.2)/169.1 =0.880 m*/s
- AQ=-2.27+0.811+0.580+0.880 = -0.001 .. OK

11.24

Compute the R-values for each pipe:

et D01 pg o BXO08ES
0.04 9.87x 7 x0.1

pipe2: 1, =205 R2:—8><0.04;><1555 ~5.31x10°
0.04 9.81x 7 x0.1

pipe3: [, =201 s R _ 8><0.042><6055:2x105
0.04 9.81x7°x0.1

pipe4: I, =010, R4=w:1’812=77,750
0.04 9.81x7°x0.1

(a) Compute the discharge and head loss in pipe 2:
Q, =5.2x10° m%/s
(1), = RyQ5 =5.31x10% x (5.2x107%)? =1.387 m
(c) Q,=11.6x10"* m*/s =696 L/min, and from the pump curve,
Hp =136 m
Write the energy equation from A to C:
He =Hp — (R, +R,)Q% =136 -53,120x (11.6x107°)? =129 m

The energy equation from C to D is H. = z,, + R,Q7, where H.. is the hydraulic
grade line at location C. Therefore the discharge in pipe 4 is

Q= [He=2o _ 1297127 o7 /s or 300 Limin
R, 77,750 B
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(a) From the pump curve, for Hp = 138 m, Q = 0.01 m%/s. Write the energy
equation from A to C and evaluate the hydraulic grade line

He =Hp —(h ), — (h,), =138—(53,120) x (0.01)% =132.7 m

11.26
Thus the discharge in pipe 3, between location C and location B is
Q= [He—ts _ \/132'7_?0 =3.67x10"> m°s or 220 L/min
R3 2)(10
G +G, G, +Gs
J—FVVi = RQ:’ |Qi|! Gi = 2R|Qi|
Loop Pipe Q w G Q w G Q
I 1 35 2450 1400 -246 -12.10 9.84 -2.30
2 0 0 0 +0.36 +0.26 1.44 +0.43
> 2450 14.00 ¥ -11.84 11.28
AQ, = +24.50-10 _ 4104 AQ, = +11.84-10 — 4016
11.28 14.00 11.28
1 2 0 0 0 -036 -0.26 144 -0.43
3 -35 -245 1400 -2.82 -1590 1128 +2.73
> -24.50 14.00 > -16.16 12.72
AQ, = +24.50-15 ~1068 AQ, = +16.16-15 4009
14.00 12.72

H ynetion =50 - RiQ7 =50-2x2.3* =39.4

Q=230 (into]), Q,=043 (into]), Q3=2.73 (outof])
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First, continuity is satisfied as shown in the figure:

200 w2  Wy=/30l/s 4

(a) The hydraulic grade lines at the nodes (i.e., the nodal piezometric heads can
now be computed:

11.30 _
H, =100-R,Q? =100-20x0.45° =95.95 m
Hy=H, -R,Q%=9595-51x0.28% =91.95 m
He=H , —RyQ% =95.95-280x0.17* =87.86 m
Hp, = Hy—RsQZ =91.95-310x0.18* =81.91m
(b)  py=y(H,—z,)=9810(95.95-10)=8.43x10° Pa
pp=y(Hp—2z5)=9810(91.95-20) = 7.06 x10° Pa
pe =y (He —z) =9810(87.86—5) =8.13x10° Pa
pp =y(Hp—zp)=9810(81.91-0) =8.04x10° Pa
Assume flow di recztlon_s aszshciwn.2 . =
Then AQ= —(RaQ1 +Ry0Q5 — R303) —
2(RyQn + RpQ7 + R3Q3) e 2
Initial flow assumption: fe1
Q1=25Q,=10, Q3 =25 &
1st iteration: AQ= ~(3x25° +5x10° - 2x257) _ 3.21
11.32 - AQ= =3

2(3x25+5x10+2x 25)
S (Q=25-321=21.79, Q,=10-3.21=6.79, Q;=25+3.21=28.21

~(3%21.79° +5x 6.79% — 2x 28.21%)
2(3%21.79+5x6.79+ 2x 28.21)

~Q =2179-0.20=21.59, Q,=6.79-0.20=6.59,
Q,=28.21+0.20=28.41

2" jteration: AQ= =-0.20
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—(3x21.59% + 5% 6.59% — 2x 28.41%)
2(3x 21.59 + 5% 6.59 + 2 x 28.41)

(=216, Q,=6.6, Q;=28.4. UnitsareL/s

3 jteration: AQ=

=-0.0041

A Mathcad solution is provided below. The solution converges after 3 iterations.

