Notes to mstructors

Engineering Fluid Mechanics

Introduction

The following ideas and information are provided to assist the instructor in the design and implementation
of the course. Traditionally this course is taught at Washington State University and the University of Idaho as a
three-credit semester course which means 3 hours of lecture per week for 15 weeks. Basically the first 11 chapters
and Chapter 13 (Flow Measurements) are covered in Mechanical Engineering. Chapters 12 (Compressible Flow)
and Chapter 14 (Turbomachinery) may be covered depending on the time available and exposure to compressible
flow in other courses (Thermodynamics). Open channel flow (Chapter 15) is generally not covered in Mechanical
Engineering. When the text is used in Civil Engineering, Chapters 1-11 and 13 are nominally covered and Chapters
14 and 15 may be included if time permits and exposure to open channel flow may not be available in other courses.
The book can be used for 10-week quarter courses by selecting the chapters, or parts of the chapters, most appropriate
for the course.
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Every effort has been made to insure that the solution manual is error free. If errors are found (and they
will be!) please contact Professors Crowe or Elger.
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Design and Computer Problems

This edition, like the 6th edition, includes open-ended design problems. These problems provide a platform
for student discussion and group activity. One approach is to divide the class into small groups of three or four and
have these groups work on the design problems together. Each group can then report on their design to the rest of
the class. This stimulates interest and class discussion. Solutions to the design problems are included in the solution
manual.

The seventh edition also includes computer-oriented problems. These problems may best be solved using
software such as spreadsheets or MathCad. The choice is left to the student. The answer book also includes the
results for the computer-oriented problems.

Instructional Videos
Videos are available from various sources. One source is Ensight Media (2162 Broadway, New York, NY,

www.insight-media.com). The videos cover a wide range of subjects in fluid mechanics, turbulence and compressible
flow. Video titles which are particularly useful are:



Flow visualization

Kinematics of fluid motion
Pressure fields and acceleration
Fundamentals of boundary layers
The fluid dynamics of drag
Turbulence

Another source of complementary material is the CD-ROM marketed by Cambridge University Press (40
West 20th Street, New York, NY 1011-421, www.cup.org). This CD-ROM includes video animations and interactive
experiments in kinematics, dynamics and boundary layers. It also includes biographical sketches of many early
contributors to fluid mechanics.

In Class Experments

In-class experiments are highly effective ways to stimulate student interest. These experiments are simple
and require little set-up time Short descriptions of six in-class experiments are provided below.

1. Surface tension:

There are several demonstrations that an instructor can do to illustrate surface tension effects. One demon-
stration is to use the solution for making bubbles available in most toy stores. There is usually a ring included with
the package. Generate a soap film supported by the ring and drop a B-B through the ring. The soap bubble will
remain intact. The reason is shown in the figure. As the B-B passes through the film, the film is deformed as shown.
The surface tension is responsible for the film to neck down behind the B-B and reseal before the B-B penetrates
the film. It is usually best to involve some volunteers from the class to do the demonstration.
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2. Bernoulli equation:

Take a spool of thread and open the holes at each end. Then take a piece of light cardboard like an index card
and cut a 3 in. by 3 in. square. Take a straight pin and put it through the middle of the square. Mount cardboard
on the top of the spool with the pin in the hole. Blow into the hole and then gradually turn the spool until the
cardboard is on the bottom. The cardboard remains suspended by the pressure forces until you stop blowing. In



this test you can then explain that because of the change in area going from the center to the edge of the spool, the
velocity at the center must be higher than at the edge (continuity equation). The larger velocity at the center and
the atmospheric pressure at the edge of the spool leads to subatmospheric pressure between the cardboard and the
spool (the Bernoulli equation). This supports the weight of the cardboard.
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Continuity-Bernoulli experiment

3. Continuity equation:

This experiment involves calculating the emptying time for a funnel. Locate a plastic funnel which is 4 to
6 inches in diameter at the top. Such a funnel is usually available at an auto-parts store. In order to increase the
emptying time install in the bottom of the funnel a wooden dowel with a hole as shown. A 1/4 inch hole will work
well. Then fill the funnel with water to a certain depth while sealing the hole with your finger. Allow the funnel
to drain and measure the time to reach a final depth. Sometimes a vortex is generated in the hole, significantly
decreasing the flow rate.

In this demonstration, it is usually best to give the students the dimensions and have them calculate the
emptying time before the demonstration. These calculations can be done by the various teams. Each team records
their prediction before the experiment. After the demonstration, the team with the prediction closest to the measured
time is recognized.
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Continuity-Bernoulli experiment

4. Match rocket:

This experiment demonstrates the momentum principle. The materials needed are a wooden match, tin foil
and a pin. Position the pin along the shaft of the match with one end at the match head as shown in the figure.



Wrap the tin foil tightly around the head of the match and then remove the pin. The resulting hole is the 'nozzle’ of
the rocket. Mount the match at an angle. This can be done by deforming a paper clip to serve as the rocket launcher.
Heat the tin-foil with another match and when the wrapped match head ignites, the gases discharge through the pin
hole giving rise to a thrust on the match.

Pin x vf« Match head

Match rocket

5. Siphon:

Siphon experiments, which are very easy to set up in class, demonstrate the principles in Chapter 7, the
energy equation, and Chapter 10, flow in conduits. Basically all that is needed is a jar, a piece of tubing (such as
plastic tubing) and a graduated cylinder for measuring the flow rate. Given the length of the tubing and internal
diameter, as well as the elevation distance between the water level in the jar and the end of the tube, the flow rate
can be predicted. One question to pose is if the flow rate will differ if the end of the tubing becomes submerged in
the graduated cylinder as it fills.

The students, or groups of students, can predict the flow rate before the demonstration and those with the
closest prediction can be recognized. There are many variations that can be done with this demonstration such the
use of different liquids, tube size and constrictions or fittings in the line.
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6. Viscosity of common liquids:

Funnel experiments can be used to measure the viscosity of common viscous liquids like syrups. Small glass
funnels with spouts the order of 4-5 mm internal diameter can be found in laboratory glassware catalogs. The spouts
may be the order of 5 cm long. Calculations should be done beforehand with estimates of the viscosity of the liquid
to be sure that the demonstration is feasible. If the hole is too large, plastic tubing can be inserted and glued into
the spout as shown in the figure. This is a good design project for the students to make sure the conditions will
ensure a laminar flow and that the head loss due to friction is much larger than entrance loss.



Viscosity

There are numerous other in-class experiments which can be desgined. These experiments could include
the terminal velocity of a sphere in a liquid flow through a wier and stability of a floating body.
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Chapter T'wo

2.1 Information and assumptions

from Table A.2:
provided in problem statement

Raw = 287 J/kgK

Ry, = 4,127
Reco, = 189
Find
density at 200 kPa and 37.8°C.
Ideal gas law
_ P 200,000 6432 ke /m’
P=RT ~ RG78+21315 R °
Then
643.2
Pair — W =2.24 kg/m3
643.2
643.2
p002 = m =3.40 kg/m3



2.2 Information and assumptions

from Table A.2, Rco, = 189 J/kgK

provided in problem statement
Find

density and specific weight at 300 kPa and 60°C
Ideal gas law

P 300, 000

= = 4767 kg/m®
PO0: = RT T 189(60 + 273) g/m

from the relation v = pg

Yo, = Pco, X g = 4.767 x 9.81 = 46.764 N/m*



2.3 Information and assumptions

from Table A.2, Ry = 2077 J/kgK

provided in problem statement
Find

density and specific weight at 500 kPa and 60°C
Ideal gas law

P 500, 000

= = T (723 kg/m®
PHe = RT = 3.077(00 1 273) O 2o ke/m

from the relation v = pg

Ve = Prie X g = 0.723 x 9.81 = 7.09 N/m3



2.4 Information and assumptions

provided in problem statement
Find
ratio of final to initial mass in the tank
Solution
definition of density and ideal gas law

M = p¥ = (p/RT)V
where p is the absolute pressure. Volume and gas temperature constant so
Mz/My = (p2/p1)

and

M, /My = 300 kPa/200 kPa = 1.5



2.5 Information and assumptions

from Table A.2, Ra;, = 287 J/kgK
T=60°C and p=2 atm
provided in problem statement
Find
ratio of density of water to density of air
Ideal gas law

P 202,600

L = =22 9120k 3
Pair RT ~ 287(60 + 273) 0 kg/m
_ 3 pwater _ 983 _

Pwater = 983 kg/m® Then T 2020 464

10



2.6 Information and assumptions

from Table A.2, Ra;, = 1555 ft-1bf/slug/°R
V=4 ft3, p=200 psia, T = 50°F and tank weight=100 1bf

provided in problem statement
Find

weight of tank with oxygen
Ideal gas law

or vy
then Wair
Wtotal

p/RT

200 psia x 144 psf/psi = 28,800 psf
1,555 ft - Ibf/(slug -° R)

460 + 50 = 510°R

28,800/ (1,555 x 510) = 0.0363 slugs/ft>
pg = 0.0363 x 32.2 = 1.69 1b/ft>

1.169 1b/ft3 x 4 ft3 = 4.68 1bf

104.68 1bf

11



2.7 Information and assumptions

from Table A.2, R = 287 J/kgK

p = 445 kPa, T = 38°C

provided in problem statement
Find

specific weight and density
Ideal gas law

P 445,000
Pair = RT ~ 287(38 + 273)
Yair = Pair X 9= 3,865 x 9.81 = 48.91 N/m?

= 4,986 kg/m?

12



2.8 Information and assumptions

assume the density of air is the value at sea level for standard conditions.
from Table A.2 p,;. = 0.00237 slugs/ft3.
provided in problem statement
Find
mass in 1 mi® of air
Relation between mass, density and volume

M = p¥ = 0.00237 x (5,280)3 = 3.49 x 10° slugs
3.49 x 10% x 32.2 = 1.12 x 10'9 Ibm
1.12 x 100 x 0.4536 = 5.08 x 10° kg

The mass will probably be somewhat less than this because the density decreases with altitude.

13



2.9 Information and assumptions

from Table A.2, R;, = 287 J/kg/K

Peire = 450 kPa, abs and T = 20°C

provided in problem statement
Find

variation in air density from -10°C to 50°C

tire pressure change with temperature if volume constant
Ideal gas law

o p 101000
P=RT ~ 28Tx 213+ 1)

1.40

1.35 4
1.30 o
1.25 4
1.20 1

Density (kg/m°)

1.15 +
1.10 +

1.05 T T T T T T

with density constant

520

500 +
480 o
460 o
440 +
420 o

Tire pressure, kPa

400 +

380 T T T T T T

Temperature, °C

Observation: Tire pressure decreases with decreasing temperature.

14



2.10 Information and assumptions

from Table A.2, Roo, = 189 J/kgK

from Fig. A.2 p=1.7x 107® N-s/m?

p =250 kPa, T'=0°C

provided in problem statement
Find

density, specific weight, dynamic viscosity and kinematic viscosity
Ideal gas law

p=p/RT
p =250 x 10%/(189 x 273) = 4.84 kg/m*
v = pg = 4.84kg/m?> x 9.81m/s? = 47.53 N/m3

v=p/p=17x10"5/4.84 =351 x 10 © m?/s

15



2.11 Mass and weight are extensive properties; the remaining properties are intensive.

16



2.12 Derive expression for ¢, and ¢, in terms of k& and R.
eplev =k ¢, —c, =R
ep/Cy — Cufcy = R/cy
k—1=R/cy; ¢, =R/(k—1)
¢p=R+c¢,=R+R/(k—1)=kR/(k—1)

17



2.13 Information and assumptions

from Table A.5 for water:
provided in problem statement

frg = 4.04 x 10~ 4N-s/m?
1o = 1.31 x 1073N-s/m?
pro = 978 kg/m?
pio = 1,000 kg/m?
from Table A.3 for air
g = 2.04 x 1075 N - s/m?
po = 1.76 x 1075 N - s/m?

P10 = 1.25 kg/m3

Find
change in viscosity and density for air and water
Solution
for water
Ap = fizg— pyg = —9.06 x 107* N - s/m?
Ap = pg—pio = —22 kg/m’
for air
Ap = +0.28 x 107° N -s/m?
Ap = —0.22 kg/m?

18



2.14 Information and assumptions

from table A.3, vgo = 1.89 x 107 m?/s, v1g = 1.41 x 107> m?/s
provided in problem statement

Find
change in kinematic viscosity from 10°C to 60°C

Avair 1060 = (1.89 — 1.41) x 107° = 4.8 x 107% m?/s

19



2.15 Information and assumptions

from tables A.4, Fig. A.2 and Table A.5.
provided in problem statement

Find

Solution

Oil (SAE 10W)
p(N-s/m?) 3.6 x 1072
plkg/m?) 870
v(m?/s) 4.1 x10°°

20

kerosene

1.4 x 10~3 (Fig. A-2)

1.7 x 106 (Fig. A-2)

water

6.8 x 10~*

993

6.8 x 107



2.16 Information and assumptions

from Table A.3, f,5, 500c = 1.81 x 107 N-s/m?; v = 1.51 x 107° m?/s
from Table A.5, fyaier 2000 = 1.00 x 1072 Nos/m?; v = 1.00 x 107% m?/s
provided in problem statement

Find
ratio of dynamic and kinematic viscosities of water and air

Solution

Mair/uwater = M7 Vair/l/water = m

21



2.17 Computer Problem - no solution.

22



2.18 The ratio of kinematic viscosities is

23




2.19 Information and assumptions

from Table A.2, S=111 K, g, (15°C)=1.78x10~> N-s/m?.
provided in problem statement
Find
using Sutherland’s equation, find p at 100°C
Sutherland’s equation

3/2 3

_ (T T,4+S _ (373\3/2 2884111 __
':_D —\T, T+5 — (ﬁ) 373+111 — 1.215
p=1215x1.78 x 107° = 2.16 x 10~° N - s/m?

24



2.20 Information and assumptions

from Table A.2, S = 198 K

provided in problem statement
Find

by definition

Ideal-gas law

Sutherland’s equation

SO

and

v 1

Vo 2

(

473

288

)5/2

473 + 198

—— =1.252
288 + 198 b

v =1.252x1.08 x 107° m?/s = 1.35 x 10°° m?/s

25



2.21 Information and assumptions

from Table A.2, S =192°R.
provided in problem statement

Find
w© at 200°F
Sutherland’s equation
wo_ (TNPL4 S (660)\¥? 5194192 L7
n,  \T, T+S \519 660 +192
po= 1197 x3.59 x 1077 = 4.30 x 10~ " Ibf-s/ft*

26



2.22 Information and assumptions

from Table A.2, S =143°R.
provided in problem statement

Find
v at 30°F
Sutherland’s equation
v opo (TNPT,+5 v 15 (490 5/2519“437136
ve  p \T, T+S v, 1 \519 490 + 143
v = 1.36x122x107° =166 x 10> ft?/s.

27



2.23 Information and assumptions

provided in problem statement
Find

Sutherland’s constant
Solution

Solving Sutherland’s equation for S/T, gives

L \1/2
EA S
To - T, 3/2
- (%)
Substituting p/p, = 1.72 and T, /T = 373/673 gives
S
— = 0.964
T, 0.96
S = 360 K.

28



2.24 Information and assumptions
provided in problem statement
Find
Sutherland’s constant

Solution
Solving for Sutherland’s constant

Substituting values

and

into equation for S/T,

Ko

TO 1-— (TO)S/Q

2
s (&)1
HO

o 346 x 1077

w207 x 107 o1
T, 528
Ze =222 _ 061
T = 5 = 06197
S
2 = 17
T, ’
S = 903°R

29



2.25 Information and assumptions
provided in problem statement
Find
1(60°C)
Solution
Viscosity variation of a liquid can be expressed as

2wl

o

Taking the logarithm and solving for b gives

_ In(p/p,)
b="+5-"7
(7 —7;)
Substituting in the values of p/u, = 0.011/0.067 = 0.164 and T' = 372 and T, = 311 gives
b= 3430 (K)

The viscosity ratio at 60°C is

»o_ 11y
o exp[3430(333 311) = 0.4833
p = 0.4833 x 0.067 = 0.032 N - s/m?

30



2.26 Information and assumptions

provided in problem statement
Find
1(150°F)
Solution
Equation for viscosity variation of a liquid can be expressed as

N 1 1
=~ (= — —
Ho exp|:(T TO):|

Taking the logarithm and solving for b gives

_ In(u/po)
b=-3-"3
(z—7;)
Substituting in the values of u/u, = 0.39 x 1073/4.43 x 1072 = 0.0.0880 and T' = 670 and T, = 560 gives
b=28293 (°R)
The viscosity ratio at 150°F is
L 1 1
— = 293(—=——=) =02
o exp[8 93(610 560) 0.299
po= 0299 x 4.43 x 1073 = 1.32 x 1072 Ibf-s/ft?

31



2.27 A computer program is developed for Sutherland’s constant from the equation

Carrying out the calculation for each data point and taking the average for Sutherland’s constant gives

S=127T K
The error is defined as
£ L |calc
err = 100 x %
Ho

The results are

T(K) 260 270 280 290 300 350 500 1000 1500
L e 29606 991 1.021 1.050 1.079 1217 1582 2489 3.168

error(%) .013 .039 .084 .118 .108 .366 .48 1.17  3.56

The error is less 0.5% for temperatures up to 500 K but has an error of over 3.5% for a temperature of 1500K.

32



2.28 Information and assumptions

from Table Figure A.2, u = 5.2 x 1074 Ib-s/ft2
provided in problem statement
Find
shear stress
Solution
Rate of strain

du/dy =10/((1/4)/12)s*
Relation between stress and rate of strain

T = pdu/dy = 5.2 x 107 x 10 x 48 = 0.250 1b/ft?

33



2.29 Information and assumptions

from Table A.3, p1,;. = 1.91 x 107° N-s/m?
from Table A.5, ptter = 6.53 x 107% N-s/m? py 1i0r = 992 kg/m?3.
provided in problem statement
Find
kinematic and dynamic viscosities
Ideal gas law

Paie = P/ RT = 170,000(287 x 313.2) = 1.89 kg/m?

For air
p = 191 x107° N-s/m?
v = pu/p=(191x107°)/1.89 = 10.1 x 1075 m?/s
For water
p = 6.53x107° N-s/m?

v = (6.53x107*/992) = 6.58 x 1077 m?/s

34



2.30 Information and assumptions

from Table A.5, ;= 1073 N-s/m?

provided in problem statement

Find
shear stress at y = 2 mm
Stress-strain relationship

.
du/dy

pidu/dy

(1/6)(10)(y)~>/% s~
(1/6)(10)(.002)75/6 51
(10/6)(177.5) s~ !

(1073 N - s/m?)(10/6)(177.5) s *

35

=0.296 N/m?



2.31 Information and assumptions

provided in problem statement

Find
shear stress at walls
Solution
u = 100y(0.1 —y) = 10y — 100y>
du/dy = 10— 200y
(du/dy)y—o = 10572 (du/dy)y—o.1 = —10s~!
To = pdu/dy = (8 x107°) x 10 = 8 x 10~* Ibf/ft>
Ton = —8x107* Ibf/ft?
010
008 =
8 006 -
g
.‘Dﬁ
004 =
002
000  p— | —

000 005 010 015 020 025 030
Velocity

36



2.32 Information and assumptions

provided in problem statement
Find

maximum and minimum shear stress

maximum shear stress at wall
Solution

T = udV/dy
Tmax ~ p(AV/Ay) next to wall
(1073N - s/m?)((1 m/s)/0.001 m) = 1.0 N/m?

Tmax

The minimum shear stress will be zero, midway between the two walls, where the velocity gradient is zero.

37



2.33 Information and assumptions

from Table A.4, p1 = 6.2 x 107! N-s/m?

provided in problem statement
Find

velocity and shear stress at 12 mm from wall, shear stress and velocity at wall
Solution

Velocity
w = —(1/2p)(dp/dz)(By —y?); B=0.05m
dp/dx = —1,600 N/m?3
Uomm = (1,600/(2 x 0.62))(0.05 x 0.012 — (0.012)?)
U12mm = 0.588 m/s
Shear stress
T = pdu/dy =—(1/2)(dp/dz)(B - 2y)
70 = (1,600/2)(0.05) = 40 N/m?
712 = (1,600/2)(0.05 -2 x 0.012) = 20.8 N/m?

38



2.34 Develop an equation for the shear stress

T = pdu/dy
pdu/dy = —p(1/2p)(dp/ds)(H — 2y) + wp/ H
Evaluate raty = H:
ru = —(1/2)(dp/ds)(H — 2H) + uyi/H
= (1/2)(dp/ds)H + usp/H
Evaluate taty = 0
ro = —(1/2)(dp/ds)H + ups/ H

Observation of the velocity gradient lets one conclude that the pressure gradient dp/ds is negative. Also wuy
is negative. Therefore |7 > |7o|. The maximum shear stress occurs at y = H.

39



2.35 From solution to 2.34

T = —(1/2)(dp/ds)(H — 2y) + up/H
Set 7 = 0 and solve for y

0 = —(1/2)(dp/ds)(H —2y) +up/H

y = (H/2) — (pue/(Hdp/ds))

40



2.36 Derive an expression for plate speed

T = pduf/dy=0aty=0
dufdy = —(1/20)(dp/ds)(H — %) + ui/ H
Then, at y = 0:du/dy=0=—(1/2u)(dp/ds)H + u,/H
Solve for u; = wuy = (1/2u)(dp/ds) H?
Note : because dp/ds < 0,u; < 0.

41



2.37 Information and assumptions

from Table A.4, 1(38°C)=3.6 x 10~2 N-s/m?
provided in problem statement

Find
find torque on shaft

Solution

dl' = rdF
dI' = r1dA
where 7 = u(dV/dy) = p(AV/AR)
= p(wRsinf/AR)

= 3.6 x1072 N-s/m?)(10 x 27/60) rad/s(0.05 msin#/1073 m)
= 1.885sinf N/m?
dA = 2mRsinORdO

= 2rR?sinORd0
= 27R?sin6do
r = Rsin6
Then dT = Rsin#(1.885sin ) (27 R? sin 6d6)
dT = 11.84R>sin®0d6
T = 11.84R3 / sin® 0d0

0
= 11.84(0.05)3[—(1/3) cos f(sin® 6 + 2)|7
= 11.84(0.05)%[—(1/3)(=1)(2) — (~1/3)(1)(2)]
Torque = 1.97 x 1072 Nm

42



2.38 Because the viscosity of gases increases with temperature i;09/p50 > 1. Correct choice is (c).

43



2.39 Information and assumptions

from Figure A.2, 1(10°C)=0.35 N-s/m?
provided in problem statement

Find
Cylinder fall rate
Solution
o= pdV/dy
W/(xdt) = pVian/[(D —d)/2]
Vian = W(D —d)/(2rdlp)
Vit = 20(0.5 x 107%)/(27 x 0.1 x 0.2 x 3.5 x 1071) = 0.23 m/s

44



2.40 Information and assumptions

from Figure A.2, 1(10°C)=0.35 N-s/m?
provided in problem statement
Find
weight of cylinder
Solution
Sum of forces equal zero (no acceleration)

Y F.=0

—W+ Fr=ma

—W +7dtuV/[(D —d)/2] = W/ga

~ W+ (mrx01x02x35x107'V)/(0.5 x 107?/2) = Wa/9.81

Substituting V = 0.5 m/s and a = 14 m/s? and solving yields W = 18.1 N

45



2.41 Information and assumptions

assume linear velocity distribution: dV/dy = V/y = wr/y
provided in problem statement
Find
ratio of shear stress at » = 2 cm to shear stress at » = 3 cm, speed of oil at contact with cylinder, shear
stress at cylinder

Solution
T = pdV/dy = pwr/y
To/Ts = (px1x2/y)/(px1x3/y)=2/3=0.667
V = wr=2x0.03=0.06 m/s

7 = pdV/dy =0.01 x 0.06/0.002 = 0.30 N/m?

46



2.42 Information and assumptions

assume a linear velocity distribution
provided in problem statement

Find
torque to rotate disk
Solution
= pdV/dy
= pwrfy
= 0.01 x 5 x /0.002 = 257 N/m?
d Torque = r7dA
r(10r)27mrdr = 50mr3dr
0.05
Torque = / 50mr3dr = 50mr? /4 {8'5
0
Torque = 2.45x10 *N-m

47



2.43 Information and assumptions

assume velocity profiles are linear
provided in problem statement
Find
derive an equation for damping torque
Solution
Relation between shear stress and velocity gradient

T =pdV/dy = prw/s

On an elemental strip of area of radius r the differential shear force will be 7dA or 7(2rrdr). The differential
torque will be the product of the differential shear force and the radius 7 or dTgpe side

= r[r(2mwrdr)]
= r[(prw/s)(2nrdr))
= (2ruw/s)r3dr
dTboth sides = (Twuw/s)r?’dr
D/2
T = /(47r;¢w/s)7“3d7“ = (1/16)TpuwD*/s
0
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2.44 One possible design solution is given below.
Assumptions:
1. Motor oil is SAE 10W-30; there p will vary from about 2 x 10~ 4Ibf-s/ft?t08 x 10~ 31bf-s /ft? (Fig. A-2)
2. Assume the only significant shear stress develops between the rotating cylinder and the fixed cylinder.
3. Assume we want the maximum, rate of rotation w, to be 3 rad/s.
Arbitrary decision:
1. Let h=4.01in. = 0.333 ft
2. Let I.D. of fixed cylinder = 9.00 in. = 0.7500 ft.
3. Let O.D. of rotating cylinder = 8.900 in. = .7417 ft.

Let the applied torque which drives the rotating cylinder be produced by a force from a thread or small
diameter monofilament line acting at a radial distance r;. Here 7 is the radius of a spool on which the thread of
line is wound. The applied force is produced by a weight and pulley system shown in the sketch below.

Pulley

The relationship between u,rs,w, h, and W is now developed.
T =r.F;s (1)

where T = applied torque

r. = outer radius of rotating cylinder

F; = shearing force developed at the outer radius of the rotating cylinder but Fs = 7A; where A; = area in
shear = 2mr.h

7= udV/dy ~ pAV/Ar where AV = r.w and Ar = spacing
Then T = r.(uAV/Ar)(27r:h)

= TCM(TCW/AT) (27Trch) (2)
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But the applied torque T'= Wr, so Eq. (2) become Wrs = rduw(2m)h/Ar

or u= (Wr.Ar)/(2rwhr?) (3)

The weight W will be arbitrarily chosen (say 2 or 3 oz.) and w will be determined by measuring the time it
takes the weight to travel a given distance. So rsw = Vi or w = Vean/rs. Equation (3) then becomes

p=(W/Vy)(rs /rd)(Ar/(2mh))
In our design let s = 2 in. = 0.1667 ft. Then

p = (W/F;)(0.1667%/.3708%)(0.004167/ (27 x .3333)
po= (W/V)(.02779/.05098)
po= (W/V§)(1.085 x 1073) Ibf - s/ft?

Example: If W = 20z. = 0.1251b. and V; is measured to be 0.24 ft/s than ¢ = (0.125/0.24)(1.085 x 1073), =
0.564 x 10~* Ibf-s/ft>
Other things that could be noted or considered in the design:

1. Specify dimensions of all parts of the instrument.
Neglect friction in bearings of pulley and on shaft of cylinder.
Neglect weight of thread or monofilament line.

Consider degree of accuracy.

DA o

Estimate cost of the instrument.
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2.45 Information and assumptions

from Table A.5, E =2.2 x 10° Pa
provided in problem statement
Find
volume after pressure applied
Solution
Relation between modulus of elasticity, applied pressure and volume change

E = —Ap/(AV-/AF)

Final volume

22x10° = —2x10%/(AV-/1,000)
AV = —(2x10°x1,000)/(2.2 x 10?) = —0.909cc
Vfina = V- — A&V-=999.09cc
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2.46 Information and assumptions

from Table A.5, E =2.2 x 10° Pa
provided in problem statement
Find
pressure increase to reduce volume by 1%
Solution
Relation between modulus of elasticity, applied pressure and volume change

E =—-Ap/(AWV /¥)
For 1% volume change

2.2x10° = —Ap/(—1/100)
Ap = 22x10" N/m? =22 MN/m? (increase)
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2.47 Refer to Fig. 2-6(a). The surface tension force, 2mro, will be resisted by the pressure force acting on the cut
section of the spherical droplet or

p(rr?) = 2mro
p = 20/r=4c/d
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2.48 Information and assumptions

assume effect of thickness is negligible
provided in problem statement
Find
find pressure difference across bubble
Solution
Force balance

=P 2 X 2nRG
-
-
<P
-
-
Lo
>F =0
AprR? —2(2rRo) = 0
Ap = 40/R
APsmm rad. = (4% 7.3x 1072 N/m)/0.004 m = 73.0 N/m?
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2.49 Information and assumptions

from Table A.5, 0 = 0.073 N/m
provided in problem statement
Find
maximum mass of bug
Force equilibrium

S R=0
surface tension force supporting bug - weight of bug = 0

Consider cross section of bug leg:

Cross section

/‘\/ of bug leg

Surface tension
force on one
0 side of leg

FF

Assume 6 is small
Then cos 6 =1; Fcos 6=F

Fr = (2/leg)(6 legs)a/
1204
12(0.073 N/m)(0.005 m)
= 0.00438N
o Fr—mg=20
m = (0.00438/9.81) x 1,000 = 0.446 gm
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2.50 Information and assumptions

from Table A.5 surface tension of water is 0.005 1bf/ft
provided in problem statement
Find
amount of water column due to surface tension effects
Solution

Ah = 40/(yd) =4 x 0.005/(62.4 x d) = 3.21 x 10~*/d ft.
= 1/4in. = 1/48 ft.; Ah = 3.21 x 107%/(1/48) = 0.0154 ft. = 0.185 in.
= 1/8in. = 1/96 ft.; Ah = 3.21 x 107%/(1/96) = 0.0308 ft. = 0.369 in.
= 1/32in. =1/384 ft.; Ah =321 x 107*/(1/384) = 0.123 ft.=1.48 in.
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2.51 Information and assumptions

from Table A.5, surface tension of water is 7.3x1072 N/m
provided in problem statement

Find
capillary rise between two vertical plates

B, =0
200 —hlty = 0
h = 20/t
h = 2x7.3x102/(0.0010 x 9,810) = 0.0149 m = 14.9 mm
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2.52 Information and assumptions

from Table A.5, surface tension of water is 7.3x1072 N/m
provided in problem statement
Find
pressure within 1-mm spherical droplet
Solution
Solution is similar to that for Problem 2-48 except that only one surface exists here.

AprR? —2rRoc = 0
Ap = 20/R
Ap = 2x73x1072/(0.5 x 1073) =292 N/m?
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2.53 The elevation in a column due to surface tension is

4o

Ahf%

where 7 is the specific weight and d is the tube diameter. For the change in surface tension due to temperature,
the change in column elevation would be

4Ac 4 x0.0167 6.8x10°

Ah = = Sioxd ~ d

The change in column elevation for a 1-mm diameter tube would be 6.8 mm. Special equipment, such the
optical system from a microscope, would have to be used to measure such a small change in deflection It is unlikely
that smaller tubes made of transparent material can be purchased to provide larger deflections.
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2.54 Information and assumptions

provided in problem statement
Find
depression of mercury surface
Solution
Equating the surface tension forced with the force due to hydrostatic pressure gives

2
cosOrdo = Ahw%

Solving for Ah results in

Ah— 4 cosfo
vd

Substituting in the values gives the depression of the mercury surface.

4 x cos40 x 0.514

Al = 1350810 X 0,001

=0.0125 m = 12.5 mm
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2.55 The bubble will have the greatest pressure because there are two surfaces (two surface tension forces) creating
the pressure within the bubble. a)
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2.56 Information and assumptions
provided in problem statement
Find
boiling at altitude of 3000 m.

Solution

100 — (101 — 69)/3.1 = 89.7° C
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Chapter Three

3.1 Information and assumptions

provided in problem statement

Find
% error in gage reading
Solution
p = 20/(m/4) x (1)* =25.46 psi = 175.4 kPa
% gage error = (26 — 25.46) x 100/25.46 = 2.10%
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3.2 Information and assumptions

provided in problem statement
Find

force required to separate shells
Solution

The radius of the seal is 0.1525 m.

F = ApA

= (100 kPa — 10 kPa)rr?
(90,000 N/m?)7(0.1525 m)?
= 6.58 kN
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3.3 This is an open-ended problem. The area of contact between each tire and pavement is a function of the
weight of the car and the air pressure of the tires. The solution to the second part is a function of the air
pressure and the diameter of the pump. For example, if the pump diameter is one inch, the force required will
be about 24 1bf.
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3.4 Information and assumptions

assume same force per bolt at B-B
provided in problem statement

Find
number of bolts required at section B-B
Solution
Foperboltat A— A = p(r/4)D?/20
p(r/4)D?/20 = p(r/4)d*/n
n = 20x(d/D)>=20x(1/2)>=5
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3.5 Information and assumptions

assume water wets the glass

provided in problem statement
Find

location of water line in tube.
Solution

oA

Equate forces acting at the liquid surface inside the glass tube.
D F =
—piA+peA+ond =

where p; is the pressure inside the tube and py is the pressure in water at depth £. Also

pivi - patmvtube
Di patm(vtube /vl)
Patm (0 10Atube/((~08 + 6) (Atube))

Di = Patn (0.10/(.08 + £))

Pe = Patm + ¢
Solving for ¢ with Egs. (1), (3) and (4) yields

¢ =0.0192m = 1.92 cm
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3.6 Correct graph is (b)
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3.7 (a) The water surface level in the left tube will be higher because of greater surface tension effects for that
tube.
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3.8 Information and assumptions

provided in problem statement

Find
force resisted by piston
Solution
p1—YAz = p2
orp;, = 200N/A —0.85x9,810 N/m® x 2 m
= [200 N/((7/4) x (0.04)?)] — 16,677 N/m?
= 1425 kPa
Fy = poAs=142.5 x 103(7/4) x (0.10)?
= 1,119N
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3.9 Information and assumptions

provided in problem statement

Find
ratio of pressure to normal atmospheric pressure
Solution
p = vAz=9,790 x 50 = 489,500 N/m? = 489.5 kPa, gage
P50/Patm = (489.5+101.3)/101.3 = 5.83
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3.10 Information and assumptions

Assume v = 9,810 N/m?
provided in problem statement
Find
The gage pressure at the 10 m depth = 10y
Solution
=10 m x 9,810 N/m® = 98.1 kPa
The absolute pressure at the 10 m depth
= 98.1 kPa 498 kPa = 2 x 98 kPa

The absolute pressure at the 10 m depth is 2 times that at the surface.
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3.11 Information and assumptions

provided in problem statement
Find
gage pressure at bottom of tank

p = (ryh)water + (’yh)kerosene
9,790 x 1.6 + 8,010 x 1.2 = 25,276 N/m?
25.28 kPa
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3.12 Information and assumptions
provided in problem statement
Find
pressure at depth of 15 m.

Solution

p =15 x 8,630 = 129, 450 kPa = 129.5 kPa
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3.13 Information and assumptions

provided in problem statement
Find

thickness of atmospheric air layer
Solution

p=t
where ¢ is the thickness of the atmosphere.
(14.7 1bf/in?) (144 in?/ft?) = 4t

14.7 x 144 1bf/ft2 = (0.00247 Ibf - 52 /ft4)(32.2 ft/s2)¢
t = 26,615 ft
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3.14 Information and assumptions

provided in problem statement
Find

specific weight and specific gravity
Solution

’y =
S =

p/h =47.9 x 10/6 = 6.98 kN/m?
6.98/9.81=0.71
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3.15 Information and assumptions

provided in problem statement

Find
gage pressure at 10 m depth
Solution
P
or y
dp/dz
dp/dd
Integrating

Puater(1 4 0.01d)
Vwater (1 +0.01d)
—dp/dd = —

Ywater (1 +0.01d)

p= ’Ywater(d + 001d2/2) + C

For boundary condition pgage = 0 when d = 0 gives C = 0.

Pd=10 m = Ywater(10 + 0.01 x 102/2)
= 103.0 kPa

for vater = 9,810 N/m?
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3.16 Information and assumptions

provided in problem statement
Find

depth where pressure is 60 kPa.
Solution

From solution to Prob 3.15

p - ’ywater(d + 001 d2/2)
60,000 N/m? = (9,810 N/m?)(d + .005 d?)

Solving the above equation for d yields d =5.94 m
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3.17 Information and assumptions

provided in problem statement

Find
pressure at depth of 20 ft.
Solution
dp/dz = —v
= —(50—-0.12)
—20

p = /(50—0.12)dz
0
= 50z +0.122/2],%
= 1000+ 0.1 x 400/2
= 1020 psfg
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3.18 Information and assumptions

from Table A.5, v,=9790 N/m?
assume an ideal gas
provided in problem statement

Find
increase of water elevation in manometer.
Solution
p/p=RT
but
p=M/¥V
SO

p (M/V) = RT; p¥ = MRT

Because M, R and T are constants for air in the tube

p1V1 = paVa
p1 = 100,000 N/m? abs
Vl =1mXx Atube
po = 100,000 N/m2 + ~,,(1 m — Af)
Also p = p1V1/V2
— (100,000 N/m2)(1 m X Appe)/[(1 m — AC) Apune]

Equating the equations for p
100,000 + v, (1 — A¢) = (100,000)[1/(1 — A)]
AP —12214AL+1 = 0
Solving for A/
Al =

o
]
)
=
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3.19 Information and assumptions

provided in problem statement
Find
location of liquid surface in manometer
Solution
The distance Ah is the height of the liquid surface in the manometer above the interface between the water
and the heavier liquid. Thus

Y0 X0.1m = 3yy,o X Ah
Ah = 0.1m/3
= 0.0333 m
= 333 cm
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3.20 Information and assumptions
provided in problem statement
Find
maximum gage pressure, where will maximum pressure occur, hydrostatic force on side C-D
Solution

0+4 X vp,0 +3 X 3YH,0 = Pmax
Pmax = 13x9,810 = 127,530 N/m? = 127.5 kPa

Maximum pressure will be at the bottom of the liquid with a S of 3.

Fop = pA = (127,530 — 1 x 3 x 9,810) x 1 m? = 98.1 kN
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3.21 Information and assumptions

provided in problem statement

Find
% difference in sea water density at 6 km
Solution
Ap —~h = 10,070 x 6 x 103
Ev = Ap/(dp/p)
(dp/p) = Ap/E,= (10,070 x 6 x 10%)/(2.2 x 10°) = 27.46 x 1072 = 2.75%
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3.22 Information and assumptions

provided in problem statement
Find

volume of oil to be added to raise piston by 1 in.
Solution

Volume
added

Volume added is shown in the figure. First get pressure at bottom of piston

ppAp = 10 Ibf
Pp 10/ 4,
= 10/((r/4) x 4?)
= 0.796 psig = 114.6 psfg

Then
Youh = 114.6 psfg
h = 114.6/(62.4 x 0.85) = 2.161 ft = 25.9 in
Finally
Vadded = (m/4)(4% x 1+ 1% x 26.9)
33.7 in.?
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3.23 Information and assumptions

air is ideal gas

temperature is constant

provided in problem statement
Find

ratio of density of air in bubble at 20 ft to density at 10 ft.

Solution

P10
P20

P10

where p is absolute pressure.

p/RT

p10/RT; poy = pao/RT
P20

P1o

p1o = 14.7 Ibf/in? x 144 in2/ft? + 10 ft x 62.4 Ibf/ft5 = 2741 Ibf/ft2
poo = 14.7 Ibf/in? x 144 in?/ft? + 20 ft x 62.4 Ibf/ft> = 3365 Ibf/ft2
P20/ P10 = P20/P1o = 3365/2741 = 1.23
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3.24 Information and assumptions

assume vapor pressure of mercury is zero
provided in problem statement

Find
reading on mercury barometer

Solution

pmHg

Pv,Hg + 'Yth = Patm
h = (patrn - pv,Hg)/’YHg
h = (98,000 —0)/133,000 = 0.737 m = 737 mm
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3.25 Information and assumptions

provided in problem statement
Find
gage pressure at pipe center
Manometer equation
from the pipe to the open end of the manometer
Ppipe + (0.5 £t)(62.4 Ibf/ft3) + (1 ft)(2 x 62.4 1bf/ft*)
—(2.5 ft)(62.4 1bf/ft3) = 0

Ppipe = (2.5 — 2 —0.5) ft (62.4 Ibf/ft*) =0
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3.26 Information and assumptions
provided in problem statement
Find
gage pressure at pipe center.

Manometer equation

pa + (2.0 ft)(62.3 bf/ft3) — (2/12 ft)(847 1bf/ft3) = 0

pa = —124.6 Ibf/ft? + 141.2 Ibf/ft> = +16.6 1bf/ft?
= +0.12 psi
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3.27 Information and assumptions
provided in problem statement
Find
gage pressure in pipe A

Manometer equation

pa=9,810(1 x 13.55 — 1.5 + 1.3 x 0.9) = 129, 700 N/m? = 129.7 kPa
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3.28 Information and assumptions

SHg = 13.55
Yr,0 = 62.4 Ibf/ft3
provided in problem statement
Find
gage pressure in pipe A
Manometer equation
from pipe A to the top of the mercury column.

pa — L3700 + 1.5vm,0 — 17my
pa

90

0

0

Yi,0(13.55 + 1.17 — 1.5)
(62.4 1bf/ft3)(13.22 ft)
825 psfg



3.29 Information and assumptions

provided in problem statement
Find

estimate gage pressure in pipe A
Solution

Ahgurface tension = 40/ (vd) = (4 x 7.3 x 1072) /(9,810 x 1 x 1073)
0.0298 m = 2.98 cm
pa = ~vh=9,810(10—2.98) x 10~2 = 689 Pa
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3.30 Information and assumptions

provided in problem statement
Find

pressure at the center of pipe B
Manometer equation

p = 50 x(3/5x1072 x 20 x 103
—10x 1072 x 20 x 10 — 50 x 1072 x 10 x 10°
pp = —1,000 Pa = —1.00 kPa
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3.31 Information and assumptions

provided in problem statement
Find

cistern pressure
Solution

(71—/4)D1?ube X f = (71—/4)D3istern X (Ah)cistern
(Ah)cistern = (1/8)2 x 40 = 0.625 cm
(¢ sin 10° + Ah)pg
(

40 sin 10° 4 0.625) x 1072 x 800 x 9.81 = 594 Pa

Pcistern =
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3.32 Information and assumptions

provided in problem statement

Find
cistern pressure
Solution
Ah = (1/10)% x 3 =0.03 ft
Peistern = (2 sin 10° 4+ 0.03) x 50 = 18.86 psfg
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3.33 First of all neglect the weight of the piston and find the piston area which will give reasonable manometer
deflections. Equating the force on the piston, the piston area and the deflection of the manometer gives

W = AhyA

where + is the specific weight of the water. Thus, solving for the area one has

W
 yAh

For a four foot person weighing 60 1bf, the area for a 4 foot deflection (manometer near eye level of person)
would be

60 9
A= Gaaxg 0t
while for a 250 1bf person 6 feet tall would be
250 )
A—62.4X6—0.66ft

It will not be possible to maintain the manometer at the eye level for each person so take a piston area of
0.5 ft2. This would give a deflection of 1.92 ft for the 4-foot, 60 1bf person and 8 ft for the 6-foot, 250 1bf person.
This is a good compromise.

The size of the standpipe does not affect the pressure. The pipe should be big enough so the person can
easily see the water level and be able to read the calibration on the scale. A 1/2 inch diameter tube would probably
suffice. Thus the ratio of the standpipe area to the piston area would be

Apipe 0785 x 0.5?

fr— pr— . 2
Apiston 0.5 x 144 0.0027

This means that when the water level rises to 8 ft, the piston will only have moved by 0.0027x8 = 0.0216 ft
or 0.26 inches.
The weight of the piston will cause an initial deflection of the manometer. If the piston weight is 5 1bf or
less, the initial deflection of the manometer would be
Wpiston

Ah, = ———— = 0.16 ft or 1.92 inches
'YApiston

This will not significantly affect the range of the manometer (between 2 and 8 feet).
The system would be calibrated by putting knows weights on the scale and marking the position on the
standpipe. The scale would be linear.
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3.34 Information and assumptions

provided in problem statement
Find

gage pressure at center of pipe A
Manometer equation

pa = 1.31 x 847 — 4.59 x 62.4 = 823.2 psf = 5.72 psig
pa = 04x1.33x10°—1.4x9,810 =39.5 kPa gage
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3.35 Information and assumptions

provided in problem statement
Find
specific weight of unknown fluid
Solution
Volume of unknown liquid =V= (r/4)d?( = 2 cm?

v (7/4)(0.5)%¢ =2
¢ = 10.186 cm

Manometer equation from water surface in left leg to liquid surface in right leg:

0+ (10.186 cm - 5 cm)(10~2 m/em)(9,810 N/m?)
—(10.186 cm) (102 m/cm)yy;, =0

o

508.7 Pa — 0101867y, =
’Yqu.

4,995 N/m?
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3.36 Information and assumptions

provided in problem statement
Find

locate water and mercury surfaces and maximum pressure in tube
Solution

Water
151t
Yr
YL
Hg
yr+yr = 1-2/3=1/31t
04 (1.5 x 62.4) + (yr, x 847) — (yr x 847) = 0
yr —yr = —0.1105 ft
2y, = 0.333 —0.1105
yr, = 0.111 ft
yr = 0.333 —yr =0.222 ft
Pmax = 0.222 x 847 = 188 psfg
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3.37 Information and assumptions

provided in problem statement
Find
locate water and carbon tetrachloride surfaces
Solution
First assume that the water will all stay in the left leg (it will not occupy any of the horizontal part of the
tube). Then the resulting configuration of water and carbon tetrachloride will appear as shown below:
Write the manometer equation from the water surface to the carbon tetrachloride surface

Water
24 in
16-€
YL
cal,
0+ 2vm,0 + tvecr, — (133 =Ovecr, = 0
—012+318¢ = 0
3.18¢ = 0.12

¢ = 0.0377 ft =0.453 in

Therefore, the water surface will be 24.453 inches above the bottom of the tube and the carbon tetrachloride
surface will be 15.547 inches above the bottom.
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3.38 Information and assumptions

neglect volume of tube associated with bends
provided in problem statement
Find
locate water and oil surfaces
Solution
Assume the water and oil take a configuration in the tube shown below.