Given: ORIGIN =1
200 1500
newton
L:=| 300 |-m D :=| 1000 |-mm K=| o0 y = 9810200
120 1200 10 m
AZ :=50-m e:=1.mm Wp = 1920-kW n = 0.82
Resistance coefficients: i=1.3
e \\ 2 0.018
1
0.019
Di-Ki
8 L+ 0071 ,
R, = > ' R = | 0487 5—5
11.34 g ~(Di)5 0473 )M
m3
Initial flow estimate (note that the discharge is common to all three lines): Q1 =
s
Hardy Cross iteration:
7(R1+ R, + Rs)-Q-|Q| + - AZ
y-Q
AQ(Q) = W
P
2-(R1+ R, + Rg)-Q+ ”
7-Q
N:=4 j=1.N o= 0.+ A .
j Qj,1=0Q;+4Q(Q))
A ) =
2 Q(Qj)
259 | 4 0.59| 3
Solution: Q=] 2762 mn Residual: 0.172 T
2.771 ° 8.456-10 -3
2771 1.762:10 -5
171

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 11 / Flows in Piping Systems

The solution was obtained using EPANET, Version 2.0.

Link - Node Table:

Link Start End Length Diameter
ID Node Node m mm
1 1 5 200 100
2 5 3 150 50
3 5 6 500 100
4 6 4 35 50
5 6 2 120 100
11.36 Node Results:
Node Demand Head Pressure Quality
1D LPS m m
5 0.00 121.72 121.72 0.00
6 0.00 116.23 116.23 0.00
1 -9.28 125.00 0.00 0.00 Reservoir
2 7.15 115.00 0.00 0.00 Reservoir
3 1.58 118.00 0.00 0.00 Reservoir
4 0.55 116.00 0.00 0.00 Reservoir
Link Results:
Link Flow Velocity Headloss Status
1D LPS m/s m/km
1 9.28 1.18 16.40 Open
2 1.58 0.81 24.80 Open
3 7.69 0.98 10.98 Open
4 0.55 0.28 6.55 Open
5 7.15 0.91 10.24 Open
2
©) AQ= (R +R, +R3))|Q|Q+(ﬂo +aQ+aQ +ayQ) +2p— 25
- 2
2R +Ry + R3))|Q| — (@ +2a,Q+3a,Q0%)
8 8 L 8f L
11.38 ) R =35 _ooos16, R, L2 _5538 R, L 00103

DY ¢r? N2D3 gn? DS

Using the equation in part (c), Q = 2.061 m%s after 5 iterations, beginning with
an initial estimate Q = 3 m*/s.
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Iteration Q AQ
1 3 - 0.611
2 2.389 -0.277
3 2.113 - 0.050
4 2.062 -0.0014
5 2.061 -51x1078
Unsteady Flow
2¢9(H,—H .
v, = (80 3)=\/ 2>9.81x3 ~0.307 m/s
fLID+K 0.025x2500/0.1+0.15
V =0.99V,, =0.99x0.307 = 0.304 m/s
11.44
R In{(vsﬁx/)(vss—vo)}
Zg(Hl_HS) (Vss_V)(Vss+V0)
_ 0.307x2500, [(0.307+0.304)(0.307-0) | _ o (¢
© 2x9.81x3 (0.307 - 0.304)(0.307+0) | —
First compute the initial velocity Vo, with Hi-Hz =8 m, and K = 275:
2x9.81x8
Vo = =0.552 m/s
\/0.015x800 L9275
0.05
The final steady-state velocity is, with Ks = 5:
2x9.81x8
11.46 Vss = |5.015x800 5 0.800 m/s
0.05

The steady-state discharge is Q =0.7854x 0.05> x 0.800 = 0.00157 m®/s, and the
time to reach 95% of that value is

V =0.95V, = 0.95x0.800 = 0.760 m/s

, _ 0:800x800 In{(0.800+ 0.760)(0.800—0.552)}

= =8.03 s
2x9.81x8 | (0.800—0.760)(0.800+ 0.552)
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CHAPTER 12

Turbomachinery

Elementary Theory

N Vi, Na

s $,=90° (Jdeal cmdibors)