Oil
13/3in

Water

The pressure at the bottom of the column of oil is the same as the pressure at a depth of 5”7 — 2¢ in the
column of water. Equate these pressures and solve for /.

((5-20/12)y,, = ((13/3)/12)v
(5-20)y, = (13/3)(0.87v,)
¢ = 0615 in.

Thus the interface between the oil and water is 0.615 in. above the centerline of the horizontal part of tube.
The surface of the oil is 4.948 in. above the centerline of the horizontal part of the tube and the surface of the water
is 4.385 in. above the centerline of the horizontal part of the tube.
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3.39 Information and assumptions

neglect volume of tube associated with bends
provided in problem statement
Find
specific gravity of liquid in left leg
Solution
Equating ;pressures at bottom of liquid in left leg

(34 —10) x 1072 x 9,810 =30 x 1072 x 9,180 x S
S =0.80
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3.40 Consider the manometer shown in the figure.

[

Ah

Use a manometer fluid heavier than water. The specific weight of the manometer fluid is identified as ~,,,.

Then Ahmax = Apmax/(Ym — YHy0)-

If the manometer fluid is carbon-tetrachloride (7,,, = 15,600), Ahymay = 60 x 103/(15,600 — 9, 180) = 13.36 m
—(too large).

If the manometer fluid is mercury (v,, = 133,000), Ahpa = 60 x 10%/(1333,000 — 9,810) = 0.487 m—
(O.K.). Assume the manometer can be read to 2 mm. Then % error = £2/487 = +0.004 = £0.4%. The
probable accuracy for full deflection (0.5m) is about 99.6%. For smaller pressure differences the possible degree of
error would vary inversely with the manometer deflection. For example, if the deflection were 10 cm = 0.1 m, then
the possible degree of error would be 2% and the expected degree of accuracy would be about 98%.

Note: Error analysis is much more sophisticated than presented above; however, this simple treatment should

be enough to let the student have an appreciation for the subject.
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3.41 Information and assumptions
provided in problem statement
Find
PA —PB

Manometer equation

pB =pa+(4+2)62.4 x0.8
+3 %624 (3+2)62.4 % 0.8
pa —pp = —237 psf = —1.65 psi
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3.42 Information and assumptions

provided in problem statement
Find

PA —PB
Manometer equation

pa+(3+1)9,180 x 0.8 +2 x 9,790 — (2 + 1)9,810 x 0.8

104
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3.43 Information and assumptions

provided in problem statement
Find

distance z
Manometer equation

(1+3)51 + 2 x 180 — (z + 3)62.37 = 2 x 144
2=231ft
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3.44 Information and assumptions

provided in problem statement
Find

distance z
Manometer equation

(0 +3)51 + 2 x 847 — (2 + 3)62.4 = 3 x 144
2 =0.594 ft
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3.45 One possible apparatus might be a simple glass U-tube. Have each leg of the U-tube equipped with a scale so
that liquid levels in the tube could be read. The procedure might be as described in steps below:

1. Pour water into the tube so that each leg is filled up to a given level (for example to 15 in. level).

2. Pour liquid with unknown specific weight into the right leg until the water in the left leg rises to a given level
(for example to 27 in. level).

3. Measure the elevation of the liquid surface and interface between the two liquids in the right tube. Let the
distance between the surface and interface be ¢ ft.

4. The hydrostatic relationship will be vy,6(2") = v, or v, = 2Ym,0//.

5. To accommodate the range of v specified the tube would have to be about 3 or 4 ft. high.
The errors that might result could be due to:

1. error in reading liquid level

2. error due to different surface tension

(a) different surface tension because of different liquids in each leg

(b) one leg may have slightly different diameter than the other one; therefore, creating different surface tension
effect.

Sophisticated error analysis is not expected from the student. However, the student should sense that an
error in reading a surface level in the manometer will produce an error in calculation of specific weight. For
example, assume that in one test the true value of ¢ were 0.28 ft. but it was actually read as 0.29 ft. Then just
by plugging in the formula one would find the true value of v would be 7.14 7y, but the value obtained by
using the erroneous reading would be found to be 6.90 vy,o. Thus the manometer reading produced a -3.4%
error in calculated value of «. In this particular example the focus of attention was on the measurement of ¢.
However, the setting of the water surface in the left leg of the manometer would also involve a possible reading
error, etc.

Other things that could be considered in the design are:

1. Diameter of tubing
2. Means of support
3. Cost

4. How to empty and clean tube after test is made.
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3.46 Pressure change

pr = (0.02)(62.4)(50/(1/12))(V?/64.4)
=11.63 V2 1bf/ft?

Greatest change:
pr = 11.63 x 15% = 2617 Ibf/ft*
=41.9 ft of head of water

Smallest change:
py = 11.63 x 3% = 104.6 1bf/ft>

= 1.68 ft of head of water

Since the pressure drop is quite large, we should use a manometer with a fluid that has a large specific weight.
Use a mercury-water manometer. Then for a py of 41.9 ft. of water the deflection can be calculated as given
below:

A x12.6 =41.9 ft.
A =3.325 ft.

If one could read the deflection to within +1/8 in. then the degree of possible error in percent would be

(£1/8/(3.325 x 12)) x 100 = 0.31%

If one were to use the same manometer to measure the smallest pressure change, then the possible degree of
error would be

(+£1/8/(0.133 x 12)) x 100 = 7.81% (pretty high)

Other things that could be considered in the design:
1. Cost
2. Kind of tubing and connections between pipe and manometer
3. How to be sure there are no air bubbles in the tubing

4. How to support the manometer.
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3.47 Information and assumptions

provided in problem statement
Find

pressure at center of pipe A
Manometer equation

pa = (0.9+0.6x13.6—1.8x0.841.5)9,810 = 89,467 Pa
pa = 89.47 kPa
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3.48 Information and assumptions

provided in problem statement
Find

pressure at the center of pipe A
Manometer equation

pa = (90+60 x 13.6 — 180 x 0.8 + 150) x (1/12) x 62.4
4,742 psfg
pa = 32.9 psig
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3.49 Information and assumptions

provided in problem statement
Find

difference in pressure and difference in piezometric pressure between points A and B
Manometer equation

pa—1x0.85%9,810+0.5x0.85x9,810 = pp

pa—pp = 4,160 Pa = 4.169 kPa
(pa/y+2a) — (pB/y+28) = (4,169/0.85 x 9,810) — 1
= —0.50m
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3.50 Information and assumptions
provided in problem statement
Find
find manometer deflection when pressure in tank is doubled

Solution
The deflection on the manometer is given by

P — Patm = Yh
For 150 kPa absolute pressure and an atmospheric pressure of 100 kPa,
vh = 150 — 100 = 50 kPa
For an absolute pressure of 300 kPa
Yhnew = 300 — 100 = 200 kPa

Dividing the equations to eliminate the specific weight gives

hnew 200
=—=4.0
h 50
so
hpew = 4.0h
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3.51 Information and assumptions

from Table A.4, vy, = 847 Ibf/ft3
provided in problem statement
Find
difference in pressure and piezometric pressure between points A and B

Yoit = (0.85)(62.4 1bf/ft) = 53.04 1bf/ft3

Manometer equation

pa+ (18/12) ft (vou) + (2/12) ft. vou + (3/12) ft 7o
_(3/12) ft THg — (2/12) ft Yoil = PB

pa—pp = (—1.75ft.)(53.04 Ibf/ft3) + (0.25 ft.)(847 1bf/ft?)
= 118.9 Ibf/ft?
h = (p/7)+=2
ha—hg = (pa—pB)/Vou+ 24— 2B
ha—hg = (118.9 1bf/ft)/(53.04 1bf/ft*) + (1.5 — 0)
= 3.74 ft.
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3.52 Information and assumptions
provided in problem statement
Find
difference in deflection between manometers

Solution
The pressure in the tank using manometer b is

Pt = Patm — Yoo
and using manometer a is
Pt = 0.9Patm — YAha
Equating both equations
Patm = YuwDhy = 0.9patm — ¥ Aha
or
0.1patm = Vo (Ahq — Ahy)
Solving for the difference in deflection

0.1 x 10°

Aha = Ahy = =703

~102m
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3.53 Information and assumptions
provided in problem statement
Find
pressure difference and piezometric pressure difference between points A and B.
Manometer equation

pB =pa+0.03y; —0.03v,, — 0.1v;
or
pB —pa = 0.03(v; —v,,) — 0.17;
Substituting in the values

pg —pa = 0.03(9810 — 3 x 9810) — 0.1 x 9810
= —1570 Pa or -1.57 kPa

The change in piezometric pressure is

P:B—P:A = PBt7Y;2B— (PA+7V524)
= pB—pa+tys(zB—2a)

But zp — z4 is equal to 0.1 m so from equation above
P:B —Pza = pp—pa+0.ly;

= 0.03(9810 — 3 x 9810)
—588.6 Pa or —0.5886 kPa
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3.54 Using the manometer equation starting at point A gives
pa=pp + ;AL +7,Ah =y [Ah+ Al + (24 — 25)]
The v;Al terms cancel out and the equation can be rewritten as

pa+yrza— (pB +728) = ARV, — V)

or

PzA —PzB = Ah(er - rYf)
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3.55 Information and assumptions

provided in problem statement

Find

specific gravity of oil and pressure at C

Solution

50,000 N/m? + v, x 1 m

Yoil
S

Pe

58,530 N/m?

8,530 N/m?

(8,530 N/m?)/(9,810 N/m?)
0.87

58,530 + voi X 0.5 + Vyater X 1
58,530 + 8,530 x 0.5+ 9,810
72,605 N/m? = 72.6 kPa
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3.56 Information and assumptions

neglect the change of pressure due to the column of air in the tube.
provided in problem statement

Find
depth of liquid in tank
Solution
Pgage — (d— 1)71iquid 0
20,000 — ((d —1) x 0.85x9,810) = 0
d (20,000/(0.85 x 9,810)) + 1
d = 340m
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3.57
dp/dz =~

Because 7y becomes smaller with an increase in elevation the ratio of (dp/dz)’s will have a value greater than 1.
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3.58 Let the horizontal gate dimension be given as b and the vertical dimension, h.
TA =F (ycp - g)

where F' = the hydrostatic force acting on the gate and (y., — ) is the distance between the center of pressure
and the centroid of the gate. Thus

Ta = ~(H—(n/2))(bh)(I/7A)
= (H — (h/2))(bh)(bh* /12)/(H — (h/2))(bh))
Tx = ~bh*/12

Therefore, T4 does not change with H.

Tg = F((h/2)+yep — 7)
= y(H — (h/2))OR)((h/2) + yep — ¥)
= ~(H = (h/2))(bh)((h/2) + I(§A))
= y(H — (h/2))(bh)[(h/2) + (bh®/12) /((H — (h/2))bh)]
= ~(H — (h/2))bh?/2 + vbh3 /12

Thus, T4 is constant but Tg increases with H. Case (c) is the correct choice.
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3.59 The correct answers obtained by looking at the solution to problem 3.58 are that a, b, and e are valid statements.
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3.60 Information and assumptions

Tsea level — 296 K= 23°C
provided in problem statement

Find
boiling point of water at 1500 and 3000 m for standard atmospheric conditions

Solution
For standard atmosphere

p = pol(To — a(z — 29))/To]9/*% = 101.3[296 — 5.87(z — 2))/296]9/ >~

where g/aR = 9.81/(5.87 x 1073 x 287) = 5.823

1,500 = 101.3[(296 — 5.87(1.5))/296]5-823 = 84.9 kPa
3,000 = 101.3[(296 — 5.87(3.0))/296]5823 = 70.9 kPa

From table A-5,

Thoiling, 1,500 m =~ 95°C (interpolated);
Thoiling, 3,000 m =~ 90°C (interpolated)
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3.61 Information and assumptions

Assume atmospheric pressure is 101 kPa
provided in problem statement
Find
plot pressure variation from 10 m depth to 4000 m in standard atmosphere

Solution
Pressure in atmosphere

5.87 x 1073 x 2\ >3
pa=101.3 (1 - T)

Pressure in water

pw = 101.349.810 x 2

4000

3000+

2000+

Altitude (m)

1000

0 -
1 1 r1r r T1r 1t 1T 1 |
40 60 80 100 120140 160 180 200220

Pressure (kPa)
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3.62 Information and assumptions

provided in problem statement

Find
pressure at 6096 m in standard atmosphere
Solution
p = pol(To —a(z — z0))/To)/ "
= 14.7[(520 — 3.221 x 1073(20,000 — 0)),/520]3%17/(3:221x10"%x1,715)
= 6.80 psia
pa = 101[(288 — 5.87 x 10-%(6,006 — 0))/288] 81/ (5-87x107"x287)
Pa = 46.6 kPa abs.
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3.63 Information and assumptions

assume volume drawn in per breath is the same

air is ideal gas

provided in problem statement
Find

breathing rate at 18,000 ft.
Solution

Let bVp = constant where b = breath rate, V = volume per breath, and p = mass density of air.

is sea level and point 2 is 18,000 ft. elevation. Then

b1V1 P1
by

then by
Thus, bg

p2
Then by

baVa2po

b1(V1/V2)(p1/p2)

bi(p1/p2) but p = (p/RT)
bi(p1/p2)(T2/T1)
pu(T2/T0)Y B py [py = (To/Ty) 9/
by (Ty/Ty) 9/

Since the volume drawn in per breath is the same

Using ideal gas law

ba = b1(py/p2)

by = b1 (p1/p2)(T2/TY)
p1/p2 = (To/Ty)=9/R
by = by (To/Ty) —9/*F

where by = 16 breaths per minute and 77 = 59°F = 519°R

Ty, = Ti—a(z—2)=>519—3221 x 1073(18,000 — 0) = 461.0 °R
by = 16(461.0/519)'~322/(3:221x107x1,715) _ 98 4 hreaths per minute
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3.64 Information and assumptions

provided in problem statement

Find
elevation and temperature when pressure is 75 kPa.
Solution
p = pol(To —a(z — z))/To]/ "
75 = 95[(283 — 5.87(z — 1))/283]%-8L/(5.87x107"x287)
z = 291 km
T = To—a(z—2)=10—-587(291—-1) = —1.21°C
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3.65 Information and assumptions

provided in problem statement

Find
elevation when pressure is 10 psia
Solution
p = pol(To — a(z — z))/To]*/ "
10 = 13.6[((70 + 460) — 3.221 x 103(z — 2,000)) /(70 + 460)]3%2/(3-221x10"x1,715)

2 = 10,452 ft
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3.66 Information and assumptions

provided in problem statement
Find
pressure, temperature and density in Denver, CO (mile-high city)
Solution
T = Ty—a(z— 2) =533 —3.221 x 1073(5,280 — 0) = 516°R
= 296 —5.87 x 1073(1,609 — 0) = 287 K
p = po(T/Tp)?*F =14.7(516/533)%523 = 12.2 psia

Pa = 101.3(287/296)981/(5-87x107"x287) _ 86 () kPa
p = p/RT = (12.2 x 144)/1,715 x 516) = 0.00199 slugs/ft3

p = 86,000/(287 x 287) = 1.04 kg/m?
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3.67 Information and assumptions
provided in problem statement
Find

outward force on airplane window
Solution

The altitude is less than 13.72 km so the airplane is flying the troposphere where the pressure is given by

P T, — az g/aR
po \ T,

At 10 km altitude, the pressure ratio is

» 906 — 587 x 10 O-81/(5-87x0.287)
r - (=)
= 0.8017°%23 — 0.276

Therefore the pressure outside the airplane is 0.276x101.3 = 28.0 kPa. The pressure on the window is

F=AAp=0.25x 0.3 x (100 — 28) = 5.4 kN
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3.68 Information and assumptions

provided in problem statement
Find
pressure at 30 km altitude
Solution
The equation for pressure variation where the temperature increases with altitude is

dp Py
dz 7 R[T, + a(z — 2,)]

where the subscript o refers to the conditions at 16.8 km and « is the lapse rate above 16.8 km. Integrating
this equation gives

P T, + a(z — 2,) —9/eR
T,

Substituting in the values gives

P 215.5 + 1.38 x (30 — 16.8)
215.5

—9.81/(1.38x0.287)
Po :|
= 1.0847248 =0.134

Thus the pressure is 0.134x9.85 =1.32 kPa.
The density is

_p 1.32
" RT  0.287 x 234

p = 0.0197 kg/m?
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3.69 The following are sample values obtained using computer calculations.

altitude (km) | temperature (°C) | pressure (kPa) | density (kg/m>)
10 -35.7 27.9 0.409
15 -57.5 12.8 0.208
25 -46.1 2.75 0.042
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3.70 Information and assumptions

provided in problem statement
Find
reading on mercury barometer on top of Mount Everest (29,038 ft)
Solution
An altitude of 29,028 ft corresponds to 8.85 km. The temperature at this altitude would be

T=23-587x885=-289°C =244.1 K

The pressure ratio is

p <244.1)5.8230325
Po  \ 296 e

Thus the pressure is 0.325x101 = 32.8 kPa. The height of a mercury barometer would be

P 32.8

%% (0247 m or 47
v 1355 x 9.81 for =L
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3.71 Information and assumptions

provided in problem statement
Find

change in barometer reading from ground to top of Sears tower in Chicago (443 m)
Solution

The temperature at the top of the Sear’s tower would be

T =293 -587x0443 =2904 K

The pressure ratio is given by

290.4 5.823
pﬁ = (%) —0.949

The pressure at the top of the tower is
p = 0.949 x 740 = 702
The change in barometer reading is

Ah =740 — 702 = 38 mm
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3.72 Information and assumptions

provided in problem statement
Find
moment required to keep gate closed
Solution
Force of slurry on gate = psA and it acts to the right. Force of water on gate = p,,A and it acts to the left

Fnet = (ps _pw)A
(875 - S’Yw)A
= (8 ft)(16 ft?)(150 Ibf/ft> — 60 Ibf/ft3) = 11,520 Ibf

Because the pressure is uniform along any horizontal line the moment on the gate is zero; therefore, the
moment required to keep the gate closed is zero.
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3.73 Information and assumptions

provided in problem statement

Find
force of gate on block
Solution
F = pA=10x9,810x4x4=1,569,600 N
F = 328 x624x131x13.1 = 351,238 Ibf
Yeop —F = I/§A = (4x43/12)/(10 x 4 x 4) = 0.133 m

= (13.1 x 13.1%)/12)/32.8 x 13.1 x 13.1) = 0.436 ft
Foloa = 1,569,600 x 0.133/2 = 104,378 N

= 351,238 x 0.435/6.55 = 23,380 1bf
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3.74 Information and assumptions

provided in problem statement

Find
force of the gate on the block
Solution
F = pA
= ’YHzogA
= (62.4 1bf/ft3)(10 ft)(16 ft?)
= 9,984 1bf

Yep — Y I/(yA)
(4 x 43/12) /(10 x 4%)
= 0.1333 ft.

Sum moments about pivot:

> Mot = 0
9,984 x 0.1333 — 2Fp10ck = O
ook = 666 Ibf

Force of gate on block is 666 lbf acting to right
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3.75 Information and assumptions

provided in problem statement
Find
force per foot on form and force exerted on bottom tie
Solution
F = pa=4.5x150x (9 x1)=06,075 1bf

Yop = y+I/yA=45+(1x9%)/(12 x 4.5 x 9) =6.00 ft
Fie = 2xXF Xyep/h=2x6,075x 6.00/9 = 8,100 Ibf
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3.76 Information and assumptions

provided in problem statement
Find

force to keep gate closed
Solution

Force acting on gate:

FG = ﬁA
P = Ymo X2
A = 40 ft?

Then Fg = 62.4 x 2 x 40 = 4,992 Ibf. F; acts at 2/3 depth or 8/3 ft. below water surface. Take moments
about hinge to solve for F.

M =0
(FG x8/3)—4F = 0
F = 3,328 Ibf to the left
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3.77 Information and assumptions

provided in problem statement
Find

force acting on hinge
Solution

F = pA=(3+4.5)9,810 x 9 x 9 = 5,960,000 N
Yep y+I/gA=T5+9x93/(12x7.5x9x9) =840 m
Fhinge = F(d—yep)/h=5,960,000(12 — 8.40)/9 = 2,384,000 N = 2,384 kN
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3.78 Information and assumptions

provided in problem statement
Find

reaction at point A
Solution

pA
= (3m +3m x cos 30°)(9,810 N/m?) x 24 m?
F = 1,318,000 N

g = 3+4+3/cos30°=6.464 m
ycp -y - I/gA
= (4x63/12)m*/(6.464 m x 24 m?)
0.4641 m

Take moments about the stop

D Myop = 0

6RA — (3—0.464) x 1,318,000 = 0

Reaction at point A=557 kN to the left inclined downward 30 degrees.
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3.79 Information and assumptions

provided in problem statement
Find
reaction at point A
Solution
Hydrostatic force on gate is: Fg = pA where

p = (3ft +3ftcos 30°)y,
= 5.60 ft x 62.4 1bf/ft3
= 349 Ibf/ft?

A = 6x5=30ft

Then Fg = 349 x 30 = 10,470 1bf
Yop—y = I/yA
where I = bh3/12 = (5 x 63/12) ft*
g = 3ft+3ft/cos 30° =6.46 ft
A = 30ft?
then y,, — 9 = (5 x 63/12)/[(6.46)(30)]
Yep —§ = 0.464 ft

Thus, Fg acts 3.464 ft from hinge or 2.536 ft from stop. Get reaction at A by summing moments about
stop.

> Migop =0
Fg x 2.536 — 6R4 =0
10,470 x 2.535 — 6R4 = 0
Ra = 4,425 Ibf
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3.80 Information and assumptions

provided in problem statement
Find

reaction at point A
Solution

<
|

ycp -

(9 +2)62.4 x 8 x 6 = 32,947 Ibf
(6 x 8%)/(12 x 22 x 8 x 6) = 0.242 ft
(32,947 x 4.242) /(8 cos 30°) = 20,172 Ibf
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3.81 Information and assumptions

provided in problem statement
Find

resisting moment at bottom edge
Solution

F = pA=(04+04)9,810x0.8x0.8x 1.2=6,027 N
Yop — I/§A=12x08%/(12x 0.8 x 0.8 x 1.2) = 0.067 m
M = 6,027 x (0.4 —0.067) = 2,007 N - m

]
Il
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3.82 Information and assumptions

provided in problem statement
Find

torque required to open gate
Solution

F = pA=(5+25)9,810 x 3 x 5/sin60° = 1,274.4 kN

3 x (5/sin60°)3/(12 x (7.5/sin 60°)(3 x 5/sin 60°)) = 0.321 m
0.321m x1,2744 kN =409 kN -m

ycp -

N <
\
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3.83 Information and assumptions

provided in problem statement
Find

torque required to open gate
Solution

F = pA=(1246)62.4 x 612/sin60° = 93,381 Ibf
Yep— U = I/GA=06x(12/sin60°)3/(12 x (18/sin 60°)(6 x 12/ sin 60°))
= 0.770 ft
T = 0.770 x 93,381 = 71,903 ft-Ibf
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3.84 Information and assumptions

provided in problem statement
Find

force P required to begin to open gate
Solution

The length of gate is V42 + 32 =5 m

7 = 25m+5/4m
= 3.7 m
F = pA
—  (4/5)(3.75)(9,810)(2 x 5)
— 204,300 N
= 294.3 kN
Yep —Y = I/(:‘]A)
= 2x(5%/12)/(3.75 x 2 x 5)
0.555 m

Sum moments about hinge:
Z Afhinge =0
F x (254 .555)+3P =0

294.3(3.055) +3P =0
P = 300 kN
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3.85 Either a vertical plane gate or a tainter gate could be used. In any case, the horizontal component of hydrostatic
force acting on the gate would be at least this much:

Froviz. = ﬁA
=10 x 62.4 x 20 x 30 = 374, 400 1bf

Many design details such as location, lift mechanism, etc., depends on instructor’s requirements.
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3.86 Information and assumptions

provided in problem statement

Find
h in terms of ¢ to open gate
Solution
Yeop — Y = 0.600 —0.5¢ =0.10¢
0.100 = T/gA=1¢x3/(12 x (h+£/2)¢?)
h = 0.333¢
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3.87 Information and assumptions

provided in problem statement
Find
length of tank to open gate
Solution
Hydrostatic force on gate: Fg = pA where

Po= 12mXYyater
= 12x9,810
= 117,720 Pa
A = 12x12=144 m?
Then Fg = (117,720 N/m?) x (144 m?) = 16.952 MN
Yop—y = I/yA

= (12x123/12)/(12 x 12*) =1m
Therefore F acts 6 m+1 m below hinge
Fiank =W =6 X 12 X L X Ygater
Force of water in tank
=7.063 x 10° x L

Moment art of Fianx = L/2
Sum moments about hinge:

Z ]\/[hinge =0

(7.063 x 10°L) - (L/2) = (16.952 x 10°%) x (7) =0
I? = 336 m?
L = 183m
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3.88 Information and assumptions

provided in problem statement

pA

(30 ft x 62.4 1b/ft3) (7 x D?/4) ft?)

(30 x 62.4 x m x 102/4) Ib = 147,027 1b
1/gA = (mr*/4)/(gmr?) = (5% /4)/(30/.866)
0.1804 ft

Find
torque required to hold valve in position
Solution
F
ycp - :lj
Torque

0.1804 x 147,027 = 26, 520 ft-1bf
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3.89 Information and assumptions

provided in problem statement

Find
will gate fall or stay in position
Solution
F PpA=(1+1.5)9,810 x 1 x 3 x v/2 = 104,050
Yop — T = I/GA=1x(V2)3/(12 x (2.5 x V2)(1 x 3v/2)) = 0.424 m
Overturning moment M7 = 90,000 x 1.5 = 135,000 N - m
Restoring moment M, = 104,050 x (¥/2/2 — 0.424) = 176,606 N - m>M;

So the gate will stay.
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3.90 Information and assumptions

provided in problem statement

Find
will gate fall or stay in position
Solution
F = (4+3.535)62.4 x (3 x 7.07v/2) = 14,103 Ibf
Yop — T = 3x(7.07v2)%/(12 x 7.535V/2 x 3 x 7.07v/2)
= 0.782 ft
Overturning moment M; = 18,000 x 7.07/2 = 63,630 N - m
Restoring moment My = 14,103(7.07v/2/2 — 0.782)

= 59,476 N - m<M,;

So the gate will fall.
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3.91 Information and assumptions

provided in problem statement
Find
hydrostatic force on gate
Solution
F = pA=(h+2h/3)y(Wh/sin60°)/2 = 5yWh?/3v/3

Yep — U = I/gA =W (h/sin60°)%/(36 x (5h/(3sin60°)) x (Wh/2sin60°))

= h/(15V/3)
SM = 0
Rph/sin60° = F[(h/(3sin60°)) — (h/15v/3)]

Ry/F = 3/10
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3.92 Information and assumptions

provided in problem statement
Find

hydrostatic force on gate and horizontal force required to keep it closed
Solution

F = pA=(1+6)9,810 x 0.5 x 4 x 9 = 1.236 MN
Yop —§ = I/GA=(4x93)/(36 x 7 x 0.5 x4 x9)=0.643 m
= 1,236,060 x (3 —0.643)/9 = 323.7 kN

154



3.93 Information and assumptions

provided in problem statement
Find
derive formula for hydrostatic force on one side of plate, center of pressure below or above that for similarly
located plate.

Solution
d; )
d
T |a
dF —
H
dF = pdA=~y(1-kd/dy)dd(d)W
d2
F = ~W [ d(1+ kd/d)d(d)
dy
F = ~oWI[1/2(H? +2d,H) + (k/3do)(H? + 3d,dy H))
or Fo= yW[1/2(d3 — d}) + (k/3do)(d3 — di]
When d; =0

F = yW(H?/2 + kH?/3dy)

Since the specific weight increases with the increase in depth, the location of the center of pressure will be
located below that for constant density liquid.
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3.94 Information and assumptions

provided in problem statement
Find

magnitude of reaction at A and comparison to that for a plane gate.
Solution

a)
Frryar = pA = (0.25¢ 4 0.5¢ x 0.707) x EW ¢ = 0.60367W (2
Yep — U = 1/5A = (WE3/12)/(((0.25¢/0.707) + 0.5¢) x W)
Yep — § = 0.0976¢

> Miyinge =0
Then — 0.70Ra¢ + (0.5¢ + 0.0976¢) x 0.6036yW¢? =0
Ra = 0.510yW¢?

b) The reaction here will be less because if one thinks of the applied hydrostatic force in terms of vertical
and horizontal components, the horizontal component will be the same in both cases, but the vertical component
will be less because there is less volume of liquid above the curved gate.
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3.95 Information and assumptions

provided in problem statement

Find

force required to hold gate in place

Solution

Equivalent depth of liquid for 5 psi = (5 x144)/(0.8 x 62.4) = 14.42 ft.

F

Yep — Y
P

PA = (14.42 + 2+ 5)(62.4 x 0.8)(6 x 10) = 65.157 psf
I/§A = (6 x 10%)/(12 x 21.42 x 6 x 10) = 0.389 ft
64,157 x (5 + 0.389)/10 = 34,574 Ibf
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3.96 Information and assumptions

provided in problem statement
Find
force required to hold gate in place
Solution
Equivalent depth of liquid for 40 kPa = 40,000/(0.8x9,810) = 5.10 m.

F (5.10 + 1+ 1.5)(0.8 x 9,810)(3 x 2) = 357,870 N
Yep — I/GA = (2 x3%)/(12 x 7.60 x 3 x 2) = 0.099 m
P = 357,870(1.5 + 0.099)/3 = 190.7 kN
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3.97 Information and assumptions

provided in problem statement
Find

moment at base of form per meter of length
Solution

F = pA=(1.5/2)24,000 x (1.5/sin60°) = 31,177 N

Yop— 4 = I/yA
= 1x (1.5/sin60°)%/(12 x (1.5/2sin60°)) x (1.5/ sin 60°))
= 0.2887 m
M = 31,177 x (1.5/2sin 60° — 0.2887) = 18,000 N - m/m
= 18 kN -m/m
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3.98 Information and assumptions
provided in problem statement
Find
depth at which gate will automatically open

Solution
A simple check shows that d will have to be less than 4 m. Thus

FHydrostatic - ﬁA = d/2 X 9, 810 x 2d = 9, 810d2 N

The hydrostatic force will act 2/3 d below water surface; therefore the moment will be (4 — (1/3)d) below
the hinge.

Z ]\/[hinge =0

5 x 60,000 — (4 — (1/3)d)(9,810d%) = 0

Solving for d yields d = 3.23 m.
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3.99 Information and assumptions

provided in problem statement
Find

weight needed for gate to be on verge of opening
Solution

The hydrostatic force acting on the gate will be:

F = pA=(1.5x9,810) x (2 x 3) = 88,290 N
Yep — I/yA
= (2x3%/12)/(1.5x2x3)=05m
Z]\/[Hinge = 0
W x5-88290x (1+1.5+05) = 0
W = 52974 N
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3.100 Information and assumptions
provided in problem statement
Find
gate is stable or unstable
Solution

Yep = (2/3) x (8/ cos45°) = 7.54 m

Point B is (8/cos 45°) m-3.5 m=7.81 m along the gate from the water surface; therefore, the gate is unstable.
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3.101 Information and assumptions

provided in problem statement

Find
depth h at which gate will automatically open.
Solution
FAB hydrostatic = DapAap = (h/2)yh =vh?/2
FBC,hydrostatic - ﬁBCABC = ’Yh X 4 ft

> Mg = 0
—(yh?/2)(h/3) +yh x 4 ft x2ft = 0
h = 6.93ft
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3.102 Information and assumptions

provided in problem statement

Find
minimum volume of concrete to keep gate in closed position
Solution
F = pA=1x9810x2x1=19,620 N
Yeop — 7 = I/gA=(1x23)/(12x1x2x1)=0.33m
W = 19,620 x (1—-0.33)/2.5 =5,258 N
Vv = 5,258/(23,600 —9,810) = 0.381 m?>
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3.103 Information and assumptions

provided in problem statement

Find
minimum volume of concrete to keep gate in closed position.
Solution
F = 20x624x2x4=9984 Ibf
Yop — T = (2x4%)/(12x2.0 x 2 x 4) = 0.667 ft
W = 998.4(2.0 —0.667)/5 = 266 1bf
VY = 266/(150 — 62.4) = 3.04 ft>
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3.104 Information and assumptions

provided in problem statement
Find

length of chain so that gate just on verge of opening
Solution

Hydrostatic force Fiy:

Fr

Yep — Y

Yep — Y

Z MHinge

Frr % (0.00625 m) — 1 x F
But F

where ¢

77,048 x 0.00625 — 1 x (4615.5 — 481.5¢)
481.55 — 4615.5 + 481.5¢

{

I
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pA

10 x 9,810 x 7D?/4
98,100 x m(12/4)
77,048 N

1/(gA)

(mr*/4) /(10 x wD? /4)
72 /40 = 0.00625 m

0

0

Fouwoy =W

A(10 m — £)yg,0 — 200
(7/4)(:25%)(10 — £)(9,810) — 200
4815.5 N — 481.5¢ N — 200 N
(4615.5 — 481.5¢) N

length of chain

© o o
o
©
=




3.105 The horizontal component of force acting on the walls is the same for each wall. However, walls A — A’ and
C — C’ have vertical components that will require greater resisting moments than the wall B— B’. If one thinks
of the vertical component as a force resulting from buoyancy, it can be easily shown that there is a greater
"buoyant” force acting on wall A — A’ than on C'C’. Thus, wall A — A’ will require the greatest resisting
moment.
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3.106 Information and assumptions
provided in problem statement
Find
specific weight and volume of material
Solution

Win air = 700 N = V100

Win water = 500 N = (V’Yblock - V’YWater)

Ywater = 9,810 N/m?

Solving Egs. (1), (2), and (3) yields:

V = 0.0204 m*
Vblock = 34,313 N/m?
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3.107 Find equation for buoyant force on sphere.
dF, = —sinf x p x 2w R? cos 0df
but p = y(d — Rsin§)
. dF, = —sin6(yd — yRsin 0) (2w R? cos 0df)

/2 m/2
F. = / —~d27 R? cos fsin 0df + / 727 R3 cos A sin? Adh
- /2
7/2 m/2
F, = —~vd2r R? / cos fsin dh + y21R> / cos @ sin? Adf
- /2
= —yd2nR [(1/2)sin? 0] "2, + 42nR® [(1/3) sin®0]"2

= —7d27R(0) + 727 R® [(1/3)(1 + 1)]
= 727 R%(2/3) = (4/37R>)
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3.108 Information and assumptions

provided in problem statement

Find
weight, volume, specific weight and specific gravity
Solution
V(Y —7) = VY(y—9,810x0.8)=75N
V(v —vu,) = V(y—1333,000)=-100 N
Equating V’s,
vy = 52,515 N/m?
vV o= 168x10~°m®
W = 882N
S 5.35
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3.109 Information and assumptions

provided in problem statement

Find
maximum altitude of balloon
Solution
Yo = (n/6)D}
= (7/6) m® =0.524 m*
To = 288K
Po,He = Patm. + 10,000F, = 111,300 Pa
PoHe = (po,ie/ RueTo) = 111,300/((2077)(288)) = 0.186 kg/m3

Conservation of mass

mo = Majt.
vOW’O,He = Valt.PHe
Valt. = vOpo,He

Newton’s second law
Z F. = ma=0
E buoy. — W =0
Valt.Pairg — (Mg + Wie) = 0

Eliminate V..

(VOpO/pHe)pairg = (mg + vOIOO,Heg)

Eliminate p’s with equation of state

(Vopo) (Pat. / Rair)g
(palt. + 10, 000)/(RHe)
(0.524)(0.186)(9.81)(2077)pals.
(pars. + 10,000)(287)

(mg + Vopog)

(0.1)(9.81) + (0.524)(0.186)(9.81)

Solve
Pals. = 3888 Pa

Check to see if p,). is in the troposphere or stratosphere. Using Eq. (3.15) solve for pressure at top of
troposphere.

To — a(z — zp) 9/aR
Po Ty

101, 300[(296 — 5.87 x 10~3)(13, 720)/296]-523
= 15,940 Pa
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Because pait. < Pat top of troposphere W€ know that pay, occurs above the stratosphere. The stratosphere

extends to 16.8 km where the temperature is constant at -57.5°C. The pressure at the top of the stratosphere is given
by equation 3.16

P :poe*(Z*ZO)Q/RT
= 15.9exp(— (16,800 — 13, 720) x 9.81/(287 x 215.5))
=9.75 kPa

Thus the balloon is above the stratosphere where the temperature increases linearly at 1.387°C/km. In this
region the pressure varies as

To + oz — zo)} —o/eR

P‘Po[ Ty

Using this equation to solve for the altitude, we have.

3888 215.5 + 1.387 x (z — 16.8)] ~9-81/(0-001387>287)
9750 [ 215.5 ]
0.399 [1+0.00644 x (z — 16.8)] 2*¢

z 22.8 km
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3.110 Information and assumptions

provided in problem statement

Find
volume of rock
Solution
Vy = 918N
V(y—9,810) = 609N

vV = (918 —609)/9,810 = 0.0315 m®
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3.111

Rod weight = (2LA~y, + LAQ2pyw ))g = 4LAvyy g = 4LAvy,
Buoyant force = Vvyp;, = 3LAY,

Rod weight = Buoyant force

4LAyy = 3LAY 4

YLiq — (4/3)7W-

The liquid is more dense than water so is answer c)
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3.112 Information and assumptions

provided in problem statement

Find
how deep will rod float.
Solution
z
—
2L
——
d
L
P pwater(l + 03d)
Y = g 1)
SR =0
—Wrod + Pbottom of rodA = 0
—(2LApw,09 + LA(2pu,0)) +PbA = 0
—(4Lvi,0) s = 0 (2)
From given condition of the liquid
Y = 7Ym,0(l—032)
p _ _
dz K
dp = —7vg,0(l—0.32)dz
? = Y0 /(—1+0.3z)dz
P = Ymo(—2+032%/2)+C (3)
when z = 0- p=0gageso(C =0
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Substitute p, of Eq. (2) into Eq. (1)

=4Ln,0 +Yp,0(—2 +0.322/2) =0
But L =1 ft so
01522 —2—-4=0
22 —6.667z — 26.67 =0
Solve for z by the quadratic equation

2 = (+6.667 £ v/44.4 + 106.68) /2

z = —2.812 ft or depth d at which rod will float is — z or 2.812 ft
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3.113 Information and assumptions

provided in problem statement
Find
change of water level in pond
Solution
Weight anchor = 0.50 ft3 x (2.2 x 62.4 Ib/ft3) = 68.65 Ib.
The water displaced by boat due to weight of anchor

= 68.65 1b/(62.4 1b/ft?) = 1.100 ft3

Therefore, when the anchor is removed from the boat, the boat will rise and the water level in the pond will
drop:

Ah = 1.10 £t3/500 ft* = 0.0022 ft

However, when the anchor is dropped into the pond, the poind will rise because of the volume taken up by
the anchor. This change in water level in the pond will be:

Ah = 0.500 ft*/500 ft* = .001 ft

Net change =-.0022 ft 4+ .001 ft = -.0012 ft = -.0144 in.
The pond level will drop 0.0144 inches.
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3.114 Information and assumptions
provided in problem statement
Find
change of water level in cone
Solution

S=06— Yblock — 0-6rywater

Weight of displaced water = weight of block

Ywyw = Vem
Vi = (%/VW)VIJ
Vir = 0.6V, =120 cm?

Then the total volume below water surface when block is floating in water = Vyy,ope. + 120 cm?

Vworg. = (7/3)(10 cm)?
= 1047.2 cm?®
Venal = 1047.2 cm® + 120 cm?®
(m/3)hd,., = 1167.2 cm?®
hgnar = 10.368 cm

Ah = 0.368 cm
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3.115 Information and assumptions

provided in problem statement
Find

height above water when erected
Solution

The same relative volume will be unsubmerged whatever the orientation; therefore,

v'll.S. _ M _ LAII.S.
Vo LA LA
or h/L = Aus /A
Also,
cos® = 5/10 =0.50
6 = 60° and 20 = 120°
So
Aus. = (1/3)7R? — Rcos60° R sin 60°
Therefore
h/L = R*[((1/3)7) — sin60° cos 60°)] /7 R? = 0.195
h 7.80 m
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3.116 Information and assumptions

provided in problem statement
Find
change of water level in tank
Solution
The block will displace water equal to the weight of the block:

AV vy = W block
AVy = 2 1bf/(62.4 Ibf/ft?) = 0.03205 ft>
o AhAr = AVy,
Ah = AVy /A, =0.03205 ft3/((7/4)(12) ft?)
Ah = 0.0408 ft

Water in tank will rise 0.0408 ft.

180



3.117 Information and assumptions

provided in problem statement
Find

length of cylinder so that it floats 1 m above water surface
Solution

2 F

—30,000 — 4 x 1,000L + 4 x (7/4) x 1% x 10,000(L — 1)

h
I
b
o
=~
=

|
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3.118 Information and assumptions

provided in problem statement
Find
depth block will float
Solution
Assume the block will sink a distance y into the fluid with § = 1.2.

> F
W +pA =
7(6L)2 X 3L x O'Srywater + (L X Ywater + Yy X 127W)36L2 =
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3.119 Information and assumptions

provided in problem statement
Find
change of water level in container before and after ice melts.
Solution
When the ice is put in the tank the water will rise consistent with the weight of water displaced by the ice:

Wice = Ywyw
but
Vw = 5 1b/(62.4 1b/ft*) = 0.0801 ft>
The amount of rise of water in tank

0.0801 t3/(Acy1)
0.0801 t3/((m/4)(2 ft)?)
0.0255 ft

Ah

When the ice melts the melted water will simply occupy the same volume of water that the ice originally
displaced; therefore, there will be no change in water surface level in the tank when the ice melts.
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3.120 Information and assumptions

provided in problem statement
Find

density of wood
Solution

S

My
—Wwood X (0.5L cos30°) + Fg. x (5/6)L cos 30°
~Ywood X AL x (0.5Lcos 30°) + ((1/3)ALyy,0) x (5/6)L cos 30°

Ywood — (10/18)7H20
= 5,450 N/m?

Pwood = —556 kg/mS
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3.121 Information and assumptions

provided in problem statement
Find
if pole will rise or fall
Solution
The summation of moments about A to see if pole will rise or fall. The forces producing moments about A
will be the weight of the pole and the buoyant force.

Z Ma = —(1/2)(Lcosa)(Ly,A) + (3/4)(L cos a)(L/2)v;,A
= L2Acos al—(1/2)y, + (3/8) vy
— K(—80+75)

A negative moment acts on the pole; therefore, it will fall.
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3.122 Information and assumptions

provided in problem statement
Find
how much the ship will rise or settle
Solution
Draft = (40,000 x 2,000)/40,000y = (2,000/~) ft.
Since v of salt water is greater than v of fresh water, the ship will take a greater draft in fresh water.

(2,000/62.4) — (2,000/64.1) = 0.85 ft
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3.123 Information and assumptions

provided in problem statement

Find
weight of scrap iron to be sealed in the buoy
Solution
> Fv = 0Fg—F,—F,—F.=0
F, = Fg—F,—F,

= (4/3)7(0.6)> x 10,070 — 1,600 — 4, 500
= 3,011 N of scrap
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3.124 Information and assumptions

provided in problem statement
Find
diameter of spherical balloon.
Solution
Assuming standard atmospheric temperature condition

W,

T = 533-3.221 x 103 x 15,000 = 485R
Paie = (8.3x144)/(1,715 x 485)
= 0.001437 slugs/ft3
(8.3 x 144) /(12,429 x 485)
= 0.000198 slugs/ft>

PHe

ZF = 0—F,—F,—F,

= (1/6)7D%9(pair — pre) — D*(0.01) — 10
= D3 x16.88(14.37 — 1.98)10™* — D? x 3.14 x 1072 — 10
D = 835ft
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3.125

Consider all the differential pressure forces acting on the radial gate as shown. Because each differential
pressure force acts normal to the differential area, then each differential pressure force must act through the center
of curvature of the gate. Because all the differential pressure forces will be acting through the center of curvature
(the pin), the resultant must also pass through this same point (the pin).
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3.126 Volume displaced by the ice is
Vdis = W/’ywater

After the ice melts, the volume of water added to the water in the tank is

Vada = M/lowater = W/Vwater

Since the volume displaced is equal to the volume added, there is no net height change in the tank water level.
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3.127 Information and assumptions

provided in problem statement
Find
location of water level
Solution
The buoyant force is equal to the weight.

Fp=W

The weight of the buoy is 9.81x460 = 4512 N.
The volume of the hemisphere at the bottom of the buoy is
™ T 5

i—13:—m

1m
V=3% 12 12

The buoyant force due to the hemisphere is

Fg = %(9.81)(1010) = 2594 N
Since this is less than the buoy weight, the water line must lie above the hemisphere. Let h is the distance
from the top of the buoy. The volume of the cone which lies between the top of the hemisphere and the water line is

V.= g raho — grzh = (0.5 x 0.866 — h* tan? 30)
= 0.2267 — 0.349h°

The additional volume needed to support the weight is

4512 — 2594 3
= 98l x 1010 _ M190m
Equating the two volumes and solving for h gives
0.0331
3 _ —
h 0319 =0.0948 m?
h = 0456 m

191



3.128 Information and assumptions

provided in problem statement

Find
vertical and horizontal hydrostatic forces and resultant force
Solution
Fyr = 1x9,810x1x+(1/4)7 x (1)2 x1x9,810=17,515 N
r = Afo/FV

1
- 1><1><1><9,810><0.5+1><9,810></\/1—:132xdx/17,515
0

= 0467 m
Fy = pA=(1+05)9,810x1x1=14,715N
Yop = Y+I1/gA
= 15+ (1x1%)/(12x1.5x 1 x 1) = 1.555 m
Fr = +/(14,715)2 4+ (17,515)2 = 22,876 N
tanf = 14,715/17,515;60 = 40°2"
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3.129 Information and assumptions

provided in problem statement
Find

hydrostatic force acting on gate
Solution

From the reasoning given in the solution to problem 3.119, we know the resultant must pass through the
center of curvature of the gate. The horizontal component of hydrostatic force acting on the gate will be the
hydrostatic force acting on the vertical projection of the gate or:

= 25 ft x 62.4 Ib/ft® x 40 ft x 50 ft
Fy = 3,120,000 Ib

The vertical component of hydrostatic force will be the buoyant force acting on the radial gate. It will be
equal in magnitude to the weight of the displaced liquid (the weight of water shown by the cross-hatched volume in
the above Fig.).

Thus,
Fy, =
where V. = [(60/360)m x 507 ft2 — (1/2)50 x 50 cos 30° ft*] x 40 ft
= 226.5 ft? x 40 ft
= 9600 ft>
Then Fy = (62.4 Ibf/ft)(9060 ft3) = 565, 344 1bs
Fresutt = 3,120,000 1 + 565,344 j 1bf

acting through the center of curvature of the gate.
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3.130 Information and assumptions

provided in problem statement
Find

magnitude and direction of horizontal and vertical components
Solution

Fg = pA=-25x50x(3x1)=-375]1bf
(force acts to the right)

1
o = sz(lx3+wx32xzﬁ0:5%41M(&WMMM)

Yop = 25+1x3%/(12x25x1x3)

= Q ft above the water surface
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3.131 Information and assumptions
provided in problem statement
Find
horizontal and vertical forces on plug

Solution
The horizontal can be calculated by finding the force on a circle with an radius equal to that of the O-ring.

Fy = A = y2A = 9810 x 2 x % % 0.22 = 616 N
The vertical force is simply the buoyant force.

FU:VV:9810><%><W><0.253:£N
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3.132 Information and assumptions
provided in problem statement
Find
force on the hinge of the gate

Solution
The length of one gate is

L =50/ cos20° = 53.21 ft
The force on one gate is
F=pA
where p is the pressure at the centroid which is
p ="z =624 x50 =1,560 psf
The total force on the gate is
F =1,560 x 53.21 x 50 = 4.15 x 10 Ibf

Taking the moment about the juncture of the gates, the reactive force on the hinge normal to the gate is

L/2 F
FR:FXT/:E:2.07><106lbf
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3.133 Information and assumptions
provided in problem statement
Find
force exerted on chamber by bolts

Solution
Drawing a free body diagram around the steel structure and across the bottom, and equating forces gives

Fp+ W, +Ws =pA

where Fp is the force on the bolts, W,, is the weight of the water, W is the weight of the structures, p is
the pressure at the bottom and A is the area at the bottom.
The pressure (gage) is

p=vh =624 x 10 = 624 psfg

The area is
A=T02_314 2
4

The weight of the water is

T 52 2

We = Z(2 X 2+ 0.5 x 8) x 62.4 = 489 Ibf

The force on the bolts is

Fp =624 x 3.14 — 489 — 600 = 870 Ibf
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3.134 Information and assumptions

provided in problem statement

Find
force exerted by bolts
Solution
Wh,0
Wdome
F Pressure
Fiort

(2/3)76% x 62.4 + 12 x (7/4) x (3/4)* x 62.4
28, 559 1bf

1,300 Ibf

18 x 62.4 x 7 x (6)% = 127,031 Ibf

Fpressure - WHzO - Wdome
127,031 — 28,559 — 1,300 = 97, 172 1bf downward
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3.135 Information and assumptions

provided in problem statement
Find

force exerted by the bolts
Solution

SE

pbottornAbottorn + Fbolts - WHQO - Wdorne
where pbottornAbottorn

Wx,0

Then F bolts

199

0
0

4.8 9,810 x 7 x 1.62 = 378.7 kN
9,810(3.2 x (7/4) x 0.22 + (2/3)7 x 1.6%)
85.1 kN

~378.7+85.1 +6 = —287.6 kN



3.136 Information and assumptions

provided in problem statement
Find

vertical component of force in metal at base of dome
Solution

JL N R R I R
p

B

m = 10x144 -3 x1.5%x62.4x 1.5
= 1,019 psf

F, = ppA=1,0197 x 3% = 28,811 Ibf

W, = (21/3)3% x 62.4 x 1.5 = 5,293 Ibf

> Fy = 0;Fy+F,—W,—1,000=0
F;+28,810-5,293—1,000 = 0;F; = —22 518 Ibf

Metal in tension
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3.137 Information and assumptions
provided in problem statement
Find
magnitude and direction of force to hold dome in place.
Solution

Fi = (1+1)9,810 x 7 x (1) = 61,640 N = 61.64 kN

61.64 kN force will act horizontally to the left to hold the dome in place.

(Yep —§) = I/§A = (7 x 11 /4) /(2 x 7 x 1) = 0.125 m
The line of action lies 0.125 m below the center of curvature of the dome.
Fy = (1/2)(4m x 13/3)9,810 =20,550 N = 20.55 kN

To be applied downward to hold the dome in place.
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3.138 Information and assumptions

provided in problem statement
Find

force on the dome
Solution

Vertical projection __\

(413)(rim)

The horizontal component of the hydrostatic force acting on the dome will be the hydrostatic force acting
on the vertical projection of the bottom half of the dome or:

Fy = pA
p = (4/3)(5/7) ft (62.4 Ibf/ft3)
= 132.4 Ibf/ft?
Fr = (132.4 Ibf/ft?)(7/8)(10%) ft* = 5,199 Ibf

The vertical component of force will be the buoyant force acting on the dome. It will be the weight of water
represented by the cross-hatched region shown in the Fig. (below).

Dome

Thus,
= ’}/V
= (62.4 1bf/ft3)((1/6)7D?/4) ft3
Fy = 8,168 Ibf

The resultant force is then given by: Flresuie = 5, 1991 + 8,168 1bf and it acts through
the center of curvature of the dome.
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3.139 Information and assumptions

provided in problem statement
Find

weight of hydrometer
Solution

>R =0
Fowoy. —W = 0
W = Fhuoy.
= 7w (1in® 4+ (2in)(0.01 in?))(1/12)® 3 /in3
= (62.4 1bf/ft®)(1.02/1728) ft3
0.0368 1bf
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3.140 Information and assumptions

provided in problem statement

Find
weight of hydrometer
Solution
g = W
0.9V = 0.0368 1bf
0.9y (1.00 4+ 0.1R)(1/1728) ft3/in® = 0.0368 Ibf
1.004+0.01 A = 1.1323
h = 13.23in.
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3.141 Information and assumptions

provided in problem statement

Find
weight of hydrometer
Solution
Fbuoy. = W
Vyw = W
(1 cm?® + (5.3 cm)(0.1 cm?))(0.13) m3/em?(yyy,) = W.
(1.53 em®)(107° m*/em?®)(9800 N/m3) = W.
W = 1499 x 1072 N
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3.142 Information and assumptions

provided in problem statement

Find
specific gravity of oil
Solution
Fbuoy. = W
(1 em® + (6.3 cm)(0.1 em?))(0.013) m3/cm3y,;, = 0.015N
(1+0.63) x 10 m3y,; = 0015N
Yo = 9202 N/m3

S = vo1/Yw = 9202/9810 = 0.938
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3.143 Information and assumptions

provided in problem statement

Find
specific gravity of the brine
Solution
(1+.33) x 1075 m®y, = 0.01499 N
v, = 11,271 N/m?
S = y/vw = 11,271/9,810 = 1.149
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3.144 Information and assumptions
provided in problem statement
Find
weight of each ball

Solution
For a ball to just float, the buoyant force equals the weight

T
Fp = ED?’“Yflm‘d =W
For a one-centimeter ball
W =0.523 x 10~%v.:q

The following table shows the weights of the balls needed for the required specific gravity intervals.

ball number 1 2 3 4 5 6
Sp. gr. 1.01 1.02 1.03 1.04 1.05 1.06
weight (mg) 5.18 5.23 528 5.33 5.38 5.44
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3.145 Information and assumptions

provided in problem statement
Find

range of specific gravities
Solution

When only the bulb is submerged;

Fg = W.
(w/4) [0.02% x 0.08] x 9,810 x S = 0.035 x 9.81
S = L39

When the full stem is submerged;

(w/4) [(0.02)* x (0.08) + (0.01)? x (0.08)] 9,810 x S
0.035 x 9.81
S = 1114

Range 1.114 to 1.39
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3.146 Assume that the hydrometer will consist of a stem mounted on a spherical ball as shown in the diagram.
Assume also for purposes of design than the diameter of the stem is 0.5 in and the maximum change in depth
is 2 in.

Since the weight of the hydrometer is constant, the volumes corresponding to the limiting fluid specific
weights can be calculated from

W = 76060 = V70770

or
V7o 60
— = — =0.857
Veo 70
The change in volume can be written as
_ V7o,
V6o — V70 = Vo (1 — V_) = 0.143Vg0
60

The change in volume is related to the displacement of the fluid on the stem by

AAR

=0.143
V6o

For the parameters given above the volume of the hydrometer when immersed in the 60 Ibf/ft3 liquid is 2.74
in3. Assume there is one inch of stem between the lower marking and the top of the spherical ball so the volume of
the spherical ball would be 2.55 in® which corresponds to a ball diameter of 1.7 in. The weight of the hydrometer
would have to be

W = vg0V60 = 0.0347 1bf/in® x 2.74 in® = 0.095 Ibf

If one could read the displacement on the stem to within 1/10 in, the error would in the reading would be
5%.

Other designs are possible. If one used a longer stem displacement, a larger volume hydrometer would be
needed but it would give better accuracy. The design will depend on other constraints like the volume of fluid and
space available.
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3.147 Information and assumptions

provided in problem statement
Find

stability of barge
Solution

Draft = 400,000/(50 x 20 x 62.4) = 6.41 ft<8 ft
GM = Iyp/V—CG
= [(50 x 20%/12)/(6.41 x 50 x 20)] — (8 — 3.205)
= 0.40 ft

Will float stable
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3.148 Information and assumptions

provided in problem statement
Find

location of water line for stability and specific gravity of material
Solution

For neutral stability, the distance to the metacenter is zero. In other words

IOO _
GMfV—GCfO

where GC' is the distance from the center of gravity to the center of buoyancy.
The moment of inertia at the waterline is

w3L
Ioo = 15
12
where L is the length of the body. The volume of liquid displaced is hwL so
_ wL v
- 12hwLl  12h
The value for GC' is the distance from the center of buoyancy to the center of gravity, or
w h
GC=———
2 2
So
w o h w?
2 2  12h
or

Solving for h/w gives 0.789 and 0.211. The first root gives a physically unreasonable solution. Therefore

h =0.211

w

The weight of the body is equal to the weight of water displaced.

MWV =V
Therefore
whlL  h

g Db _ h

=0.211
vy wiL w v

The the specific gravity is smaller than this value, the body will be unstable (floats too high).
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3.149 Information and assumptions

provided in problem statement
Find

stability
Solution

draft = 1 x 8,000/9,810 =0.8155 m

0.8155/2 = 0.4077 m

0.500 m; CG = 0.500 — 0.4077 = 0.0922 m
(I)¥) — CG

= ((mR*/4)/(0.8155 x wR?)) — 0.0922

= 0.077 m — 0.0922 m (negative)

Cfrom bottom

G
GM

Thus, block is unstable with axis vertical.
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3.150 Information and assumptions

provided in problem statement

Find
stability
Solution
draft = 5,000/9,810=0.5097 m
GM = Iy/V—-CG

[(r % 0.5%/4)/(0.5097 x 7 x 0.5%)] — (0.5 — 0.5097/2)
—0.122 m, negative

So will not float stable with its ends horizontal.
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3.151 Information and assumptions
provided in problem statement
Find
stability of floating block
Solution

GM = Ipo )V — CG
Let k = block density /water density (same as S)
GM = (LB3/12)/(kB2L) — ((B/2)-(kB/2))

Condition for impending instability is when GM = 0.
Then solve for k with GM = 0.

(1/12k) — (1/2)(1 —k) = 0
B —k+1/6 = 0

Solve quadratic equation
k =0.211 and 0.789

Analysis of equation reveals that the block will be stable for S < 0.211 and for S > 0.789.
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3.152 Information and assumptions

provided in problem statement
Find

stability
Solution

GM = Ip/V—CG

(3H(2H)?/(12 x H x 2H x 3H)) — H/2
— —H/6

Not stable about longitudinal axis

GM = (2H x (3H)*/(12 x H x 2H x 3H)) — 3H/4
=0

Neutrally stable about transverse axis.
Not stable
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3.153 Information and assumptions

neglect hydrodynamic drag
Find
oscillation frequency
Solution
With the given assumptions, this is an undamped system where the applied force varies linearly with dis-
placement; therefore, harmonic vibration will occur which has the following solution: f = y/k/m/(27) where k is
the proportionality constant between force and displacement (k = F/z). Here m = 500 kg/m? x V = 500 LA and
F =9,8100 Ax; k= 9,810 A N/m therefore

F o= /@ 810/500 L)/2r
f = \/(19.62/L)/27r: 19.61/0.02/27r:1.58Hz
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Chapter Four

4.1 Non-uniform, unsteady; unsteady, uniform.
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4.2 (a) Unsteady, non-uniform.

(b) Local and convective acceleration.
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4.3 Non-uniform; steady or unsteady.
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4.4 Information and assumptions

A fluid flows in a straight conduit. The conduit has a section with constant diameter, followed by a section
with changing diameter.
provided in problem statement
Goal
Match the given flow labels with the mathematical descriptions.
Solution
Steady flow corresponds to V5 /0t =0
Unsteady flow corresponds to Vs /0t # 0
Uniform flow corresponds to V;0V;/9s =0
Non-uniform flow corresponds to V;0V;/0s # 0
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4.5 True statements: (a), (c).
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4.6

Streakline
v

N

N

§ — Ppathline

AN
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4.7 Information and assumptions

For 0 <t <5 seconds, u=2m/s, v =0

For 0 <t <10 seconds, v =3 m/s, v=—4 m/s

provided in problem statement
Goal

For t = 10 s, draw to scale the streakline, pathline of the particle, and streamlines.
Solution

origin

K streamlines

streakline

‘4—15m—>‘h~‘¥ TOom

IR
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4.8 Information and assumptions

A dye streak is produced in a flow that has a constant speed. The origin of the streak is point A, and the
streak was produced during a 10 s interval.
provided in problem statement

Goals

Sketch a streamline at t = 8 s

Sketch a particle pathline at ¢t = 10 s, for a particle that was released from point A at t = 2 s.
Solution

—
—

Streamlines at t = 8 s

.

/ \\
‘\:\
3 units o
d

| 5 units

Particle pathline for a particle released at t =2 s
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4.9 Information and assumptions

A periodic flow field is described in the textbook.
provided in problem statement

Goal
Sketch a streakline at t = 2.5 s.

Solution
From time t = 0 to t = 1 s dye is emitted from point A and will produce a streak that is 10 meters long (up

and to the right of A). See Fig. A below. In the next second the first streak will be transported down and to the
right 10 meters and a new streak, 10 ft. long, will be generated down and to the right of point A (see Fig. B below).
In the next 0.5 s streaks in Fig. B will move up and to the right a distance of 5 meters and a new streak 5 meters
in length will be generated as shown in Fig. C.

Y A %
A A 0,)) \Q\o
Fig. A Fig. B Fig.C
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4.10 Information and assumptions

The figure below shows a pathline and a particle line for a flow. The fluid particle was released from point
A at t = 0s. The streakline was produced by releasing dye from point A from ¢t =0 to 5 s.
provided in problem statement

pathline —_ -
~

~—streakline

Goal
Sketch a streamline for t =0 s
Is the flow steady or unsteady?
Solution
In the above sketch, the dye released at ¢ = 0 s is now at point B. Therefore,a streamline corresponding to
t = 0 s should be tangent to the streakline at point B. We can reach the same conclusion by using the pathline.
In the above sketch, the path of a fluid particle at ¢ = 0 s is shown by the dotted line at point A. There, a
streamline corresponding to t = 0 s should be tangent to the pathline at point A. Thus, streamlines at ¢ = 0 appear

The flow is unsteady because the streakline, streamlines and pathlines differ.
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4.11 Information and assumptions

Consider a velocity field given by v =5 m/s and v = —2¢ m/s, where t is time.
provided in problem statement
Goals
a.) sketch a streakline for t =0 to 5 s.
b) sketch a pathline for a particle for ¢ = 0 to 5 s. The particle is released from the same point as the dye
source
c.) sketch streamlines at ¢t =5 s
Particle pathline
Since u = dz/dt, we may write dx = udt. This can be integrated to give the x-position of a particle at any

time ¢:
T = xo+/udt:xo+/5dt
T = x,+ 5t
Similarly,
y = yo+/vdt:O+/72tdt
Yy = Yo— t2

Letting z, = y, = 0,we can construct a table of coordinates

t(s) x(m) y(m)
0 0 0
15 -1

2 10 4

3 15 9

4 20 -16

5 25 25

The (z,y) data from this table are plotted in the figure below

A - I 2\0 —» %
~
'« pathline
\
10— A
\
\
\

20l streakline g
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Streakline
To construct the streakline, solve for the displacement of dye particles.
The dye particle released at time ¢ = 1 s will reach a position given by

5
T = :z:oJr/ udt
1

5
= O+/ 5dt = 21
1

5
Yy = ya+/ vdt
1

5
= 0+/ —9tdt =0 — %> = —24
1

The dye particle released at time ¢ = 2 s will reach a position given by

5
T = O+/ b5dt = 15
2

5
Y 0 +/ —2tdt = —21
2

Performing similar calculations for each time yields the coordinates of the streakline. These results are

plotted in the above figure.
Streamlines (at ¢t =5 s)

Dye released at t = 5 s is at point A in the sketch above. Therefore,a streamline corresponding to ¢t =5 s
should be tangent to the streakline at point A. We can reach the same conclusion by using the pathline. The path
of a fluid particle at ¢ = 5 s is at point B. There, a streamline corresponding to ¢ = 0 s should be tangent to the
pathline at point B. The streamlines are shown below

AN
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4.12 Pathline

For the first second the particle will follow the circular streamline (clockwise) through an angle of 7 radians
(1/2 circle). Then for the 2nd second the particle reverses its original path and finally ends up at the starting point.
Thus, the pathline will be shown:

provided in problem statement

// ; ‘\\ B N \\\\,\
C =055 / t=1s ! Poot=2s !

Streakline
For the first second a stream of dye will be emitted from staring point and the streak from this dye will

be generated clockwise along the streamline until the entire top half circle will have a steak of dye at the end of 1
second. When the flow reverses a new dye streak will be generated on the bottom half of the circle and it will be
superposed on top of the streak that was generated in the first second. The streakline is shown for t=1/2 sec., 1

sec. & 2 sec.
=0.5s t—h t=2s
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4.13 The final pathline and streakline are shown below.

Y

»<

X ——————» X

Pathline Streakline
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4.14 The vapor will produce a vapor sheet as shown.
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4.15 The computed streaklines and pathline are shown below.

Pathline

y coordinate

x-coordinate
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4.16

Two dimensional e. Three dimensional
One dimensional f. Three dimensional
One dimensional g. Two dimensional
Two dimensional

oo op
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4.17 Information and assumptions

Water flows in a 25 cm diameter pipe. @ = 0.03 m3/s.
provided in problem statement

Find
Mean velocity: V

Solution

V =Q/A=0.03/(r/4 x 0.25%) = 0.611 m/s
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4.18 Information and assumptions

Water flows in a 16 in pipe. V = 3 ft/s
provided in problem statement

Find
Discharge in cfs and gpm
Solution
Q = VA=(3ft/s)(r/4x1.333%) =4.17 ft*/s
Q = (4.17 ft3/s)(449 gpm/ft3/s) = 1870 gpm
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4.19 Information and assumptions

Water flows in a 2 m diameter pipe. V =4 m/s.
provided in problem statement

Find
Discharge in m?3/s and cfs

Solution

Q = VA=4)(r/4x2*) =126 m*/s
Q = (12.6 m3/s)(1/0.02832)(ft3/s)/(m3/s)=444 cfs
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4.20 Information and assumptions

An 8 in. pipe carries air, V' =20 m/s. Air properties: 20 °C, 200 kPa-absolute.
provided in problem statement

Find
Mass flow rate: m

Solution

p = p/RT =200,000/(287 x 293) = 2.378 kg/m?>

m = pVA=2378x20x (7 x 0.08%/4)
= 0.239 kg/s
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4.21 Information and assumptions

A 1 m pipe carries natural gas, V = 15 m/s. Properties: 15 °C, 150 kPa-gage.
provided in problem statement

Find
Mass flow rate: m

Solution

p = p/RT = (101 +150)10%/((518) x (273 + 15)) = 1.682 kg/m>
m = pVA=1682x15x7x0.5%=19.8kg/s
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4.22 Information and assumptions

A pipe for an aircraft engine test has 1 = 200 kg/s and V =240 m/s. p = 50 kPa-abs, T'= —18 °C.
provided in problem statement

Find
Pipe diameter: @)
Solution
p = p/RT = (50 x 10%)/((287)(273 — 18)) = 0.683 kg/m>
m = pAV
or

A = m/(pV) = (200)/((0.683)(240)) = 1.22 m?
A = (r/4)D? =122
D = ((4)(1.22)/m)"? =1.25m
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4.23 Information and assumptions

Air flows in a rectangular air duct with dimensions 1.0 x 0.2 m. @ = 1100 m?/hr.
provided in problem statement

Find
Velocity: V

Solution

V =0Q/A=(1,100/(60 x 60))/(1 x 0.20) = 1.53 m/sec
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4.24 Information and assumptions

A circular duct has a velocity profile of v(r)/V, =1 —r/R, where V, is velocity at r = 0.
provided in problem statement

Find
Ratio of mean velocity to centerline velocity: V' /V,

Solution
Q= / vdA

Discharge
R
Q = / Vo(1 = (r/R))2mrdr
0

— W@m)((*/2) — (**/(3R))) &
= 27Vp((R?/2) — (R?/3))
= (2/6)7VoR®

where dA = 2nrdr. Then

Average Velocity

V=Q/A
V/Vo = (Q/A)/Vo = [((2/6)VoR?)/(nR*)] /Vo = 1/3
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4.25 Information and assumptions

Water flows in a rectangular channel. The velocity profile is V(x,y) = Vg(1 — 422 /W?)(1 — y?/D?), where
W and D are the channel width and depth, respectively.
provided in problem statement
Find
An expression for the discharge: Q = Q(Vs, D, W)

Solution
QR = /7-@2//V($,y)dxdy

w/2

D
= / Vs(1 — 422 Jw?)(1 — y? ) D?)dxdy
—w/2 Jy=0

= (4/9)VsWD
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4.26 Information and assumptions

Water flows in a 4 ft pipe. The velocity profile is linear. The centerline velocity is Vipax = 15 ft/s.  The
velocity at the wall is Vi = 12 ft/s.
provided in problem statement
Find
Discharge in cfs and gpm
Solution

Q:/ VdA:/ V2mrdr
A 0

where V' = Vijax — 3r/r0.

Q = /TO (Vinax — (3r/r0))2mrdr = 27r7“8((Vmax/2) —(3/3))
0

27 x 4.00((15/2) — (3/3)) = 163.4 cfs
163.4 x 449 = 73,400 gpm
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4.27 Information and assumptions

Water flows in a 2 m pipe. The velocity profile is linear. The centerline velocity is Vipax = 8 m/s. The
velocity at the wall is Vipin = 6 m/s.
provided in problem statement
Find
Discharge: Q
Mean velocity: V
Solution

2712 ((Vinax/2) — (2/3)) (see problem 4.26 for derivation)
= 27 x 1((8/2) — (2/3)) = 20.9 m?/s
V = Q/A=2094/(1 x 1) = 6.67 m/s

O
I
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4.28 Information and assumptions

Air flows in a square duct. Details are provided in the textbook
provided in problem statement
Find
a.) Volume flow rate: @
b.) Mean velocity: V
c.) Mass flow rate: m
Solution

dQ = VdA
dQ = (20y)dy
0.5
Q = 2/ VdA
0
0.5
= 2/ 20ydy
0

= 40y%/2|95 =20 x 0.25 = 5 m3/s
V = Q/A=(5m3/s)/(1 m?) =5m/s
= pQ = (1.2 kg/m?)(5 m®/s) = 6.0 kg/s
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4.29 Information and assumptions

Open channel flow down a 30° incline. V =18 ft/s. Vertical depth is 4 ft. Width is 25 ft.
provided in problem statement

Find
Discharge:

Solution

Q=VxA=18 x4cos30° x 25 = 1,560 cfs
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4.30 Information and assumptions

Open channel flow down a 30° incline. Velocity profile is v = y'/3 m/s. Vertical depth is 1 m. Width is 2

m.
provided in problem statement
Find
Discharge: Q
Solution

0.866
Q = / y'/3(2 dy)
0

0.866
2/ y1/3dy
0

(2/(4/3))y*/2[5:500 ™
Q = 1.24m?%/s
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4.31 Information and assumptions

Open channel flow down a 30° incline. Velocity profile is u = 10 (e¥ — 1) m/s. Vertical depth is 1 m. Width
is 2 m.
provided in problem statement
Find
Discharge: Q
Mean velocity: V
Solution

0.866
Q - / vy
0

0.866
@ = [ aoe-n2ay

[(2)(10)(e¥ — y)]3-366

Q/A = (10.23 m3/s) /(2 x 0.866 m?) = 5.91 m/s

<
I
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4.32 Information and assumptions

Water (20° C, v = 9790 N/m?) enters a weigh tank for 15 min. The weight change is 20 kN.
provided in problem statement

Find
Discharge: Q
Solution
Q = V/At
= W/(At)

20,000/(9790 x 15 x 60)
= 227 x102 m¥/s
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4.33 Information and assumptions

Water enters a lock for a ship canal through 180 ports. Port area is 2 x 2 ft.

are 105 x 900 ft. The water in the lock rises at 6 ft/min.
provided in problem statement
Find
Mean velocity in each port: Vot
Solution
Using the continuity principle

Z VpAp - V;ise X Arise
180x V, x (2x2) = (6/60) x (105 x 900)
Voorw = 13.1ft/s
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4.34 Information and assumptions

Water flows through a rectangular and horizontal open channel. The velocity profile is © = Uumax(y/d)™,
where y is depth, tmax =3 m/s, d =1.2 m, and n = 1/6.
provided in problem statement
Find
Discharge: q(m?/s per meter of channel width)
Mean velocity: @)
Solution

d

q = /0 umax(y/d)ndy - umaxd/(n + 1)
= 3x12/((1/6) 4+ 1) = 3.09 m?/s

V = ¢/d=3.09/1.2 =2.57 m/s
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4.35 Information and assumptions

A flow with a linear velocity profile occurs in a triangular-shaped open channel. Details are provided in the
text book.
provided in problem statement
Find
Discharge: Q
Solution

Q = /VdA where V' = 5y ft/s, dA = xdy = 0.5 ydy ft?

1
0 = [ 0% 5y
0
= (2.5y3/3)|¢ = 0.833 cfs
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4.36 Information and assumptions

Flow in a circular pipe. The velocity profile is V = V(1 — (r/7,))™.
provided in problem statement

Find
An expression for mean velocity of the form V = V(V,,n)

Solution

Q — /VdA
_ /Vc(l—(r/rg))"%'rdr

= —ﬂr%VC/ (1- (T/TO)Q)"(—ZT/Tﬁ)dT
0
This integral is in the form of

/ Wdu = u J(n+1)

so the result is

O
|

—mrgVe(1 = (r/ro)?)" ™ /(n + 1)
(1/(n +1))Verrg
Vo= QA= )V
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4.37 Information and assumptions

Flow in a pipe with a velocity profile V = 12(1 — 2 /r2)
provided in problem statement
Find
Plot the velocity profile
Mean velocity: V
Discharge: @
Solution

r/rg 1—(r/r0)®> V(m/s)

0.0 1.00 12.0
0.2 0.96 11.5
0.4 0.84 10.1
0.6 0.64 7.68
0.8 0.36 4.32
1.0 0.00 0.0
0 12 m/s

pipe wall

From solution to Prob. 4.36
V = (1/(n+1)V,
V = (1/2)V. =6 m/s;
Q = VA
= 6x7/4x1* =471 m%/s
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4.38 Information and assumptions

Water (60 °F) flows in a 1.5 in. diameter pipe. 7 = 75 lbm/min.
provided in problem statement

Find
Mean velocity: V

Solution

V = m/pA
V. = (75/60)/ [(62.37) x (w/4 x (1.5/12)%)] = 1.63 ft/s

256



4.39 Information and assumptions

Water (10 °C) flows in a 20 cm diameter pipe. 7 = 1000 kg/min.
provided in problem statement

Find
Mean velocity: V
Solution
V. = m/pA
= (1,000/60)/ [(998) x (m/4 x 0.20%)]
= 0.532 m/s
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4.40 Information and assumptions

Water (60 °F) enters a weigh tank for 10 min. The weight change is 4765 1bf.
provided in problem statement

Find
Discharge: @ in units of cfs and gpm
Solution
Q = V/At
— AW/(A)
= 4765/(62.37 x 10 x 60)
= 0.127 cfs

= 0.127 x 449 = 57.2 gpm
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4.41 Information and assumptions

Water (60 °F) flows in a 4 in. diameter pipe. V =8 ft/s.
provided in problem statement
Find
Discharge: @ in units of cfs and gpm
Mass flow rate: m
Solution
Discharge

Q = VA=8(r/4x (4/12)%) = 0.698 cfs
= 0.698 x 449 = 313 gpm

Mass flow rate

mo= pQ
= 1.94 x 0.698 = 1.35 slugs/s

259



4.42 (a) Steady. (b) Two-dimensional. (c) No. (d) Yes — see representative vectors below:
%

(e) Vana = Vene where n = spacing between streamlines.
Then Vo = Va(na/ne) = 15(2/1) =30 ft/s
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4.43 Information and assumptions

A flow with this velocity field: u = xt + 2y, v =2t> —yt, w =0
Acceleration, a at location (1,2) and time3 seconds. Discharge: ) in units of cfs and gpm
provided in problem statement

Solution

ay = udu/0x + vou/dy + wou/dz + Ou/ot
(zt + 2y)(t) + (xt? — yt)(2) + 0 + =

Now,let t=1m,y=2mandt=3s

ar = (B3+4)3)+(9-6)(2)+1=21+6+1=28m/s?
a, = udv/dx+viv/dy+ wdv/0z+ Jv/ot
(zt + 2y)(t?) + (xt® — yt)(—t) + 0 + (2t — )

Fore=1my=2mandt=3s

ay, = (3+4)(9)+(9—-6)(-3)+(6—-2)=63—9+4=>58m/s’
a = 28i+58jm/s
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4.44 Information and assumptions

Air is flowing around a sphere. The x-component of velocity along the dividing streamline (from side of
sphere) is given by u = —U,(1 — r3/23)
provided in problem statement
Find
An expression for the x-component of acceleration of the form a, = a(z,7,,U,)
Solution

a; = udu/dx+ Ou/ot
= —Uo(1 —r5/2*)0/0x(~Us(1 — 15/2%)) + 0/0t(~Uo(1 — /"))
— U1 — /) (=3 /) + 0
= —GUB/N—rd/a)
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4.45 Information and assumptions

As shown in the sketch below, two round plates, each with speed V', move together. At the instant shown,
the plate spacing in h. Air flows across section A with a speed V'. Assume V'’ is constant across section A. Assume
the air has constant density.

provided in problem statement

l
V H" 7777777777777777777777777777 —> V
4 ]
T v Section A
Find
An expression for the radial component of convective acceleration at section A
Solution
Continuity equation applied to control volume shown above
Y pV-A = fd/dt/ pdV-
—20VA+pV'A" = 0
2VA = V'A
V' = 2VAJA =2V(rD?/4)(xDh) =V D/2h = Vr/h

Convective acceleration

a. = V'0/or(V")
= Vr/hd/or(Vr/h) =V?r/h? =V2D/2h?
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4.46 As shown in the sketch below, two round plates, each with speed V', move together. At the instant shown,
the plate spacing in h. Air flows across section A with a speed V/. Assume V' is constant across section A.
Assume the air has constant density.

l
V' < [ — V
4 ]
T v Section A
Find
An expression for the radial component of local acceleration at section A
Solution

Continuity equation applied to control volume shown above

Y pV-A = fd/dt/ pdV-

—2pVA+pV'A = 0
WA = V'A
V! = 2VAJA =2V(xD?/4)(xDh) = VD/2h = VR/h

Introducing time as a parameter
h=hy—2Vt
SO0
V' = RV/(ho — 2V't)

Local acceleration

ov' ot d/Ot[RV (ho — 2Vt)™'] = RV (—1)(ho — 2Vt)~2(-2V)
oV'jot = 2RV?/(hg —2Vt)?

but hg — 2Vt = h so

V' /ot = 2RV?/h? = DV?/h?
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4.47 Information and assumptions

Pipe flows A and B merge into a single pipe with area A.; = 0.1 m?. Q4 = 0.02t m3/s and Qg = 0.008t2
m?/s.  Assume incompressible flow.
provided in problem statement
Find
Velocity at the exit: Veyis
Acceleration at the exit: Geyit
Solution
Continuity principle

Rexit = Qa+Qp

Vexit (1/Aexit)(Qa + QB)
= (1/0.01 m?)(.02t m®/s + 0.008¢* m?/s)
= 2tm/s +0.8> m/s

Then at t =1 sec,

Vexit = 2.8 m/s
Acceleration
oV oV
Gexit = - + V%

Since V varies with time, but not with position, this becomes

oV
Qexit = E =2+1.6t I’Il/S

Then at t = 1 sec

Qoxit = 3.6 m/s2
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4.48 Information and assumptions

A velocity field at r = 10 m: Vp = 10t

provided in problem statement

Find

Magnitude of acceleration at r =10 mand ¢t =1s

Solution

Vo

Qtang.
atang.
Gnormal

at t

Atotal

10t

VOV /s + OV /Ot

0+ 10 m/s?

Vg /r

(10t)? /r = 100t? /10 = 10t*

18 Gpnormal = 10 m/s2

m — /200 = 14.14 m/s?
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4.49 Information and assumptions

Flow occurs in a tapered passage. The discharge and velocity gradient are given (see solution below).

point of interest is section AA, where the diameter is 50 cm. The time of interest is 0.5 s.
provided in problem statement
Find
Velocity at section AA: V
Local acceleration at section AA: ap
Convective acceleration at section AA: a,

Solution
Q = Qo— Qit/to=0.985—0.5t (given)
8—V = Jr29 er m (given)
ds S p &
V = Q/A=(0.985—-05x0.5)/(r/4 x 0.5%) = 3.743 m/s
Acceleration

oV /ot = 0/0t(Q/A) = 8/dt((0.985 — 0.5t) /(7 /4 x 0.5%))
—0.5/(7/4 x 0.5%) = —2.55 m/s*

a. = VOV/ds=3.T43 x 2 = +7.49 m/s*

7
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4.50 Information and assumptions

One-dimensional flow occurs in a nozzle. Details are provided in the textbook.
provided in problem statement
Find
Convective acceleration: a,
Local acceleration: ay
Solution

a. =VdV/ds
where dV/ds = (Viip — Vbase)/L

Vip = Q/Aup = 0.40/((r/4)(2/12)?) = 18.34 ft/s
Vbase - Q/Abase =4.59 ﬂ]/S

dV/ds = (18.34—4.59)/1.5=9.17s""
Vinidway = 4.59 ft/s +9.17 571 x (9/12) ft = 11.47 ft/s
Then
a. = VdV/ds=1147 ft/s x 9.17 s~ =105 ft/s?
a = 0
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4.51 Information and assumptions

One-dimensional flow occurs in a nozzle. Details are provided in the textbook.
provided in problem statement

Find
Local acceleration: ay
Solution
ap = 9OV/ot
V = Q/Aand Q =2t
Then

ap = 0/ot(2t/A)
= (2/A)9/0t(t) = 2/A ft/s>

From solution to Prob. 4.50: V4 = 11.47 ft/s. Therefore
Amia = Q/V = (0.40 t3/s)/11.47 ft/s = 0.0349 ft>
Finally

ap =2/A =2/0.0349 = 57.3 ft /s>
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4.52 Information and assumptions

Flow in a two-dimensional slot, details are provided in the textbook.
provided in problem statement

Find
An expression for local acceleration: ajocal

Solution

V = q/b=(qo/to)2t/bbut b= B — (1/2)B(x/4B)
)

14 (90/t0)(2t)/(B — (1/2)B(z/4B))
Alocal = OV/0t = (qo/t0)(2)/(B — (1/2)B(x/4B))

Then when x = 2B

tlocal = 2(q0/t0)/(B — (1/2)B(1/2)) = 2(q0/t0)/(3/4 B)
(8/3)(q0/to)/B

Qlocal
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4.53 Information and assumptions

Flow in a two-dimensional slot, details are provided in the textbook.
provided in problem statement

Find
An expression for convective acceleration: dcony
Solution
V. = (q/t0)2t/(B — (1/8)x)
Ucony = VOV/0x =V(qo/t0)2t(—1)(—1/8)/(B — (1/8)10)2
Qconv = (1/8)((]0/750)24752/(3 - (1/8)x)3
When z = 2B

aconv = (1/2)(a0/t0)*t?/((3/4)B)° = 32/27(qo/t0)*t*/ B®
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4.54 Information and assumptions

Flow in a nozzle, details are provided in the textbook.
provided in problem statement
Find
Convective acceleration: a,
Local acceleration: ay
Solution

ap = OV/ot=20/ot[2t/(1—0.52/L)%] =2/(1 —0.5x/L)?
= 2/(1-0.5x0.5L/L)* = 3.56 ft /s

a. = V(0V/ox) = [2t/(1 —0.5x/L)%0/dx[2t/(1 — 0.52/L)?]
= 4t2/((1 —0.52/L)%1) = 4(3)%/((1 = 0.5 x 0.5L/L)4)
= 37.9 ft/s?
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4.55 Information and assumptions

Air flow downward through a pipe and then outward between to parallel disks.

textbook.
provided in problem statement
Find
Expression for acceleration at point A
Value of acceleration at point A
Velocity in the pipe
Solution

Vi = Q/A=Q/(2nrh)
v,V /or
(Q/(2mrh))(~1)(Q)/(2mr?h) = ~Q/(r(2nrh)?)

Qc

When D = 0.1 m,p =0.20 m, h = 0.01 m, and Q = 0.380 m?/s
Viipe = Q/Apipe = 0.380/((7/4) x 0.1?) = 48.4 m/s

Then

ac. = —(0.38)%/((0.2)(27 x 0.2 x 0.01)) = —4, 570 m/s?
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4.56 Information and assumptions

Air flow downward through a pipe and then outward between to parallel disks.

textbook.
provided in problem statement
Find
At t = 2 s, acceleration at point A: ags
At t = 3 s, acceleration at point A: ag,
Solution

ag = 0OV/ot=09/9t(Q/(2nrh))
ag = 0/0t(Qo(t/to)/(2mrh))
ar = (Qo/to)/2mrh
arasz = (0.1/1)/(27 x 0.20 x 0.01) = 7.957 m/s*

From solution to Problem 4.55
ac = —Q/(r(2mrh)?)
Att=25,Q=02m3/s

ac2s = —1,366 m/s?

ass = ap+a,=17.957—1,266 = 1,260 m/s>
Aezs = —2,850 m/s?

azs = —2,8504 7.957 = —2,840 m/s?
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4.57 Information and assumptions

Water flows into a tank through a pipe on the side and then out the bottom of the tank. Details are provided
in the textbook.
provided in problem statement
Find
Velocity in the inlet: Vi,
Solution
Let the control surface surround the liquid in the tank and let it follow the liquid surface at the top.
Continuity Equation (Eq. 4.28):

d
7p‘/inAin + p‘/outAout - 7%()0Atankh)
7VvinAin + ‘/outAout - 7Atank(dh/dt)
—Vin(.0025) + 1/2g(1)(.0025) = —0.1(0.1) x 10?

Vin = V19.62 + (107%/(.0025))
Vin = 4.47 m/s
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4.58 Information and assumptions

A bicycle tire (V = 0.04 ft3) is inflated with air at an inlet flow rate of Qy, = 1 cfm and a density of 0.075
Ibm/ft3. The density of the air in the inflated tire is 0.04 Ibm/ft3.
provided in problem statement
Find
Time needed to inflate the tire: ¢
Solution
Select a control volume surrounding the air within tire.
Continuity Equation

d

i = My
n dt

(pQ)
Since the mass of air in the inflated tire (Mcyv) is constant, this equation may be integrated to give

(PQ)in t = Mcv
or

Mcv
(PQ)in
0.04 x 0.4
0.075 x (1/60)
= 128 s
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4.59

Case (a) Case (b)

1)b=1 1) B=1

2) dBuyst/dt =0 2) dBayst/dt =0

3) SpV-A=SpV-A 3) SSpV-A=SpV-A
=-2x10x1.5 =2x1x2

=_30 slugs/s

4) djdt [, bp@ 4) djdt [ bpdV-=0
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4.60 Valid statement: (b)
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4.61 Information and assumptions

The level in the tank (see below) is influenced by the motion of pistons A and B. Each piston moves to the
left. V4 =2Vp
provided in problem statement

Find
Determine whether the water level is rising, falling or staying the same

Solution
Select a control volume as shown above. Assume it is coincident with and moves with the water surface.
Continuity principle

Y VA = —d/dt/ pdV-
pQVBAA—pVBAB = pd/dt/ V-

where Ay = (1/4)3% Ap = (7/4)62 and A4 = (1/4)Ap. Then

—d/dt / av
cVv

2Vs(1/4)Ap — Vg Ap

VeAp((1/2) —1) = —djdt | oV
CcVv
djdt [ dv = (1/2)VsAp
cv
d/dt(Ah) = (/12)VsAg
Adh/dt = (1/2)VpAp

Because (1/2)VgAp is positive dh/dt is positive; therefore, one concludes that the water surface is rising.
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462 a) True b) True c¢) True d) True e) True
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4.63

—_

) b=10
2) dBayet/dt =0
)

3) > pV-A=> pV-A

ZpV A = (1.5 kg/m3)(—10 m/s)(7/4) x (0.04)* m?
+ (1.5 kg/m®)(—6 m/s)(7/4) x (0.04)? m?

+ (1.2 kg/m3)(6 m/s)(m/4) x (0.06)* m?

= —0.00980 kg/s

4) Because Z bpV - A+ d/dt/bpcﬁﬁ =0
Then d/dt/bpdxﬁ =-> bpV-A

or d/dt / bpdM- = +0.00980 kg/s (mass is increasing in tank)
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4.64 Information and assumptions

A plunger moves downward in a concial vessel filled with oil. At a certain instant in time the upward velocity
of the oil equals the downward velocity of the plunger.
provided in problem statement
Find
Distance from the bottom of the vessel: y
Solution
Select a control volume as shown above. Rate at which liquid is displaced = Vy,(D? — d?)(r/4)

Vaown X Td%/4 = Vip(D?* — d*)m/4

2d° = D?
D = V2
but y/D = 24d/2d; D =y/12

But y/D = 24d/2d so D = y/12. Eliminating D in the first equation gives

y = 12v/2d
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4.65 Information and assumptions

A 6 in. diameter cylinder falls at a speed Vi = 3 ft/s. The container diameter is 8 in.
provided in problem statement

Find
Mean velocity of the liquid in the space between the cylinder and the wall: Vp
Solution
Apply continuity equation and let the c.s. be fixed except at bottom of cylinder where the c.s. follows the
cylinder as it moves down.

0 = d/dt/pdle+va-A

0 = d/dt(V)+VrAy

0 = VoAc+ Vp(n/4)(8% - 62)

0 = —3x(7/4)6%+ Vp(n/4)(8% — 62)
Vr = 108/(64 —36) = 3.86 ft/s (upward)
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4.66 Information and assumptions

A round tank (D = 4 ft) is being filled with water from a 1 ft diameter pipe. In the pipe, V = 10 ft/s.
provided in problem statement

C.S5.

Find
Rate at which the water surface is rising: Vg

Solution
Apply the continuity equation and let the c.s. move up with the water surface in the tank.

0 d/dt/ pdV-+Y pV- A
Ccv
0 = d/dt(hAr) — (10 + Vg)A,)

where Ap = tank area, Vz =rise velocity and A, =pipe area.