@=800x7/30=83.8 rad/s
U, = ol =83.8x0.04=3.35 m/s
U, = wr, =83.8x0.125=10.48 m/s

Q=2z1bV,, butV, =u, since g, =45°

L2 -.Q=27x0.04x0.05x3.35=0.0421 m* /s
v, = 0021 g,
2 2znb, 27x0.125x0.025
V,
V, =U,——2_=10.48— 214 _ 6 77 s
2 tan 3, tan 30°
Vi, =0 (g =90° under ideal conditions)
~T= ,oQ(rzvt2 - ertl) =1000x 0.0421(0.125x6.77 —=0) = 35.6 N-m
Wp = T =83.8x35.6 = 2980 W
H, = oT / yQ =2980/(9810x0.0421) =7.22 m
Q=7.6x10"° m%s
12.4

@ =2000x -2 = 209 rad/s
30

175

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 12 / Turbomachinery

Q 7.6x107°

V,, = = =194 m/s
2 2znb, 27x0.0625x0.01

u, = wr, =209x0.0625=13.06 m/s

S H, =2, - v cot ) =229 13.06-1.94c0t60) = 15.9 m
g 2 9.81

W =yQH, =9810x0.8x7.6x10°x15.9 =948 W

W =948/746=1.21 hp

12.6

Compute loss in suction pipe:

(L )QZ
hL—(fD+ZK ZgAZ
0.052

= (0.015 X E +2x0.19+ 0.8) 5 =585m
01 T 4
2 x9.81 x Z x 0.1

Water at 20°C: y =9792 N/m®, p, = 2340 Pa. Substitute known data into NPSH
relation, solving for Az:
101x10° — 2340

aaz=Pam =P p NpsH - 5.85-3-1.23m
¥ 9792

Dimensional Analysis and Similitude

@, N; 970 3
==0,=—0,=—-x0.8=0.65m"/s
Q1 o, Q, N, Q, 1200 x

~.from Fig. 12.9, H; =11.5m and W, = 91 kW.

12. ? 2
8 .-.sz(ﬁ] le(@j x11.5=17.6 m
o 970
3 3
- W, :(ﬂj le[@j x91=172 KW
o, 970
1210 | ¢, =& Q360 _,; 611040 (@Qinmih)

Q" »wD® 304x0.205°
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oH 0.81H . .
C. = _ _2526x10°H (Hinm
H D% 3047 %0.2057 8 ( )

Tabulate Cq and Cy using selected values of Q and H from Fig. 12.6:
Q(m¥h)  Cox10® H(m) Cuyx107

0 0 54 1.36
50 0.53 53 1.34
100 1.06 52 1.31
150 1.59 50 1.26
200 212 47 1.19
250 2.65 41 1.04
300 3.18 33 0.83

The dimensionless curve shown in Fig. 12.12 is for the 240-mm impeller. Since
the impellers are not the same (240 mm versus 205 mm), dynamic similitude
does not exist, and thus the curves are not the same.

T
1800x —x+/0.15
Compute the specific speed: @, = vasM - 30 -1.30,
(gH,) (9.81x 22)

12.12
hence use a mixed flow pump. As an alternate, since Q, is close to unity, a
radial flow pump could be employed.
Fig. 12.13: At 17=0.75 (best eff.), C, = 0.048,
C,; =0.018, C, =0.0011, Cypgyy =0.023.
w=T50x— =785 rad/s
30
1240x10° )
(@) D=2 | —0.685m
0.049%x78.5
12.14
2 2
He 0.018x78.5° x0.685 ~53m
32.2
0.023x 78.5% % 0.685
H = =6.78 m
NPSH 981
W =0.0011x1000% 78.5° x 0.685° =80, 250 W =80.25 kW
or W =82.25/0.746=107.6 hp
1216 | w=600x 3—’; —628rad /s, Q=227/60=0378m® /s,
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= w\/ﬁm = 628 0'3734 =0.751 ..Use a radial flow pump.
(gHp)¥*  (9.81x19.5)

P

28] 31
H, 2] D, Q o )\ Dy

2 2 3
an | (28] 20 v
&1 D, wp )\ Dy o D
4
(&J =2, w, =42 o =119 @, and D, =42 D, =119 D,
o, kil ot |
Assume a pump speed N = 2000 rpm or o= 2000><3—7;= 209 rad/s
Hp =W, I(yQ) = 200x10° /(8830 0.66) = 34.3 m
. oJQ  209J066
2 Qp = 3/4 3/4 T =
(¢Hp) (9.81x34.3)
The specific speed suggests a mixed-flow pump. However, if N = 1000 rpm, a
radial-flow pump may be appropriate. Consider both possibilities.
Mixed flow: from Fig. 12.14, at best 7 :
CW =0.0117, CQ =0.148, Cy =0.067
Use
12.20
G 9 and CH:—gflP
oD’ o’ D?

Combining and solving for D and @

J8H, /G, C D’

~ 066/0.148
\/9.81x34.3/0.067

0.66
O=——">
0.148x0.251

=2 2839 _ 900 kgim?
g 981

0.251 m

=282rad/s or N =282x30/z =2674 rpm
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. Wp =C;, po°D° =0.0117 x900x 282° x 0.251°

=2.35x10° W or 235 kW
Radial flow: from Fig. 12.12, at best 7 :

Cy =0.027, C,=0.0165 Cp,=0.125

D \/ 0.66/0.0165 _ o0
\/0.81x34.3/0.125
= 0.66 5 =99.1rad/s or N=M:564 rpm
0.0165x0.878 r —

Wp =0.0027 x900x59.1° x0.878° = 2.62x10° W Or 262 kW

Hence, a mixed-flow pump is preferred.

Use of Turbopumps

12.22
QR (i mriic )
The intersection of the system demand curve with the head-discharge curve
yields Q=2.75m®/min, Hp=12.6 m, Wp=7.2 kW.
N, =1350 rpm, Q, =2.75m’ / min, H, =12.6 m,
12.24

W, =7.2 kW, N, =1200 rpm, D, = D,
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3
N, \( D, 1200) -
0, =0 ~2 || 22| =2.75| =2 | = 2.44 m¥/min
Q QI(NJ( ] (1350 —_—

Dl
N,V (D, Y 12002
N, ) | D, 1350
- (NY(D,Y 12003
N, ) \ D, 1350

Efficiency will remain approximately the same.

Compute system demand:

L V2 ?
Hp=(f5+21<)— :(0.01x%+4x0.1j S _o040m

29 2x9.81
12.20 Q=VA=3><%><0.32 =0.212 m? @=300x /30 =31.4 rad/s
S Qp = (;I;\/gm = (318.11; 82)132,4 =5.19 .. Axial pump is appropriate.
p . .
()
Hp (m)
80
12.28

L

)

!

1

: |

1

[74 50 700 /50 200 250 % Zo0

~

R (m¥%) 2
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12.30

Use energy eqn. to establish system demand:

0.000255

-2 -2
f;1.325{ln0.27%} :1.325[In0.27>< } =0.017

2
Hp=fzt f2 @ _1gpy OQODO00 2145, 3812
D 2¢A 2x9.81x (7 /4)° x(0.45)

240 m®
36005

From Fig. 12.6, at best 7,, Q= =0.067 m%s, and H, =65 m

Assume three pumps in series, so that H, =3x65=195 m. Then the demand
head is

Hp =192+381x(0.067)2 =193.7 m
Hence three pumps in series are appropriate. The required power is
Wi, = yQHp/ 770 =9810%0.86%0.067 %195/ 0.75=146,965 W

or W, =146,965/746 =197 hp

12.32

(a) For water at 80°C, p. = 46.4 x 10° Pa, and p = 9553 kg/m°. Wrrite the energy
equation from the inlet (section i) to the location of cavitation in the pump:

2
Pi Vi _Po, NpsH
y 28 7y
— .2 _ 3 2
L NpSHoPizPo VT _(83-464)x10° = 6

=5.67 m
y 2 9533 2x9.81

(b) NPSH; =5.67 m, N; = 2400 rpm, N, = 1000 rpm, D,/D; =4

2 2 2
.. NPSH, = NPSH{&J [&J = 5.67(@j (4)° =15.8 m
N, ) \ Dy 2400

12.34

Given:
L=200m,D=0.05m,Az=2,-2=-3m,V =3m/s,v=6x10"" m?/s,
p =1593kg/m®, p, =86.2x10° Pa, p, =101x10° Pa

Compute the pump head:

181

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 12 / Turbomachinery

~ 3x0.05

0 =2.5x10°
X

Re

-2 -2
f=1.325[|n(5.74Re'°-9)} =1325[In5.74x (25x10°)°° |~ =0.015

2 2
Hp =Az+ 1+£ V—=—3+(1+ 0.015x200j 3 =250m
D )2g 0.05 2x9.81

(a) Choose a radial-flow pump. Use Fig. P12.35 to select the size and speed:
Cy =0.124, CQ =0.0165, n=0.75

Q- 3x%x 0.052 = 0.00589 m?