0= Apdh/dt — 104, — Vg A,

but dh/dt = Vg so
0 = AgVi— 104, — ViA,
Vi = (104,)/(Ar— Ay) = 10(e/4)(12)/((m/4)42 — (x/4)1?)
Ve = (2/3) ft/s
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4.67 Information and assumptions

An 8 in. sphere is falling at 3 m/s in a 1 ft diameter cylinder filled with water
provided in problem statement

=
y/
I
\
A
x

T/ | v,=3 ft/s
Find
Velocity of water at the midsection of the sphere
Solution

As shown in the above sketch, select a control volume that is attached to the falling sphere. Relative to the
sphere, the velocity entering the control volume is V7 and the velocity exiting is V5
Continuity equation

—a/at/ pdV = 0=> pV-A
cv
AV = AV,
(mrx 1.0%/4) x 3 = Vom(1.0% — .67%)/4; Vo = 5.44 fps

Relative velocity equation: Find the velocity of the water relative to a stationary observer

V = V- Vsphere
V = 544-3.0
2.44 ft /s
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4.68 Information and assumptions

Air flows in a rectangular duct. Q = 1.44 m?/s.
provided in problem statement

Find
Air speed for a duct of dimensions 20 x 50 cm: V;
Air speed for a duct of dimensions 10 x 40 cm: V3

Solution
Vi = Q/A
1.44/(0.2 x 0.5) = 14.4 m/s
Vo = 1.44/(0.1 x04)=36.0m/s
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4.69 Information and assumptions

Flow (Q = 0.3 m3/s) entering a pipe wye with inlet diameter 30 cm. Outlet diameters are 20 and 15 cm.
Each outlet branch has the same mean velocity.
provided in problem statement
Find
Discharge in each outlet branch: Q29 cm, @15 em
Solution

V = 0.3/(n/4)(0.22 +0.15%) = 6.11 m/s
Q20cm = VAyp=06.11x (rx0.1x0.1)=0.192 m?/s

Qisem = VAis=6.11x (7 x0.075 x 0.075) = 0.108 m?/s
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4.70 Information and assumptions

Flow (Q = 0.3 m3/s) entering a pipe wye with inlet diameter 30 cm. Outlet diameters are 20 and 15 cm.
In the larger outlet (20 cm) the flow rate is twice that in the smaller outlet (15 cm).
provided in problem statement
Find
Mean velocity in each outlet branch: Vis, Voq
Solution

tot. = 0.30 m* /s = Qoo + Q15

But Q20 = 2Q15

0.30 = 2Q15+ Q13
QIS = 0.10 mS/S; ‘/15 = Q15A15 = 5.66 m/s

Q2 = 020m3/s;Vao =0.20/As = 6.37 m/s
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4.71 Information and assumptions

Water flows through an 8 in. diameter pipe in series with a 6 in pipe. @ = 898 gpm.
provided in problem statement

Find
Mean velocity in each pipe: Vg, V3
Solution
Q = 898 gpm = 2 cfs
Vs = Q/Ag =2/(m x 0.667 x 0.667/4) = 5.72 {ps
Vo = Q/As=2/(mx0.5x0.5/4) =10.19 fps
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4.72 Information and assumptions

Water flows through a tee as shown in the textbook
provided in problem statement

Find
Mean velocity in outlet B: Vg
Solution
Continuity
VB - (VAAA - VcAc)/AB
= [(6x7/4x4%) — (4 x7/4x2%)]/(n/4 x 42 x 4)
= 5.00 m/s

290



4.73 Information and assumptions

Steady flow of gas in a conduit as shown in the textbook.
provided in problem statement
Find
Mean velocity at section 2: V5
Solution
Applying the continuity equation

Vo = (p1AiV1)/(paA2) = (py DIV1)/(pyD3)
(2.0 x 1.2%2 x 15) /(1.5 x 0.6%) = 80.0 m/s
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4.74 Information and assumptions

Pipes A and B are connected to an open tank with surface area 80 ft2. The flowrate in pipe A is Q4 = 8
cfm, and the level in the tank is rising at a rate of 1.0 in./min.
provided in problem statement

Find

Discharge in pipe B: Qg

Is the flow in pipe B entering or leaving the tank?
Solution

Define a control volume as shown in the above sketch. Let the c.s. move upward with the water surface.
Continuity equation:

0 = ddt/ paV- + pV - A
/ cv Z
0 = Adh/dt+Qp—Qa

Qs = Qu— Adh/dt
= 80— (80)(1.0/12)
QR = =133 cfm

Because @) p is positive flow is leaving the tank through pipe B.
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4.75 Information and assumptions

A tank with one inflow and two outflows is described in the textbook.
provided in problem statement
Find
Is the tank filling or emptying?
Rate at which the tank level is changing: %
Solution

Inflow = 10 x 7 x 22/144 = 0.8727 cfs
Outflow = (7 x 7 x 3%/144) + (4 x 7 x 1.5%/144) = 1.571 cfs
Outflow > Inflow, Thus, tank is emptying

dh

— = Q/A=(1571-08727)/(r x 3%) = 0.0247 ft/s
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4.76 Information and assumptions

The sketch shows a tank filled with water at time ¢t = 0 s.

provided in problem statement
I 24 in. DIA

_12in. DIA

C.S.

6 in.
\

1 ft/s —> — ———2f/s

Find
At t = 22 s, will the water surface be rising or falling?
Rate at which the tank level is changing: %
Solution
Define a control volume. The c.s. is coincident with the water surface and moves with it.
Continuity equation. Evaluate if the water surface is rising or falling:

d/dt/ pdV- = -3 pV-A

d/dt(pAh) = (pAV)in — (PAV )out

d/dt(pAh) = p(r/4 x 1%)(1) + p(7/4 x 0.5%)(2)
Adh/dt = (w/4) — (7/8)
Adh/dt = (7/8)

Since Adh/dt > 0, the water level must be rising. While the water column occupies the 12 in. section, the
rate of rise is
dh/dt = (w/8)/A
= 7/(8 x /4 x1?)
= 1/2 ft/s

Determine the time it takes the water surface to reach the 2 ft. section:

10 (dh/dt)t;
t = (10)/(1/2) = 20 secs.
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Therefore, at the end of 20 sec. the water surface will be in the 2 ft. section. Then the rise velocity will be:

dh/dt = m/(84)
/(8 x /4 x 22)
1/8 ft/sec
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4.77 Information and assumptions

A lake is fed by one inlet, Q;, = 1000 cfs. Evaporation is 13 cfs per square mile of lake surface.

surface area is A(h) = 4.5 + 5.5h, where h is depth in feet.
provided in problem statement
Find
Equilibrium depth of lake
The minimum discharge to prevent the lake from drying up
Solution
Continuity principle: At equilibrium

QEvap. - Qin.
(13 ft?/s/mi*) (4.5 + 5.5h) mi*> = 1,000 ft*/s
h =13.2 ft. at equilibrium

The lake will dry up when h =0 and Qgvap. = Qin.. For h =0,
13(4.54 5.5 x 0) = Qin.

Lake will dry up when Q;,. = 58.5 ft3/s
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4.78 Information and assumptions

A nozzle discharges water (Q, = 6 cfs) onto a plate moving towards the nozzle. Plate speed equals half the
jet speed.
provided in problem statement

Find
Rate at which the plate deflects water: @),
Solution
Select a control volume surrounding the plate and moving with the plate. Continuity is

Qin - Q;D

Reference velocities to the moving plate. Let V, be the speed of the water jet relative to the nozzle. From
the moving plate, the water has a speed of V, + 1/2V, = 3V,,/2. Thus

Qp - Qin
- ‘/inAo
= (3Vo/2) (Ao) = (3/2) (Vo Ao)
(3/2)Q, = 9.0 cfs
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4.79 Information and assumptions

A tank with a depth h has one inflow (Q = 20 ft3/s) and one outflow through a 1 ft diameter pipe. The
outflow velocity is v/2gh
provided in problem statement
Find
Equilibrium depth of liquid
Solution
Continuity principle

Qin. = Qout at equilibrium
20 ft3/S - %utAout

20 = (\/2gh)(7/4 x d2,,) where d = 1 ft.
Solving for A yields : h =10.1 ft.
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4.80 Information and assumptions

Flows A and B enter a closed tank. Flow C exits the tank. Details are provided in the textbook. Assume
steady flow.
provided in problem statement
Find
At section C:
a.) Mass flow rate
b.) Average velocity
c.) Specific gravity of the mixture
Solution
Continuity principle, assuming steady flow,

Y pV-A =0
—paVaAs— pVBAB +pcVoAc = 0
pcVeAc = 095 x1.94x3+085%x1.94x1="7.18 slugs/s

Assuming incompressible flow,

VoAc = VaAa+VeAp=3+1=dcfs Vo=Q/A=4/(r/41/2)* =204 ft/s
pe = T7.18/4=1.80slugs/ft3 S =1.80/1.94=0.925
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4.81 Information and assumptions

O2 and CHy enter a mixer, each with a velocity of 5 m/s. Mixer conditions: 200 kPa-abs., 100 °C.
density: p = 2.2 kg/m3. Flow areas: 1 cm? for the CHy, 3 cm? for the Oz, and 3 cm? for the exit mixture.

provided in problem statement
Find

Exit velocity of the gas mixture: Vgt
Solution

Ideal gas law to find inlet density

po, = p/RT =200,000/(260 x 373) = 2.06 kg/m*
pen, = 200,000/(518 x 373) = 1.03 kg/m?

Continuity principle

Vit = (2.06 X 5 x 1.03 x 5 x 1)/(2.2 x 3) = 5.46 m/s
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4.82 Information and assumptions

A tank is filled with a compressor. Details are provided in the textbook.
provided in problem statement
Find
Time to increased the density of the air in the tank by a factor of 2
Solution
Continuity principle

d

V-A = —— v
dr 0t o
—d/dt(p¥) = -—-m
V(dp/dt) = 0.5p9/p
Separating variables and integrating
pdp = 0.5pydt/V

P22l = 05pyAt)Y
(P} —P5)/2 = 0.5poAL)Y
s At=Ypy ((pF/P5) — 1)
= 10(2)(2% - 1)
= 60s
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4.83 Information and assumptions

A tire (volume 0.5 ft3) develops a slow leak.

In 3 hr, the pressure drops from 30 to 25 psig. The leak

rate is th = 0.68A/v RT, where A is the area of the hole. Tire volume and temperature (60 °F) remain constant.

Patm = 14 pSia-
provided in problem statement
Find
Area of the leak
Solution
Continuity principle

Mout = 7d/dt(p¥)

Ideal gas law

p=p/RT

Combining previous 2 equations

Mout = —(¥/RT)(dp/dt)

Let myu: = 0.68A4/+/ RT in the above equation

0.684/VRT = —(V-/RT)(dp/dt)

Separating variables and integrating

(1/p)(dp/dt) = —(0.68AVRT)/V
tn(po/p) = (0.68AVRTt)/V-
Finding area
A = (F/0.68tVRT)ln(po/p)

(0.5/(0.68 x 3 x 3,600))(1, 716 x 520)~%-5¢n(44/39)

= 869x107°ft2 =125 x 107% in.?
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4.84 Information and assumptions

An Og bottle (18 °C) leaks oxygen through a small orifice (d = 0.15 mm). During a time period the pressure
drops from 10 to 5 MPa, abs. The leak rate is = O.68A/\/ﬁ, where A is the area of the orifice.
provided in problem statement
Find
Time required for the specified pressure change
Solution
Continuity principle

itous = —ddt(pV)
Ideal gas law
p=p/RT
Combining previous 2 equations
Tour = —(V-/ RT)(dp/dt)
Let myu: = 0.684/ V/RT in the above equation
0.684/VRT = —(V-/RT)(dp/dt)

Separating variables and integrating

(1/p)(dp/dt) = —(0.68AVRT)/V-
(n(po/p) = (0.68AVRTt)/V-

Finding time

t = (V/0.684VRT)en(po/p)
= 0.1n(10/5)/(0.68(7/4)(1.5 x 10~*)/260 x 291) = 21,000 s
5 hr. 50 min.

303



4.85 Information and assumptions

A tank is draining through an orifice. The water surface drops from 3 to 0.3 m. Other details are provided

in the textbook.
provided in problem statement
Find
Time required for the water surface to drop
Solution
From example 4-11:

t

(247 /+/2942)(y/* = 1'/?)
2 % (7/4 % 0.6%)(v3 — v0.3)/(v/2 x 9.817 x 0.03 x 0.03/4)
= 214s
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4.86 Information and assumptions

A cylindrical drum of water is emptying through a pipe on the bottom.
provided in problem statement

D = 2ft,R=1f.,V=/2ghL =4 ft.
d = 2in =0.167 ft., ho = 1 ft.

Find
Time to empty the drum
Solution
Let the control surface surround the water in the tank. Let the c.s.be coincident with the moving water
surface. Thus, the control volume will decrease in volume as the tank empties.
Continuity principle:

> pV-A = fd/dt/ pd¥

Ccs

+pVA = —d/dt/ pdy (1)
pVAGRA = —pd/dL(V) 2)
dt\/2ghA = —dv (3)
Let dv = —L(2z)dy. Then when this is substituted into Eq. (2) we have
dt\/2ghA = 2Lady (4)
But i can be expressed as a function of y:
h=R-—y

or

dt+/2g(R —y)A = 2Lxdy

Also
R? = 22442
x Vy?—R2=/(y - R)(y + R)
dt\/2g(R — y)A 2L\/(y — R)(y + R)dy

dt = (2L/(/29A))\/(y + R)dy (5)
Integrate Eq. (4)
H = (2L/(y294)) / VE T ydy

= (2L/(V29A4)[(2/3)(R +y)*I}
t = (2L/(v294)(2/3)((2R)*? — R*?)
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For R =1
t=(2L/(v/294))(2/3)(2*° - 1) (6)
In Eq. (5) A = (7/4)d? = 0.0219 ft2. Therefore

4/7/64.4 x 0.0219))(2/3)(1.828)

t = (2x
= 59.5s

Note: The above solution assumes that the velocity of water is uniform across the jet just as it leaves the
tank. This is not exactly so, but the solution should yield a reasonable approximation.
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4.87 Information and assumptions

A pipe with discharge 0.03 ft3/s fills a funnel. Exit velocity from the funnel is V, = v/2gh, and exit diameter
is 1 in. Funnel section area is Ag = 0.1A2
provided in problem statement
Find
Level in funnel at steady state: h
Solution
Continuity (steady state)

Min = Mout
or

pQ = pAe\/2gh
Solving for h gives
2
o L(Q
29 \ Ae

B 1 03 2
T 2% 322 \ /4 x (1/12)2
= 047 ft
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4.88 Information and assumptions

Water drains from a pressurized tank. Tank section area: 1 m?. Exit velocity: V, = , /2—5 + 2gh.

10 cm®. Supply pressure: p = 10 kPa. Initial tank level: h, = 2 m.

provided in problem statement

Find
Time for the tank to empty
a.) with given supply pressure
b.) if supply pressure is zero

Solution
Define a control surface coincident with the tank walls and the top of the fluid in the tank.
Continuity equation

dv
et AeVe
P dt P

Density is constant. The differential volume is Adh so the above equation becomes

 Adn

—dt
AcVe

or

Integrating this equation gives

or

and for A =1m?, A, = 1072 m?, h, =2 m, p = 10 kPa and p = 1000 kg/m? results in
At =329 s or 5.48 min (supply pressure of 10 kPa)

For zero pressure in the tank, the time to empty is

A |2h
At = — 2
A\ g

=639 s or 10.65 min (supply pressure of zero)
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4.89 Information and assumptions

A tapered tank drains through an orifice. Details are provided in the textbook
provided in problem statement
Find
a.) A formula for the time to drain
b.) Calculate the time to drain
Solution

Q = —Arp(dh/dt);dt = —Apdh/Q
where Q = \/2ghA; = \/2gh(r /4)d3

Ar = (7/4)(d+ C1h)? = (n/4)(d® + 2dCyh + C3h?)
dt —(d? 4+ 2dCyh + C1h?)dh/(\/2gh*/2d2)
h
t = —/ (d? +2dCyh + CFR?)dh/(/2gh*/?d3)
ho

ho
b= (1/(6@\/2_9))/ (d2hY/2 4 2dCy b2 4 C2h3/%)dh

h

t o= (2/(d}v29)) [dzhm+(2/3)dclh3/2+(1/5)012h5/2}:

t= (2/(d3\/29)) [(@(hd — h'/%) + (2/3)dC1 (k> — h¥/2) + (1/5)C3(hg/* — 1*/?)

0

Then for hp =1 m,h =020 m, d =0.20 m, C; = 0.4, and d; = 0.05 m

t=184s
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4.90 Information and assumptions

Water drains out of a trough. Details are provided in the textbook
provided in problem statement

Find

a.) A formula for the time to drain to depth h
b.) Calculate the time to drain to 1/2 of the original depth

Solution

Continuity equation:

ZpV-A:—d/dt/ pdV-

C.V.

C.S.

o\ 2g9hA. = fd/dt/ pdN-

C.V.

Mass of water in control volume = pB xFace area

Then

Integrate

M = pB(Wph + h? tan «)

p\V/20hA. = —d/dt pB(Woh + h? tan )
V2ghA. = —BWy(dh/dt) — 2Bhtan o(dh/dt)
dt = (1/(\/29A.))(—BWoh~/2dh — 2B tan ah'/?dh)

(1/1/294.) /h —BWoh~Y2dh — 2B tan ah/2dh
ho
(1/(v/29A.))(—=2BWoh'/? — (4/3) B tan ah®?)
t = (V2Bh/?/(5A:)) (Wo/ho) (1 = (h/ho)"®) + (2/3) tan a(1 — (h/hg)"%))

For Wy/ho = 0.2, = 30°, Aog*®/(h{5B) = 0.01 sec. ! and h/hg = 0.5 we get

t = 43.4 seconds
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4.91 Information and assumptions

Water drains out of a spherical tank. Tank diameter: 1 m. Hole diameter: 1 cm. Exit velocity: V., = y/2gh.
At time zero, the tank is half full.
provided in problem statement

Find
Time required to empty the tank
Solution
Select a control volume that is inside of the tank and level with the top of the liquid surface.
Continuity
v
-V AeVe
P P
Let

oAt T dt

vy d(Ah)  dh
= A
dt

Continuity becomes

dh A,
— = ——1/2gh
at AV
The cross-sectional area in terms of R and h is
A =7[R? — (R — h)?| = n(2Rh — h?)
Substituting into the differential equation gives

_ 2
( 2Rh+h)dh:dt
Aqn/2gh

or
™

VA,

Integrating this equation results in

(—2Rh1/2 T h3/2) dh = dt

71' 4 2
__Rh3/2 —h5/2 O:At
J3gA. ( 3 *3 [
Substituting in the limits yields
0 ERW2 — At

V294, 15

For R =0.5 m and A, = 7.85 x 10~° m?, the time to empty the tank is

At = 1491 sec or 24.8 min
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4.92 The numerical solution provides the following results.

Depth, m

1 T T T T T T
0 10 20 30 40 50 60 70

Time, min
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4.93 Information and assumptions

An end-burning rocket motor is described in the textbook.
provided in problem statement
Find
Gas velocity at nozzle exit plane: V,
Solution
Ideal gas law

pe = p/RT
10,000/(415 x 2273) = 0.0106 kg/m3

Continuity equation

Ve = VupuAn/ (poAe)
= 0.01 x 1,800 x (/4 x 0.1*)/ [0.0106 x (7/4 x 0.08%)]
2,650 m/s
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4.94 Information and assumptions

An cylindrical-port rocket motor is described in the textbook.
provided in problem statement

Find
Gas density at the exit: p,
Solution
A, = wDL+2(r/4)(D3 — D?)
= 7x0.12x 04+ (7/2)(0.22 - 0.12%) = 0.191 m?
P = Vyp,Ag/(VeAe) =0.012 x 2,000 x 0.191/(2,000 x (7/4) x (0.20)?)
= 0.073 kg/m?
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4.95 Information and assumptions

A rocket nozzle is described in the textbook.

provided in problem statement
Find

A formula for chamber pressure

Increase in chamber pressure if a crack increases burn area by 20%
Solution

ppTAg = 1
ppapeAg = 0.65p.A¢/\/RT,
P = (apy/065)(Ag/A)(RT.)"/?

Pe = (app/0.65)1/(1_") (Ag/At)l/(l—")(RTC)l/(Q(l—"))

Ap. = 3.5(1+0.20)/0=03) = 454 MPa
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4.96 Information and assumptions

A piston moves in a cylinder and drives exhaust gas out an exhaust port. Assume the gas in the cylinder
has a uniform density and pressure. Assume ideal gas.
provided in problem statement

Find
Rate at which the gas density is changing in the cylinder: dp/dt
Solution
d/dt(pV) + 0.65p.A,//RT, = 0
Nedp/dt + pdV-/dt + 0.65p.A,//RT, = 0
dp/dt = (p/V) d¥V-/dt — 0.65p. A, /V-/RT.
V- = (7/4)(0.1)%*(0.1) = 7.854 x 10* m?
(@V-/dt) = —(m/4)(0.1)%(30) = —0.2356 m>/s
p = p/RT =300,000/(350 x 873) = 0.982 kg/m>
dp/dt = —(0.982/7.854 x 10~*) x (—0.2356) — 0.65 x 300, 000
x1 x 107*/(7.854 x 107* x /350 x 873)
= 250 kg/m? s
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4.97 Information and assumptions

A cyclone has a wind speed of 15 mph at » = 200 mi.
provided in problem statement

Find
Wind speed at » = 50 and 100 miles: Vg & Vigo
Solution
Vr = Const.
(15 mph) (200 mi.) = Const.
Vioo = Const./100 mi.
Vico = (15 mph)(200 mi./100 mi.) = 30 mph
Vso = (15 mph)(200/50) = 60 mph
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4.98 Information and assumptions

A velocity field is given by u = —wy v = wzx
provided in problem statement
Find
a.) Is continuity satisfied?
b.) Vorticity
c.) Rate of rotation
Solution
Check continuity:

Ou/0x =0 and dv/dy =0
. 0u/0x + Ov/dy = 0 continuity is satisfied

Rate of rotation

w, = (1/2)(0v/0x — du/dy)
= (1/2)(w—(-w))
= (1/2)(2w)

W

Vorticity is twice the average rate of rotation; therefore, the vorticity = 2w
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4.99 Information and assumptions

A two-dimensional velocity field is defined in the textbook.
provided in problem statement
Find
a.) Check if continuity is satisfied
b.) Check if flow is irrotational
Solution

du/dx +8v/dy = (= —2Cz/(y* +2%)?) — (2C(y* — 2*)(22)/(y* + 2*)%)
—(2Cx/(y* + 2*)%) + (4Cxy(2y) / (v* + 2°)%)
= (0 Continuity is satisfied
ou/dy — dv/ox = (20y/(y* + 2%)?) — (20(y* — 2)2y/(y* + 22)3)
+(2Cy/(y? +2%)?) — (4Cxy(22)/(y* + 2?)?)
= (0 The flow is irrotational
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4.100 Information and assumptions

Use the velocity field of Fig. 4.21

provided in problem statement
Find

a.) Check if continuity is satisfied

b.) Check if flow is rotational or irrotational
Solution

Velocity field

where k£ is a constant.
Continuity Eq.: du/0z + 0v/dy =0

0+ 0 =0 continuity is satisfied

Irrotational flow: dv/dx = du/dy

0 # k flow is rotational
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4.101 Information and assumptions

A velocity field is defined in the textbook.
provided in problem statement

Find
Is continuity satisfied?

Solution

(Ou/0z) + (Ov/dy) + (Ow/02)

= UB2*+y*)+UBYy* +2%)+0
# 0 Continuity is not satisfied
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4.102 Information and assumptions

A velocity field is defined by u = zt + 2y, v = xt? — yt.
provided in problem statement
Find
Acceleration at t =y =1mandt=1s
Is the flow rotational or irrotational?
Solution
Irrotational flow:

ou/dy = 2; Ov/dx =t> Ou/dy # Ov/dx

Therefore, the flow is rotational.
Determine acceleration:

ay = udu/0x + vou/dy + Ou/ot
ay = (wt+2y)t+2xt? —yt) +x
ay = udv/0x+ vdv/dy+ dv/ot
= (wt +2y)t% + (xt? — yt)(—t) + (22t — y)

a = ((at+2y)t+2t(xt —y) + )i+ (2 (xt + 2y) — t3(at —

Then for x =]l m, y =l m, and ¢ =l s the acceleration is:

y) + (22t —y))j

(1+2)+0+1)i+((1+2)+0+(2—1)) jm/s

o
|

4i+4j m/s?
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4.103 Information and assumptions

A velocity field is defined as
provided in problem statement

Y
B —x
v (@2 + y2)3/2
Find
Is continuity satisfied?
Is flow irrotational?
Solution
Oufdz + vy = —3ay/(a® + )% + 3wy/(a® +y*)°/?
= 0 Continuity is satisfied
Ou/Oy — 0vfor = =3y /(a® +y*)*% +1/(a® + y*)*?

_ 3I2/(l‘2 + y2)5/2 + 1/(1,2 + y2)3/2
# 0 Flow is not irrotational
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4.104 Information and assumptions

A u-component of a velocity field is v = Azy

provided in problem statement
Find

What is a possible v-component?

What must the v-component be if the flow is irrotational?
Solution

u = Axy
ou/ox + ov/dy = 0
Ay +0ov/dy = 0
ov/oy = —Ay
v o= (=1/2)Ay*+C
for irrotationality
ou/dy —ov/dx = 0
Az —0v/ox = 0
ov/dx = Az
or V. = 1/24z2% 4+ C(y)

If we let C(y) = —1/2Ay? then the equation will also satisfy continuity.

v=1/2A(z* — y?)
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4.105 Information and assumptions

A tornado is modeled as a combined forced and free vortex.
miles, V = 20 mph
provided in problem statement
Find
Wind velocity at edge of core: Vig
Centrifugal acceleration at edge of core: a,
Solution
The velocity variation in a free vortex is

Vr = const
Thus
V50(50) = V10(10)

Therefore

The core diameter is 10 miles.

‘/'10:‘/50?—8:5X20:100mph

Acceleration (Eulerian formulation)

\%4
a. = VZ%/r

100 x 5280/3600 = 147 ft/s

1472 /(10 x 5280) = 0.409 ft/s*
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Chapter Five

5.1 Information and assumptions

provided in problem statement

Find

pressure gradient in flow direction

Euler’s equation

0/0l(p + vz)
Op/ ol + ~0z/0l
Op/ oL

— L
/ 1} -
= TPx:
—= —pae
= —pap—y0z/0l

—(v/g) % (—0.30g) — ~ sin 30°
~(0.30 — 0.50)

—0.20y
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5.2 Information and assumptions

provided in problem statement
Find

pressure gradient required to accelerate flow
Euler’s equation

op+72)/0z = —pa.=—(v/g) x 0.20g
Op/oz+~vy = —0.20v
Op/dz = y(—1—0.20) = 0.81 x 62.4(—1.20) = —60.7 Ibf/ft>
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5.3 Information and assumptions

provided in problem statement
Find

direction of acceleration
Euler’s equation

pae = —0/9l(p+72)
(1/p)(=0p/0t —~0z/0)

Let ¢ be positive upward. Then 0z/0¢ = +1 and 9p/d¢ = (pa — pp)/1 = —12,000 Pa/m.

7

Thus
ac = (g/v)(12,000 — )
ae = g((12,000/v) — 1)
a = ¢(1.2—1.0) m/s?

ap has a positive value; therefore, acceleration is upward. Correct answer is a)
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5.4 Information and assumptions
provided in problem statement
Find
pressure at depth of 2 ft. in water column
Euler’s equation

pag = —0/0l(p + v2)

Let ¢ be positive upward.

p(05¢g) = —0p/ol —~0z/0¢
(7/8)(0.5g) = 0dp/ot—~(1)
op/ot = —v(05+1)=—-15y

Thus the pressure decreases upward at a rate of 1.5y. At a dept of 2 ft.:

p2 = (1.57)(2) =3y
p2 = 3 ft. x 62.4 Ibf/ft3 = 187.2 Ibf/ft>
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5.5 Information and assumptions

provided in problem statement
Find

acceleration of piston to create a pressure of 9 psi
Euler’s equation

9/0s(p +2) = —pas

~Alp+7v2) = 1.94x10 x a,
—(p2—p1) —Y(z2 —z1) = 194a,
as = (9x144 —62.4 % 10)/19.4 = 34.6 ft /s>
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5.6 Information and assumptions
provided in problem statement
Find
pressure gradient
Euler’s equation with no change in elevation

(Op/0s) = —pas = —1,000 x 6 = —6,000 N /m>
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5.7 Information and assumptions

provided in problem statement
Find
pressure at upstream end
Euler’s equation with no change in elevation

(Op/ds) = —pas=—1,000x 6 = —6,000 N/m3
Pupstream = 90,000 + 6,000 x 100 = 690,000 Pa = 690 kPa
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5.8 Information and assumptions

provided in problem statement
Find

maximum downward acceleration before vaporization
Euler’s equation

0/0z(p +vz)

Ap+12)

(P + Y2)at water surface — (P + Y2)at piston
Patm — Do + V(Zsurface — Zpiston)

14.7 x 144 — 0 4 62.4(12)

Az

333

—pa
—pa. Az

—pa(Zsurface — Zpiston)
—12 pa,

—12 x 1.94a,

—123.1 ft/s?



5.9 Information and assumptions
provided in problem statement
Find
properties of the flow
Euler’s equation

—90/0s(p +vz) = pas
—0p/ds —v0z/0s = pas
where Op/9s = (100 — 170)/2 = —35 Ib/ft3 and 9z/0s = sin 30° = 0.5. Then
as = (1/p)(35 — (100)(0.5))
= (1/p)(—15 ) Ibf/ft3

Because a; has a negative value we conclude that the acceleration is in the negative s direction .

The flow direction cannot be discerned.
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5.10 Information and assumptions
provided in problem statement
Find
pressure gradient midway in the nozzle
Euler’s equation

d/dx(p+ vz) = —pay
but z =const.; therefore
dp/dx = —pa,
Qg = Qconvective — vdv/dx
= (55 ft/s)(50 ft/s/ft) = 2,750 ft/s>
Finally

dp/dx = (—1.94 slug/ft3)(2, 750 ft/s?) = —5,355 psf/ft
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5.11 The valid statement is (b).
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5.12 Information and assumptions
provided in problem statement
Find
pressure gradient at point A

Solution
Let y = vertical dimension in the duct. Then

Ve =4q/y
where y = b — 0.1z so

Ve =0.2t/(b— 0.1z)

with t, =1 s.

Qlocal = 8Vm/at == 02/(b — Oll’)

At point A, £ = —1 50 a1peal = 0.2/0.3 = 0.667 m/s?

Ucony = Vy0Vy/0x
oVy/0x = 0/0x[q(b—0.12)""]
= 0.1q/(b—0.1z)?
Vo0V, /0x = [0.2t/(b—0.12)][0.1 x 0.2t/(b — 0.1z)?]
Acony = 0.004¢2/(b— 0.12)>

For t = 2s and * = —1 m, acopy = 0.5926 m/s>

aor = 0.5926m/s* + 0.667m/s* = 1.260m/s*
Op/dx = —pa, =—1,000 x 1.260 = —1,260 Pa/m
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5.13 Information and assumptions
provided in problem statement
Find
pressure gradient

Solution
From solutions to Probs. 4.52 and 4.53.

a = (8qo/3toB) + (32t%¢2 /(27 B3t3))
Then for gg = 0.10 m3/s, to = 0.1s, t = 0.5 s, and B = 0.40 m
a=11.29m/s>.
Euler’s equation with no change in elevation
dp/0x = —pay

= —(1,000 kg/m?3)(11.29 m/s?)
= —11.29 kPa/m
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5.14 Information and assumptions

provided in problem statement
Find

pressure gradient in terms of p.
Solution

The velocity in the duct is given by

Q1 t

The convective acceleration is

oV 1 dA t 1dA

9z *EE(QO - ng) = Ad
For t =0.5

aa—v =251 and V =5.017—1.273 =3.744 m/s
T

SO

1dA

——— — -1
1 0.5342 m

At t = 0.8 the velocity is

V =5.017 — 2.547 x 0.8/1.0 = 2.980 m/s

and the velocity gradient is

ov 1dA _1
o —Z%V = 0.5342 x 2.980 = 1.592 s

The convective acceleration is

Va—v =1.592 x 2.980 = 4.744 m/s?
Ox
The local acceleration is
o Q1 9
T 2.547 m/s
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The acceleration in the z-direction is

ay = —2.547 + 4.744 = 2.20 m/s?

From Euler’s equation the pressure gradient is

op
Pl —2.20p Pa/m
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5.15 Information and assumptions
provided in problem statement
Find
convective acceleration at point A
V =Q/A =0.03t/mr?
From geometry

r = Dy/2 — 2/20 = 0.05(1 — z)

V = 0.03t/(r x 0.0025(1 — x)?) = 3.820¢t(1 — x) 2
Qeony = VOV/Ox = (3.820t)%(1 — )72 x (=2) x (1 —x)73(~1)
= 29.18t*(1 —2)75

Att=2sand x = 0.3 m, acony =694.5 m/s?

Ulocal = OV/Ot =3.820(1 —0.3) % = 7.796 m/s?
(dp/dz)ace = —paz =—1.6 x 1000(694.5 4 7.796)
= —1,124 kN/m?
Euler’s equation
(dp/dz) = —pa,+~v=1.124—1.6 x9.810
1.108 kN/m3

Pressure can be found by integrating the pressure gradient

dp/de = —p[116.7(1 — 2)™° 4 3.820(1 — x) 7] + 1.6 x 9810
p = —p[29.81(1 —x)™* +3.820(1 — z)~'] + 1.6 x 9810z + C'

At x = 0.6 m, p = 0 so the constant of integration is

C = 1000 x 1.6[29.18(1 — 0.6)™* + 3.820(1 — 0.6)™"]
~16x9810x 0.6 = 1.830 MPa
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Evaluation of p4 gives

pa = —1.6x 1000[29.81(1 —0.3)"* + 3.820(1 — 0.3) 1] + 1.6 x 9810 x 0.3 + 1,830, 000
1,631,000 Pa = 1.631 MPa
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5.16 Possible method of design:

1.

L

Arbitrarily choose Ly

Arbitrarily choose V,2/2g; solve for V,,

Solve for Vi /2g with Bernoulli’s equation
Solve for Vy and then Ag and Dy for given @)

Solve for d,, for given )
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5.17 Information and assumptions
provided in problem statement
Find

pressure gradient at point A

a = 7Q2/(47T2h27“3)
(Op/or) = (pQ*/4m*n?)r~?

Euler’s equation

(0p/or) = —pa, = —1.4 x (—4,572) = 6,401 N/m?
Integrating
p=—(pQ?/87%h?)r 2 +C

At r = 0, P = Patm;, SO

C = Patm + (pQ? /872 h%)rg2

Therefore
P = Pam+ (pQ°/87°h?)(ry® —17?)
p = 100,000+ (1.4 x 0.380 x 0.380/(872 x 0.01 x 0.01)(0.6"2 —0.272)
= (100,000 — 569) Pa
= 99,431 Pa = 99.43 kPa absolute
orpg = —569 Pa gage
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5.18 Information and assumptions

provided in problem statement
Find

acceleration of tank
Solution

tana = az/g
a; = gtana =9.81 x 3/5 = 5.89 m/s?
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5.19 Information and assumptions

provided in problem statement
Find

pc —pa and pg — pa
Euler’s equation

(dp/dz) = —p(g+a.)=—1.1x1.94(32.2 —1.5g) = 34.4 psf/ft
pp—pa = —344x4=-137.6 psf

pc —pp = parL=11x194x009¢g x 3 =185.5 psf

pc—pa = 185.5—137.6 = 47.9 1bf/ft?

346



5.20 Information and assumptions

provided in problem statement
Find

pc —pa and pg — pa
Euler’s equation

(dp/dz) = —1.3 x1,000(9.81 —6.54) = —4,251 N/m?

PB — DA 4,251 x 3 =12,753 Pa = 12.75 kPa

pc — PB pazL =1.3 x 1,000 x 9.81 x 2 = 22,506 Pa
pc—pa = 22,5064 12,753 = 38,259 Pa = 38.26 kPa
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5.21 Information and assumptions

provided in problem statement
Find

maximum depth before spilling
Solution

tan o
tan o
h
Maximum depth

a,/g = 8.02/32.2 = 0.2491
h/9

9tana =9 x 0.2491 = 2.242 ft
7—2.242 = 4758 ft
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5.22 Information and assumptions

provided in problem statement
Find

maximum speed before water spilled
Solution

On straight section

tana = ag/g
= (1/3)g/yg
= 1/3
tana = 1/3=(D—d)/(0.5D)

thusd = D—(1/6)D = (5/6)D
Tank can be 5/6 full without spilling

On unbanked curve

tanae = 1/3
Then 1/3 = an/g
an = (1/3)g
Vir o= (1/3)g
orV = (1/3)gr
12.8 m/s
- =017
- = g
d D
—)
D
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5.23 The valid statement is (b).
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5.24 Information and assumptions

provided in problem statement

Find
maximum pressure in tank during acceleration
Solution
4l ) I
%
“
am — - 20
*,
2m AN
4m
tanf = as/g=2
area of air space = (2=4x1
? = 4;0=2m
Pmax/Y = 4—24+3=50m

prnax

= 40.7 kPa gage
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5.25 Information and assumptions
provided in problem statement
Find

pressure at center at bottom or tank
Rotating flow equation between center bottom of tank and water surface in piezometer.

p+yz— priw?/2 = p, + vz —prZwZ/Z

where p, =0, r, =3 ft and r = 0, then

p = —(p/2)(9x225) +7(z — 2)
= (1.94/2)(2025) +62.4 x 2.5
= —1808 psfg = —12.56 psig
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5.26 Information and assumptions

provided in problem statement
Find
pressure at B
Rotating flow equation from point A to point B

pa+yza—priw?/2 = pp+yzp— prew?/2
PB pa+ (p/2)(wW*)(rp —12) + (24 — 2B)

where w = Vs /ra =20/1.5 = 13.333 rad/s and p = 0.8 x 1.94 slugs/ft3. Then

pp = 25+ (1.94 x 0.80/2)(13.33%)(2.5% — 1.5%) + 62.4 x 0.8(—1)
pp = 25+551.5 —49.9 = 526.6 psf
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5.27 Information and assumptions

provided in problem statement
Find
difference in pressure between points A and B, pg — pa
Let point C' be at the center bottom of the tank.
Rotating flow equation between points B & C

pB — prew?/2 = po — préw? /2
where rg = 0.5 m, rc =0 and w = 10 rad/s. Then

pe—rc = (p/2)(w?)(0.5%)
(1200/2)(100)(0.25)
= 15,000 Pa
pc—pa = 2v+pazl
= 2x11,77241,200 x 4 x 2
= 33,144 Pa

Then pg — pa = 48, 144 Pa =48.14 kPa
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5.28 Information and assumptions

provided in problem statement
Find
maximum rotational speed so that no liquid escapes from the leg
At the condition of imminent spilling, the liquid will be to the top of the outside leg and the leg on the axis
of rotation will have the liquid surface at the bottom of its leg.
Rotating flow equation

1tz — priw? (2= pa + vz — priw?/2

Let point 1 be at top of outside leg and point 2 be at surface of liquid of inside leg. Therefore p; = po,
zz7=.0mand z5 =0

v x0.5—(v/g) x .5°w?/2=0
w? =4g
w=2,/g =6.26 rad/s
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5.29 Information and assumptions

provided in problem statement
Find
specific gravity of other fluid
Rotating flow equation between points 1 & 2.

P2+ 22 — pryw? (2 = p1 + 21 — priv? /2
where zg = z1, r1 =0, 72 = 1 ft. and w = (60/60) x 27 = 27 rad/s. Then
p2 = (1.94 x 3)(1%)(27)%/2 = 114.9 psf

Also, by hydrostatics, because there is no acceleration in the vertical

1
p2=0+5x7;

where 7, is the specific weight of the other fluid. Solve for v, between Egs. (1) & (2)

229.8 1bf/ft3
Y5/ Va,0 = 229.8/62.4 = 3.68

i
S
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5.30 Information and assumptions

provided in problem statement
Find

new position of water surface in outside leg
Solution

A preliminary check shows that the water will evacuate the axis leg.

the figure.

0.40+d

— d |—

Thus fluid configuration is shown by

Rotating flow equation between the water surface in the horizontal part of the tube and the water surface

in the vertical part of the tube.

p1+21 — priw®[2 = py + vz — priw? /2

where 71 =d, 72 = 0.30 m and (22 — z;) =040+ d. Then

(pw?/2)(r3 —1%) = ~(0.40+d)
(1,000 x 32.122/2)(0.3% —d?) = (0.40 + d)9,810

Solving for d yields d = 0.278 m
Then z9 = 0.40 + 0.278 =0.678 m
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5.31 Information and assumptions

provided in problem statement
Find
elevation of liquid in smaller leg of U-tube

Rotating fluid equation between the liquid surface in the large tube and the liquid surface in the small

tube for conditions after rotation occurs.

va1 = (p/2)riw?
Z1 — 22

vz2 — (p/2)r3w?
(p/27)(W?) (1} —13)
((v/9)/(29)w?(rf —r3)
(w?/(29))(47 — 2%)

(42/(29))(0.12)
0.0978 m = 9.79 cm

Because of the different tube sizes a given increase in elevation in tube (1) will be accompanied by a fourfold

decrease in elevation in tube (2).

Then z; — zo = 5Az where Az = increase in elevation in (1)

Az =9.79 cm 5=1.96 cm or z; = 21.96 cm

Decrease in elevation of liquid in small tube = 4Az = 7.83 cm. Final elevation in small tube = 20 cm —7.83

cm=—12.17 cm.
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5.32 Information and assumptions

provided in problem statement
Find
rotational speed

10cm
1 @
@ )
N
However p1 = (0.10 m)(vg,0) because of hydrostatic pressure distribution in the vertical direction (no

acceleration).
Rotating flow equation between pts. (1) & (2);

p1+721 — priw® /2 = py + vz — priw’ /2
where po =0, z0 — 2y = 0.0l m, r; =0 and ro = 1 m. Then

0.175,0 + 040 = 04 v, x 0.01 — (yy,/9) X 1%w?/2

w? = ((29)(0-017Hg - O-WHQO))/VHg
w=(2x9.81)(.01 — (0.1/13.6))
=0.228 rad/s
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5.33 Information and assumptions

provided in problem statement
Find

acceleration in g¢’s in leg with greatest amount of oil.

Let leg 1 be the leg on the axis of rotation. Let leg 2 be the other leg of the manometer.
Rotating flow equation between the liquid surfaces of 1 & 2

prtoyz = priw? /2 = pot oz — priw?/2
047921 -0 = vz —(v/g)r3w?/2
W2/(28) = zm—2z
an = rw?
= (- =) 2e)r
= (025)20)/r,
= (0.25)(2g)/0.1
a = g
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5.34 Information and assumptions

provided in problem statement
Find
pressure at exit (point A)
Rotating flow equation from liquid surface to point A. Call the liquid surface point 1.

pr+yz = priw/2 = pa+yza — priw?/2
pa=pi+ (pw?/2)(rh —r]) + (21 — 24)
However v(z1 + z4) = 0 in zero-g environment. Thus

p1 + ((800 kg/m?)/2)(67/60 rad/s)?(1.5% — 1?)
= 100 Pa+49.3 Pa
149.3 Pa

pA
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5.35 Start with rotating flow equation

p1+ 721 — priw? /2 = pa + vz0 — priw/2

Let point 1 be at the liquid surface in the large tube and point 2 be at the liquid surface in the small tube.
Then p; = p2 =0 gage, ro = ¢, and 2z — z; = 3.754.

priw?/2 = ~(3.750)
(v/(29))(*)® = 3.759(
7.5g
2 — <
YT
w = 7.59/¢
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5.36 Information and assumptions
provided in problem statement
Find
level of mercury in larger lin larger leg after rotation stops.
Rotating flow equation from the liquid surface in the small tube to the liquid surface in the large tube.

ps +yas — pT§w2/2 =pr + vz — pr%w2/2
But ps = pr, rs =0.5¢ and r;, = 1.5¢. Then

(p/2)w?(r, —72) = (2 — 2s)

(7/29)w2(1.52€2 - 0.52€2) = ~(20)
wr o= 29/t

w = /2¢/(1/2)

= 11.35 rad/s

Change in volume of Hg in small tube is same as in large tube. That is

Vs = Vi
Azgmd? /4 = Azpm(2d)*/4
Az, = 4Azp
Also
Az, + Az, = 24
ANz, + Az, = 2x05ft
Az, = 1.01t/5=0.20 ft

Mercury level in large tube will drop 0.2 ft from it original level.
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5.37 Information and assumptions

provided in problem statement
Find
force exerted on closed end

Rotating flow equation from the open end of the tube to the closed end.

P1 =721 — priw’ /2 = py + yz2 — priw?/2

where z; = z5. Also let point 2 be at the closed end; therefore r; = 0 and ro = 0.40 m.

p2 =

Then F

(p/2)(0.40%)(60.8)?