2 2
.,.DZQ/CHQ _1\1/ 0.124x0.00589> _ o0

C3gHp V0.0165% x9.81x25.0
L= Q 7= 0.00589 5 =490 rad/s, or N = 490x@ = 4680 rpm
CoD” 0.0165x0.090 T

(b) Available net positive suction head:

NPSH = Pe=Po _ 5, - 101x10°-86.2x10 395m
P8 1593x9.81

(©

3n p——
Orr | —-
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12.36

©=120x 7130 =12.6 rad/s
o = cot 2z ! Q +cot 3,)
=cot (27 x 4.5? x0.85x12.6/150 + cot 75°) =6.1°

Vy =W +V, cotf = on +%cotﬂl
1

=12.6x 4.5+Lcot 75° =58.37 m/s

27 x4.5%0.85

Q
V., =u, +V,_ cot S, = or, + ————cot
t, = Uz +V, COLS, A y— P

=12.6x 2.5+L00t100O =29.52 m/s

27 x2.5%0.85
ST = pQ(ertl - Tthz)

~1000x150(4.5% 58.37 — 2.5% 29.52) = 2.83x10” N-m

W, = 0T =12.6x2.83x10" =3.57x10® W or 357 MW
Under ideal conditions 7 =1, and W, =W,, hence

Hy =Wy /yQ =3.57x10%/(9810x150) = 243 m

12.38

N, =240 rpm, W, = 2200 kW, D, =0.9 m, W, =9kW, H,=7.5m

. 3 5 2 2
From the similarity rules W2 | No | [ D2 | gng Ha _( N2 | [ D2
1 Nl Dl Hl Nl Dl

Substitute second eqn. into the first to eliminate (N, / N,), and solve for D,:

. \1/2 3/4 1/2 3/4
~D=D,| | [He) o.9(iJ (f) =0.221m
W, ) H, 2200) |75

1/2 1/2
N, =N, i & = 240(Ej (ﬂ) =399 rpm
H, D, 45 0.221) ——
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Write energy eqgn. from upper reservoir (loc. 1) to surge tank (loc. 2) and solve
for Q:

r 1/2
Q=|2ga2 2 (7 -
=129 fL(Zl Z3)

~ ) 5 1/2
_| 2x98L(x/4)" 085 5y e85y —0.401m3/s
0.025x 2000

Apply energy eqn. from loc. 2 to lower reservoir (loc. 3) and determine H . :

L Q?
Hi=2,-2;—-| f=—+K
T 2 3 ( D vjngz

12.40
=534 m

2
=648.5—595—(0'02X1OO+1J 0.401

0.85 2
2><9.81><(ZJ x0.85°

- Wy = yQH;n; =9810x0.401x53.4x 0.9 =1.89x10° W or 189 kW

.. From Fig. 12.32, use a Francis turbine.
A representative value of the specific speed is 2 (Fig. 12.20):

5/4 5/4
a):QT.(gHT)m = 2(9'81X553'3) — = 306 rad/s
(Wo. 1 p) (2.67 x10° /1000)

or N =306%x30/7 =2920 rpm

@ =200x 7 /30 = 20.94 rad/s and from Fig. P12.42 at best efficiency
(r7r=0.8), ¢~ 0.42, Co=0.94
V, =c,J2¢H; =0.944/2x9.81x120 = 45.6 m/s

W, 4.5x10°

Q= = =4.78m3/s
yHynt 9810x120x0.8

12.42 This is the discharge from all of the jets.

] ] 2¢H N
Determine the wheel radiusr : » = #28Hr = 0.42 22299.jl><120
()] .