500 x 0.16 x 3697

295.73 kPa

p2A = 295,730 x (m/4)(.01)?
232N
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5.38 Rotating flow equation from the mercury surface in the left tube to the mercury surface in the right tube.
Then py = p,- and

yze — prow? /2 =z, — priw? /2
W (v/29)(r7 = r7) (2 = 20)
W= 2g(z —20) /(] — 1)
= 29(0)/(9¢ = ?)
w = \/g/(40)
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5.39 Information and assumptions

provided in problem statement
Find
(a) water level in tube at 5 rad/s, (b) water level for 15 rad/s

1.4¢+d

Rotating flow equation between the water surface and the left leg and the water surface in the right leg. At
these surfaces p; = p, = 0 gage; therefore, for rotation at 5 rad/s

vae = priw? (2 =z — priw? /2 (1)
20— 2 = —12w?/29=—250%/2g
Also
20+ 2z, =1.44 (2)

Solving Egs. (1) and (2) for £ = 0.25 m yields
zp = 13.5 cm and z, = 21.5 cm

For rotation at 15 rad/s

vz — priw? /2 = vz, — priw? /2

where
rir=dand r, =/
Then
21— 2 = (w?/29)(d” - %) 3)
Also
zr — 21 =140+ d (4)

Solving Egs. (3) and (4) for £ = 0.25 yields d = 0.140 m. Thus
zp—2p=140+d=14x%0.25+0.140 = 0.49 m
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5.40 Information and assumptions

assume py =0
Find
pressures at points A and B
Rotating flow equation

0.32 m+r

Pa+ 724 — priaw? /2 = pr+ 2R — prpw?/2
where pr =0 gage, 74 =0, rg = 0.64 m and zg — z4 = 0.32 m Then for a rotational speed of 8 rad/s
pa = 0.32y—(v/g) x 0.64> x 82/2
pa = ~(0.32—0.64% x 82/(2g))
—2x9,810(.32 — 1.336)
= —19,936 Pa = —19.94 kPa

pp = 0.32x2x9,810=6.278 kPa
Now for w = 20 rad/s solve for p4 as above
pa = 7(0.32—0.64% x 20%/(29))
—2x9,810(—8.031) = —157,560 Pa;

which is not possible because the liquid will vaporize. Therefore, py = py =—101 kPa abs. To get pp
visualize the liquid as shown in figure. Now

pr — priw?/2 = pg — p x 0.64°w?/2

where p, = py = —101 kPa, Then

~101,000 — pr?w? /2 7(0.32 +7) — p x 0.64%°w?/2
—101,000 — 1,0007% x 20° = 2x9,810(.32 +4) — 1,000 x 0.64% x 20? (1)

Solving for r yields r = 0.352 m. Therefore, pg = (0.32 + 0.352) x 2 x 9,81 = 13,184 Pa=13.18 kPa
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5.41 Information and assumptions

provided in problem statement
Find
rotational speed when water will begin to spill from open tube.
Solution
When the water is on he verge of spilling from the open tube, the air volume in the closed part of the tube
will have doubled. Therefore, we can get the pressure in the air volume with this condition.

piVi = psVy

and ¢ and f refer to initial and final conditions

1
pr = p;V;/Vy =101 kPa x B
pr = 50.5 kPa, abs = —50.5 kPa, gage

Rotating fluid equation between water surface in leg A-A to water surface in open leg after rotation.

pa + 724 — priw®/2 = Dopen + YZopen — Propenw?/2
—50.5x 103 +0—0=0+v x 60 — (v/g)(60)*w?/2
+50.5 x 10%/9,810 = —6¢ + (3602 /(2 x 9.81))w?
w? = (+101 + 11.772)/.36 = 313.3
w=17.7 rad/s
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5.42 Information and assumptions

provided in problem statement
Find
maximum operational height, z
Rotating fluid equation from point 1 in vertical pipe at level of water to point 2 at the outer edge of the
rotating disk.

prtyzm —priw?/2 = pat+yzm— priw?/2
0+0—-0 = 0+ vz — (v/9)(.05%)w?/2
0 = 2z —0.05%w7/2g
But
w = (2,500 rev/min)(1 min/60 s)(27 rad/rev)=261.8 rad/s
z = ((0.05)(261.8))%/(2 x 9.81)
2o = 2z=873m
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5.43 Information and assumptions

provided in problem statement
Find

pressure gradient at z = +1
Rotating fluid equation

op/Or +~(0z/0r) = —pruw?
opdz = —y— prw?
when z = —-1m
dp/0z = —y—pw?=—y—25p=—7(1+25/9g)

—9,810(1 + 2.548) = —34.8 kPa/m

when z = +1 m

Op/dz = —v+25p=—9,810(1 — 2.548) = 15.186 kPa/m
(0Op/02z)0 —9.810 kPa/m
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5.44 Below the axis both gravity and acceleration cause pressure to increase with decrease in elevation; therefore,
the maximum pressure will occur at the bottom of the cylinder. Above the axis the pressure initially decreases
with elevation (due to gravity); however, this is counteracted by acceleration due to rotation. Where these two
effects completely counter-balance each other is where the minimum pressure will occur (9p/0z = 0). Thus,
above the axis:

Op/0z =0 = —y + rw?p minimum pressure condition

Solving: 7 = /pw?; pmin Occurs at z = +v/pw?
Then
Pmax — Pmin = Apmax = (PWQ/Q)(T(% - 702) + ’7(700 + 70)
where ry =radius of cylinder and r = (y/pw?) is the radius to point of minimum pressure

Apmax = (pw?/2)[r§ — (v/pw?)?] + vlro + (v/pw?)]
APmax pw’rd 2+ yro + 47/ (2pw?)
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5.45 Information and assumptions

provided in problem statement
Find
maximum pressure difference in tank and point of minimum pressure
Solution
From solution to Prob. 5.44 pp,occurs at z = /pw? where w = (20 ft/s)/2.0 ft = 10 rad/s. Then

Zmin = 32.2/10% = 0.322 ft above axis
APmax = 194 x 10% x 2.0%/2 + 62.4 x 2.0 + 62.4%/(2 x 1.94 x 10?)
Apmax = 523 Ibf/ft?
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5.46 Information and assumptions

provided in problem statement
Find

pressure at point A
Bernoulli equation

(p1/7) + (VP/29) + =
P1
D2

(p2/7) + (V53 /29) + 22
P2+ (V5 = V)24 20 — 1] =0
((—256/(2 x 32.2)) + 15) x 62.4 = 688 psf = 4.78 psi
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5.47 Information and assumptions

provided in problem statement
Find

pressure at point A
Bernoulli equation

p2 = (21— Vi/29) = 9,810(15 — 36/(2 x 9.81)) = 129,150 Pa
129.15 kPa
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5.48 Information and assumptions

provided in problem statement
Find
pressure change between circular and square section
First write the continuity equation between the duct sections:

Vede = ViAs
100(xD?/4) = V,D?
Ve = 100(m/4)
= 7854 ft/s

Bernoulli equation between the two sections

P+ pV2/2+ 2o = ps + pV2/2 + 24

The density is p = v/g = 0.075/32.2 = 0.00233 slugs/ft3

Then
DPec—Ps = (p/2)(V52 - ‘/;2)
= (0.00233/2)(78.54% — 100?)
Pe—ps = —4.46 Ibf/ft>
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5.49 Information and assumptions

provided in problem statement
Find

deflection of manometer
Solution

Let section 1 be in the large duct where the manometer pipe is connected and section 2 in the smaller duct
at the level where the upper manometer pipe is connected. Assume uniform air density.
Continuity equation

Vidi = WA,
Vo = Vi(A1/As)
— 100(2)
— 200 ft/s

Bernoulli equation from 1 to 2

pL+pVi/2 = patpVs/2

pr—p2 = (1/2)p(V5 —V{)
(1/2)(0.0644/32.2)(40,000 — 10,000)
= 30 psf

Manometer deflection

>

P1—Dp2 h(’yliquid - ’yair)
30 = AR(120 — .0644)
Ah = 0.25 ft.
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5.50 DA — DB

Bernoulli equation

pa—ps =7(VA2 —V3)/2g — 2] = 62.4[(400 — 64)/(2 x 32.2) — 1] = 263.2 psf
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5.51 Information and assumptions

provided in problem statement
Find
height h jet will rise
Bernoulli equation from the nozzle to the top of the jet. Let point 1 be in the jet at the nozzle and point 2
at the top.

pi/y+VE/2g+ 21 = po /vy + Vi /29 + 22

where p; = ps = 0 gage

Vi = 20ft/s
Vo = 0
04(20%/2g+21 = 0+0+2
z—2z = h=400/64.4
= 6.21ft
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5.52 Information and assumptions

provided in problem statement
Find

force required to drive piston
Continuity equation

Vidi = WAy
Vo = Vi(D/d)? =4 x (4/2)® =16 ft/s
Bernoulli equation

pi/y+VE/2g V2/2g
pr = (V5 /29— Vi/2g) =233 psf

Then Figion = p1A; = 233(m/4) x (4/12)% = 20.3 1bf
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5.53 Information and assumptions
provided in problem statement
Find
gage pressure in pipe
Bernoulli equation

pi/v+VE/29+ 21 =pj/v+ V}? /29 + 2

where 1 and j refer to conditions in pipe and jet, respectively

Vi = QA
= 20/((m/4) x 1.0%) = 25.5 ft /s
Vidj = VidyVj=ViAi/A;
V; = 255x4=10109 ft/s

Also z; = zj and p; = 0. Then

m/y = (Vi =VP)2g

po= (VP -VP)/2g
= 62.4(101.9% — 25.5%)/64.4
= 9,423 psf
= 65.4 psi
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5.54 Information and assumptions
provided in problem statement
Find
pressure in the air at * = r,, 1.1r, and 2r,
Bernoulli equation

po+ pVE/)2 = pa + pV2/2

where py = 0 gage. Then

pe = (p/2)(V§ V7))
Ve = u="U(l—rs/z>
Vier, = Up(1—1)=0
Voer, = Up(1—1/1.13) =7.46 m/s
Vie—or, = Uo(1—1/23) =26.25 m/s
Finally
Pamry = (12/2)(30° - 0) = 540 Pa, gage
Poeiar, = (1.2/2)(30% — 7.46%) = 507 Pa, gage
pre2r, = (1.2/2)(30% —26.25%) = 127 Pa, gage
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5.55 Information and assumptions

provided in problem statement

Find
vV =
Q =
Ap =
Ap =
Solution

Eliminate K between Egs.

(2Ap/p) =
A, =

Q =
Q =

K/r
/ VdA = / VLdr=1L / (K /r)dr = K Ln(rs /)

= (1/2)p(V{ - V5)
= (1/2)p((K?/r}) = (K2 [13)) = (K?p/2)((r3) — (1)) /(rir3)

(1) and (2) yielding:

(@) /(L2 (en(ryr1))?))(r5 — 17)/ (r773)
L(rg — 1)

L 20p/p = (Q2/AZ)(r2 —11)?(r3 — D)/ (rEr3 (n(re/r1))?)

Acv/28p/p(riraln(ra/r1))/((r2 = 11)(r5 —17)>?)
Acv/28p/p((r2/r1)n(ra/r1)) /((r2/r1 — D((r3/rF) — 1))

For ro/r1 = 1.5 the f(ra/r) is evaluated

f(ra/r1) = 1.5n1.5/(0.5 x 1.25%5) = 1.088
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5.56 Information and assumptions

provided in problem statement
Find
depth of liquid from inside to outside radius
Bernoulli equation between the outside of the bend at the surface (point 2) and the inside of the bend at the
surface (point 1):

(p2/7) + V29 +22 = (p1/7)+Vi/29+ =
0+V22/Zg+22 = O+V12/29+21
23 —z1 = ‘/12/29 - ‘/22/29

where V5 = (1/3) m/s; V3 = (1/1) m/s. Then

29 — 21 = (1/29)(1? — 0.33%) = 0.045 m
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5.57 Information and assumptions

provided in problem statement
Find

pressure at point B
Continuity equation

Vi = QJAs="T0/(r/4x 6%) = 2.476 ft/s

Ve = QJ/Ap =70/(n/4 x 2%) = 22.28 ft/s
Bernoulli equation
pa/y+V3/29+24 = p/y+VE/20+ 28
pe/y = 3500/62.4 —2.48%/64.4 — 22.28% /64.4 — 4

ps = 2775 Ibf/ft> = 19.3 Ibf/in’
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5.58 Information and assumptions

provided in problem statement
Find

pressure at point E
Bernoulli equation

pe/v+VE[(29) + 2

(15 x 144) /v + 10?/(2g) + 2.
pE/Y

PE

PE

pr/v+VE/(29) + 28

pu/Y+50%/(29) + 25

(15 x 144) /%) + (1/29)(102 — 50?) + 2, — zg

15 x 144 + ((62.4)/(64.4)(—2,400)) + 62.4(3 — 1)
2,160 psf — 2,325 psf + 124.8 psf

—40.2 psf = —0.28 psi
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5.59 Information and assumptions

provided in problem statement
Find
pressure force on disk

,\/r /Vou\lel
— L 4

Bernoulli equation from a point at radius r to the outlet:

p?“*m’z/2 = O+pvgutlet/2
V = Q/A
= Q/(2rrh)
= Q/(27 x0.01r)
= (0.380 m®/s)/(0.027 rm?)
= (6.048/r) m/s
Then
Voutlet = 6.048/0.25 =24.19 m/s
pro= (p/2)(24.19° —0?)
pr = (p/2)(24.19% — (6.048/r)?)
pr = (1.2/2)(585.2 — (36.58)/r?)

A table of p, vs. r is given below:

r(m) 006 010 015 020 0.25
pr(Pa) -5745 -1,844 -624 -198 0

Because the center of the disk is a stagnation point, the pressure there will be pvgutlet /2 or +351 Pa. The
pressure variation on the disk is plotted below:
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1000

-1000
-2000
-3000
-4000
-5000
-6000

Pressure, Pa

assumed

-7000

Radius, m

The force on the disk will be [pdA = [p2prdr. So plot p x (27r) vs. r. The area under the curve will be
desired force. This assumes that zero gage pressure prevails on the other side of the disk.

r,m 0 0.04m 0.06 0.08 0.10 0.14 0.16 0.20 0.25
p,Pa 351 -3500 -5,745 -2,800 -1,844 -810 -560 -198 0
2rrp 0 -880 -2,166 -1,407 -1,159 -712 -563 -249 O
0
-500
£
Z _1000
2
& -1500
-2000
-2500 + v v v v x
000 005 010 015 020 025 0.30
Radius, m

Force=175 N acting upward
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5.60 Information and assumptions

provided in problem statement
Find

deflection of manometer in cm.
Solution

Cp

C(p,SO

Cp,lO
Cp,10 — Cp 50

Ah
Ah

1—4sin?6

1 — 4sin?50°

1 —4(0.766)% = —1.347

1 —4(0.174)? = +0.879

0.879 — (—1.347) = 2.226

VHzoAh = AcppairV02/2

2.226(1.2 kg/m*)(50 m/s)?/(2 x 9,810 N/m?)
0.340 m = 34.0 cm
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5.61 Information and assumptions

provided in problem statement
Find
pressure difference between highest and lowest pressure.
The maximum pressure will occur at the point of least velocity which will be at the stagnation point where
V =0. The point of lowest pressure will be where the velocity is highest (V' = 60 m/s).
Bernoulli equation between points of highest and lowest pressure and assume hydrostatic effects are negligible.

ph+pViE[2 = petpViP/2
pn+0 = pe+(p/2)(807)
prn—pe = (1.2/2)(6,400)
— 3,840 Pa
— 3.84kPa
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5.62 The flow is non-uniform. Check to see if it is irrotational by seeing if it satisfies Bernoulli’s equation.

p/Y+VE 29+ = po/v+V3/29+ 2
(10,000/9,810) + (1/(2 x 9.81)) +0 = (7,000/9,810) + 22(2 x 9.81)
1070 # 0917

Flow is rotational. The correct choice is c
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5.63 Information and assumptions

provided in problem statement

Find
airspeed
Solution
1 2
3PV° = Ap=7m,0(09/12)
p = p/(RT) = (10)(144)/((1,716)(483)) = 0.00173 slugs/ft>
VZ = 2(62.4 Ibf/ft3)(9/12) ft/(0.00173 slugs/ft3)
= 54,104 ft?/s?
V= 233 ft/sec
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5.64 Information and assumptions

provided in problem statement
Find

location of liquid surface in central tube

| IJ/Q L
10 ¢ T

G

Elevation view

Plan view

Rotational flow equation from pt. 1 to pt. 2 where pt. 1 is at liquid surface in vertical part of tube and pt.
2 is just inside the open end of the pitot tube.

p/v—VE20+z = po/y—Vi/20+ 2
0—0+4+(0.10+0) = py/y—1r’w?/29—0

(1)
where z; = z3. If we reference the velocity of the liquid to the tip of the pitot tube then we have steady flow
and Bernoulli’s equation will apply from pt. 0 (point ahead of the pitot tube) to point 2 (point at tip of pitot tube).

po/v =V /29 +20 = p2/y—V5/29+ 2z
0.1v/y+71%/2g = pa/v+0 (2)
Solve Egs. (1) & (2) for ¢

£ =0, liquid surface in the tube is the same as the elevation as outside liquid surface.
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5.65 Information and assumptions

provided in problem statement
Find

find velocity
Solution

V = (2% 322 x10/12)1/% = 7.33 fps
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5.66 Information and assumptions

provided in problem statement
Find

rise in vertical leg relative to water surface
Solution

V = +2gh

h = V?/2g=23%/(2x9.81) = 0459 m = 45.9 cm
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5.67 Because it is a Bourdon tube gage, the difference in pressure that is sensed will be between the stagnation
point and the separation zone downstream of the plate.

Therefore
ACP = 1- (Cp,back of plate)
AC, = 1— (neg. number)
S Ap/(pVE/2) = 1+ postive number
Ap = (pVE/2)(1 + postive number)

case (c) is the correct choice.
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5.68 Information and assumptions
provided in problem statement
Find
velocity
Ideal gas law

p=p/RT =15 x 144/(1,715)(60 + 460) = 0.00242 slugs/ft

Pitot tube equation

V = (2Ap/p)'/? = (2 x 62.4 x (2.0/12)/0.00242)'/2 = 92.7 fps
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5.69 Information and assumptions
provided in problem statement
Find
velocity at station 2
pr/y+VE )29 =2 /v + V3 [29 = pe /v

Manometer equation

neglect

—TN—
p1+01x9810—-0.1x12x981 = p;
pe—p1 = 981 N/m? = pV}?/2
Vi = 404 m/s
Continuity equation
Vods = Vidy
Vy = Vi(A1/A3) =2 x 40.4 = 80.8 m/s

397



5.70 Information and assumptions

provided in problem statement
Find
free stream velocity, V,

Let point 1 be the stagnation point and point 2 at 90° around the sphere.
Bernoulli equation between the two points.

p1+ PV12/2 =
pr+0 =

V02 ==

& =

p2+pVs /2

p2 + p(1.5V5)%/2; p1 — pa = 1.125pV
3,000/(1.125 x 1,000) = 2.67

1.63 m/s
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5.71 Information and assumptions

Assume z; = zo:

provided in problem statement
Find

value of

Bernoulli equation between the stagnation point and the second pressure tap.

p1+pVi2/2
b1 — P2

P1 — P2

Given

p2+pVs /2

Vs /2

(1.5Vy sin 0)2(p/2)

Ap =225V sin?0(p/2)

Vo =/ Dp/p; Vg = Dp/p

Given:Vy = \/Ap/p; V& = Ap/p, solve Egs. (1) & (2) for 6

0 =70.53°

399



5.72 Information and assumptions
provided in problem statement
Find
a) angle 0 for pressure tap, b) equation for free-stream velocity, c) effect of offset angle (3

Solution
a) Bernoulli equation between the free stream and the location of the pressure tap gives

1 1
Po + 5,01/02 =p+ 51.52V02 sin? 0
But at the pressure tap location p = p,, so

2.255in%26 =1

Solving for 6 gives

9:

S

1.8°

b) Writing the Bernoulli equation between the stagnation point, tap A, and pressure tap B gives

1 1 1
= ~1.5%pV72sin? 6 = —1.5%pV7—
pa=pBt3 97pV, sin PE+ 3 5°pV, 595

or

c¢) Let the pressure tap on the axis of the probe be tap A and the other one tap B. The pressure at tap A
would be

1
PA = Po — §pV021.52 sin2ﬁ =DPo — 1.125pV02 sin2ﬁ
The pressure at tap B would be
pB = Po — 1.125pV2 sin’ (5 4 41.8°)

The pressure difference would be
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pa —pp = 1.125pV2? [sin®(3 + 41.8°) — sin® 3]

Solving for the velocity gives

V. — PA —PB
* | L125p [sin?(8 + 41.8°) — sin® §]

which will designated at the “true” velocity, V. The “indicated” velocity, V7, is the one calculated assuming
that tap A is at the stagnation point. The ratio of the indicated velocity to the true velocity would be

% = \/2.25 [sin®(3 + 41.8°) — sin® 4]

The error is

Error, %

0 2 4 6 8 10 12

Angle B, degrees
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5.73 Three pressure taps could be located on a sphere at an equal distance from the nominal stagnation point. The
taps would be at intervals of 120°. Then when the probe is mounted in the stream, its orientation could be
changed in such a way as to make the pressure the same at the three taps. Then the axis of the probe would
be aligned with the freestream velocity.
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5.74 Information and assumptions
provided in problem statement
Find
possibility of cavitation
Solution

Check minimum pressure value. Minimum pressure will occur where streamlines have smallest spacing
(inside of bend). Thus

Pmin + pVin/2 = p1+pVi/2

Vrnin X Mmin = ‘/277‘2

where n is streamline spacing

Vmin = ‘/1 X nl/nmin = ‘/1 X 26/13

scaled from figure, Vi,in = 214

Pmin = P1 + (p/2)(=3V}?) = 110,000 + 500(—3 x 13%) = —143 kPa, abs

Prmin 1 less than pyapoer; therefore, cavitation will occur.
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5.75 Information and assumptions

provided in problem statement
Find

discharge for incipient cavitation

Cavitation will occur when the pressure reaches the vapor pressure of the liquid (py = 1,230 Pa abs).
Bernoulli equation

pA+ pVA2/2 = Pthroat pv;;%lroat/2

where Vi = Q/A4 = Q/((m/4) x 0.40?)
Continuity equation

Vihroat = Q/Athroat = Q/((m/4) x 0.10%)
p/2(‘/t%1roat - Vi) = PA — Pthroat
(pQ%/2)[1/((7/4) x 0.10%)* — 1/[((m/4) x 0.40*)?]
= 220,000 — 1,230
500Q%(16, 211 — 63) = 218, 770
Q =0.165 m*/s
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5.76 Information and assumptions

provided in problem statement
Find

V= \/QQAh = \/ZAp/p

Solution
The Ap is the same for both; however,

Puw >> Pa

Therefore V4 > Viy (case b).
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5.77 Information and assumptions
provided in problem statement
Find
the velocity
Ap = Ah(Yae — Yier) = (6/12)(847 — 51) = 398 pstf

Pitot equation

V = (2Ap/p)t/? = (2 x 398/1.58)1/2 = 22.4 fps
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5.78 Information and assumptions
provided in problem statement
Find
air velocity
Pitot tube equation

V = (2Ap/p)*/? = (2 x 3,000/1.2)1/2 = 70.7 m/s

407



5.79 Information and assumptions

provided in problem statement
Find

air velocity
Pitot tube equation

V = (2 x 11/0.00237)"/2 = 96.3 fps
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5.80 Information and assumptions

Find
gas velocity in duct
Pitot tube equation

Pstagn — Pstatic — PV02/2
0.9 x 144 psf (0.12/32.2)VZ /2
Vo = 264 ft/sec
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5.81

1 ft/s

By referencing velocities to the spheres a steady flow case will be developed. Thus, for the steady flow case
Vo = 11 ft/s and V4 = 10 ft/s. Then when Bernoulli’s equation is applied between points 0 and A it will be found
that pa/po > 1 (case c).

410



5.82 Information and assumptions

provided in problem statement
Find

pressure difference pp — pco
Bernoulli equation

pB —pc = (1,000/2)[(13 — 3)? — (13 — 5)?] = 18,000 Pa = 18 kPa
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5.83 Information and assumptions

provided in problem statement
Find
pressure difference pp — pco
Bernoulli equation can be applied if all velocities are relative to ship. Thus,

Varel = V022472 =7.003 m/s
Vo = 7.70m/s
pPa+poVi/2 = pB+pVE/2
pa—ps = (p/2)(VE—V3)

(1,050/2)(7.7% — 7.003?)
= 5,380 Pa = 5.380 kPa
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5.84 Both gage A and B will read the same, due to hydrostatic pressure distribution in the vertical in both cases.
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5.85 Information and assumptions

provided in problem statement
Find
air flow rate
The side tube samples the pressure for the undisturbed flow and the central tube senses the stagnation

pressure.
Bernoulli equation

Po + PV02/2 = Dstagn. +0
orVp = \/(2/p)(pstagn~ - po)

But
Pstagn. —Po = (0.067 —0.023)sin 30° x 0.7 x 9,810 = 151.1 Pa
p = p/RT =150,000/(287 x (273 + 20)) = 1.784 kg/m*
Then
Vo = /(2/1.784)(151.3) = 13.02 m/s
Q = VA=13.02x(7/4) x 0.10*> = 0.1022 m*/s
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5.86 Information and assumptions

provided in problem statement
Find

gas velocity
Solution

AC,
175

1.4 = (pa *PB)/(PVOQ/Q)
2(4,000)/((1.5) x 1.4); Vo =61.7 m/s
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5.87 Information and assumptions

provided in problem statement
Find

velocity of stack gases
Solution

p = p/RT =101,000/(200 x (250 -+ 273))

= 0.966 kg/m? ()
Ap = YyuerAh =9,790 x 0.008 = 78.32 Pa
pa—pB) = Ap=7832Pa (1)
(pa *PO)/(PVOQ/Q) = 1.0« cp,
(pB — PO)/(PVOQ/Q) = =03« cp,
Then (pa — pg)/(pVE/2) = 1.3 @)

Solving Eq’s (1) & (2) yields

pVE /2 =78.32/1.3;Vy = 11.17 m/s
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5.88 Information and assumptions

provided in problem statement
Find
free-stream velocity

Let point 1 be at the stagnation point and point 2 be at the 90° position. At the 90° position U =
1.5U sin©® = 1.5U.
Bernoulli equation between points 1 and 2.

=0

2 2
pL+pVi/2 = patpVs/2
p1—p2 = PV22/2
(Yag — Ymo)Ah = (p/2)(1.5U)°

((VHg/VHZO) —1)Ah = (1/29)(1~5U)2
(13.6 — 1)Ah = (1/29)(2.25)U?
U = 234m/s
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5.89 Information and assumptions
provided in problem statement

Find
gage pressure

Cp=(p—po)/(pV?/2)

Bernoulli equation from the free stream to the point of separation:

po+pU%/2 = p+pu’/2
p—po = (p/2)(U* —u?)
or
(p —p0)/(pU?/2) = (1 — (u/U)?)
but
= 1.5Usinéd
= 1.5U sin 120°
= 1.5U x 0.866
At the separation point
(u/U) = 1.299
(u/U)? = 1.687
C, = 1-1687
= —0.687
Pgage — Cp(p/2)U2

= (—0.687)(1.2/2)(100%)
= 4,122 Pa= —4.122 kPa
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5.90 Information and assumptions

provided in problem statement
Find

free-stream velocity

u = 1.5Usinf
UP=90° = 15U(1)
= 15U

Bernoulli equation between the stagnation point (forward tap) and the side tap where v = 1.5U. Neglect
elevation difference.

pL+pVE/2 = patpVy/2
p—p2 = (p/2)(V5 — V)
p—p2 = (1.2/2)((1.5U)% - 0)
120 = 1.35U°
U = 943 m/s
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5.91 Information and assumptions

provided in problem statement
Find

true airspeed
Pitot tube equation

V =K+/2Ap/p

then

‘/calibr. = (K/ V pcalibr.) V 2Ap
V:crue - (K/ V ptrue) V 2Ap
Vindic. (K/V/ Peatin.)V/ 28p

Divide Eq. (1) by Eq. (2):

Viowe/Vintic. = /e Trmne = [(101/T0) x (273 — 6.3)/(273 + 1D)]1/2 = 115
Virue 60 x 1.15:@m/s
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5.92 Assume the bottom of the tube through which water will be drawn is 5 in. below the neck of the atomizer.
Therefore if the atomizer is to operate at all, the pressure in the necked down portion must be low enough
to draw water 5 in. up the tube. In other words ppeck must be —(5/12)yyarer = —26 psfg.  Let the outlet
diameter of the atomizer be 0.5 in. and the neck diameter be 0.25 in. Assume that the change in area from
neck to outlet is gradual enough to prevent separation so that the Bernoulli equation will be valid between
these sections. Thus

Pt pV,2/2=po+ pVy /2

were n and O refer to the neck and outlet sections respectively. But

Prn, = —26 psfg and pg =0

or
—26 + pVg /2 = pV /2 (1)
Vodn = Vodo
Vi = WAo/A, (2)
= Vp(.5/.25)2
Vi = 40
Eliminate V,, between Eqs. (1) and (2)
—26+p(4%0)*/2 = pV§/2

—26+16pVE/2 = pVE/2
150VE/2 = 26

Vo = ((52/15)/p)"/?
Assume p = 0.0024 slugs/ft?
Vo = ((52/15)/0.0024)'/2
= 38ft/s
Q = VA=38x(r/4)(.5/12)
= .052 cfs
= 3.11 c¢fm

One could use a vacuum cleaner (one that you can hook the hose to the discharge end) to provide the air
source for such an atomizer.
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5.93 Information and assumptions

from Table A.5 p,(15°) = 1,700 Pa
from Table A.5 p = 999 kg/m?>
Find
a) velocity of water at exit for maximum lift, b) discharge ¢) maximum load supportable by suction cup
Venturi exit area, A.,= 10~% m?, Venturi throat area, A; = (1/4)A., Suction cup area, A; = 0.1 m?

Patm = 100 kPa
Twater = 15° C

Bernoulli equation for the Venturi from the throat to exit with the pressure at the throat equal to the vapor
pressure of the water. This will establish the maximum lift condition. Cavitation would prevent any lower pressure
from developing at the throat.

Po/v+ V229 + 2t = Pe/Y + Vimax/29 + ze (1)
Continuity Equation
‘/tAt - VeAe
Vi = Ve(Ae/At) (2)
Vi = 4Ve

Then Eq. (1) can be written as

1007 000/7 + ‘/eQmax/zg
((1/15)(29/7)(98,300))"/2
= ((1/15)(2/p)(98,300))"/?

= 3.62m/s

1,700/ + (4Ve max)?/29

‘/emax

Qmax = VeAe
= (3.62 m/s)(10*m?)
0.00362 m?/s

Find pressure in the suction cup at the level of the suction cup.

Dt + ’YAh = Dsuction
Dsuction = 1,700 Pa + 9,800 x 2
— 21,300 Pa
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But the pressure in the water surrounding the suction cup will be paym + v X 1 = (100 + 9.80) kPa, or

Puwater — Psuction = (109,800 — 21,300) Pa
— 88,500 Pa

Thus the maximum lift will be:

Liftrnax - APAS - (pwater - psuction)As
= (88,500 N/m?)(0.1 m?)

= 8,850 N

Note: Buoyancy on the object being lifted was neglected.

423



5.94 Information and assumptions

provided in problem statement

Find
maximum and minimum gage pressures
Solution
Pmax = pV02/2
1.1 x 60%/2 = 1,980 Pa, gage
Pmin = —0.45pV2/2 = —0.45 x (1,980) = —891 Pa, gage
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5.95 Information and assumptions
provided in problem statement
Find
pressure difference between bottom and top

Bernoulli equation

p2 —p1 = (1.2/2)(90% — 70?) = 1,920 Pa = 1.920 kPa
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5.96 Information and assumptions

provided in problem statement
Find
shape of the water surface
Bernoulli equation can be applied to the free vortex region. The elevation at the juncture of the forced and
free vortex and a point far from the vortex center where the velocity is zero is given by

Ve V?
= —_— = O
z10 + 2 z+ 2
or
Ve
210 - 29

In the forced vortex region, the equation relating elevation and speed is

V2 V2
Sy
At the vortex center, V =0, so
V2 V2 V2 V2
ZO — 210 _ max — max _ max — _ max
29 29 29 g
102
= ——— =-10.2
‘ 9.81 m

In the forced vortex region

V= %10 m/s =r
so the elevation is given by

2

”
=102+ —
z 0 +2g

In the free vortex region

Vzl()l—0
r
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so the elevation is given by

zZ =219+

2¢ 29 \'r r2

V2, 100 (g)z =510

Elevation, m
()]

-10 +

-12 T T T g
0 10 20 30 40

Radius, m
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5.97 Information and assumptions

provided in problem statement
Find
variation in pressure
Solution
From Eq. 5.28 in the text, the pressure reduction from atmospheric pressure at the vortex center is

which gives
1000
Ap=—-12 ——)2=-113kP
p ><(350><3600) 3 kPa

or a pressure of p(0) = 100 — 11.3 = 83.7 kPa. In the forced vortex region the pressure varies as

V2
p(0) =p—p>

In this region, the fluid rotates as a solid body so the velocity is

,
VeV, =194
50 "

The equation for pressure becomes

p=88.7+2.26r>/1000  for r < 50 m

The factor of 1000 is to change the pressure to kPa. A the point of highest velocity the pressure is 94.3 kPa.
In the free vortex region, the Bernoulli equation applies

1 1
p(50) + 5pVinax =P+ 50V
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In the free vortex region so the equation for pressure becomes

1 50
p = p(50)+ ian%aX {1 - (7)2} for r > 50 m

p = 94.3+5.65x {1—(5—0)2}

r

102

100

98

96

94

Pressure (kPa)

92

90

88

0 50 100 150 200 250

Radius (m)
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5.98 Information and assumptions

provided in problem statement
Find

pressure coefficient versus nondimensional radius
Solution

From Eq. 5.28 in the text, the pressure at the center of a tornado would be —pV;2,  so the pressure coefficient
at the center would be

—pV2
Cp: p max __

For the inner, forced-vortex region the pressure varies as

1
Mm:P*2Nﬂ

so the pressure coefficient can be written as

P —DPo Voo
Cp == %:72#»(@) fOI"I“STc
Cp = —2+(—)

c

so the pressure coefficient at the edge of the forced vortex is -1. In the free-vortex region, the Bernoulli
equation applies so

1 1
p(re) + 5PVimax =P+ 5PV
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and the pressure coefficient can be written as

P — Po p(rc) — Do Te 2
pu— pu— 17 —_—
“ 3PVi2ae 3PV A
- _(Teyzy — _(Tey2
G = —1+[1- (2P =—(%)

Pressure coefficient
AN

2

0 1 2 3 4

Nondimensional radius (r/r,)

431



5.99 The fluid in a tornado moves in a circular path because the pressure gradient provides the force for the
centripetal acceleration. For a fluid element of volume V the relationship between the centripetal acceleration
and the pressure gradient is

V2 dp
=V

The density of a weather balloon would be less than the local air so the pressure gradient would be higher
than the centripetal acceleration so the balloon would move toward the vortex center.
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5.100 As the pressure decreases the density becomes less. This means that a smaller pressure gradient is needed
to provide the centripetal force to maintain the circular motion. This means that the Bernoulli equation will
overpredict the pressure drop.
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5.101 Information and assumptions
provided in problem statement
Find
speed at which cavitation occurs.
Let p, be the pressure on the streamline upstream of the sphere. The minimum pressure will occur at the

maximum width of the sphere where the velocity is 1.5 times the free stream velocity.
Bernoulli equation between the freestream and the maximum width gives

1 1
Po+ 5PV5 +ho = p+ 5p(1.5V0)* + v(ho + 0.5)

Solving for the pressure p gives

P =po — 0.625pV2 — 0.5y
The pressure at a depth of 10 ft is 624 1bf/ft2. The density of water is 1.94 slugs/ft3 and the specific weight

is 62.4 Ibf/ft>. At a temperature of 50°F, the vapor pressure is 0.178 psia or 25.6 psfa. Substituting into the above
equation

25.6 psfa = 624 psfa — 0.625 x 1.94 x V2 — 0.5 x 62.4
567.2 = 1.21V2

Solving for V,, gives

Vo = 21.65 ft/s
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5.102 Information and assumptions

Assume paty = 101 kPa abs; pyapor = 1,230 Pa abs.
provided in problem statement
Find
at what speed will cavitation occur
Solution
Considering a point ahead of the foil (at same depth as the foil) and the point of minimum pressure on the
foil, and applying the definition of C},, between these two points yields:

Cp = (Pmin — p0)/(pVE/2)

where
Do = Patm + 1.8y =101,000+ 1.8 x 9,810 = 118,658 Pa abs.
Pmin = 70,000 Pa abs; Vo =8 m/s
Then
C,p = (70,000 — 118, 658)/(500 x 8%) = —1.521
Now use C,, = —1.521 (constant) for evaluating V' for cavitation where ppin iS NOW Pyapor:

—1.521 = (1,230 — 118,658)/((1,000/2)V); Vo = 12.4 m/s
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5.103 Information and assumptions

provided in problem statement
Find
at what speed will cavitation begin
Solution
See solution for Prob. 5.102 for preliminaries. We have the same Cj,, but py = 101,000 + 3y = 130, 430.
Then:

~1.986 = (1,230 — 130,430)/((1,000/2)V2)
Vo = 11.41m/s

436



5.104 Information and assumptions

provided in problem statement
Find

at what speed will cavitation begin
Solution

Solution similar to solution for Prob. 5.102.

Pmin = —2.5 x 144 = —360 psf gage
po = 4y=4x624=249.6 psf

Then

Cp = (Pmin —D0)/(pVE/2) = (=360 — 249.6)/((1.94/2) x 20%)
C, = —1571

Now let pmin = Pvapor = 0.178 psia = —14.52 psia = —2,091 psfg
Then

1571 = —(249.6+2,091)/((1.94/2)V2)
Vo = 39.2ft/s
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5.105 Information and assumptions

provided in problem statement
Find
at what speed will cavitation begin
Solution
From solution of Prob. 5.104 we have C},, = —1.571 but now py = 10y = 624 psf. Then:

—1.571 = —(624+2,091)/((1.94/2)VZ)
Vo = 422 ft/s

438



5.106 Information and assumptions

from Table A.5 p,(58°) = 0.178 psia
Find
speed at which cavitation occurs

Bernoulli equation between a point in the free stream to the 90° position where V = 1.5V}.

velocity is the same as the sphere velocity (reference velocities to sphere).

PVo' /2 + po
where pg
PVE/2(2.25 - 1)
Vg

Vo

p+p(1.5V5)%/2

18 psia

(18 — 0.178)(144)
2(17.8)(144)/((1.25)(1.94)) ft? /s>
46.0 ft/sec
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5.107 Information and assumptions

from Table A.2 p,(10°C) = 1,230 Pa

Find
velocity at which cavitation occurs
Solution
Cy = (P—p0)/(PV5/2)
po = 100,000+ 1 x 9,810 Pa = 109, 810 Pa

p = 80,000 Pa
Thus C, = -2.385

For cavitation to occur p = 1,230 Pa

—2.385 = (1,230 — 109,810)/(1,000V;2/2); Vo = 9.54 m/s
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5.108 Information and assumptions

provided in problem statement
Find

if cavitation will occur
Solution

Cp = (p—10)/(pV§/2)

From Fig. 5-13 C = —0.45; therefore,

min

Pmin = Po+ C mianvOZ/2
100 — 0.45 x 1.94 x 322/2
= -347 psfg

Cavitation will not occur because the minimum pressure is much greater than the vapor pressure of the

water.
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5.109 Information and assumptions

provided in problem statement
Find
lift force on Volkswagen
Solution
After separation, the pressure in the wake is the same as the pressure beneath the Volkswagen so, beyond
this point there is no contribution to the lift. Using the Bernoulli equation, the pressure at angle 6 on the surface
would be

1
p=po+ 5pvf(l — 4sin?0)
Substituting into the equation for lift on the curved section gives

1 150° 1
Fiig = =5 WL / [po + 5,ovf(l — 4sin? )] sin 6d9
0

The first term can be easily integrated and the equation becomes

150°
Fiige = —0.933W Lp, — iWLpr / (1 — 4sin® ) sin AdA
0

Finally, evaluating the integral gives

Fig, = —0.933W Lp, + 0.849W LpV,2

The lift due to static pressure on the bottom is

Eiige = 0.933p, WL

where 0.933L is the distance along the bottom of the car to the point below the separation point. Adding
the list on the curved surface and beneath the car gives

Fiio tot = 0.849W LpV2

Substituting in the values gives

Fligttot = 0.849 x 2 x4 x 1.2 x 27.8% = 6299 N
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5.110 a) Substituting the equation for the streamline into the Euler equation gives

u%dm + u%dy = —gg—]zdx
vgedr + va—;’dy = fga—;dy
or

2 2

dx + %(%)dy = —g%dm
2

dx + %(%)dy = —gg—Zdy

N
e

S8
w3 v

Adding both equations

0 [u?+ v? 9 [ u?+0v? oh oh
%< 5 >d:z:+a—y< 5 )dy—g(%dera—ydy)

or

u2—|—v2
2

d( +gh)=0

b) Substituting the irrotationality condition into Euler’s equation gives

[e] dv __ Oh
oo o~ 00,
v, +u6—ydy =93,
or
o 2 2
a3 ol =0
5y (= +gh) =0
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5.111 If one connected a manometer between wall reference points P, and P; 3 then from Fig. 5.8 we see that

(h—ho)/(V§ /29 = -3
orhg—h = 3VZ/2g (1)

For Vp = 5 m/s; hg — h = 3.823 meters of water. One could use a mercury-water manometer for sensing the
difference in head. Thus, the deflection in such a manometer would be

A = (ho — h)/12.55 2)

Therefore, for Vo =5 m/s, A would be 3.823/12.55 = 0.305 m
Solving Egs. (1) and (2) for Vp yields

Vo = 9.06V/A
The discharge would be given as
Q = WA
= Vo(4ngB)VA
or Q@ = 9.06VA(4n B)
= 36.24n90BVA

where A is the deflection on a mercury-water manometer in meters, ng and B are lineal dimensions in meters
and Q@ is the discharge in m3/s.

The maximum deflection of 0.305 m is not large; therefore, one may want to increase the accuracy of reading
by utilizing an inclined tube manometer such as given in Problem 3.32. Also, one could connect the manometer
between other points on the wall (such as between points Ps 3 and Py ) to achieve a greater difference in head for a
given discharge.
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5.112 One possible design is shown. The manometer is an air-water manometer. Then for this setup.

Ap = 1.45pVE/2
or Vb = (2/145)Ap/10a1r

but Ap = yy,0A where A is the manometer deflection. Then

Vo = \/(2/1.45)(7H20/pair)A

Once could also use an inclined tube manometer such as given for Problem 3.32 to increase the accuracy of
reading.

AN

\Jg)

water «—
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5.113 The main point to this question is that while inhaling, the air is drawn into your mouth without any separation
occurring in the flow that is approaching your mouth. Thus there is no concentrated flow; all air velocities in
the vicinity of your face are relatively low. However, when exhaling as the air passes by your lips separation
occurs thereby concentrating the flow of air which allows you to easily blow out a candle.
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5.114 If a building has a flat roof as air flows over the top of the building separation will occur at the sharp edge
between the wall and roof. Therefore, most if not all of the roof will be in the separation zone. Because the
zone of separation will have a pressure much lower than the normal atmospheric pressure a net upward force
will be exerted on the roof thus tending to lift the roof.

Even if the building has a peaked roof much of the roof will be in zones of separation. These zones of
separation will occur downwind of the peak. Therefore, peaked roof buildings will also tend to have their roofs
uplifted in high winds.
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Chapter Six

6.1 Information and assumptions
balloon held stationary by a force F'

d=1cm, v=40m/s, p=1.2 kg/m3
steady flow, constant density

dl
V TO ’
Find

force required to hold balloon stationary: F
Force and momentum diagrams (x-direction terms)

P - -

r-momentum
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6.2 Information and assumptions

balloon held stationary by a force F'

pressure inside balloon: p = 8 in.-H,O = 1990 Pa
d=1cm, p=12kg/m?

steady, irrotational, constant density flow

dl
"4 4—104— F
Find

x-component of force required to hold balloon stationary: F'
exit velocity: v
Force and momentum diagrams (x-direction terms)

—_—— e — = -

Bernoulli equation applied from inside the balloon to nozzle exit

plp = v*)2
v o= /2p/p=+/2x1990/1.2
v = 57.6m/s

r-momentum

g
s
[

E movoa;*E MGV
cs cs

F = 1w =pAv® = (1.2) (7 x 0.01%/4) (57.6%)
F = 031N

449



6.3 Information and assumptions

water jet filling a tank

jet: d =30 mm, v =20 m/s, T = 15 °C

steady flow

tank mass is 20 kg; tank contains 20 liters of water
Find

force on bottom of tank: NV

force acting on stop block: F'
Force and momentum diagrams

r-momentum

§ Fa: - § movoa;*E MGV
cs cs

F = —(—1wcosT0°) = pAv? cos70°
pAv® = (999) (7 x 0.03%/4) (20*) = 282.5 N
F = 97N

y-momentum

g
o
[

Z MeVoy — Z M4 Viy

= —(—1hwsin70°)

= W + pAv?sin 70°

(20 + (0.02)(999))9.81 = 392.2 N
= 392.2 4 282.5sin 70°

~ 68N

2z ===
I
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6.4 Information and assumptions

water jet filling a tank, friction acts on the bottom of the tank

jet: d =2 in., v =50 ft/s, T = 70 °F

steady flow, constant density, steady and irrotational flow

tank mass is 25 Ibm; tank contains 5 gallons of water

provided in problem statement
Find

minimum coefficient of friction (x) so force on stop block is zero
Force and momentum diagrams

e e e e e —— —

y-momentum

N, =) iiovey — Y ivivyy
N-W = —(—rhwsin70°)
N = W + pAv?sin70°

r-momentum

Setting FF =0
uN = —(—rwcos70°) = pAv? cos 70°
wo= (pAv2 cos 70°) /N
Calculations
pAv® = (1.94) (7 x (1/12)%) (50%) = 105.8 1bf

Whoo = AV = (62.37)(5)/(7.481) = 41.75 Ibf
= (41.75+ 25) Ibf = 66.7 Ibf

66.7 + 105.8 x sin 70° = 166.2 Ibf

= 105.8 x cos 70°/166.2

= 022

== =2 =
Il
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6.5 Information and assumptions

horizontal jet round jet strikes a plate
water at 15°C, p = 999 kg/m?, Q = 0.4 m3/s, p4 = 75 kPa

Find
Horizontal component of force to hold plate stationary: F,
Force and momentum diagrams

Bernoulli equation applied from inside of tank to nozzle exit

palp = vi/2
V2p/p = /2 x 75000/999 = 12.3 m/s

U1

r-momentum

F, = —(—1w) = pQus = (999) (0.4) (12.3)
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6.6 Information and assumptions

horizontal round jet strikes a plate
water at 70°F, p = 1.94 slug/ft3, Q = 2 cfs
Horizontal component of force to hold plate stationary: F, = 200 lbf

Find
speed of water jet: v
Force and momentum diagrams

w .
X mvzi
-
|
1 i
i<~ vy —
1
1= LJ
T !

X-momentum

Z F, = —rhw,

F, = —(—rmwv) = pQu,
v = Fu/pQ = (200) /(1.94 x 2)
vy = 51.51t/s
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6.7 Information and assumptions

horizontal round jet strikes a plate

water at 70 °F, p = 1.94 slug/ft3

pressure at A: py = 15 psig

horizontal component of force to hold plate stationary: F, = 500 1bf

Find
diameter of jet: d
Force and momentum diagrams

Bernoulli equation applied from inside of tank to nozzle exit

palp = vi/2
v = /2 x15x 144/1.94 = 47.19 ft/s

r-momentum

- 77.77,1}1;[

= —(—1hwy) = pAv?

F,/pv} =500/(1.94 x 47.19%)

= 0.116 ft?

= 4A/m = /4 x0.116/7 = 0.38 ft

G e
I
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6.8 Information and assumptions

horizontal round jet strikes a plate

water at 15 °C, p = 999 kg/m?>

cross sectional area of jet: A = 0.0015 m?

horizontal component of force to hold plate stationary: F, = 2.0 kN

Find

speed of jet: vq

pressure at location A: py
Force and momentum diagrams

w :
X — mv2i

=<— Fx rhvl
|

1 |
N

!I

r-momentum

|

[
S .
=4
S
8

Sr -
EF, = —(—rmwv)= pAv%
V'Fz/(pA) = 1/2000/(999 x 0.015) = 11.55 m/s

U1

Bernoulli equation applied from inside of tank to nozzle exit

palp = vi/2
pa = pvi/2 =999 x 11.55%/2 = 66.7 kPa-gage
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6.9 Information and assumptions

water jet from a fire hose on a boat
diameter of jet: d = 3 in., speed of jet: v = 65 mph = 95.33 ft/s

water at 50 °F, p = 1.94 slug/ft3

Find
tension in cable: T

v

I_D_l /146""

S

Force and momentum diagrams

r-momentum

Ll —

~ —> x

1 (Vo)

rhw cos 60°

pAv

(1.94) (7 x (1.5/12)?) (95.33) = 9.08 slug/s
(9.08)(95.33) cos 60° = 433 1bf
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6.10 Information and assumptions

water jet (5 °C) from a fire hose on a boat
v =50 m/s, p = 1000 kg/m?
allowable load on cable: T'= 5.0 kN

Find
mass flow rate of jet: 1
diameter of jet: d

Force and momentum diagrams

r-momentum

YOF = (v,
T = r1hvcos60°
m =
m 200 kg/s

mass flow rate

T/ (vcos60°) = 5000/ (50 x cos60°)

m = pAv=prd*v/4
d fr—
d = 713 cm

Vam/(prv) = /(4 x 200)/(1000 x 7 x 50)
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6.11 Information and assumptions

water (60 °F) flows through a nozzle
dy =4 in., dy =1 in., p; = 3000 psfg, p2 = 0 psfg
neglect weight, assume steady flow
Find
speed at nozzle exit: vy
force to hold nozzle stationary: F
Force and momentum diagrams

Continuity

Avr = Ay
v = vy (dy/dy)?