Hence, the diameter of the wheel is 2r =2x0.973=1.95m

=0.973m

Compute diameter of one jet: D; = 2r/8=1.95/8=0.244 m, or 244 mm

Let N, = no. of jets. Then each jet has a discharge of Q / N ; and an area
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T2 . ; .
=—D; ..Solving for N;:

]' o, - .7
Vi (”D?] 45.6><(”]><0.2442
4 4

N - Q 1 4.78 _25

_o(Wr I p)'?  20.94(4.5x10°/1000)"'2

- =0.204
(gH.)** (9.81x120)%/*

-.Use three jets Qr

12.44

Q =2082/6 =347 m®/sec (one unit)

Wy __427,300x746 .0,

" yQr; 9810x347x0.85

Hy
Write energy eqn. from upper reservoir (loc. 1) to lake (loc. 2):

L Q°
2 =| fZ4+3K |—<—+H. +z
1 (fD jngZ Tz

2

2
+.309 = (0'0“390 +o.5j 347 +110.1+196.5
D 2V .
2x981x| 7| D

38,840 4980 _

D° D“O

which reducesto 2.4—

~.Solving, D=8 m

.From Fig. 12.32, a Francis or pump/turbine unit is indicated.

12.46

(a) Let H be the total head and Q the discharge delivered to the turbine; then
Hp =0.95H =0.95x305=289.8 m

W, 10.4x10°

= =430m° /s.
/H. 7 9810 289.8x 0.85 m/s

and Q=

Write energy eqn. from reservoir to turbine outlet:

L %
H=H;+ f—=+2K|—=—
! (fD jngz
2
.-.305:289.8+(0'02X300°+2] 43
D 2x9.81x (7 /4)°D
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which reduces to 15.2 — 9167 306 0 ~.SolvingD=1.45m

D> Dp*
(b) Compute jet velocity: V; =c,,/2gH; =0.982x9.81x 289.8 = 73.9 m/s

The flow through one nozzle is Q/4 and the jet area is an /4. Hence

zD} Ql4 43/4
4 v, 739

D = /M —0.136m
] T

=0.0146 m?

51472
W, =1000 4.15%(9.81x3.7) — 4.99x10° W (one unit).
50x /30

12.48

Total power developed is 9.21 x 10° W. Hence, required number of units is

9.21/4.99=1.8 ... Use two turbines.

(a) HT_Z]._ZZ_E Q2

D 2g9A?
2
915892 0.015x350%0.25 ___118m
0.3x2x9.81x(0.7854x0.37)
W. = yQH.77. =9810%0.25x11.8x0.85=2.46x10* W or 24.6 kW

(b) Compute the specific speed of the turbine:

12.50

w=NZ=1200x2- =126 rad/s
30 30

o - a)@ _ 1261/2.46x10° /1000 _,
(gH;) (9.81x11.8)
Hence, from Fig. 12.20, a Francis turbine is appropriate.
(c) From Fig. 12.24, the turbine with Qr = 1.063 is chosen:
Cnu=0.23,Cq=0.13, and 7y = 0.91.
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2 2
D= \/CCzH% = ‘{/0 1(3)'223; 2'12511 - 0.293 m or approximately 0.30 m
o8It . x9.01x11. Y.t

= Q 5= 0.25 3 =71.2rad/sor N = 71.2x@=680 rpm
CoD” 0.13x0.30 s

Wy = yQH 7 =9810x0.25x11.8x 0.91= 2.63x10* W, or 26.3 KW

w

Calculate a new specific speed based on the final design data:

| 71.2x+/2.63x10% /1000

=0.96
(9.81x11.8)>'

Qr

An acceptable value according to Fig. 12.20.
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CHAPTER 13

Measurements in Fluid Mechanics

Introduction

v? YHeh V2 h
Q) —xp=p=—8_ - L x122=(9810x13.6)—
) PP = g g L2 =(9810x136)
13.2 -V =468Vh and C=46.8
V2 h
b) 5% (0.8217x1.22) = (9810x13.6) - - V=516Jh and C=516
-3
Qzﬁz—l'gxm =3.2x10"° m%s
At 10x60 T
14 1= pQ=997x3.2x10° =3.19x1072 kg/s
' 6
_Q__ 32x10 —=065m/s .. Re:—0'65X0'0$25:1805
A (7x(0.0025)%/4) 9x10~
The flow is laminar.
Q=[7r><12><10+7z(22—12)x9.9+7z(32—22)><9.5+7r(42—32)x8.65+
126 7(4.5% —42)% 6.65+ (52 — 4.5%) x 2.6}<1o—4 ~0.0592 m%/s
222—0'05922 =7.54 m/s
A 7x0.05
See the sketch above:
PimP2 g - p—p, =9810(13.6-1)x0.12 =14,830 Pa.
13.8 YHg ~V
-ty = P2 18830 p Do 15 4655
9810 9810 D 24