Bernoulli equation applied from 1 to 2

pi/p+vi/2=v3/2
Combining previous two equations
po= p(u3/2) (1- (d2/dr)")
3000 = 1.94x (v3/2) x (1—(1/4)")
55.72 ft/s
v = vy (da/dy)® =55.72 x (1/4)? = 3.483 ft/s

U2

Mass flow rate

1y = 1hg =1 = (pAv), = 1.94 x (7/4 x (1.0/12)?) x 55.72 = 0.589 slug/s

r-momentum

SE = ), - (),

F+piAr = m(va—v)
F = —piAi+m(va—wv)
F = —(3000) x (/4 x (4/12)2) + (0.589) x (55.72 — 3.483) = —231 Ibf

Force on nozzle = 231 1bf to the left
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6.12 Information and assumptions

water (15 °C) flows through a nozzle, p = 999 kg/m?
dqy =10 cm., da =2 cm., v2 = 25 m/s
neglect weight, assume steady flow, ps = 0 kPa-gage
Find
pressure at inlet: pq
force to hold nozzle stationary: F'
Force and momentum diagrams

conservation of mass

Alvl = AQUQ
v = wvy(da/dr)® =25 % (2/10)> = 1.0 m/s
1ty = g = (pAv), = 999 x (/4 x 0.02%) x 25 = 7.85 kg/s

Bernoulli equation applied from 1 to 2

p/p+vi/2 = v3/2
p o= (p/2) x (v3 —vf) =(999/2) x (25° — 17)
p1 = 312kPa

r-momentum

SR = (), - (),

F+piAr = m(vz—v1)
F = —P1A1 —‘r?’;”L(’UQ —1)1)
F = —(312x10%) x (7/4 x 0.1%) 4 (7.85) x (25 — 1) = —2.26 kN

Force on nozzle = 2.26 kN to the left
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6.13 The problem involves writing a program for the flow in a nozzle and applying it to problems 6.12 and 6.14
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6.14 Information and assumptions

water (15 °C) flows through a nozzle, p = 999 kg/m?
dy =5 cm., dy =1 cm., v2 =10 m/s
neglect weight, assume steady flow, ps = 0 kPa-gage
Find
pressure at inlet: pq
force to hold nozzle stationary: F'
Force and momentum diagrams

conservation of mass

A1v1 = A2U2
v = wy(da/dy)® =10 x (1/5)% = 0.4 m/s
i = 1he =1 = (pAv), = 999 x (/4 x 0.01%) x 10 = 0.785 keg/s

Bernoulli equation applied from 1 to 2

pi/p+i/2 = 032
po= (p/2) x (v3—v7) =(999/2) x (10* — 0.4°)
pr = 499 kPa

r-momentum

SR = i), - (1),

F+pAr = m(va—wv)
F = —piAy+m(vy—vy)
F = —(49.9 x 10%) x (/4 x 0.05%) + (0.785) x (10 — 0.4) = —90.4 N

Force on nozzle = 90.4 N to the left

461



6.15 Information and assumptions

free water jet from upper tank to lower tank, lower tank supported by scales A and B
Q=2cfs,dy=4in.,, h=11ft, H=9ft

weight of tank: Wz = 300 Ibf, surface area of lower tank: 4 ft2

water at 60 °F: p = 1.94 slug/ft3, v = 62.37 1bf/ft3

Find
force on scale A: Fy
force on scale B: Fg
Force and momentum diagrams

Wizo +Wr y \m V2
v

Flow rate calculations

mo = pQ =194 x 2.0 = 3.88 slug/s
v = QJA; =20/(r/4 x (4/12)%) = 22.9 ft/s

Projectile motion equations

Vo, = v =229 ft/s
vey = /20H =2 x322x9=241ft/s

r-momentum
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_Fy
_Fy
Ip

y-momentum

DB =
Fo—=Whoo —Wr =
Fi =

Fi =

= —3.88x229
= 88.9 Ibf

i |(va), = (v0),]

—1m (vay)

(62.37 x 4 x 1) + 300 — (3.88 x (—24.1))
643.0 Ibf
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6.16 Information and assumptions

gravel (y = 120 1bf/ft3) flows into a barge that is secured with a hawser
Q = 50 yd?/min = 22.5 ft3/s, v = 10 ft/s
assume steady flow

Gravel

200 T~
= /_/"\\_\ | v

i«

Find
tension in hawser: T’
Force and momentum diagrams

r-momentum

SR = ain(v), (),

T = —m(vcos20) = —(y/g)Q(v cos20)
T = (120/32.2) x 22.5 x 10 x cos(20) = 788 1bf
T = 788 1bf
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6.17 Information and assumptions

a fixed vane in the horizontal plane; oil (S = 0.9)
vy =28 m/s, vg =27 m/s, Q = 0.2 m3/s

Find
components of force to hold vane stationary: F,, F),
Force and momentum diagrams

mass flow rate

1 = pQ = 0.9 x 1000 x 0.2 = 180 kg/s

r-momentum

ZFJI = m(vo)m _m(vi)m

F, = m(—v2cos30)— vy
F, = —180(27cos30 + 28)
F, = —9.25kN (acts to the left)

y-momentum

S F, = (), —m(v),
F, = 1 (—vysin30) = 180 (—27sin30) = —2.43 kN
F, = —243kN (acts downward)
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6.18 Information and assumptions

a fixed vane in the horizontal plane; oil (S = 0.9)
vy =90 ft/s, vo = 85 ft/s, Q = 2.0 cfs

V—

30°
2
V3
Find
components of force to hold vane stationary: F,, F),
Force and momentum diagrams

mass flow rate

= pQ = 0.9 x 1.94 x 2.0 = 3.49 slug/s

r-momentum

SR = (v, (v,

F, = m(—vgcos30)—rhv;
F, = —3.49(85co0s30+ 90)
F, = —=5711bf (F, acts to the left)
y-momentum
NF, = 1i(vo), —m(vi),
F, = m(—vsin30) = 3.49 (—85sin30) = —148 Ibf
F, = —148 Ibf (acts downward)
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6.19 Information and assumptions

a horizontal, two-dimensional water jet deflected by a fixed vane, p = 1.94 slug/ft3

vy = 40 ft/s, width of jets: wy = 0.2 ft, w3 = 0.1 ft. Neglect gravity.
Find

components of force, per foot of width, to hold vane stationary: F, Fy
Force and momentum diagrams

Bernoulli equation

Continuity

r-momentum

y-momentum

/ I 1 / 1
s : Fx 30 / !
_______ X Y e—— |

v =vg = vy =v =40 ft/s

wivy = wWwov2 + w3vg

wa +wg = (0.2+0.1) = 0.3 ft

w1 =

> i (v0), — i (i),

—F, = 1havcos60+ mmg(—vcos30) — v
F, = pv*(—Azcos60+ Azcos30+ Ay)
F, = 1.94x40% x (—0.2cos60 + 0.1cos 30 + 0.3)
F, = 889 Ibf/ft (acts to the left)

= Z Mo (vo)y

= 1hovsin 60 + 7h3(—v sin 30)

= pv*(Aysin60 — A3sin30) = 1.94 x 40% x (—0.2sin 60 + 0.1sin 30)
= —382 Ibf/ft (acts downward)

467



6.20 Information and assumptions

a water jet is deflected by a fixed vane, 1 = 16 1bm/s = 0.497 slug/s
v = 60 ft/S

"o \__

Find
force of the water on the vane: F
Force and momentum diagrams

Bernoulli equation

vy =vg =v =060 ft/s

r-momentum

Z F, = m, (UO)IE — 1y (Ui)m

—F, = mwvcos30—mv
F, = 1w(1—cos30) =0.497 x 60 x (1 — cos30)
F, = 4.00 Ibf to the left

y-momentum

SF, = (o),
—F, = m(—vcos60)=—0.497 x 60 x sin30
F, = 14.9 Ibf downward

Equilibrium of forces acting on block
force of water on vane = F = — F,i—F}j

F =(4.00 Ibf) i+ (14.9 Ibf) j
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6.21 Information and assumptions

a water jet strikes a block and the block is held in place by friction—however, we do not know if the frictional
force is large enough to prevent the block from sliding

vy =10 m/s, h = 1 kg/s, u = 0.1, mass of block: m =1 kg

neglect weight of water

Find

will the block slip?

force of the water jet on the block: F
Force and momentum diagrams

- y FTTmm S
| w : | 1 : mv,
:AI x M, IAI
| ] J D '
—
v
3 N
Bernoulli equation
vy =vp =v=10m/s
r-momentum
Z Fy = 1 (vo), — 1y (vi),
—F; = 1wcos30 — rhw
F; = mv(l—cos30) =1.0x10 x (1 — cos30)
Fy = 134N
y-momentum
ZFy = o (vo)y
N-W = 1(vsin30)
N = mg+m(vsin30) =1.0 x 9.81 +1.0 x 10 x sin30 = 14.81 N

Friction
F} (required to prevent block from slipping) = 1.34 N
F¢ (maximum possible value) = pN = 0.1 x 14.81 =1.48 N
block will not slip
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Equilibrium of forces acting on block
force of water on block = —Fpi+ (W — N)j

F =(1.34 N) i+ (—5.00 N) j
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6.22 Information and assumptions

a water jet strikes a block and the block is held in place by friction, = 0.1
m = 1 kg/s, mass of block: m =1 kg
neglect weight of water

Find
maximum velocity such that the block will not slip: v
Force and momentum diagrams

Bernoulli equation
v =V =0

r-momentum

—uN = r1mwecos30 — mou
N = 7w (l—cos30)/u

y-momentum

SF, = > iovey — > vy
N-W = 1(vsin30)
N = mg+m(vsin30)

Combine previous two equations

mv (1 —cos30) /. = mg+ m(vsin30)
v = mg/[m(1/pu—cos30/u — sin30)]
v = 1x9.81/[1x(1/0.1 —cos30/0.1 —sin30)]
v = 11.7m/s
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6.23 Information and assumptions

a water jet strikes plate A and a portion of this jet passes through the sharp-edged orifice at the center of
the plate

v=30m/s, D =10 cm, d =5 cm, p = 999 kg/m?

neglect gravity

L
T

Find
force required to hold plate stationary: F
Force and momentum diagrams (only x-direction vectors shown)

|-
|

|

|

|

|

I .
:<—F my ——
|

|

|

|

r-momentum

MF D heve — Y riivi
—F = mov—myv
F pA v — pAgv? = pv’m/A4(D? — d?) = 999 x 30% x 7/4 x (0.1% — 0.05?)
F = 5.30 kN (to the left)
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6.24 Information and assumptions

2D liquid jet strikes a horizontal surface
Vy = V2 =V3 =70
assume force associated with shear stress is negligible; let the width of the jet in the z-direction = w

v\ /1
PN
H

V<—

Find
derive formulas for ds and ds as a function of b; and 6
Continuity
My mao + 1ha
pwbiv = pwdyv + pwdsv
by = dy+ds

Force and momentum diagrams

r-momentum

E Fa: - E movofg m;v;
cs cs

0 (rhgv + mhe(—v)) — v cosd
0 = (pwd3v2 — pwd2v2) — pwbyv? cos 6
0 = dgfdgfblcosﬁ

Combining x-momentum and continuity equations

d3 = dy+ bycosb
d3 = by —dg

dy = bi(1—cosh)/2
ds = by(1+cosh)/2
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6.25 Information and assumptions

a 2D liquid jet impinges on a vertical wall

vl = vy =0

assume steady flow, assume force associated with shear stress is negligible
let w = the width of the jet in the z-direction

N
P

2
Find
force acting on the wall (per unit width of the jet): F/w
sketch and explain the shape of the liquid surface
Force and momentum diagrams

I
ANE '

1 | L
: F. =0 X
-\

| ) F

|

1

—_———_- 4

r-momentum

Z F, = Z MoVoz — Z MiVin
cs cs
—F = —1hwvysin4b°
F = pwtv®sin45°

the force on that acts on the wall is in the opposite direction to force pictured on the force diagram, thus

F/w = ptv®sin45° (acting to the right)

474



y-momentum

NF, =) ooy — ¥ 1hiviy
-W = 1(—v)—rm(—v)cos45°
W = 1w(l — cos45°)

Thus, weight provides the force needed to increase y-momentum flow. This weight is produced by the fluid
swirling up to form the shape show in the above sketches.
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6.26 Information and assumptions
a jet engine (ramjet), the mass flow rate of the fuel is negligible
m = 50kg/s,v1 =200 m/s
ps = 0.25kg/m3 Ay = 0.5 m?

assume steady flow

— hot exhaust

Find
thrust force produced by the ramjet: T'
Force and momentum diagrams

let Fequal the force required to hold the ramjet stationary
Calculate exit velocity

77'12 = pzAQUQ
1o/ (pgds) = 50/(0.25 x 0.5) = 400 m/s

<
N
I

X-momentum

ZFJI - Zmovow - Zmivim
F = 1i(vs — 1) = 50(400 — 200) = 10.0 kN
T = 10.0 kN (to the left)
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6.27 Information and assumptions

A horizontal channel is described in the textbook
Find

an expression for yq
z-momentum (cs passes through sections 1 and 2)

ZFm = 71hve
(ﬁA)l_(ﬁA)2 - vaz
(Byiv/2) — (By3v/2) = pQ(Q/y2B)

yo= B+ @) x (Q/B)
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6.28 Obtain the pressure variation along the pipe by applying the momentum equation in steps along the pipe
(numerical scheme). The first step would be for the end segment of the pipe. Then move up the pipe solving
for the pressure change (Ap) for each segment. Then pena + >, Ap would give the pressure at a particular
section. The momentum equation for a general section is developed below.

dQ=Ay J2p/p dx

®\ @

[ = e e e O A B O
Q | | @
—_ — | |— — X
I |
— T
fF—a—I
r-momentum
EF:): - Zmavox - Zmz‘/zrr
p1AL —p2As = pQ2(Q2/A2) — pQ1(Q1/A1)
but Ay = Ay = A so we get
pr—p2 = (p/A%)(Q5-QY) (1)

As section 1 approaches section 2 in the limit we have the differential form

—dp = (p/A?)dQ” = 2(p/A*)QdQ

Continuity
Q1— Q2 = Ay\/2p/pAx
Q1 = Q2+ Ay\/2p/pdx

In the limit at Az — 0 we have

dQ = —Ay~/2p/pdx

The differential equation for pressure becomes

dp = 2(p/A%)dQ* = 2(p/A*)QAy~/2p/ pdz

Integrating the momentum equation to evaluate @ at location x we have

Q=-Ay / V20]pd
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so the equation for pressure distribution is

AL T
ploT=(4/4%)Ay? /0 ' [ /0 p“?dg} dz

where L is some distance along the pipe.

This equation has to be integrated numerically. One can start at the end of the pipe where the pressure
is known (atmospheric pressure). The one can assume a linear pressure profile over the interval AL. An iterative
solution would be needed for each step to select the slope of the pressure curve (pressure gradient). The pressure
will decrease in the direction of flow.
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6.29 Information and assumptions

provided in problem statement
Find
height to which cone will rise

Bernoulli Equation

(Vi/29) +0 = (V&/2g) +h
Ve = (15)% —2gh
VE = (15)% —2gh =225 -2 x 9.81h
225 — 19.62h

y-momentum

25

—w
—40

V2

so from the Bernoulli equation

movoy - mzvzy

M(Ugy — 1)2)

1,000 x 15 x 7 x (0.015)(v2 sin 30° — )
7.55 m/s

(7.55)2 = 225—19.62h
h = 856m
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6.30 Information and assumptions

pipe (6 in. diameter) with a 180° bend

water, Q = 6 cfs, p = 20 psi gage

assume weight acts perpendicular to the flow direction

provided in problem statement
Find

force needed to hold the bend in place in direction parallel to flow
r-momentum

§ Fa: - § movozfg MG Vg
cs cs

2pA —F, = —21mw
Calculations
pA = (20 x 144) (m/4 x 0.5%) = 565.5 Ibf
mu = pQ*/A =1.94 x 6%/(r/4 x 0.5%) = 355.7 Ibf
F, = 2(pA+1mw) =2 x (565.5 + 355.7) Ibf
F, = 1840 Ibf (acting to the left, opposite of inlet flow)
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6.31 Information and assumptions

A return bend is described in the textbook
provided in the problem

Find
force required to hold bend in place
Solution
100 ft/s —

m =11bm/s = 0.0311 slugs/s
At section (1):
vy = +100 ft/s, p; = 0.02 Ibm/ft® = 0.000621 slugs/ft>
At section (2):
py = 0.06 Ibm/ft> = 0.000186 slugs//ft>
Continuity

P11l = pavada; va = (p1/po)(A1/A2)v1
vy = (0.02/0.06)(1/1)v; = 33.33 ft/s

r-momentum

E F, = E movome m;v;, = m(ve — vy)
Cs cs

F, = 0.0311(—33.33 — 100)
F, = —4.147 Ibf
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6.32 Correct choice is (d).
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6.33 Information and assumptions
provided in problem statement
Find
external force required to hold bend in place
Velocity Calculation
v=Q/A=20/(r x 0.5 x 0.5) = 25.5 fps

r-momentum

§ FIE - § movom_§ MVig
cs cs

p1AL +peAs+ F, = vy —vp)
thus
F, = =-2pA—2mnwv
= —2(15 x 144(7/4 x 1%) + 1.94 x 20 x 25.5)
= —5,370 Ibf

y-momentum

S o
~Whend = Wrayo+F, = 0
F, = 200+ 3 x62.4 = 387.2 Ibf

Force required

F = (—5,370i + 387j) Ibf
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6.34 Information and assumptions
provided in problem statement
Find
force on flanges to hold bend in place
r-momentum

v=Q/A =849 m/s

§ Fa: - § movoz_§ MGV
cs cs

2pA+F, = pQ(v2 —vy)

(2)(100,000)(/4)(0.3%) + F, = (1,000)(0.60)(—8.49 — 8.49)
F, = -24,325N
F, = 0
F. = 500+ (0.1)(9,810) = 1.481 kN

The force on the flanges is

F = (—24.3i + 0j+1.48k) kN
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6.35 Information and assumptions

A 90° pipe bend is described in the textbook.
provided in problem statement

Find

force on upstream flange to hold bend in place

Velocity calculation

r-momentum

oL

pA+ Fy
F,

y-momentum

z-momentum

The force is

v=QJA=10/((n/4 x 1.0%) = 12.73 ft /s

§ movoz_§ MGV
cs cs

pQ(0 —v)
1.94 x 10(0 — 12.73) — 4 x 144 x 7/4 x 1 = —699 Ibf

Fy = pQ(-v—-0)
F, = —194x10x12.73 = —247 Ibf

100 —4x 624+ F, =0
F. = +350 Ibf

F = (—699i — 247j + 350k) Ibf
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6.36 Information and assumptions

A 90° pipe bend is described in the textbook.

provided in problem statement
Find

x—component of force applied to bend to hold it in place
Velocity calculation

v=CQJ/A=10/(7 x 1?/4) = 12.73 m/s

r-momentum

E F, = E ﬁwom—g MV
CcS CcSs

pA+F, = pQ(0—v)
300,000 x ™ x 0.5 + F, = 1,000 x 10 x (0 — 12.73)
F, = —-362,919N = —363 kN
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6.37 Information and assumptions

provided in problem statement
Find

vertical component of force exerted by anchor on bend

Velocity calculation

v=Q/A=314/(r x1x1)—9.995 ft/sec

y-momentum

DBy
Fa - Wwater - Wbend - p2A2 sin 30°
F,

Fa

PQ(v2y — v1y)

pQ(vsin30° — vsin 0°)
TX1x1x4x6244+3004+85x144x7mx1x1x0.5
+1.94 x 31.4 x (9.995 x 0.5 — 0)

3,310 bs
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6.38 Information and assumptions

provided in problem statement
Find

magnitude and direction of external force components to hold bend in place.
Velocity and discharge

v = 10/4=25m/s
Q = A =7x03x03x25=0.707 m3/s
Bernoulli equation
po= p2+(p/2)(v3 —7)
= 0+ (1,000/2)(10 x 10 — 2.5 x 2.5)
46,875 Pa
r-momentum
Fa; +p1A1 == pQ(fvg cos 60° — Ul)
F, = —46,875 x 7 x 0.3 x0.34 1,000 x 0.707 x (—10cos60° — 2.5)
—18,560 N
y-momentum
F, = pQ(—v2sin60° —vy)
F, = 1,000 x 0.707 x (—10sin60° — 0) = —6,123 N
z-momentum
Fz - WHgO - Wbend = 0
F, = (0.25x9,810) + (250 x 9.81) = 4,905 N

Net force

F = (—18.6i — 6.12j + 4.91k) kN

489



6.39 Information and assumptions

provided in problem statement

Find
vertical force applied to nozzle at flange
Continuity
UlAl = U2A2
v = UzAQ/Al =62.5 ft/S
Q = wedy = (125 ft/s)(0.5 ft?)
= 62.5 cfs
Bernoulli equation
pi/Y /2942 = p2/v+v3/29+ 2
pi/y = 0+ (125%/2g) +2 — (62.5*/29)
p1 = 62.4(242.6 +2 — 60.7) = 11,479 1bf/ft?

y-momentum

P11 — W0 — Waosate + Fy = pQ(v28in 30° — vq)

Calculations
pQ(v2sin30° — v1) = (1.94)(62.5) [(100sin 30°) — 50] = 0 1bf
Thus,
F, = Whx,0+ Whozale — p141 = (1.8 x 62.4) + (100) — (11,479 x 1) = —11,300 1bf
F, = 11,300 Ibf (acting downward)
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6.40 Information and assumptions

provided in problem statement
Find
external force required to hold bend

Discharge
Q=vA=15x /4 x 1% =11.78 cfs

r-momentum

ZFm = pQ(UZm - vla:)

p1A1 +p2Ascosdd® + F, = pQ(—vgcos45° —vg)
F, = —pA(1+cos45°) — pQu(l+ cos45°)
= —(1,440) x (1/4 x 12)(1 + cos45°) — (0.8 x 1.94)(11.78)(15)(1 + cos 45°)
= —2,400 lbf

y-momentum

DB = pQvay —vry)

p2Aasindb® + F, = pQ(—v2sind5® —0)
F, = —pAsind5° — pQuysin45°
F, = —(1,440)(r/4 x 12)sin45° — (0.8 x 1.94)(11.78)(15) sin 45°
F, = —9941bf

Net force

F = (—2,400i — 994j) 1bf
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6.41 Information and assumptions
provided in problem statement
Find
external force required to hold bend
Discharge

Q=8 xm/4x0.15 x 0.15 = 0.141 m?/s

r—momentum

ZF:t - m(Uer - vl:t)

p1A1 + p2A2 cos 45° + Fz == pQ(—vg cos 45° — Ul)
F, = —pA(l+cosd5”) — pQu(1 + cos 45°)
= —(100,000)(7 /4 x 0.15?)(1 4 cos45°) — (1000 x 0.8)(0.141)(8)(1 + cos 45°)
= —4557TN

y—momentum

ZFy = pQ(v2y —v1y)

p2Aasind3® + F, = —pQuasind5®
= —(100,000)(w/4 x 0.152) sin 45° — (1,000 x 0.8)(0.141)(8) sin 45°
~1,888 N
Net force

F = (—4.56i — 1.89j) kN
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6.42 Information and assumptions

provided in problem statement
Find

horizontal force required to hold bend in place
Bernoulli equation

v; = wveAs/A; =50(1/10) =5 m/s
pitpvi/2 = p2tpu3/2
Let po =0, then
p1 = —(1,000)/2)(5%) + (1,000/2)(50°)
p = 1,237.5 kPa

r-momentum

Z FIE - m(”?m - Ulrr)

P1A1 + Fz == pAQUQ (Ug cos 60° — Ul)
F, = —1,237,000 x 0.001 + 1,000 x 0.0001 x 50(50 cos 60° — 5)
F, = 1,140N
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6.43 Information and assumptions

provided in problem statement
Find
force thrust block must exert on bend

Velocity vectors
vi = (Q/A)[(13/61)j — (10/£1)K]
where ¢; = /132 + 102. Thus

vi = (Q/A)[0.793j — 0.6097K]
vo = (Q/A)(13/62)i+ (19/£2)j — (20/€2)K]

where f5 = /132 + 192 + 202. Then
va = (Q/A)]0.426i + 0.623j — 0.656k]
Pressure forces

F,, = piA1(0.793j — 0.6097Kk)
F,, = p2As(—0.426i — 0.623] + 0.656Kk)

Weight
W = -3 x 9,810k

r-momentum

Z Frr - PQ(UZx - le)
Fy — 0426 x ppAs = pQ[0.426Q/A — 0]

where

ppAs = 25,000 x (1/4) x (1.3)> = 33,183 N
and Q/A = 15/((7/4) x (1.3)%) = 11.30 m/s
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thus
F, =1,000 x 15 x 0.426 x 11.3 + 0.426 x 33,183 = 86,343 N
y-momentum
ZFy = pQ(vzy — v1y)
F,+0.793p; A; — 0.623p2 A2 = pQR[0.623(Q/A) — 0.793Q/A]
where

p1A; = 20,000 x (7/4)(1.3)* = 26,546 N
F, 1,000 x 15(11.3)(—0.170) — 0.793 x 26, 546
+0.623 x 33,183
= 28,815 — 21,051 + 20,673 = —29,193 N

z-momentum

ZFZ = pQ(v2, — v1.)
F, — 0.6097p1 A1 + 0.656p2As — W = 1,000 x 15[—0.656(Q/A) — (—0.6097Q /A)]
F, = —7,848 + 3 x 9,810 + 10,000 — 0.656 x 33, 183 + 0.6097 x 26, 546 — 25,999 N

Net force

F = (86.4i — 29.2j + 26.0k) kN
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6.44 Information and assumptions

provided in problem statement
Find
pressure difference between 1 and 2

Continuity
my + 500 kg/s = 1hg
my = (10 m/s)(0.10 m?)(1,000 kg/m?) = 1,000 kg/s
me = 1,000+ 500 = 1,500 kg/s
v = ()/(pA2) = (1,500)/((1,000)(0.1)) = 15 m/s

r-momentum

SR

MUy — M V1g — M3V3,

p1A1 + p2As = 1hgvs — vy — 0
A(pr —p2) = (—1,000)(10) + (1,500)(15)
pL—p2 = (22,500 — 10,000)/0.10

125,000 Pa = 125 kPa
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6.45 Information and assumptions

provided in problem statement
Find
r—component of force to hold wye in place

Velocity and flow rate calculations

vy = Q1/A; =20 ft/s
vy = Qo/Ay=121t/s
Qs = 20—12=38ft3/s
vy = Q3/A3=321t/s

r-momentum

Y F. = 1ngvy + 1hgvs cos 30° — 1havs
Fy+pids —p2ds = (20p)(=20) + (12p)(+12) + (32 cos 30°) (p)(8)
F, + (1,000)(1) — (900)(1) = —400p + 144p + p(8)(32)(0.866)
F, = 100—1.94(—34.3)
F, = —166.5 Ibf (acting to the left)
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6.46 Information and assumptions

Water flow through a horizontal bend and T section
provided in problem statement

m1 = 10 lbm/s, 7.77,2 = 7;113 =5 lbm/s
Ay = Ay = A3 = 5in? p; =5 psig, pp=p3 =0
Find

Horizontal component of force to hold fitting stationary: F
Velocity calculations

vy = 1h1/pAy = (10/32.2)/[(1.94)(5/144)] = 4.61 ft/s
vy = 1hg/pAs = (5/32.2)/[(1.94)(5/144)] = 2.31 ft/s

r-momentum

Z Fy, = —movs —1myv;
AL+ F, = —rguy — vy
F, = —piAy —1gvs —1hyvg
(5 % 5) — (5/32.2)(2.31) — (10/32.2)(4.61)
F, = -—26.81bf
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6.47 Information and assumptions

Water flow through a horizontal bend and T section

provided in problem statement

vy = 6m/s,py =48 kPa, vy =v3=3m/s, po=p3=0
A = Ay = A3 = 0.20 m?
Find
Components of force (Fy, Fy) needed to hold bend stationary.
Discharge
Q1 Ay =02 x6=12m3/s
Q- Q3 = Asvp = 0.2 x 3=10.6 m3/s

r-momentum

y-momentum

—Thovg — 1M1 V1

—p(Q2v2 + Q1v1)

—p1Ar — p(Q2v2 + Q1v1)

—4,800 x 0.2 — 1,000(0.6 x 3 + 1.2 x 6)
—9.96 kN (acts to the left)

Z Fy = 77.7/3(—1)3)
F, = —pQ3Vz=-1,000x0.6 x3
F, = —1.8kN (acts downward)
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6.48 Information and assumptions

provided in problem statement
Find

r— and y—components necessary to retain section
Velocity calculations

v = 0.25/(r x 0.075 x 0.075) = 14.15 m/s
0.15/(7 x 0.05 x 0.05) = 19.10 m/s
(0.25 — 0.15)/(x x 0.075 x 0.075) = 5.66 m/s

U2

U3
X-momentum

F, = —100,000 x 7 x 0.075 x 0.075 -+ 80,000 x 7 x 0.075 x 0.075
—1,000 x 14.15 x 0.25 + 1,000 + x5.66 x 0.10 = —3,325 N = —3.325 kN

y-momentum

F, = —1,000x 19.10 x 0.15 — 70,000 x 7 x 0.05 x 0.05
~3,415 N = —3.415 kN

Net force

F = (—3.325i — 3.415j) kN
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6.49 Information and assumptions

provided in problem statement
Find
force at flange to hold nozzle in place

y
3

L -»>X

— —>
B
ul
Continuity
vy = ZvjAj
v, = 2x30x0.01/0.10 =6.00 m/s

Bernoulli equation
Poipe/Y + V5/29 = pjet/v + 5 /29
Then

P = (7/29)(v] —v})
= 500(900 — 36) = 432,000 Pa

r-momentum

ppAp + Fo = —vppupAp +0jpujA;
F, = —1,000 x 62 x 0.10 + 1,000 x 30% x 0.01 — 432,000 x 0.1
F, = -37,800 N
y-momentum
Fy = i(=vj) = —vjpu;A

—30 x 1,000 x 30 x 0.01 = —9,000 N

z-momentum
SR =0

—200—yV-+F. = 0
F, 200 + 9,810 x 0.1 x 0.4 = 592 N

Net force
F = (—37.8i — 9.0j + 0.59k) kN
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6.50 Information and assumptions

provided in problem statement
Find
force at flange to hold nozzle in place

Velocity calculations

v = QA =15/((m/4) x 1?) = 19.098 ft/s
vy = Q[Ay =15/((m/4)(8/12)%) = 42.97 ft/s

Bernoulli equation

pLtpvi/2 = patv3/2
pr = 0+4(p/2)(v5 —7})
1,437 Ibf/ft>

r-momentum

Y F, T — 1wy
pA+F = 42.97(1.94)(15) — (19.098)(1.94)(15)
(1,437)(r/4)(1*) + F = (1.94)(15)(42.97 — 19.098)

F = —434 1bf (acts to left)
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6.51 Information and assumptions
provided in problem statement
Find
force at flange to hold nozzle in place

Velocity calculation

v = 0.3/(7 x0.15 x 0.15) = 4.244 m/s
vy = 4.244 x 9 = 38.196 m/s

Bernoulli equation
p1 = 0+ (1,000/2)(38,196% — 4.244%) = 720 kPa
r-momentum

F, = —720,000 x 7 x 0.15% + 1,000 x 0.3(38.196 — 4.244)
F, = —40.7 kN (acts to the left)
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6.52 Information and assumptions
provided in problem statement
Find
z-component of force through flange bolts to hold nozzle in place

Velocity calculation

va = vp=16x 144/[(7/4)(4 x 4+ 4.5 x 4.5)] = 80.93 fps
vy = 16/(m x 0.5 x 0.5) = 20.37 fps

Bernoulli equation
p1 =0+ (1.94/2)(80.93 x 80.93 — 20.37 x 20.37) = 5,951 psf
r-momentum

F,=-5,951 x ™ x 0.5 x 0.5 X sin 30° — 80.93 x 1.94 x 80.93 x 7 x 2
x2/144 — 20.37 x 1.94 x 16.0sin 30° = —3, 762 1bf
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6.53 Information and assumptions

provided in problem statement
Find

z-component of force acting through flange bolts required to keep nozzle in place
Velocity calculation

va = vp=05/(r x0.05x 0.05+7 x 0.06 x 0.06) = 26.1 m/s
vy = 0.5/(r x0.15 x 0.15) = 7.07 m/s

Bernoulli equation
p1 = (1,000/2)(26.1* — 7.07%) = 315,612 Pa
T-momentum
> Fy = 1itgtor — mivia
F, 4+ p1A;sin30 = —rhwa — rhw; sin 30

F, = —315,612 x 7 x 0.15? x sin 30° — 26.1 x 1,000 x 26.1
x7 x 0.05% — 7.07 x 1,000 x 0.5sin 30° = —18,270 N = —18.27 kN
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6.54 Information and assumptions

provided in problem statement
Find
tension load in each bolt

Continuity

Bernoulli equation

(v3/29) + (p1/7) = (v3/29) + (p2/7)
15(v/29) = (200,000/9,810)

vy = 5.16 m/s

vy = 20.66 m/s

Q = 0.365m3/s

r-momentum

Z FIE - movorr - mivirr
= Fhous + 141 = pQ(ve — v1)
Thus

Foos = —200,000 x 7 x 0.15% + 1,000 x 0.365(20.66 — 5.16)
~7,441 N

Force per bolt = 1,240 N
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6.55 Information and assumptions

provided in problem statement
Find

pressure at the gage

pressure and force per unit foot on end plates
Velocity calculation

v = 5/(1/4) =20 ft/sec
vg = 20x(3/8)=7.5 ft/sec

Bernoulli equation

pe = (p/2)(vy —vp)
= (1.94/2)(20% — 7.5%) = 333.4 psf

Hydrostatic equation

Deage = 333.4 — 62.4 x 4/12 = 312.6 psf = 2.171 psi

r-momentum
Z Frr = movo:t - mivix - PQ(Ub - UB)
F, +pAp = pQ(vy —vp)

thus,

F, = —333.4 x 8/12 4 1.94 x 5 x (20 — 7.5) = —101 Ibf/ft
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6.56 Information and assumptions
provided in problem statement
Find
pressure at the gage

pressure and force per unit meter on end plates.
Velocity calculation

v = 0.4/0.07=5.71m/s
v = 0.40/0.20 = 2.00 m/s

Bernoulli equation
pp = (1,000/2)(5.71% — 2.00?) = 14.326 kPa
Hydrostatic equation
DPeage = 14,326 — 9.810 x 0.1 = 13.3 kPa
r-momentum
N F = iMovos — 1hivi
F.+ppAs = pQ(vs —vB)
thus

F, =—14,326 x 0.2+ 1,000 x 0.4(5.71 —2.00) = —1,381 N = —1.38 kN/m
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6.57 Information and assumptions

provided in problem statement
Find
force acting through the bolts to keep the spray head on.

Velocity calculation
v = Q/A; =3/(m/4 x 0.5%) = 15.28 ft /s

y-momentum

S F, = 1iovey — miviy
F,+p1A1 = pQ(—v2sin30° —vy)
F, = (-3872.8)(r/4 x 0.5%) 4+ 1.94 x 3(—65sin 30° — 15.28)

= —1,040 Ibf

509



6.58 Information and assumptions

provided in problem statement
Find

force required at flange to hold nozzle in place
Continuity

v = QJA = (2x80.2 x /4 x 0.5%)/(m/4 x 2%) = 10.025 fps
r-momentum
Z FIE - morr - mzvzm
p1Ar + Fy = 1hgvgg +1mM3vs, — 1M101
F, = —43xmx2%+1.94x80.2% x 7 x .5%/144
—(1.94 x 80.2 x 7 x 0.5%/144) x 80.2sin 30

—(1.94 x 10.025 x 7 x 0.16672) x 10.025
= —523.3 Ibf

y-momentum

moy — m; viy

g
>
[

F, = r1hgvsy = pAvs(—v3cos30°)
= —1.94(m/4 x (1/12)%)80.2% cos 30°
= —58.94 Ibf

Net force

F = (—523.3i — 58.9j) Ibf
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6.59 Information and assumptions

provided in problem statement
Find
force in the inlet pipe wall required to hold sphere

f

Continuity
vz = (40 x 22 — 100 x 1%)/1% = 60 ft/s
r-momentum
Fa: - mSUSa:
= —pAsv3sin30°
= —(1.94 x 1.2)(7/4 x 0.0833%)(60?) sin 30°
= —22.86 Ibf

y-momentum

Fy 4 +p1A1 = Tll’LQUQy + 7.77,31}3y — 7;I’L11)1y

thus
Fy =W — p1 Ay + rhova — mavz cos 30° — 101
Calculations
Wi —p1Ar — 200 — 60 x 7 x 12 = 11.50 1bf
ove = pAgvs = (1.2 x 1.94)(7/4 x 0.0833%)(100%) = 126.97 Ibf
mav3cos30° = pAzv3cos30° = (1.2 x 1.94)(7/4 x 0.0833%)(60?) cos 30° = 39.59 Ibf
vy = pAiv? = (1.2 x 1.94)(7 x 0.0833%)(40?) = 81.26 Ibf
thus,
F, = (11.50 + 126.97 — 39.59 — 81.26) = 17.62 Ibf
Net Force

F = (—22.9i 4 17.6j) Ibf
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6.60 Information and assumptions
provided in problem statement
Find
force required in pipe wall to hold sphere in place
Continuity

vz = (10 x 52 — 30 x 2.5%)/(2.5%) = 10 m/s
r-momentum
F, = —10sin30° x 1,500 x 10 x 7 x 0.0125%> = —36.8 N
y-momentum

F, = —400,000 x 7 x 0.0252 + 600 + (1,5007)
x(—10% x 0.025% + 307 x 0.01252
—10? x 0.0125% cos 30°)
= 119N

Net Force

F = (—36.8i + 119j) N
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6.61 Information and assumptions

provided in problem statement
Find
force required to hold ”black box” in place

Tz

Continuity

Qs = 06-0.10

= 0.50m%/s
r-momentum
F, = —mlvlm — ’17.”L31)3m = —1yvy + 1wy =0
y-momentum
Fy = T.levgy + 7;I’L4U4y
F, = pQavy — pQavs
= (2.0 X 1,000)(0.1)(20) —(2.0x 1,000)(0.5)(15)
= —11.0kN

Net Force

F = (0i — 11.0§) kN
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6.62 To verify Eq. (6.11) the quantities @, v1,v2b,y1,y2 and Fg will have to be measured. Since a laboratory
is available for your experiment it is assumed that the laboratory has equipment to obtain ). The width b
can be measured by a suitable scale. The depths y; and ys can be measured by means of piezometer tubes
attached to openings in the bottom of the channel or by means of point gages by which the actual level of the
surface of the water can be determined. Then vy and v, can be calculated from v = Q/A = Q/(by).

The force on the gate can be indirectly evaluated by measuring the pressure distribution on the face of
the gate. This pressure may be sensed by piezometers or pressure transducer attached to small openings (holes) in
the gate. The pressure taps on the face of the gate could all be connected to a manifold, and by appropriate valving
the pressure at any particular tap could be sensed by a piezometer or pressure transducer. The pressures at all the
taps should be measured for a given run. Then by integrating the pressure distribution over the surface of the gate
one can obtain Fz. Then compare the measured Fg with the value obtained from the right hand side of Eq. (6.11).
The design should be such that air bubbles can be purged from tubes leading to piezometer or transducer so that
valid pressure readings are obtained.
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6.63 Information and assumptions

provided in problem statement

Find
force of water per unit width of sluice gate
O)
= .
/) 3t - ! (o)
—>
477777777777T7'
0.6 ft
Bernoulli equation
vi29+21 = v3/29+ 2
(0.6/3)%v3/2g+3 = v3/2g+ 0.6
vo = 12.69 fps
v = 2.54

Q = T.614 cfs/ft
r-momentum
Z Frr - PQ(UZx - vl:t)
Fp +71A1 — DA = pQ(v2 — 1)

Fr = —62.4x3.0x3.0/2+624x0.6x0.6/2+1.94 x 7.614
x(12.69 — 2.54) = —120 Ibf/ft
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6.64 Information and assumptions

provided in problem statement
Find
Solution

Derive a formula for the resisting shear force: F
r-momentum

S -

p1A) —pAs — F, = /pugdA — (pAuy)uy
As

prlA—pA—F. = —pulA+ /pu%dA (1)
A
Integration of profile
Uy = Upmax(1 — (1/70)%)?
up = Upax (1 (r/r0)?)”
0
/pu%dA = /pufnax(lf (r/r0)?)?2mrdr
Az 0

T0

= —pul g [ (1= (r/ro)®)*(=2r/r§)dr
/

The above integral is in the form [u"du = u™*1/(n + 1)
Thus

[rdan = g = o)) 3
As

(0 — 1/3)

= pud /3 @)
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Continuity

UA = udA

Umax (1 — (7/70)?)27 rdr

Ot —

0

= UmaxTTE /(1 — (r/ro)®)(=2r/rg) dr

0
= *umax’n—r(Q)(l - (T/T0)2)2/2‘60
= Umaxre /2
Therefore
Umax = 2U

Substituting back into Eq. 2 gives
/pu%dA = 4pU?nrt /3
Ay

Finally substituting back into Eq. 1, and letting u; = U, the shearing force is given by

F = Alpy — p2 — (1/3)pU?]
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6.65 Information and assumptions

provided in problem statement
Find
propulsive force when the boat is not moving and when it is moving at 30 ft/s.

—> 1
1
]
> 1
]
> 1

Calculate flow rate

Q = 80xmx1.5%=5655 cfs
vy = 80 fps

x—momentum (boat not moving)

ZFaz - pQ(UZm - Ula:)

assume v =~ 0

F, = pQusy
F, = 0.00228 x 565.5(80 — 0) = 103.1 Ibf

x—momentum (boat moving at 30 ft/s). Take control volume with respect to moving boat. Then v; = 30 ft/s

ZFJ: - pQ(UZm - vla:)

F, = PQ(U2 - Ul)
F, = 0.00228 x 565.5(80 — 30) = 64.5 1bf
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6.66 Information and assumptions

provided in problem statement
Find

thrust on windmill
Continuity

r-momentum

vy =10 x (3/4.5)* = 4.44 m/s

m(vy — v1)

m(ve — vy)

(1.2)(m/4 x 3%)(10)(4.44 — 10)
—472.0 N (acting to the left)
472 N (acting to the right)
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6.67 Information and assumptions

provided in problem statement
Find

Derive formula for pressure increase across a jet pump and evaluate pressure change for water if A;/A4, = 1/3,

v; =15 m/s and v, = 2 m/s
Continuity

v = voDj/(D§— D3)
vy = (voD§+v;D3)/D§

r-momentum

ZF"” = vy — v1)

(p1 — p2)7DG /4 = —pvi(D§ — D3) /4 — pvin D3 4 + pvsmDg /4

thus,

(p2 — p1) = pvi(D§ — D3)/D§ + pvj x D}/ D — pv3

Calculations
from Eq. (1) and (2)

v = vo/(1—(D;/Do)?)
= 2/(1-(1/3))
= 3m/s
vy = wvo+ vj(DJQ-/Dg)
= 2415(1/3)
= 7m/s
from Eq. (3)
p2—p = p[vi(1—(D;/Do)?+ v3(D;/Do)* + v3]
= 1,000 [3*(1 - 1/3) + 15°(1/3) — 7°]
= 32kPa
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6.68 Information and assumptions

provided in problem statement
Find
Carry out a design for a jet pump

r-momentum
Carry out the analysis for a section 1 ft wide (unit width) and neglect bottom friction.

Y F. = inguy —1havy —hyu;
W2 —v3/2 = —1p(l x (4= Ay)) — v;p(v;Ay) + vap(vayz) (1)
but y, = 4ft +6v?/2¢
= 4+6/29 = 4.0932 ft
Continuity
vays = vi(4— Ay) +v;Ay
va = vi(4—Ay)/y2 +v;Ay/ye
Assume
Ay =0.10 ft
Then
vy = 1(3.9)/(4.093) + v; x 0.1/4.0392 = 0.9528 + 0.02476v; (2)
Combine Egs. (1) and (2)
vf — (0.9528 + 0.02476v% x 40.932 = 5g(y3 — y7) — 39.0

82.44 ft?/s?
Solving;:
v; =121 ft/s  A; =0.10 ft?

If circular nozzles were used, then A; = (7/ 4)d?; d;j = 4.28 in. Therefore, one could use 8 nozzles of about 4.3 in.

in diameter discharging water at 12.1 ft/s.

Other combinations of d;, v; and number of jets are possible to achieve the desired result.
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6.69 Information and assumptions

provided in the problem statement
Find
lift and drag on airfoil

10 m/s

0.25|m ! 12 m/s

r-momentum

ZFx = vao — 1y
—D+pi1Ai —p2As = vi(—pviAr) + va(pvaA/2) + vs(pvsA/2)
—DJ/A = py—p1—pvi+pua/2+ pvp /2

where

then

—~DJ/A = 90— 100+ 1.2(—100 + 32 + 72)
~-D/A = —52
D = 52x052=13N

y-momentum

> F,=0

2 1
—L+ / peBdx — / puBdx = 0 where B is depth of tunnel
1 0

1 1
—L+ / (100 — 10z 4 20x(1 — x))0.5dx — / (100 — 10z — 20z(1 — x))0.5dx = 0
0 0

—L +0.5(100z — 52 + 102% — (20/3)23)|3 — 0.5(100z — 52% — 1022 + (20/3)23|} =0
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thus,

—L +49.167 — 45.833
L
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6.70 Information and assumptions

provided in problem statement
Find
drag on device and support vanes

-----------
9
(R’
@

Force of device on air=-Drag

Solution
Mass flow rate

1 = pvA = 0.0026 x 100 x (7/4)(3.0)> = 1.838 slugs/s

/OovdA_Q

But v is linearly distributed, so v = (r/70)Umax
Thus

Find exit velocity profile

/OTU((T/T())Umax)27I’Td’F = TA

2vmaxr3/3 = Erg
Umax = 1.0 =150 ft/s

r-momentum

T0
ZF = —v1pAvy +/ puadA
0
T0
p1A; — paAs — D = —100 x .0026 x (7/4) x 3% x 100 +/ pv2dA
0
o
144 x (0.24 x 7 x 1.5 = 0.10 x 7 x 1.5%) — D = —184 +/ p(r/rol.50)?2mrdr
0
1.42 — D = —184 + p(4.57/4)v°r3
Then for v = 100 ft/s and ro = 1.5 ft

D =142 + 184 — 207 = 119 1bf
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6.71 Information and assumptions

provided in problem statement
Find
acceleration of sled at time ¢

Solution
This type of problem is directly analogous to the rocket problem except that the weight does not directly

enter as a force term and p. = patm. Therefore, the appropriate equation is
M dvg/dt = pv?A, — Fy
o = (1/M)(pod(r/4)d2 — pW)

where p =coeflicient of sliding friction and W is the weight

W = 350+0.1x 1000 x 981 = 1,331 N
(g/W)(1,000 x 25%(7/4) x 0.015% — (1,331 x 0.05))
= (9.81/1,331)(43.90) m/s* = 0.324 m/s?

a
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6.72 Information and assumptions

A fluid jet strikes a wave that is moving at a speed v, = 7 m/s. Dy = 6 cm. Speed of the fluid jet is 20
m/s, relative to a fixed frame.

45°

v
x

v
<

Find
force of water on the vane
Force and momentum diagrams
Select a control volume surrounding the wave and moving with the vane. Select a reference frame fixed to

the moving wave.

r-momentum

E F, = muvoy —muig

—F, = —1mwsycosdd® — muvy

y-momentum

Y F, = iy, — iy,
F, = rwysind5°
Velocity analysis

vy is relative to the reference frame = (20-7)=13.
m = pAv use v which is relative to the control surface. In this case v = (20 —7) =13 m/s

vy is relative to the reference frame vy = vy = 13 m/s
Mass flow rate

m = pAv = (1,000 kg)(m/4 x 0.06%)(13) = 36.76 kg/s

526



Evaluate forces

F, (1 4 cos45)

36.76 x 13(1 + cos45) = 815.8 N

which is in the negative x—direction.

F, = r1hvysin4d
= 36.76 x 13sin45 = 338.0 N

The force of the water on the vane is the negative of the force of the vane on the water. Thus the force of
the water on the vane is

F = (815.81—338j) N
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6.73 Information and assumptions

A cart is moving with steady speed

------------------------- i
17 m/s
©®
Find
force exerted by the vane on the jet
Solution

Make the flow steady by referencing all velocities to the moving vane and let the c.v. move with the
vane as shown.
T-momentum

F, = mavy, —miv;
F, = (17*cos45°)(1,000)(m/4)(0.1%)/2 — (17)(1,000)(—17)(w/4)(0.1?)
= 4802 2,270 = —1,467 N

y-momentum

Fy = MQvgy — mvgy
= (17)(1,000)(sin 45°)(17)(/4)(0.12)/2 — (17)(1,000) (7 /4)(0.1%) /2
= -333N
F (water on vane) = (1,467i+ 330j) N
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6.74 Information and assumptions

provided in problem statement
Find
rolling resistance of cart
Solution
Let the control surface surround the cart and let it move with the cart at 5 ft/s. Then we have a steady
flow situation and the relative jet velocities are shown below.

r-momentum
E F = mQ/UQm — mlvl

Velocity analysis

vg = Vo =55m/s
vy = Vi=55m/s
Calculations
my = pAVi = (1.94)(n/4 x 0.1%)55
= 0.838 kg/s
iy = 0.838/2 =0.419 ke/s
Frolling = mMyv1 — mavg cos45°
= 0.838 x 55 — 0.419 x 55 cos 45°
Foling = 29.8 Ibf (acting to the left)
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6.75 Information and assumptions

provided in problem statement
Find

external horizontal force needed to move cone.
Solution

Select a control volume surrounding the moving cone. Select a reference frame fixed to the cone.
Velocity analysis

vy = V3 =43m/s
vg = 43m/s

r-momentum

F‘ﬁE = M(Uzm — Ul)
F, = 1,000 x 7 x (0.05)? x 43 x (27.64 —43) = —5,187 N
F, = 519 kN (acting to left)
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6.76 Information and assumptions

provided in problem statement
Find

power per foot of jet transmitted to vane.
Solution

Select a control volume surrounding the moving cone. Select a reference frame fixed to the cone.
Velocity analysis

vy = V3 =401t/s
vy = 40 ft/S
r—momentum
ZFQ; = M(ng—vl)

F, = 1.94 x40 x 0.3 x (40 cos 50 — 40)
= —332.6 Ibf

Calculate power

P = Fv
= 332.6 x 60
= 19,956 ft-1bf/s=36.3 hp
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6.77 Information and assumptions

A sled of mass m, = 1,000 kg is decelerated by placing a scoop of width w = 20 cm into water at a depth
d=38 cm
Find
Deceleration of sled: ag
Analysis
Select a moving control volume surrounding the scoop and sled. Select a stationary reference frame.
T-momentum

0= E(msvs) + 1wy, — vy,
Velocity analysis
U1, =0
Vi = 100 m/s
Vo = 100 m/s
vy = 100 m/s[— cos60i + sin 60j] + 100i m/s
voy = 50 m/s

The xz-momentum equation simplifies to

0 = msas + My,

where
M = = pAVi = 1,000 x 0.2 x 0.08 x 100 = 1,600 kg/s
s, (—1,600)(30) ,
T T T T 1000 —80 m/s”
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6.78 Information and assumptions

provided in problem statement
Find
power required for snow removal
r-momentum
Select a control volume surrounding the snow-plow blade. Attach a reference frame to the moving blades.

ZFI‘ = pQ(UQm - Ul)

Velocity analysis

Vi = v =40"1t/s
vy, = —40cos60° cos30°
= —17.32ft/s
Calculations
D> F, = 1.94x02x40x 2 x (1/4)(—~17.32 — 40)
= —444.8 1bf
P = FV =444.8 x 40 = 17,792 ft-1bf/s
P = 323hp
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6.79 Maximum force occurs at the beginning; hence, the tank will accelerate immediately after opening the cap.
However, as water leaves the tank the force will decrease, but acceleration may decrease or increase because
mass will also be decreasing. In any event, the tank will go faster and faster until the last drop leaves, assuming
no aerodynamic drag.
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6.80 Information and assumptions

provided in problem statement
Find
resistive force on cart.
Solution
Assume the resistive force (F,.) is caused primarily by rolling resistance (bearing friction, etc.); therefore, the
resistive force will act on the wheels at the ground surface. Select a reference frame fixed to the moving cart. The
velocities and resistive force are shown below.

5mls®:
: 1
1
I_I-_
i
1
1
1

Lo

Velocity analysis

Vi = vu=vo=5m/s
m = pA;Vi =(1,000)(0.001)(5) =5 kg/s

r-momentum
ZF"” = vy —v1)
—F

. = 5(-5-5)=-50N
F. = 50N (acting to the left)
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6.81 Information and assumptions

A jet with speed v; strikes a cart (M = 10 kg), causing the cart to accelerate. The deflection of the jet is

normal to the cart [when cart is not moving] jet speed: v; = 10 m/s; jet discharge: Q = 0.1 m3/s.
Neglect rolling resistance. Neglect mass of water within the cart.

L.

Find
An expression for acceleration of cart
Acceleration when v, = 5 m/s
Analysis
Select a control surface surrounding the moving cart. Select a reference frame fixed to the nozzle.
that a reference frame fixed to the cart would be non-inertial.
Force and momentum diagrams

r-momentum
d . .
E F, = a(mvc) + 1hovg, = —1hyvg

Momentum accumulation
Note that the cart is accelerating. Thus,

d d d

— = d = — Ve d = — w e

a /., eV dt" /cvp V= g (M)
= ma,
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Velocity analysis

Vi = wvj — v, [relative to control surface]

vy = wv; [relative to reference frame (nozzle)]

from conservation of mass

vay = (vj —ve)
vgm = Ve
mg = 1y
Combining terms
d .
ZFw = a(M”c) + m(vey — v1)
0 = Mac+ pAi(vj —ve)(ve — vj)
W - (PR/v)(v; —ve)?
¢ M

Calculations
1,000 x 0.1/10(10 — 5)2

e = 10
25 m/s? (when v, = 5 m/s)

Qc
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6.82 Information and assumptions

A hemispherical nozzle sprays a sheet of liquid at a speed v through a 180° arc. Sheet thickness is t.
v
/
, —

Find
Force in y-direction to hold nozzle: F, = F,(p,v,r,t)
y-momentum

F, = / vypV - dA
= / (v sin 0) pu(trdd)
0

= pthT/ sin 0df
0

E, = 2pV%r
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6.83 Define A, as the projection of the exit area on the y plane. Use the momentum equation to solve this problem
and let the control surface surround the nozzle and fuel chamber as shown above. The forces acting on the
system are the pressure forces and thrust, 7. The pressure forces in the z-direction are from py and pe.
Writing the momentum equation in the z-direction we have:

> .
.........

HTI

° x
"""""" l' mEmmmmmmmmm—— \ \
w C.S.
T+ poAe — peAe = / vzpV -dA
A
T+ poAe — peAe = /2(1} cos 0) p(—vLRdb)
0
T+ poAe — peAe = —2v2pLR/ cos 0df
0
T+ poAe — peAe = f2v2pLR sin 0
But
0 0
m 2/ pudA = 2/ pvLRdO = 2pvL RO
0 0
T+ poAe — peAe —2pv2 LRO(sin 0/6)
T + poAe — peAe —vinsin /6
T mu(—sin0/0) + peAe — poAe
T mvf(e) + Ae(pe - PO))\(G)
where

f(6) = —sin6/6
AB) = L.
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6.84 Information and assumptions

provided in problem statement

- >

......

30msm, E — 1,000/
E\/-
m—>1! \
\._\__:_/-_.--""' c.s
Find
thrust
Calculate mass flow rates
mo = pvA=pQ
ma = 1mp =300 kg/s
a4 = 1y + 1y but g = 2y
Then
300 kg/s = r1hy + 21y
my = 100 kg/s and g = 200 kg/s

r-momentum

ZFm = vapv~A

T = Z vpp(vBAB) +vap(vaAa)
— 600(200) + 1,000(100) — (300)(300)

T = 130,000 N
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6.85 Information and assumptions
provided in problem statement
Find
initial mass to establish rocket in orbit
Solution

My = My exp(VioA/T) = 50exp(7,200/3,000) = 551.2 kg
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6.86 Information and assumptions

provided in problem statement
Find

maximum velocity
r-momentum

where T' =thrust and W =weight

T
Ve — Mg
dvR/dt

dUR
VR
where vg = 0 when ¢ = 0. Then
const.
VR

VR max

T /1

Bernoulli equation
(neglecting hydrostatic pressure)

T—W =ma

TV,
mdvug/dt

(T/m) —

(T/(m; — 7ntD
((Tdt)/(m; — mt)) — gdt
(=

g

T /m)n(m; — mt) — gt + const.

Pi+ psvi /2 = pe + pyol/2

The exit pressure is zero (gage) and the inlet kinetic pressure is negligible. So

e

Ve

m

= 277 kg/s

Calculations

v = 2pi/p; =2 x 100 x 10*/998 = 200 m* /s
14.14 m/s
PoeAe = 1000 x 14.14 x 0.1 x 0.05% x 7/4

Time for water to exhaust: t = m,,/m = 0.10/2.77 = 0.036 s

. Umax = 14.141n((100 + 50)/50) —
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6.87 Information and assumptions

provided in problem statement
Find

thrust of rocket
z-momentum

v, [per engine]

S

T — paAe cos30° + p, A, cos30° =  —w, cos30°pv.Ae
T —1 x 0.866 x (50,000 — 10,000 + 0.3 x 2,000 x 2,000)
—~1.074 x 10° N

Thrust of four engines

T =4x1.074 x10° =4.3 x 10N = 4.3 MN
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6.88 Information and assumptions

provided in problem statement
Find

force on nozzle-chamber connection
r-momentum

Z FIE - movorr - mzvzrr
F +p1A1 _peAe - m(ve - ’Ui)
F = 220(2000 — 100) — (1.5 x 10% — 10%) x 1+ (8 x 10* — 10°) x 2

= —1.022x10° N = —1.022 MN
The force on the connection will be

F =1.022 MN

544



6.89 Derive an equation for thrust of conical nozzle

r-momentum

ZF = /vpv -dA
a 27
T = / Ve €COS B pv, / sin Ord¢rdo
0 0

T = 27T7"2pv§/ cos 0 sin 0df
0

21r2 pu? sin? o2
227112 (1 — cos ) (1 + cos ) /2

Exit Area

« 2m
A, = / / sin @rdprdd = 2mr?(1 — cos a)
o Jo

T = pv?Ao(1 + cosa)/2 = 1mwe(1 + cos a) /2
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6.90 Information and assumptions

provided in problem statement
Find

water hammer pressure rise
Solution

Ap = puc

VE./p = ((715)(10°)/(680))°® = 1,025 m/s
Ap = (680)(10)(1,025) = 6.97 MPa

c
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6.91 Information and assumptions

provided in problem statement

Find
water hammer pressure
Solution
¢ = (22x10°/1,000)"/2 = 1,483 m/s
tait = 2L/c=2x10,000/1,483=13.5s>10s
Then

Ap = pve = 1,000 x 3 x 1,483 = 4,449,000 Pa = 4.45 MPa
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6.92 Information and assumptions

provided in problem statement
Find
pipe length
Solution
From solution to problem 6.88 ¢ = 1,483 m/s

= 4L/c

3 = 4L/1,483
L=1,112m
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6.93 Information and assumptions

provided in problem statement

Find
maximum water hammer pressure
Solution
¢ = (320,000 x 144/1.94)1/2 = 4,874 ft/s
teit = 2L/c=2x5x5,280/4,874=10.83s>10s
Then

Apmax = pve = 1.94 x 8 x 4,874 = 75,644 psf = 525 psi
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6.94 Information and assumptions

provided in problem statement
Find

maximum force exerted on valve
Solution

tair = 2LJc=2x4,000/1,485.4=5.385 s> 3 s
Fulve = AAp=Ap(Q/A)c = pQc =998 x 0.025 x 1,483 = 37,000 N=37.0 kN
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6.95 Information and assumptions

provided in problem statement
Find

Derivation of equation for pressure rise
Solution

Vic 1 P M PHae ' c
— il v=c —
RS | | = 5T T
From continuity equation
(vt+e)p = clp+Ap)
Ap =wvp/c
T-momentum
SE - YA
pPA—(p+Ap)A = —(V+o)p(V+e)A+cP(p+ Ap)A
Ap = 2pve—Ap+v2p =2pve — op/e+v2p = pue + pv?

Here pv? is very small compared to pvc

. Ap = puc
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6.96 Information and assumptions

provided in problem statement
Find
pressure-time trace
Solution
From the solution to Problem 6.88 v = 0.1 m/s; ¢ = 1,483 m/s

Ppipe = 107 - pUI%ipe/Q ~ 98, 000 Pa
Ap = pve=1,000 x 0.10 x 1,483
Ap = 148,000 Pa

Thus pmax = p + Ap = 98,000 + 148,000 = 246 kPa gage
Pmin = P — Ap = —50 kPa gage
The sequence of events are as follows:

At SAt
Pressure wave reaches pt. B att=1,000m/1,483 m/s = 0674 s 0.67 s
Time period of high pressure at B=600/1,483 = 0405 s 1.08 s
Time period of static pressure at B=2/000/1,483 = 1349 s 243 s
Time period of negative pressure at B =600/1,483 = 0405 s 283 s
Time period of static pressure at B =2,000/1,483 = 1349 s 4.18 s
Time period of high pressure at B=600/1,483 = 0405 s 459 s
Time period of static pressure at B=2/000/1,483 = 1349 s 594 s

Results are plotted below:

200 kPa =

100kPa Fe=i ==ssmm=a=

Of=

0 1 2

At t = 1.5 s high pressure wave will have travelled to reservoir and static wave will be travelling toward
valve.
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Time period for wave to reach reservoir = 1,300/1,483 = 0.877 s. Then static wave will have travelled
for 1.5 — 0.877 s = 0.623 s. Distance static wave has travelled = 0.623 s x1,483 m/s = 924 m. The pressure vs.
position plot is shown below:

200 kPa =

100 kPa fpe=========mmemaaaaa-
0 ] l ]
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6.97 Information and assumptions

provided in problem statement
Find

initial discharge and length from A to B
Solution

¢ = 1,483 m/s

Ap = pAvc
t = Ljc
L = tc=146s x 1,483 =2,165 m
Av = Ap/pc
= (2.5-0.2) x 10° Pa/1.483 x 10° kg/m?s = 1.551 m/s
Q = vA=1551xn/4=122m?/s
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6.98 Information and assumptions

provided in problem statement

Find
reaction at station A — A
Solution
y )
Plan View
T
Q —

+llll

v

vy = —(3.1432) m/s

y-momentum

ZFy = /vypv-dA

1.3

F, = —/ (3.1 4+ 3x) x 1,000 x (3.1 + 3z) x 0.015dz = —465 N
0.3

R, = 465N

Discharge
1.3

Q = /vdA = 0.015/ (3.1 4 3x)dx = 0.0825 m3/s
0.3

v = Q/A=0.0825/(m x 0.04*) = 16.4 m/s

where section 1 is the inlet
z-momentum

ZFZ = —mlvl
F, —psAs— Wy = -1,
F. =30,000 x 7 x 0.042 +0.08 x 7 x 0.04% x 9,810

+1.3 x 7 x 0.025% x 9,810 + 1,000 x 0.0825 x 16.4
=1,530 N
R.=-1530N

z-moment-of-momentum

T. = /rvpv-dA

1.3
= 15/ (3.1 4 3r)%rdr =413.2 N-m
0.3
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y-moment-of-momentum
Ty +Wrem =0
where W=weight, r.,,=distance to center of mass
T, = —1.37 x 0.025% x 9,810 x 0.65 = —16.28 N - m
Net Reaction at A-A

F = (465j —1,530k) N
T = (16.3j —413k) N-m
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6.99 Information and assumptions

provided in problem statement

30°®/}7

&l

Find
reaction at section 1
Continuity equation

vy = (0.1 x 50+ 0.2 x 50)/0.6 = 25 ft/s

r-momentum

Z Fy = m3vs, + 1maovoy
F, = —20 x 144 x 0.6 — 1.94 x 252 x 0.6 + 1.94 x 50% x 0.2
+1.94 x 50% x 0.1 x cos60° = —1,243 Ibf

y-momentum
N F, = iigvy
F, = 1.94x50x50x0.1xcos30° =420 Ibf
z-moment-of-momentum
romigve, = (36/12)(1.94 x 0.1 x 50)50sin 60° = 1,260 ft-1bf
Reaction at section 1

F = (1,243i — 420§) Ibf
M = (—1,260K) ft-Ibf

397



6.100 Information and assumptions

provided in problem statement

Find
reaction at section 1
Continuity equation

Vi = (0.0l x 20 +0.02 x 20)/0.1 =6 m/s
r-momentum
ZFa: - Zmovoaz - Zmzvzm
F, +p1A1 = 1gvg + movs cos 30 — myvy
F, = —200,000 x 0.1 — 1,000 x 62
x0.1 + 1,000 x 202 x 0.02

+1,000 x 20% x 0.01 x cos 30°
= —12,135N

y-momentum

Fy, — W = 1hpvy sin 30°

Weight
W = Wny,o + Whipe
= (0.1)(1)(9,800) + 90
= 1,071 N
thus

F, = 1,000 x 20% x 0.01 x sin30° + 1,071 = 3,071 N

z-moment-of-momentum

M., —Wrem T2Movy
M. = (1,071 x0.5)+ (1.0)(1,000 x 0.01 x 20)(20sin 30°)
= 2,535 N-m
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Reaction at section 1

(12.1i — 3.1j) kN
(—2.54k) kN - m

<
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6.101 Information and assumptions

A reducing pipe bend held in place by a pedestal. Water flow. No force transmission through the pipe at
sections 1 and 2.
Assume irrotational flow. Neglect weight

Find
Force needed to hold bend stationary: F
Moment needed to hold bend stationary: M
Bernoulli equation

poovi e Y
Y29 Y29
v = QJA; =2/(n/4 x0.5%) =10.19 ft /s
vy = QA =2/(n/4 x (4/12)%) = 22.92 ft /s
p1 = 20 x 144 = 2,880 psf
p2 = p1+p(]—13)/2
= 2,880 + 1.94(10.19% — 22.92%)/2
2,471 psf
r-momentum
Fp +p1Ar +p2Ay = 1wy, — 1wy,
F, = —piA; —p2As —1m(va + v1)
where
Ay = 7/4x0.52=0.196 ft?
Ay = m/4x0.333% =0.0753 ft?
m = pAjv; =1.94 x 0.196 x 10.19 = 3.875 slug/s
thus

F, =—2,880 % 0.196 — 2,471 x 0.0873 — 3.875(10.19 + 22.92) = —909.6 1bf
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z-moment-of-momentum

m, —rp1di +rpeds = —rrwg + rw
m, = r(p1Ai —p2As) —rm(ve —vq)
where r = 1.0 ft.
M, = 1.0(2,880 x 0.196 — 2,471 x 0.08753) — 1.0 % 3.875(22.92 — 10.19)
300.4 ft-1bf

y-moment-of-momentum

My + p1Airs + paAory = —r3rhwvg — ra3my v
where rg = 2.0 ft.

M, = -—r3[piAi+p2As+m(vi + v2)]
= —2.0x909.6

M, = -—1,819 ft-Ibf

Net force and moment at 3

F = —910i Ibf
M (—1,819j + 300k) ft-1bf
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6.102 Derive Euler’s equation using momentum equation

(P +P,)2

Continuity equation

d
= | pAV + i, — 1 = 0

For a control volume which is fixed in space, the continuity equation can be written as

%dv+mafmi:0

For the control volume shown above the continuity equation is expressed as

90 -
8—'§AA5 + (pvA)e — (pvA); =0

where A is the average cross-sectional area between 1 and 2 and the volume of the control volume is AAs.
Dividing by As and taking the limit as As — 0 we have

0
AE + g(va) =0

In the limit the average area becomes the local area of the stream tube.
The momentum equation for the control volume is

d
ZFS = /pvdV + MoV, — M;V;

For a control volume fixed in space, the accumulation term can be written as
d 0]
— av = [ = dv
i / 5 (PV)

The forces are due to pressure and weight

+ - .
ZFS =p1A1 —p2Aa + (%)(Ag — Ay) — yAAssinf
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where the third term on the right is the pressure force on the sloping surface and 8 is the orientation of control
volume from the horizontal. The momentum equation for the control volume around the stream tube becomes

0 - - - .
g(pv)AAs + pAvava — pAvivy = (p1 — p2)A — yAAssin 0

Dividing by As and taking limit as As — 0, we have

A8

o] 0! .
a(pv) + —(pAv?) = —8—§A —vAsin6

Os

By differentiating product terms the left side can be written as
ov

o} 0 s, 0
p (pvA)] + Apa—;) + Apv—

9 2y _
Agplev) & 5 ledvT) = vlday + 52 95

Js

The first term on the right is zero because of the continuity equation. Thus the momentum equation becomes

o o
p@t pvasi O0s s

But sin = 9z/0s and dv/0t+v0v/0s = as, the acceleration along the path line. Thus the equation becomes

as=—2 (ot 72)
pPas = 8sp Y

which is Euler’s equation.
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6.103 Information and assumptions

provided in problem statement
Find
power provided by rocket motors
Analysis
Select a control volume that encloses one motor
Select a stationary reference frame
r-momentum

.Fm = mvo — n'wi

Velocity analysis

Vs 0
Vi = rw=4x2r=2513 m/s
Vo = 500m/s
vo = (500 —25.13) m/s = 474.9 m/s
m = pA;V; =12x20x107* x 25.13 = 0.0603 kg/s
Calculate force
Fm = mvo
= 0.0603 x 474.9 = 28.64 N
Power
P = 2Frw=2x28.64x4x27
P = 144KkW
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6.104 It is necessary to do some initial calculations based on the information provided. To supply water to a circle
50 ft. in diameter at a 1/4 inch per hour requires a discharge of

Q = hA = (1/48)7(50? /4) /3600 = 0.011 cfs

Assuming no losses between the supply pressure and the sprinkler head would give and exit velocity at the

head of
_2p [2x50x 144
V—’/p—w o4 =86 ft/s

If the water were to exit the sprinkler head at the angle for the optimum trajectory (45°), the distance
traveled by the water would be

V2

29
The velocity necessary for a 25 ft distance (radius of the spray circle) would be

V2 = 2gs=2x322x25=1610
Ve = 40ft/s

This means that there is ample pressure available to do the design. There will be losses which will affect
the design. As the water spray emerges from the spray head, atomization will occur which produce droplets. These
droplets will experience aerodynamic drag which will reduce the distance of the trajectory. The size distribution of
droplets will lead to small droplets moving shorted distances and larger droplets farther which will contribute to a
uniform spray pattern.

The sprinkler head can be set in motion by having the water exit at an angle with respect to the radius. For
example if the arm of the sprinkler is 4 inches and the angle of deflection at the end of the arm is 10 degrees, the
torque produced is

M = pQrV.sinf
= 1.94 x 0.011 x 40 x sin 10 = 0.148 ft-1bf

The downward load on the head due to the discharge of the water is

F, = pQV,sin4d =1.94 x 0.011 x 40 x sin45
0.6 1bf

The moment necessary to overcome friction on a flat plate rotating on another flat plate is

M = (2/3)puFyro
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where i is the coefficient of friction and r, is the radius of the plate. Assuming a 1/2 inch radius, the limiting
coefficient of friction would be
3 M
h =2 Fr,

30148
’506X(UM)’&9

This is very high, which means there is adequate torque to overcome friction.
These are initial calculations showing the feasibility of the design. A more detailed design would now follow.
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6.105 Following the same development in the text done for the planar case, there will be another term added for the
two additional faces in the z-direction. The rate of change of momentum in the control volume plus the net
afflux through the surfaces becomes

1 ) PUUz Az /2 — PUUgp_ Az /2 + PUVy L Ay/2 — PUVy_Ay/2 + PUWz L Nz/2 — PUWz_Az/2

AzAyAz [, E(pu)dv + Az Ay Az

where w is the velocity in the z—direction and Az is the size of the control volume in the z—direction. Taking
the limit as Az, Ay, and Az — 0 results in

0 0] 0 o)
—(pu) + —(puu) + —(puv) + —(puw
5 P + o (puu) ay(p )+ 5, (puw)
In the same way, accounting for the pressure and shear stress forces on the three-dimensional control volume
leads to an additional shear stress term on the z-face. There is no additional pressure force because there can only
be a force due to pressure on the faces normal to the xz-direction. The force terms on the control volume become

Pz—Az/2 — Pzt+Azx/2 Tax ‘:L‘—i—A:E/Q Tz |:E—A:E/2 Tyz |y+Ay/2 —Tyz ‘y—Ay/Q Tzx ‘z—i—Az/Q Tz |z—Az/2
+ + +
Ax Ax Ay Az

Taking the limit as Az, Ay, and Az — 0 results in

@ n OT 2 . OTya n OT 2
oz oz Ay 0z

The body force in the z-direction is

PIz V-
AzAyAz PGz
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6.106 Substituting in the constitutive relations gives

OTze OTys  OTug 0*u 0 Ou Ov 0 ,0u Ow
+ - 2

s o) Tres T an)

ar "oy o Mo Tre %
This can be written as

Oz Oy 9z Mox2 oy?2 022 Koz ox oy 0z

The last term is equal to zero from the continuity equation for an incompressible flow, so

Ve O Ora o 0
Ox Oy 5, Mor2 oy2 022
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Chapter Seven
7.1 Information and assumptions

provided in problem statement
Find

Power Output
Energy equation

Q — W, =ri(hy + VE/2 — hy — V2/2)
—2,500 — W = 5,800[1,098 -+ 200%/(2 x 778 x 32.2)]
—1,268 — [50?/(2 x 778 x 32.2)] BTU/hr
W, = 9.79 x 10° BTU/hr = 384 hp
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7.2 Information and assumptions

provided in problem statement
Find

power output
Energy equation

QW = 1if(he— )+ (V3 = V{)/2

—10 - W, = 4,000[(2,621 — 3,062) + (50 — 10?)/(2 x 1,000)] kJ/hr
W, = 489 kW
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7.3 Information and assumptions

provided in problem statement
Find

rate of heat loss
Solution

Q-W, = mf(he—hi)+ (V5 = V)/2]
= —1[(2,630 — 3,470) + (70% — 5%)/(2 x 1,000)]
= —837.6kJ/s

Q = W,—837.6=2830—837.6=-7.6KkJ/s
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7.4 Information and assumptions

provided in problem statement
Find

power required to operate compressor
Solution

Energy equation:

W =Q+m(V2/2—V3E/2+ hy — hy)

The inlet kinetic energy is negligible so

W = m(-VZ/2+hy — hy)
= 1.5(—200%/2 + 300 x 10* — 500 x 10°)
W = —220 kW

Note: Work done to system is indicated by the negative sign.
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7.5 Information and assumptions

provided in problem statement

Find
velocity and temperature at outlet
Solution
hy+ V2/2 = ho + V)2
hi—hy = V22— V22
m=pViA = (p/RI1)V: A
or
T1 = p1V1A/(Rm)
where
A = (m/4) x (0.08)% = 0.005024 m?
hi—hy = cp(TL = To) = [epp1ViA/(R)] — [epp2Vo A/ (Rin)]
cpp1A(Rm) = 1,004 x 150 x 10 x 0.005024/(287 x 0.5)
= 5,272 m/s
and

copa A/(Rri) = (100/150) x (5,272) = 3,515 m/s
Continuity equation
Vi=m/p A

where

py = 150 x 103 /(287 x 298) = 1.784 kg/m?>
Then

V1 =0.50/(1.784 x 0.005024) = 55.8 m/s
Utilizing Eqgs. (1), (2) and (3), we have
55.8 x 5,272 — 3,515Vs = (V/2) — (55.82/2)

Solving Eq. (4) yields V5 =83.15 m/s

(Tt —Ty) = (83.15% —55.8%)/2 = 1,900 m?/s?
T T) — (1,900/c)
20°C —1,900/1,004 = 18.1°C
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7.6 Information and assumptions

provided in problem statement

Find
«a and mean velocity in terms of Viyax
Solution
/
SSS S S S S S S S S S S S S
V=Q/A= / VdA/A
A
where
V = Viax — 0.3Vimax/70
V= Viax(1—0.37/r0)
Then
V = (Viax/7r3) / (1-0.3 r/ro)2mrdr
0
= (271'Vmax/7r7"(2))/ (1-0.37/rg)rdr
0
= (2Vmax/7"§)/ (rdr — (0.3 72 /ro))dr
0
= (2Vmax/78)(r2/2 — 0.3r2 /3) = 0.800V;nax
a = (1/mr) / [(1— 0.3 7/70) Vinax/0.800Vinax | 3277 dr
0

a = 27‘(/((0.800)371'7“(2)) /07“0(1 -0.3 T/To)STd’F

Integrating yields oo = 1.022
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7.7 Information and assumptions

provided in problem statement
Find

kinetic energy correction factor a
Solution

V = Vinax/2 and V = Vi y/d

Then

d

d
o = (1/d) /0 (Vinast/ ((Vina/2)d))Pdly = (1/d) /0 (2y/d)*dy = 2
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78 a) a=10;b)a>1.0; ¢)a>1.0; d)a>1.0
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7.9 Information and assumptions

provided in problem statement

Find

kinetic energy correction factor a

Solution

Integrating yields

or

Then

e

& <= <

(1/A) /A (V/V)3dA

Vmax - (T/TO)Vmax
Vinax(1 = (7/70))

/VdA:/ V(2mrdr) :/ Vin(1 = v /ro)2mrdr
0 0

27V, /OTU [r — (r%/ro)]dr

Q = 2aV,[(r*/2) — (r*/(3r0))]i’
Q = 21Vn[(1/6)rd]
Q = (1/3)V,A

V=0Q/A=1/3Vn

= (1/4) /OTO Vi (1 —7/70)/((1/3)V;n)]227rdr

= (54r/mrd) /0r°(1 — (r/ro))3rdr = 2.7
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7.10 Information and assumptions

provided in problem statement

Find
kinetic energy correction factor a
Solution
V = kr
0 70
Q = / V(2rrdr) = / 2rkr?dr = 2mkrd /3
0 0
V o= QJA=((2/3)krrd)/nrE =2/3 kg
Then

a = (1/A)/A(V/V) dA
a = (1/A)/ (kr/(2/3kro))327rrdr
0
« = 3 Yiu 71'7”2 T TO 37” T
((3/2°%2r/( o>>/0 (rfro)Prd

o = (1)) 6rd) =21/
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7.11 b) turbulent
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7.12 Derive formula for kinetic energy correction factor

U/umax = (y/ro)" = ((ro —7)/ro)" = (L —7/ro)"

Q = / udA = Umax(1 — 7 /1) 27rdr
A

0
27Tumax/ (1 —r/ro)"rdr
0

Upon integration

Q = 2Mmaxr§[(1/(n + 1)) = (1/(n + 2))]

Then
V = QA= 2uma(1/(n+ 1)) — (1/(n+2))]
= 2umax/[(N +1)(n + 2)]
7lrou —r/ra)™/(2u n 39mrdr
o« = /0 tgmase (1 — 7/70)"/ (2t /(N + 1) (n + 2)))P2rd

Upon integration one gets
a = (1/4)[((n +2)(n + 1))*/((3n +2)(3n + 1))]
If n =1/6, then

o = (1/4)[((1/6 +2)(1/6 + 1)*/((3 x 1/6 +2)(3 x 1))]
a =1.078
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7.13 Derive formula for kinetic energy correction factor.

u/umax = (y/d)n

Solve for g first in terms of umay and d

d d d
q:/ udy:/ umax(y/d)"dy:umax/d"/ y"dy
0 0 0

Integrating:
= (umaX/dn)[yn+1/(n + 1)]3 = umaxd”+1d_”/(n +1)
= Umaxd/(n +1)
Then
@ = q/d=1Umax/(n+1)
_ —\3 _ ¢ n Sd
o = /A) [ (/084 =1/ [ Lo/ (e 1+ 1)y
d
— (n 3/ 33n+1 3n
= (v [y
Integrating
a=((n+1)3/d" @ /Bn+1)] = (n+1)3/Bn+1)
When n =1/7

o= (L+1/7/°/(1+3/7) = L5
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7.14 The kinetic energy correction factor is defined as

The integral is evaluated using

V\? 1 9 2 Vi +Vi-1.3
/A<v) dAﬁﬁ;W(% —ri) (/%)

The mean velocity is 24.32 m/s and the kinetic energy correction factor is 1.187.
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7.15 Information and assumptions

provided in problem statement
Find
find value for Ky,

Solution
Write the energy equation from water surface in tank to outlet:

(p1/7)+ (VE/29) + 21 = (p2/7) + (V5 /29) + 22 + hp,
(100,000/9,810) + 0+ 12 = 0+ (10%/29) + 0+ K1V2/2g
K, = 335
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7.16 Information and assumptions

provided in problem statement
Find

pressure in tank
Solution

Write the energy equation from the water surface in the tank to the outlet:

/v +VE/2+ =
p1/vy

Vo

p1/vy

P1

p2/y+VE)29 + 2o + hy,

VZ/2g + hp, — 21 = 6V /29 — 10

Q/Ay = 0.1/((m/4)(1/12)%) = 18.33 ft/s
(6(18.33%)/64.4) — 10 = 2.13 ft

62.4 x 21.3 = 1,329 psfg=9.23 psig
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7.17 Information and assumptions

Assume ap =1

provided in problem statement
Find

pressure at point A and velocity at exit
Solution

pa=—vy = —62.4 x 4 = —250 Ib/ft>

Apply energy equation between top of tank and exit.

pi/y+aiVE/2g+z1+hy = pofy+ Vi /2g+ 20+ by + by
z1 = V22/29+22
Vo = /29(z1 —20) =2 x322x 14
= 300 ft/s
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7.18 7OptInformation and assumptions

Assume oy = 1.

provided in problem statement
Find

pressure at point A and velocity at exit
Solution

pa =9,810(—3) = —29.43 kPa

p1/y+ V)29 + 21 + hy po/y+ a2ViE /29 + 22 + hy + b,

21 = V22/2g + 29
Va V20(z1 — 22) =2 x 981 x 7
11.7 m/s
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7.19 Information and assumptions

provided in problem statement

Find
pressure difference between A and B
Solution
pa—p = Iy+(p/2)(VE—-V3); Va=Q/A; =1.910 m/s
20\ ?
Vg = — | xV4=531m/s
12
Then

pa—pp =1x9810x 0.9+ (900/2)(5.31% — 1.91%) = 19.88 kPa
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7.20 Information and assumptions

provided in problem statement
Find
discharge in pipe
Solution
Write the energy equation from the water surface in the reservoir (pt. 1) to the outlet end of the pipe (pt.
2). Also assume o = 1.

p/y+VE29+z = pa/v+Vi/29+ 2+ Dy
po= 0; pa=0; 22=0 V?2/29~0
zZ1 = V22/Zg—|—hL
11 = V§#/2g+ 10V} /2g
Vi = (29/11)(11)

Vo = 4429 m/s
Q = VaAy = (4429 m/s)(5 cm?)(10~* m?/cm?)
Q = 221x10° m?/s
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7.21 The pipe will have to decrease in elevation at a rate greater than the head loss per given length of pipe.
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7.22 Information and assumptions

provided in problem statement

Find

pressure at station 2

Solution

Vi

Vi /29

%

Vs [2g

pi/y+VE/29+ 2

(10 x 144) /(0.8 x 62.4) + 0.873 + 12
P2/

p2

590

Q/A; =6/0.8 =175 ft/s

0.873 ft

Q/As =6/0.2 =30 ft/s

13.98 ft

p2/y+ Vs /29 + 22+ 4
pa/y+13.98+ 0+ 4

23.74 ft

923.74 x 0.8 x 62.4 = 1,185 psfe
8.23 psig



7.23 Information and assumptions

provided in problem statement

Find
discharge in pipe and pressure at point A
Solution
preser./’y + ‘/7-2/29 + 2z = poutlet/’y + %2/29 + 20
0+0+5 = 0+VZ/2g; Vo =990 m/s

Q

VoAo = 9.90 x (7/4) x 0.20> = 0.311 m3/s

Write energy equation from reservoir surface to point B:
0+0+5=pp/y+V5/29+35

where

Ve = Q/Vs=0311/(r/4) x 0.4> = 2.48 m/s
V2/2g = 0312m

Assuming v = 9810 N/m

pB/Y—5—35=0312; pg =117 kPa
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7.24 Information and assumptions

provided in problem statement
Find
pressure in syring pump
Solution
Applying the energy equation to this problem gives

p1 V2 32uLV V2
i h —_— =
5 L+ as 2 D2 + 2%

The cross-sectional area of the channel is 3.14x10"8 m?. A flow rate of 0.1 ul/s is 10~ 1/s or 10719 m3/s.
The flow velocity is

10—10
y=9

= 3T T = 0.318 x 1072 m/s = 3.28 mm/s

Substituting the velocity and other parameters in the above equation gives

p1 32x1.2x 1073 x 0.05 x 0.318 x 10~2 5 (0.318 x 10-2)*

— 0.0194
5 7,850 x 4 x (10-1)2 T T 081 0.0194 m

The pressure is

p1 =799 kg/m> x 9.81 m/s? x 0.0194 m = 152.1 Pa
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7.25 Information and assumptions

provided in problem statement
Find
pressure at hydrant
Solution
Applying the energy equation to this problem we have

V2
D =t
Y 29

where the kinetic energy of the fluid feeding the hydrant is neglected. Because of the contraction at the exit,
the outlet velocity is 4 times the velocity in the pipe, so the energy equation becomes

2 2 1.62
n :V—2+22—21+10 4 - 1625

= = V2 +50
Y1 2¢9 16 x 2¢g 2g +

For an exit velocity of 40 m/s, the pressure at the hydrant must be

p1 = 9810 x (132.5+ 50) = 1,790 kPa
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7.26 Information and assumptions

provided in problem statement
Find
pressure at point B.
Solution
First solve for hy, from reservoir to C. Let point 1 be reservoir surface.

pi/y+Vig+z = pe/y+V2/29+ ze+ hr; Vo= Q/As
0+0+3 = 0+8.02%/64.4+0+hy,
V. = 28/((m/4) x (8/12)?) = 8.02 ft/s
hp = 2.00ft

Now get pg be writing energy equation from reservoir surface to B.

0+0+3 = pp/v+V2/20+6+(3/4) x2; Vg = Ve =8.02 ft/s
pg/y = 3—-1—-6—-15=-551t
pp = —5.5x624=-343 psfg = — 2.38 psig
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7.27 Information and assumptions

provided in problem statement

Find
force on pipe joint
Solution
il v,
plAl{ﬁ ST X
1 - pA

Momentum Eq.
Y oFe o= aitVou —tiVig

Fj+p Ay = —pV2A+pV2iA
F; —-p1 4

Energy Eq.

/v + V220 + 21 = pa/y+ V5 /29 + 22 + Iy
p1—p2 =vhr
p1 =7(1) = 62.4 psfg
Fj = —62.4 x (10/144)
Fj = —4.33 1bf
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7.28 Information and assumptions

provided in problem statement

Find
discharge and pressure at point B
Solution
2
loipe = V7/29
htotal = hepipel + heuutlet = 2Vp2/29

Write the energy equation from A to C:

0+0+30 = 0+0+27+2V;)/2g

V, = 542m/s
Q = V,A, =542 x (7/4) x 0.30
Q = 0.383m3/s

Write the energy equation to pint B:

30 = pe/v+V7/20+32+0.75V7/2g; pp/y=-2-15%x175m
pp = —45.3 kPa, gage

596



7.29 Information and assumptions

provided in problem statement
Find

depth of water in upper reservoir for incipient cavitation
Solution

Write energy equation from point A to point B.

pa/y+Vi/29+ 2a

= pe/v+VE/29+ 2+ hi
V =

Q/A=(8)(10"") m*/s/((10"*) m?) =8 m/s
Then

V329 =

82/(2 x 9.81) = 3.262 m
hra-p = 2V?/2g=6.524m

Let z = 0 at bottom of reservoir. Then

100,000/9,8104+0+ 24 = 1,230/9,810+ 2.497 + 10 + 6.524

ZA depth =8.95 m

597



7.30 Information and assumptions
provided in problem statement

Find
Assume the flow is from A to B. Then write the energy equation from A to B:

Solution

pa/y+V3/29+24 = pr/yv+VE/g+25+hr
(10,000/9,810) + 10 = (98,100/9,810) + 0 + hr,
hy = 1.02+10=10.0 = +1.02

Because the value for head loss is positive it verifies our assumption of downward flow. Correction selection
is b)
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7.31 Information and assumptions

provided in problem statement
Find
pressures at points A and B.
Solution
Applying the energy equation between the top of the tank and the exit results in

155

2 + 29

z1 + hp =
assuming the machine is a pump. If the machine is a turbine, then h, will be negative. The velocity at the
exit is

Q 10

V = — =
2T A 052

= 50.95 ft/s

Solving for h, and taking the pipe exit as zero elevation we have

50.952

=5 393 |

6+ 12) = 22.31 ft

Therefore the machine is a pump.
Applying the energy equation between point B and the exit gives

B
p—+ZB:2‘2

Solving for pp we have
pp =7v(22 —zB) = —6 X 62.4 = —374 psfg = —2.6 psig
The velocity at point A is

2
Vs = (1—62> x 50.95 = 12.74 ft/s

Applying the energy equation between point A and the exit gives

V2 V2
PA i+ A2
v 29  2g
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SO

pa

Vs Vi

V(== —z4— 5) =624 x

29 29
1235 psfg = 8.58 psig
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50.952 — 12.742
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7.32 Information and assumptions

provided in problem statement
Find

pressure at point 2
Solution

Let V,, = velocity of jet from nozzle:

v, =
Vij2g =

V, =

Vi /29 =
po/y+0408+2 =
pe/y =

Q/A, =0.20/((7/4) x 0.15%) = 11.32 m/s
6.53 m

Q/Ay =0.20/((r/4) x 0.3%) = 2.83 m/s
0.408 m

0+6.53+7

.lm
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7.33 Information and assumptions
provided in problem statement
Find
height above water surface
Solution

Write the energy equation from the reservoir water surface to the outlet:
0+0+0+h,=0+h+V2/2g+2.0V?/2g

where

VZ2/2g = 12%/64.4 =224 ft
P(hp) = Qvh,/(550 x 0.7)

Then
hy, = (30 x 550 x 0.7)/(62.4 x 12 x (7w/4) X 0.52) = 78.56 ft

Solve energy equation for h:

h=178.56—3.0x224=7138 ft
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7.34 Information and assumptions

provided in problem statement
Find
height above water surface.
Solution
Follow the same solution process as in Problem 7.33.