189

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 13 / Measurements in Fluid Mechanics

a) Assume:

Re=10° . K=0.68 ..Q=0.687x0.075°\/2x9.81x1.512 =0.0654 m®/s

Check: V=2c145mis Re=222*024 55 105

A 1076

- K

0.67 and Q = 0.064 m®/s

13.10

Q=KA @ where K:l—E Re=@: Q4

Dp vJRe v zDv
a) Assume

Re=10° ThenK=0.98 Q=0.987x0.05 /M =0.0974 m%/s
0.1x1000

check V=2 =00 _154mis - Re=122x01

7x0.052 107°

=1.2x10% - K=0.99

~.OK

13.12

7 (333
OZZX(WJ =8.709x10*m? 5 =33.3/54=0617

Q .
K= Ah in meters of mercur
R ")
Q

Q
- = 73.03 === K(Q, Al
8.709 x 107 /2 x 9.81 x (13.6 — 1)Ah VAR Q4%

oK = \/[K(Q,Ah) — K(Q +8Q, A)]* +[K(Q, Ah) — K(Q, Ah + 8(Ah))]?
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No. K(Q,Ah) K(Q+6Q,Ah) K(Q, Al + 5(Ah)) SK
1 1.076 1.147 1.002 0.1026
2 1.024 1.093 0.9805 0.0816
3 1.017 1.082 0.9862 0.0719
4 1.026 1.095 1.001 0.0734
5 1.031 1.100 1.012 0.0716
6 1.041 1.112 1.025 0.0728
7 1.027 1.096 1.012 0.0706
8 1.025 1.084 1.013 0.0602
9 1.005 1.063 0.9938 0.0591
10 1.025 1.083 1.015 0.0589
11 1.041 1.099 1.032 0.0587
12 1.027 1.085 1.018 0.0587
13 1.043 1.103 1.036 0.0604
14 1.040 1.109 1.033 0.0694
15 0.9935 1.050 0.9864 0.0569
1.2 T T i
1.1+
] }SK ]
K  1.04 _
0.9-] 3
0.8 ] T T T
SE+04 8E+04 1E+05 2E+05
Re

Compare the above with Fig. 13.10, curve labeled “Venturi meters and nozzles”

£ =0.6.
i B xW y® XY, x?
(m water)

1 0.164 -1.8079 -6.3890 11.5507 3.2685

2 0.277 -1.2837 -6.1754 7.9274 1.6479

3 0.403 -0.9088 -5.9955 5.4487 0.8259

4 0.504 -0.6852 -5.8746 4.0253 0.4695

5 0.680 -0.3857 -5.7199 2.2062 0.1488

6 0.781 -0.2472 -5.6408 1.3944 0.06111
13.14 7 0.882 -0.1256 -5.5940 0.7026 0.01578

8 1.033 0.03247 -5.5165 -0.1791 0.001054

9 1.147 0.1371 -5.4846 -0.7519 0.01880

10 1.260 0.2311 -5.4171 -1.2519 0.05341

11 1.424 0.3535 -5.3412 -1.8881 0.1250

12 1.550 0.4383 -5.3124 -2.3284 0.1921

13 1.688 0.5235 -5.2533 -2.7501 0.2741

14 1.764 0.5676 -5.2344 -2.9710 0.3222

15 1.764 0.5676 -5.2805 -2.9972 0.3222

X -2.5929 -84.2292 +18.1376 +7.7464
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Oy, =In[(S—1)Ak] S=13.6 (Al in meters mercury) Py =InQ (Qinm*/s)
_ 181376 - (-2.5929)(-84.2292) /15 _ ; 190,
7.7464 — (2.5929)* / 15
po ~842292-04902(-25929) _ S oa0s . ¢ _ayn(_5.5305) = 0.00396,

15
From Problem 13.12, A, =8.709x10™*m? and Kavg =1.029. Hence in

Eq. 13.3.8
KagAgy/28 =1.029% (8.709x10*)4/2x9.81 = 0.00397, and the exponent is
0.500.
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