0+0+0+h, = 0+h+3.0V2/2g
VZ/29 = 4?/(2x9.81)=0815m
p = Qvh,/0.7
h, = 35,000 x0.7/((4 x 7/4 x 0.152)(9,810)) = 35.3 m
h = 353-3.0x0815=329m
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7.35 Information and assumptions

provided in problem statement

Find
horsepower delivered by pump
Solution
Va = QJA4=3.92/((r/4) x 1%) = 4.99 ft /sec
Vi/2g = 0.387ft

Ve = Q/Ap =3.92/((r/4) x 0.5%) = 19.96 ft/s
VE/29g = 6.19ft

Write the energy equation from A to B:

pa/v+Vi/29+ za+hy, =pp/v+V5/29+ 28
10 x 144/62.4 + 0.387 + 0 + h, = 40 x 144/62.4 + 6.19 + 0

hy = 75.04 ft
P(hp) = Qyh,/550 = 3.92 x 62.4 x 75.04/550
P =334 hp
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7.36 Information and assumptions

provided in problem statement
Find
power supplied to flow.
Solution
Write energy equation from reservoir surface to end of pipe:

P/ +VE 29+ +hy = pa/y+ Vs /294 2+ hy
0+0+40+h, = 0+V?/29+20+7V?/2g

V = Q/A=185/((r/4) x 1?) =10.0 m/s
VZ/2g = 10%/(2x9.81) =5.09 m

Then
hpy = 8x51+20-40=208m
P = Qvh,="7.85x9,810 x 20.8
1.60 MW
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7.37 Information and assumptions

provided in problem statement
Find

power pump must supply.
Solution

V = Q/A=025/((1/4) x 0.3%) = 3.54 m/s
V2/2g = 0.638 m

Write energy equation from reservoir surface to 10 m elevation:

0+0+6+h, =

hyp
P

100,000/9, 810 + V?/2g + 10 4 2.0V%/2g
10.194+ 10 — 6 + 3.0 x 0.638

16.1 m

Qvhp =0.25 x 9.180 x 16.1 = 39.5 kW
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7.38 50ptInformation and assumptions

provided in problem statement

Find
horsepower pump supplies
Solution
Vie = QJA12 =6/((r/4) x 1%) = 7.643 ft/sec
Va/29 = 0.907 ft
Vo = 4Vip =30.57 ft/sec
VE/2g = 1451 ft
(pe/y + 2z6) — (p1a/y + z12) = (13.55 —0.88)(46/12)/0.88
(Pr2/y +z12) + Vi3 /29 +hy = (ps/v+26) + V3 /29
h, = (13.55/0.88 —1) x 3.833 + 14.51 — 0.907
h, = 68.8ft
P(hp) = Qvhy/550

P = 6x0.88x624 x68.8/550=41.2 hp
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7.39 Information and assumptions

provided in problem statement
Find
power output from turbine
Solution
Write the energy equation form the upstream water surface to the downstream water surface:

pi/y+VE/2g+21 = pajy+Va/29+ 20+ hp + hr
0+0+35 = 0+0+0+15V%/2g+ hr
V = Q/As=250/((m/4) x 6%) = 8.84 ft /s
VZ/2g 1.21 ft

hy = 35—182=33.19 ft
Php) = Qvyh x0.8/550
P = 753 hp
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7.40 Information and assumptions

provided in problem statement
Find

power produced by turbine.
Solution

Write the energy equation from the upstream water surface to the downstream water surface.

head loss is expansion loss. Assume 100% efficiency.

pi/v+ V7 20+ =
0+0+4+12m

It

P

P

P2/ + V3 /29 + 22+ he + e
0+0+0+h +V?/2g

12 m — (5%/2g) = 10.725 m

Qvhy = (1 m3/s)(9,810 N/M?3)(10.725 m)
105.2 kW
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7.41 Information and assumptions

provided in problem statement
Find

power generated by turbine.
Solution

Write the energy equation from the upper water surface to the lower water surface:

m/y+VE2g+x = p2/7+‘/22/29+22+zhL+ht
0+0+100ft = O0+0+41ft +h
he = 96 ft
P o= (Qyh)eh)
P(hp) = Qyha(eff.)/550 = 1,000 x 62.4 x 96 x 0.85/550
P = 9,258 hp

Turbine

610



7.42 Information and assumptions

provided in problem statement
Find
power delivered by pump.
Solution
Write the energy equation from the reservoir water surface to point B:

p/y+V%/2g+2z+h, = pe/y+VE/29+ 2B
0+0+40+h, = 0+0+64;h,=25m
P = Q’yhp

Q = VjA;=25x10"*m? x V;

where V; = /2g x (65 —35) =24.3 m/s; Q =25 x 107* x 24.3 = 0.0607 m*/s
Then Power = 8.0607 x 9,810 x 25W = 14.89 kW
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7.43 Information and assumptions

provided in problem statement
Find
power delivered by pump.
Solution
Solution procedure is the same as for Problem 7.42.

0+0+110+h, = 0+0-+200; hy, =90 ft
P(hp) = Qvhyp/550
Q = V;A;=010V;
Vi = /29 x (200 — 100) = 76.13 ft/s

Q = T7.613ft3/s

Then

P =17.613 x 62.4 x 90/550 = 77.7 hp
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7.44 Information and assumptions
provided in problem statement
Find
power required for pump.
Solution

Applying the energy equation with equal pressures at the inlet and outlet and then recognizing that there is
no change in kinetic energy gives

hp222—21+hL

Expressing this equation in terms of pressure

ryhp = YzZ2 — Y21 + Aploss

Thus pressure rise across the pump is

yh, = 53 Ibf/ft3 x 200 ft +60 x 144 1bf/ft? = 19,240 psf

The discharge is

ft3 /s
Q = 3500 gpm x 0.002228 — > — 7.80 cfs
gpm

The power required is

W = Qvh, = 150 x 10® ft - Ibf/s = 273 hp
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7.45 Information and assumptions

provided in problem statement
Find
time required to transfer oil.
Solution
Applying the energy equation between the top of the fluid in tank A to that in tank B, we have

hp—‘rZA:ZB—‘th

or

V2 V2
h = 20— + —
ptza=2p+ 029 + 5
Solving for the velocity we have
29
V= ﬁ(hp +24—28B)

or

V =0.966(60 + z4 — z5)"/?
However the sum of the elevations of the liquid surfaces in the two tanks is z4 + zg = 21. So the energy
equation becomes
V =0.966(81 — 2z5)'/2

The rate at which the liquid level increases in tank B is

d A
EB vyl — g %1074V = 3.864 x 1074(81 — 22)"/2
it~ A

or

dZB

Integrating this equation gives

At = 2588 x (81 — 2z5)'/2 [2°= 6430 s or 1.79 hrs
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7.46 Information and assumptions

provided in problem statement
Find

Applying the energy equation between the water surface at the intake and the water surface inside the tank
we have

Solution

hp+21:%+22+hL

Expressing the head loss in terms of the velocity allows one to solve for the velocity in the form

29 Dt
VZ=Z(hy+21— 2 — =
10(p t ,y)

Substituting in values

3

V =1.401(46 — z — 10.19——)/2
4 — Zt
The equation for the water surface elevation in the tank is
A v
Az =V=2At = ——At
“=V7 2500

A computer program can be written taking time intervals and finding the fluid level and pressure in the tank
at each time step. The time to reach a pressure of 300 kPa abs in the tank is 698 seconds or 11.6 minutes. A plot
of how the pressure varies with time is provided.

350

300 4

250 ~

200 H

150 A

Pressure (kPa)

100 -

50 T T T
0 200 400 600 800

Time (sec)
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7.47 Information and assumptions

provided in problem statement
Find
discharge between two tanks.
Solution
Write the energy equation from water surface in A to water surface in B.

pa/y+Vi[2g+za = pe/v+VE/20+ 28+ hi

PA = PB=Ppamand Va=Vp=0
Let the pipe from A be called pipe 1. Let the pipe from B be called pipe 2
Then

> hp = (Vi —V2)*/29 + V5 /29

But

Vidr = WA

Vi = Va(Az/Ar)

However As = 2A4 so Vi = 2V5. Then the energy equation gives

za—z25 = (2Va—V2)?/29+ V3 /2g
= 2V$/2
Vo = g(za — zB)

= V10g m/s

Then

Q = Vol
= (\/109 m/s) (20 cm?)(10~* m? /cm?)
= 0.0198 m?/s
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7.48 Information and assumptions

provided in problem statement
Find

horizontal force required to hold transition in place and head loss.

Solution

Vio = Q/As =1.0/((m/4) x 0.40%) = 7.962 m/s

V3/2g = 3.231m
Voo = Vio X (4/6)® =3.539 m/s
Vd/2g = 0.638m
hr = (Vao — Veo)?/29 = 0.997 m
pao/v+ Vio/29 = peo/v+ Veo/29+ he
peo = 70,000+ 9,810(3.231 — 0.638 — 0.997) = 85,657 Pa
Fx
—>
Py A
P1AT —» « 2

Momentum equation:

ZF:t - moVrr,o - mivx,i

70,000 x 7/4 x 0.4% — 85,657 x 7/4 x (0.6%) + F,

617

1,000 x 1.0 x (3.539 — 7.962)
—8,796 + 24,219 — 4,423
10,993 N = 11.0 kN




7.49 Information and assumptions

provided in problem statement
Find

head loss
Solution
VioAio
Vis
hr

VisAis

(7—-3.11)2/(2x 9.81) = 0.771 m
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7.50 Information and assumptions

provided in problem statement
Find

head loss
Solution

Vo = QJAs=>5/((r/4) x (1/2)?) = 25.46 ft/s;

Via (1/4)Vs = 6.37 ft/s
hr = (2546 —6.37)%/(2 x 32.2) = 5.66 ft
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7.51 Information and assumptions

provided in problem statement
Find

a) horsepower lost, b) pressure at section 2, c) force needed to hold expansion.
Solution

he = (Vi —12)%/(29)
Vo = Vi(A1/Ag) =25(1/4) = 6.25 ft/s
hrp = (25—6.25)%/64.4 = 5.46 ft
a)
P(hp) = Qvh/550
Q = VA=25(r/4)(5%) =490.9 ft3/s
P = (490.9)(62.4)(5.46)/550 = 304 hp
b)
pi/y+VE/2g+21 = po/y+Vi/29+ 2+ by
(5 x 144)/62.4 +25%/64.4 = po/v+ 6.25%/64.4 4 5.46
pa2/y = 1517 ft
ps = 15.17 x 62.4 = 946.6 psfg = 6.57 psig
c)
Z Fa: = moVa:,o - miVm,i
1AL —ppAs + F, = (25)(1.94)((—25)(m/4)(5%) + (6.25)(1.94)(7/4)(10?))
(5)(14)7/4)(5%) — (6.57)(144) (7/4)(10%) + F, = —23,807 + 5952
F, = 74,305— 14,137 — 23,807 + 5,952
F, 42,313 1bf

620



7.52 Information and assumptions

provided in problem statement

Find
longitudional force transmitted through pipe wall.
Solution
@ [
N
Q-

/Y +VE[29+ 2 = p2/v+ V29 + 2+ hy,

but Vi = V5 and py = 0. Therefore

pi/y = —50+10;p; = —2,496 Ibf/ft?
YF, = Vo —mVyi = pQ(Vay — Viy)
—p1A1 — ’yAL — 2L+ Fyan = O
Foan = 15L+~AL—piAy
= 75+ (1/4) x 0.5%(62.4 x 50 — 2,496)
= 75+1225
Fyan = 197.51bf
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7.53 Information and assumptions
provided in problem statement
Find

pressure at outlet of bend and force on anchor block in the x-direction
Solution

P50/ + Vio/29 + 250 = pso/v + Vio/29 + zs0 + hr,
where pso = 650,000 Pa and z50 = 259

Veo = Q/Ago=5/((m/4) x 0.8%) = 9.947 m/s

Viy/2g = 5.04m

Vso = Vko x (8/5)% =25.46 m/s
Va/29 = 33.05m

hry = 10m

Then

pso/y = 650,000/ + 33.05 — 5.04 — 10

pso = 650,000+ 9,810(33.05 — 5.04 — 10) = 826, 700 Pa
= 826.7 kPa
Y F = iV, — Vi = pQ(Vso. — Vao,)
psoAso + psoAso X cos60° + F, = 1,000 x 5(—9.947 — 0.5 x 25.46)
F, = —415,540 — 63,814 — 113,385 = —592, 700 N
= =592.7 kN
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7.54 Information and assumptions

provided in problem statement
Find

head loss at pipe outlet.
Solution

V o= Q/A=10((1/4) x 1?) = 12.73 ft/sec
hy = V?/2g =252 ft
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7.55 Information and assumptions

provided in problem statement
Find

head loss at pipe outlet.
Solution

V = Q/A=050/((r/4) x 0.5%) = 2.546 m/s
hy, = V?/2g=(2.546)%/(2 x 9.81) = 0.330 m
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7.56 Information and assumptions

provided in problem statement
Find
maximum allowable discharge before cavitation
Solution
Take section 1 at reservoir surface and section 2 at section of d diameter. From Table A.5 p, = 2340 Pa, abs

P/ +VE2g+21 = po/y+VE[29+ 2
0+0+5 = p2vapor/v+Vs/29+0
Povapor = 2340 — 100,000 = —97,660 Pa gage
Then
ViZ/2g = 5+97,660/9,790 = 14.97 m; Vo = 17.1 m/s

Q = VeAy=171x7/4 x 0.15% = 0.303 m3/s
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7.57 Information and assumptions

provided in problem statement
Find

discharge at incipient cavitation
Solution

First write the energy equation from the Venturi section to the end of the pipe: From Table A.5 p, = 2340

Pa, abs

pi/y+VE[29+ 2

pvapor/'V + V12/29

Pvapor

V14,

Then — 97,660/9,790 + 6.55V; /2g
Q

po/y +Vi/29 + 2+ hy,

0+ Vi /29 + 0.9V /2g

2,340 Pa abs. = —97,660 Pa gage

VaAg; Vi = VoA Ay = 2.56V3; Vi /29 = 6.55V /29
L9V5/2g; Vo = 6.49 m/s

VaAy = 6.49 x /4 x 0.4% = 0.815 m3 /s

Now write the energy equation from reservoir water surface to outlet:

21
H

V3 /29 + hi
1.9V#/2g = 4.08 m
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7.58 a) Flow is from right to left.
b) Machine is a pump.
c) Pipe CA is smaller because of steeper H.G.L.

EGL
A4

) |

L

e) No vacuum in the system
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7.59 Information and assumptions

provided in problem statement
Find
discharge for water
Solution
Write the energy equation from the reservoir water surface to the jet from the nozzle.

pi/v+VE 20+ = po/v+ Vi 20+ + Ry
0+0+100 = 0+ Vg /29 + 60+ 0.02(1,000/1)Vi%/2g

Continuity equation:

Veds = Vi2Aro
Vo = Via(A12/A6)
Ve = 4Via

Vi/2g = 16Viy/2g

40 = (Vi3/29)(16 + 20)
Va (40/36)2g ; Vip = 8.46 ft/s
Q = VigAip = (8.46)(m/4)(1%) = 6.64 ft* /s

EGL

HGL—!
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7.60
E1.=610m_

EeL L
—C 50 | T 1som
|
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7.61

EGL
Py HGL L
0.71m
(approx.)
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7.62

37.2m
80m

f12.6 m
|
!

2000 m
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7.63 Because the E.G.L. slopes downward to the left, it is obvious that the flow is from right to left and that in the
“black box” there could either be a turbine, an abrupt expansion or a partially closed valve. Circle b, ¢, d.
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7.64 This is possible if the fluid is being accelerated to the left.
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7.65

HGL

EGL
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7.66 a) Solid line is EGL, dashed line is HGL
b) No; AB is smallest.
¢) from B to C
d) pPmax is at the bottom of the tank
€) Dmin is at the bend C
f) A nozzle
g) above atmospheric pressure

h) abrupt expansion
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7.67 Information and assumptions

provided in problem statement
Find
discharge of water in system
Solution
Write energy equation from upper to lower reservoir:

/v + Vi 29+ = P2/7+V22/29+22+ZhL
0+0+100 = 0+0+070+ > hr

ZhL = 30m

0.02 x (200/0.3)(V.2/2g) + (0.02(100/0.15) + 1.0)V;?/2g = 30
but V, = Q/A, = Q/((n/4) x 0.3%)
Vi=Q/As=Q/((w/4) x 0.15%)

Substituting Eq. (2) and Eq. (3) into (1) and solving for @ yields:

Q=0.110 m*/s
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7.68 Information and assumptions
provided in problem statement
Find

power supplied to water pump
Solution

V = Q/A=30/((r/4) x (2/3)?) = 8.59 ft/sec
hy = 0.15x 3,000 x (8.59)%/((2/3) x (2 x 32.2)) + (8.59)%/(2 x 32.2)
78.5 ft

Write the energy equation from water surface to water surface:

pi/y+VE/2g+ 21+ hy = po/y+V3i[29+ 2+ hy
0+0+90+h, = 0+0-+140+78.5
hy = 1285 ft
P = Qyhy=3.0x62.4 x 128.5 = 24,055 ft-Ibf/s
P = 437hp
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7.69 Information and assumptions

provided in problem statement
Find

discharge in pipe and pressure halfway between two reservoirs.
Solution

Write the energy equation from the water surface in A to the water surface in B:

pa/v+V3/29+24 = pB/v+V3/29+ 28 +hr
0+0+H = 0+0+0+0.01 x (300/1)V3/2g + V7 /2g
2
16 = 4V2/2g
Vp, = V4x2x9.81=886m"/s
Q = VA=886x(r/4) x1?>=6.96 m>/s

To determine p, write the energy equation between the water surface in A and point P:

0+0+H = py/v+V72/29—h+0.01x (150/1)V;? /29
16 pp/y — 2+ 2.5V, /29

where V,?/2g = 4 m. Then

pp = 9.810(16 +2 — 10) = 78.5 kPa

V?I29=4 m
— EGL
HGL
ply
=27
L] L
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7.70 Information and assumptions

provided in problem statement
Find
elevation in left reservoir.
Solution
Write the energy equation from the left reservoir to the right reservoir:

prL/y+VE/29+21, = pr/y+VE/20+ zr+ hr
0+0+2, = 0+0+110+ 0.02(200/1.128)(V}?/2g)
+0.02(300/1.596) (V32 /2g) + (Vi — Va)?/2g + Vi /2g

when

Vi = QJA;=16/1=16 ft/s

Vo = 8ft/s

2z, = 110+ (0.02/29)((200/1.238)(16) + (300/1.596)(8?)) + ((16 — 8)?/64.4) + 82 /64.4
= 110 +17.8340.99 +0.99

2z = 1298 ft

V129
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7.71 Information and assumptions

provided in problem statement
Find

pump power
Solution

Write the energy equation from the lower reservoir surface to the upper reservoir surface:

p2/7+‘/22/2g+22+hp - p1/7+V12/29+21+hL
0+0+150+h, = 0+0+250+ > 0.018(L/D)(V?/2g) +V?/2g

where
Vi = Q/A;1=3/((r/4) x 1?) =3.82 m/s
VZ/2g = 0.744m
Vo = QJ/Ay=4V; =15.28 m/s
VZ/2g = 11.9m
Then

hy = 250— 150+ 0.018[(100/1) x 0.744 + (1,000/0.5) x 11.9] + 11.9 = 541.6 m

P = thp/eff. =3x9,810 x 541.6/0.74 = 21.54 MW
119 m
$ EGL
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7.72 Information and assumptions

provided in problem statement
Find
water discharge in pipe and highest point in pipe.
Solution
First write energy equation from reservoir water surface to end of pipe:

P/ +VE29+ 2 = po/v+ Vs /204 2+ by
0+0+200 = 0+ V?/2g+ 185+ 0.02(200/0.30)V?*/2g
14.33V2/2g = 15

VZ%/2g = 1.047
V = 453 m/s
Q = VA=453x(r/4) x0.30% = 0.320 m>/s

To solve for the pressure midway along pipe, write the energy equation to the midpoint:

P/ +VE20+ 2 = pm/y+Via/20+ 2m + i
0+0+200 = ppn/y+V32/2g+ 200+ 0.02(100/0.30)V?/2g

pm/y = —(V?/2)(1+6.667)
= (—1.047)(7.667) = —8.027 m
Pm = —8.027y = —T78,745 Pa = —78.7 kPa
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7.73 Information and assumptions
provided in problem statement
Find
time required to fill tank to depth of 10 m.
Solution

Write the energy equation between the water surface in the river and water surface in the tank. Let point
1 be the river water surface.

pi/y+ VP29 + 2+ hy =p2/y+VE 20+ 22 + hr
but p1 =p2 =0, 21 =0, V3 =0, V5 ~ 0. The energy equation reduces to
0+0+0+h,=04+0+(2m+h)+hg
where h =depth of water in the tank

20 — (4)(10HQ* = h + 2+ V?/2g + 10V?/2g

where V2 /2g is the head loss due to the abrupt expansion. Then

18 = (4)(10MQ* +11(V?/29) + h
V = Q/A
(11V?)/2g = (11/29)(Q*/A%) = (1.46)(10°)Q”
18 = 1.86x10°Q%+h
Q* = (18— h)/((1.86)(10%))
Q = (18—n)%%/431

But Q = Apdh/dt where Ap = tank area, so

dh/dt = (18 — 1) /((431)(7/4)(5)?) = (18 — h)®5/8,458
dh/(18 —h)%5 = dt/8,458

Integrate:
—2(18 — h)%5 = (¢/8,458) + const.
But ¢t = 0 when h = 0 so const. = —2(10)%5. Then
t = (18%5 — (18 — h)%5)(16,916)
For h =10 m

t = (18%5 — 8%%)(16,916) = 23,993 s = 6.65 hrs
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7.74 a) Flow is from A to E because EGL slopes downward in that direction.
b) Yes, at D, because EGL and HGL are coincident there.
c¢) Uniform diameter because V2/2g is constant (EGL and HGL uniformly spaced).
d) No, because EGL is always dropping (no energy added).

e)

1. f) Nothing else.
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7.75 Information and assumptions

provided in problem statement
Find
discharge, HGL and EGL, locations of maximum and minimum pressure, values for maximum and minimum
pressure
Solution
Write energy equation from reservoir water surface to jet:a)

/Y +VE[29+ 2 = po/y+ Vs /294 2+ he
0+0+4100 = 04 V5/2g+ 30+ 0.014(L/D)(V;}/2g)
100 = 0+ Vy/2g+ 30+ 0.014(500/0.60)V,? /2g
VoA = V;JAP
Vo = V,A, AL =4V,
Then
V2/29(16 +11.67) = 70; V, =7.046 m/s; V7 /29 =2.53 m
VZ/2g = 253m
Q = V,A,=7.045 x (7/4) x 0.60> = 1.992 m>/s
_— pmin

Pmin ¢ 100 = pmin/y + V;2 /29 + 100 + 0.014(100/0.60)V;? /29
100 = pmin/y+ 100 + 3.33 x 2.53

Pmin = —82.6 kPa, gage

Pmax = 972.5 kPa
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7.76 Information and assumptions

Assume negligible head loss:

Find
power developed by windmill
Solution
P/ + V29 = pa/y + V5 /29 + he; he = Vi /29 = Vi [2g
where
Vo = ViA1/A =Vi(3/4.5)% = 0.444V;
ViZ/2g = 0.197VZ/2g
Then
hy = 10%/(2 x 9.81)[1 —0.197] = 4.09 m
P = Qvh=10(r/4) x 3% x 1.2 x 9.81 x 4.09 = 3.40 kW
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7.77 Information and assumptions

provided in problem statement
Find

power required
Solution

Write energy equation from upstream end to downstream end:

p/y+VE/29+ 2+ hy
0+0+0+h,

VipAr

Vs /29

hp

hp

P

p2/v+VE/29 + 22 + by,

0+ Vi/2g + 0+ 0.02V#/2g

VoAg; Vo = VpAp/As = Vip x 0.4

0.16VZ/2g

V2/29(0.18) = (602/(2 x 9.81))(0.18)

33.03 m

Qvh, =60 x4 x1.2x9.81 x33.03 =93.3 kW
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7.78 Information and assumptions

provided in problem statement

Find
Write energy equation from section (1) to section (2):
Solution
e
U | Y
1, 1T
| \ Y
| T
| !
,,,,,,,,,,,,, ]
Fdid( on fluid
pL+pUL/2 = pa+pUs /2
pi—p2 = pUs/2—pUi/2
but
UiAr = Us(n/4)(D? - d?)
Uy, = UD?/(D*-d?
Then

p1—p2 = (p/2)UF[(D*/(D? — d*)” — 1]

Now write the momentum equation for the C.V.

Y F = iUy — il = pQ(Uay — Uty)

P1A = p2A+ Faisk on fluia = pQ(U2 — Uy)
Fiuid on disk = Fa=pQU1 — Uz) + (p1 — p2) A
Eliminate p; — pa by Eq. (2), and Uy by Eq. (1):
Fa = pUAUs — UiD*/(D? — i) + (pU%/2)[(D*/(D® — &) — 1]A

Fy = pU?rD?/8[1/(D?/d* — 1)?]

When U =10 m/s, D =5 cm, d = 4 cm and p = 1.2 kg/m?
F; = (1.2 x 10%7 x (0.05)?/8)[1/((0.05/0.04)® — 1)?] = 0.372

z
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7.79 Information and assumptions

provided in problem statement
Find
specific gravity of sphere
Solution
Let the control volume include the sphere and fluid in a given length of tube. Also let the control volume
move with the sphere; thus, steady flow conditions will prevail. First write the momentum equation for this control
volume. Neglect viscous forces in the solution:

> F, =m(Uy - Uy)

Because Uy = Us this equation reduces to

? b U, C.S.
NG
[ RN |
o ~
I |
7 VoL
| |
I |
I I
I I
I I
I |
I I
I |
@l e |
U,
plAl - P2A2 - Wwater - Wsphere =0
(p1 —p2)A = (LA~ Vs) —7Ve=0

where A. =cross-sectional area of cylinder, v, =specific wgt. of fluid, v, =specific wgt. of sphere and
Vs =sphere volume.

p1—p2 =7;(LAc — Vi) /Ac +v,Vs/Ac (1)

648



Now write the energy equation from section (1) to section (2)
p1/v+ UL /29 + 21 = p2 /v + U3 /29 + 22 + Iy,

But U2/2g = U2/2g and 25 — z; = L. Also hy, = (U, — U,.)?/2g. where V,, =velocity in annulus between the
sphere and cylinder and Vi =velocity in unobstructed cylinder. Then

p1—p2 =L+ ((Us — Uc)?/29)) (2)

Now eliminate p; — pa between Eqgs. (1) and (2) yielding:

vsValAc + (s (LAc = Vi) JAc) = 4L+ ((Ua—Uc)?/29))
Vslvy = ((Ac/Va)(Ua—Uc)?[29) +1
Ue = 050 ft/s
UsAa = UcAc
Us = Uc(Ac/Ad)
= 0.5(1.05%/(1.05% — 1)

Us = 538ft/s
Ac/Vs = (7D&/4)/(rDg/6)
= (3/2)(D&/Dy)
= (3/2)(1.05%/1%)
1.654 ft—
Then
vo/vy = ((1.654 ft7)(5.38 —0.50)% ft* /s?/(64.4 ft/s%)) + 1
vs/7y = S=1612
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81 a

Chapter Eight

Q = (2/3)CLy/2gH*?
Q) = L¥/T = L(L/T) /22
L3/T = L3/T homogeneous

V = (1.49/n)R?/351/2
[V] = L/T = LY/°L?/3 not homogeneous

hy = f(L/D)V?/2g
[hf] = L = (L/L)(L/T)?/(L/T?)homogeneous

D = 0.074R; %2 BxpV?/2
[D] = ML/T? = L x L x (M/L*)(L/T)?homogeneous
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82 (a) [T) = ML/T? x L =ML?/T?
pV2/2] = (M/L3)(L/T)? =M/LT?
V7/pl = V(ML/T?)/1?)/(M/L?) =L/T

Q/ND3| = (L3/T)/(T~'L3?) = 1 — Dimensionless

(
(b

(c

) |
) |
) |
(@) [
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8.3 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

Ah Ah Ah

Ah L = 0 = 0 = 0
t T t T t T
P % pg3 M D D
D L = 0 o 0 < 0
d

/ y 42
= T - B -
h L Lo A0 LN

In the first step, length is taken out with d. In the second step, mass is taken out with pd3. In the third step,
time is taken out with ¢. The functional relationship is

This can also be written as
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8.4 Information and Assumptions

provided in problem statement
Find

nondimensional function form for wave celerity
Solution

Using the exponent method

V. = f(h,0,79)

where [V] = L/T,[h] = L,[0] = M/T? [y] = M/(L*T?),[g] = L/T?
V] = [h%"y°g"]
L/T = (L") (M°/T*)(M*/(L*T*)(L?/T>)

L : 1=a—2c+d
M : 0=b+c
T : 1=2b+2c+2d

Determine the exponents b, ¢ & d in terms of a

0—2c+d = 1—a

b+c+0 = 0

204+2c+2d = 1
Solution yields: b= —¢, d =1/2

—2c+1/2 = 1l—-a= -2c=1/2—a=c=—-1/4+a/2
b = 1/4—a/2
Thus
Vo= heo(t/Ae/2)(-1/4ta/2) 1/2

_ 91/20'1/4/’}/1/4)(h’yl/Q/(Tl/Q)a
Which can also be written as
Vy/(g%0) = f(h*/0)

Alternate forms:

(V/(g%0)) (o /1Y) f(h?y/o)
V2/(gh)> = f(h*y/o)

or

V/\/gh = f(h*~/0)
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8.5 Information and Assumptions

provided in problem statement

Find
the m—groups
Solution
Using the step-by-step method
h L o0 B0
d L
o % o % # 0
v prm v 1

In the first step, d was used to remove length and in the second yd? was used to remove both length and

time. The final functional form is
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8.6 Information and Assumptions

provided in problem statement
Find

the dimensionless relationship
Solution

Using the step-by-step method

ML Fp M Fp 1 Eo_
Fp T2 d T2 wd? T wvd 0
v L v o1 v o1
X} d ]\7/} d T
O Y
d L

In the first step, length is removed with d. In the second, mass is removed with ud and in the third time is
removed with V/d. Finally

Fp
uvd
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8.7 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

D L
p % pD3 M
A M 1
T N C . - 5 0
v L v 1 v 1
k f R 6 R 6 L0
D D D

In the first step, length is removed with D. In the second step, mass is removed with pD? and in the final step
time removed with V/D. The final functional form is

Other forms are possible.
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8.8 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

o ML FE M Fo1 F_

T2 D T? DI T? PVID?
D L

L v 1 V 1
14 ot D, T D T
P Tz pD> M

M M &1 KB
Ko TT /LkD T pp% T b 0
S R G A p

w

w T w T w T v 0

Length is removed in the first step with D, mass in the second step with pD? and time in the third step with
V/D. The functional form is

F pVD ks wD

pV2D2 :f( 1 ’D’T)

There are other possible forms.
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8.9 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

ML Fo M Fp 1 _Ip
Fp T2 B T2 pBT T2 pV2B2 0
v L v Vo1
4 B, T B T
P Iz pB® M
B L
M M b1 p
Ko7 puB 7 oBZ T VB 0
u L w1 1 u’ 0
T B T B T v
=r =r =r
L, L = 0 v 0 7 0

Length is removed in first step with B, mass is removed in second with pB3 and time is removed in the third
with V/B. The function form is

Fp 15
V2B2 =1 VB’
p p

L,
aE)

<=

Other forms are possible.
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8.10 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

Ap  _M App2 M ApD 1 ApD?
Al IPTP Al T2 A T Al v
‘M p M
Ko IT K T
v L v o1 voo1
T D T D T
D L

Length is removed in the first step with D, mass is removed in the second with uD and time is removed in
the third with V/D. Finally we have

ApD?
NI

or

Ap  uV
a9
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8.11 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

M M A Ap
Ap 7= ApD 75 ﬁ)% Tz wopz 0
D L
1 1 1
n o= n = n o =
£ Qe 1 Q@ 1 Q
Q T 5T 5T aps 0
p % pD? M

In the first step, length is removed with D. In the second step, mass is removed with pD? and time is removed
in the third step with n. The functional form is
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8.12 Information and Assumptions

provided in problem statement

Find
the m—groups
Solution
Using the step-by-step method
2
S S T S VA
M p L> p_ L
P 1T p T2 PR? )
R L R L
A <
k0 k0 k 0 k 0

In the first step, mass is removed with p. In the second step, length is removed with R and, finally, in third

step time is removed with p/pR2. The final functional form is

fR\/g — 1K)
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8.13 Information and Assumptions

provided in problem statement

Find
the nondimensional form of equation
Solution
F = )\aprch
ML/T? = L*(M/L3)°L°(L/T)?

La73b+c+deT7d

Equating powers of M, L and T, we have

T:d = 2
M:b =1
L:1 = a—3+c+c
1 = a—3+c+2
at+c = 2
a = 2—c¢

Therefore,
F = /\(zf‘j)pDcc2
F/(p?X?) = f(D/A)

Another valid answer would be

F/(pc*D?) = f(D/N)
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8.14 Information and Assumptions

provided in problem statement
Find

an expression for V'
Solution

Using the step-by-step method

L L vl velzpl/z
14 T 14 T 0 T ol/2 0
¢ L ¢ L
M p I 23 T2
p %; o L3 az T
ag ﬁ

In the first step, mass is removed with o. In the second step, length is removed with ¢ and in the third step,
time is removed with p¢3 /0. The functional form is

/e -¢
(o2
or
g
v=cyly
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8.15 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

T oMLE T M T o1 T
T2 D2 T2 wD3 T pnD3w
p M up M
A
S S S
S L5 0§ 0§ 0

In the first step, length is removed with D. In the second step, mass is removed with D and in the last
step, time is removed with w. The final functional form is

T

S
m:f(_

o)
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8.16 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

F h h
oL B b koo
t T t T t T

/ y 2
o ﬁ o " s o s 0
P Iz pd® M

y y 2
Y opr v G 4 20
T T N
d L

In the first step, length is removed with d. In the second step, mass is removed with pd® and in the final
step, time is removed with ¢. The final functional form is

ot? ’th ut

h
E_f(ﬁ’ﬁ’ﬁ)
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8.17 First, establish the dimensions of the variables:

[Ap] = F/L?=(ML/T?)/L* = M/(T?L)
)] = M/L%[u =FT/L* = (ML/T?)(T)/L* = M/LT
V] = L/T;|Bv]=F/L? - (ML/T?)/L* = M/LT?
[0] = F/L=(ML/T?/L=M/T>

[Ay] = F/L?=(ML/T?)/L? = M/L*T?

Assume

f(o, LV, i, By, 0, Ay) = p" LV pl By o Ay?
o Ap) = MJT?L = (M/L3)*LY(L/T)*(M/LT) (M) LT?)*(M/T?)! (M/L*T?)?

Equating powers of M, L and T, we have

L : 3a+b+c—d—-e—29=-1
M : a+d+e+f+g=1
T : —c—d—2e—2f—2g=-2
—3a+b+c = d+e+29-—1
a = l—-d—e—f—g
c = 2—d—2e—2f—2g

Solving the above three equations for b yields
b=—-d—-f+g
Ap _ plfdfefffgL7d7f+gV27d72872f72gMdE‘c>O_fA,yg
Ap = pV(u/pLV)U(E,/pV?)*(0/ pLV*)  (AyL/pV?)!
or Ap/pV? = (u/pLV)(E,/pV?)*(a/pLV?) (AyL/pV?)?
Arbitrary values can be given to d, e, f and g and the combinations of variables will still be dimensionless.

Therefore, let d = —1,e = —1/2, f = —1 and g = —1 to yield

Ap/pV? = f(pLV/1),V/\/Euo/p, pLV? /0, pV? ] Ay)
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8.18 Information and Assumptions

provided in problem statement
Find

dimensional analysis for erosion rate, e
Solution

Use exponent method

e = f(Br,0,E,V,d, M,, D)

where
[e] = M/(L?*T); [Br] = dimensionless
[B] = M/(LT?); o] = M/(LT?)
V] = L/T;[d=L; [M)]=M/T; D=L
sl = [E*PVYd MDY
M(L’T) = (M/(LT*)*(M/(LT?))*(L/T) L°(M/T)"L*

M : 1=a+p+c¢
L @ 2=a+pB—-—v—-06—2A
T : 1=2a+28+~v+c¢

Use «, 7y and € as unknowns

a+0+e¢
a—v+0
2 +v+¢

1= B+ (8+N)/2

= a—2+8-6—2\

N O Ot
—_ =

- 1-8 (
= 2—0[+06+A (
= 1-283 (
at+e=1-0

3a+e=3-38+6+ A

20 =2—-2B+ 6+ \

—a+1-B=-1+8—-((6+N)/2)+1—-8=—(6+)\)/2

= 1=0+((6+X1/2) =2+0-(6+X1) =-1-((6+1)/2)

FEA=BHEX)/2) o8y =1=((+3)/2¢8 N[=((+X/2 DX By
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or

eV/E = f(o/E, Ed*/(VM,), ED?/(M,V), Br)

Alternate form:

eV/E = f(o/E, Ed*/V M,,d/D, Br)
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8.19 Information and Assumptions

provided in problem statement
Find

dimensionless relationship for pressure change
Solution

Using the step-by-step method

4 4
Ap 2 Apd % —ﬁ}i 7 —ﬁgﬁ 0
Q L Q 1 Q 1

T d3 T d.'% T
P % pd3 M
wogr onmd o3 gmor g5 O

D D D

g é Do Do D

Length is removed with d in the first step, mass with pd® in the second step and time with Q/d® in the third
step. The final form is

Apd' _ pd D
pQ? _f(pQ’ 7
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8.20 The viscous forces are relatively small.
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8.21 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the exponent method

V= phpput D9’

Writing out the dimensions

(5 () (&) () @ ()

Setting up the equations for dimensional homogeneity

L: a=-3b—3c—d+e+f
M: 0=b+c+d
T: a=d+2f

Substituting the equation for T into the one for L gives

0=-3—-3c—2d+e—f
0=b+c+d

Solving for e from the first equation and ¢ from the second equation
e=3b+3c+2d+ f
c=—-d—-b

and the equation for e becomes

e=—d+ f

Substituting into the original equation

ya+2f — p?p;d—bHdD—dJ,—fgf
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Collecting terms
(52) - (%) (2)
I vz Pp
The functional equation can be written as

P = (2, 2
VgD ey
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8.22 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

The functional relationship is

V= f(plaulaDagag)

Using the step-by-step method

v L A4 1 v 1 Vv_ 0
T D T D T VoD
/ 3
oo aD M
M M 1 N
i IT mD 7 D2 T 0, D3/ 2g1/2 0
D L
M M fos 1 a
7 712 12 p DT 17 sz 0
L 9 1 9 1
g 72 D T D T

In the first step, D was used to remove the length dimension. In the second step, p, D? was used to remove
the mass dimension and finally, in the third step, 1/g/D was used to remove the time dimension. The final functional
form can be expressed as

o o
VgD piD3g’ pD2g
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8.23 Information and Assumptions

provided in problem statement
Find

the m—group
Solution

The functional relationship is

= f(D,u, Ap, p)
Using the exponent method, we have
m — Db,ucApdpe
Writing out the dimensional equation
M\ _ Ly (M (M (MY
T N LT LT? L3
and the equations for the dimensions are

L: 0=b—c—d-—3e
M: a=c+d+e
T: a=c+2d

Substituting the equation for time into the equation for mass yields two equations

O0=b—c—d—3e
O0=-d+e or d=e

and the first equation becomes

0=b—c—4d or b=c+4d

Substituting back into the original equation

mc+2d _ Dc+4dlucApdpd
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Collecting like powers gives

A functional relationship is

VpApD?

The functions can be combined to form

m

- M
N T AN I
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8.24 The significant dimensionless numbers would be Reynolds number and Froude number because of the viscous
drag forces on the body and the waves that would be produced by the proximity of the body to the water
surface
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8.25 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

The functional relationship is

Ap = f(D,L,c, p,p)

Use the step-by-method

M M A 1 AppA
Ap 77 A];AS Tz pAi)Q Tz p;g = 0
D L s 0 xs 0 As 0
As L
o 0 @ 0 @ 0 @ 0
M M 0 1
MAS T pAs? T

In the first step, the length was removed with D. In the second step, the mass was removed with pAs2. In
the third step, time was removed with p1/pAs?. Finally the function form is

VpApAs D
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8.26 Information and Assumptions

provided in problem statement
Find
the m—groups

Solution
The functional relationship is

Fp = f(p,V,S,w)
Writing out the dimensional parameters using the exponent method
Fg _ prc dee
Including the dimensions
ML\® MbL“LQd 1\°
T2 - \L3 T T
Writing the equations for dimensional homogeneity,

M: a=b
L: a=-3b+c+2d
T: 2a=c+e

Solving for a,b and ¢ in terms of d, and e gives

a=d—e/2
b=d—e/2
c=2d—2e

Substituting into the original equation

F'g_e/2 — pd76/2V2d72edee
i\ [(Fw
pVQS o p1/2v2

678



SO

Iy dpe)
pVQS - p1/2v2

Two variables can be combined to give

679



8.27 Information and Assumptions
provided in problem statement
Find
the functional relationship for @)
Solution

Q= f(N,D,hy,p,p,g)

Use the step-by-step method

Q L Q 1 Q 1 Q

T D% ’{' Dl-'% T ND3
N 7 N 7 T T
D L

hy hy hy

Lo 2 Y 7
K g pD oD T PN D?
P pD* M

L 9 1 9 1 g
g T D T2 D T N2D

The functional relationship is

Q :f(@ K L)
ND3 D’pNDTNzD

Some dimensionless variables can be combined to yield a different form

Q _ £ hpg _n 9,
ND3 N2D2’ pND?’ N2D
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8.28 Information and Assumptions

provided in problem statement
Find

speed in water tunnel for dynamic similitude and the ratio of drag forces
Solution

The Reynolds number is the significant dimensionless parameter so

Re,, = Re,

Therefore the speed of the model for similitude is

L, v
Vin = pmys
Ly, vy P
1x10°°
Vin = QOXWX2—286HI/S

The ratio of the drag force on the model to that on the prototype is

me = e () (2)
Fp,p Pp \ Vp lp

_ 1000 (2867 (1*
1015 2 20

= 0.504
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8.29 Information and Assumptions

provided in problem statement
Find
velocity of water for dynamic similarity
Solution
Dynamic similarity when Reynolds numbers are the same

Re, = Reg
de/l/w == V()d/V()
Vi = Vovw/vo=2m/s (1075/107%) = 0.20 m/s
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8.30 Information and Assumptions

provided in problem statement
Find

velocity of water for dynamic similarity

Solution

Dynamic similarity when Reynolds numbers are the same.

Re5
VsDs/vs
Vs

Vs

Regp

Va0 Dao/v20
Vao(D20/Ds)(vs /v20)

(5 m/s)(20/5)(107°)/((4)(107°))
5m/s
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8.31 Information and Assumptions

provided in problem statement
Find

the discharge ratio and pressure difference in prototype

Solution

Dynamic similarity when Reynolds numbers are the same.

Re,,
VmLm,/Vm
Vin/Vyp

Multiply both sides of Eq. (1) by A,,/A, =

(VinAm)/(VpAy)
Q’ITL/QP

Qm/ Qp

Cpm

(Ap/pV?)m

Ap,

L2

m

Re,

VoLp/vp

(Lp/Lm)(Vm/Vp)
/L2

(Lp/Lim) x (1) x L2, /L2
Lm/Lp

1/10

Cpp

(Ap/pV?),
Apm(pp/ Prm) (Vi) Vin)?
Apim(1)(Lim/Ly)?

300 x (1/10)? = 3.0 kPa
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8.32 Information and Assumptions

provided in problem statement
Find

the m—groups
Solution

Using the step-by-step method

1 1 1 nd
Vv L vV L v 1
T T d T
d L d L
M g T pd® Vdp
P 3 o L2 n T L 0
M
Ko TT

Mass is removed with p in the first step, length with d in the second step and time with V/d in the last step.
The final functional form is
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8.33 Information and Assumptions

provided in problem statement
Find

the towing speed relative to the speed of the prototype.
Solution

Dynamic similarity based on Reynolds number

Re,, = Rep
VinLm/Vm = VpLp/vp; Assume vy, = v,
va = Vpr/Lm - 4ch
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8.34 Information and Assumptions
provided in problem statement
Find
drag force on prototype in air

Solution
Given

D,, = 1ft; D, =3ft; v, =158 x10"* ft?/sec;
Vin = 1.22x10°° ft%/sec; Vi, — 5 ft/sec; F, = 20 1b.

Reynolds model law must be applied, so:

1%em - Rep; VmDm/Vm = ‘/pDP/Vp
or
VpVin = (D /Dp) (vp/vm) = (1/3)(1.58 x 1074/1.22 x 107?) (1)

Also Cy,, = Cp, for dynamic similitude; thus, Apy./(p,,Via/2) = App/(p, Vi /2)

App/Apm = (Pp/pm)(vi/v;gz)
Fp/Fn = (AppAp)/(ApmAnm) = (Ap/Am)(py/ pm) (Vi [ Vi) (2)

Combine Eq. (1) and (2)

FolFm = (pp/Pm)(p/vm)® = (0.00237/1.94)(1.58 x 107*/1.22 x 107°)?
= 0.2049
F, = 15x0.2049 = 3.07 Ibf or = 13.7 N
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8.35 Information and Assumptions

provided in problem statement
Find

diameter of model for dynamic similarity.
Solution

Dynamic similarity based on Reynolds number

Re,, = Re,
VmDm/Vm = VPDP/VP
Di/Dy = (Vm/vp)(Vp/Vin)
= ((1.66 x 107) /(1.5 x 1073))(100/10) = 0.111
D,, = 011D, =0.111 in.
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8.36 Information and Assumptions

provided in problem statement

Rep; (VD /v)m = (VD/v),
(Dp/Din) (Vi /Vp); Vin/Vp = (Vin Din / VD)

Find
the density of the air in tunnel
Solution
Re7n -
(Vi / Vo) =
(/u’mpp//u’pom) =
M7n =
(Vi /Vp) =

Combining Egs. (1) and (2):

(Vin D /VoDy) o1 ppy = (p/ 1) (Vir/ Vir) (D / D) )
My; (V/€)m = (V/e)p
Cm/Cp = ((\/ ]CRT)m/(\/ k‘RT)p) = 4 /Tm/T — (298/283)1/2 (2)

P = 1.23(1.83 x 107°/1.76 x 107°)(283/298)'/2(6) = 7.48 kg/m>
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8.37

Res = Rew
VALA/I/A = VwLw/l/W ; but LA/LW =1
S VaViy = va/vw ~ (1.6)(107%)/(1.2)(107°) (at 60°F)
VA/VW >1

The correct choice is ¢)
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8.38 Information and Assumptions

provided in problem statement

Find
mean velocity of water in model to insure dynamic similarity
Solution
Re;, = Rep
dempm/,ufm = V;Jdppp/p’p
Vi = (8 1ft/s)(48/4)(1.75/1.94)((2.36 x 107°)/(4 x 10%))
Vin = 5.11ft/s
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8.39 Information and Assumptions

provided in problem statement
Find

pressure change in air flow for same length of pipe.
Solution

Following same procedure as in solution to Problem 8.38

Vair = 3(20/10)(1.6 x 1075/1.00 x 107%) = 96 m/s

The pressure coefficients will be the same or:

Cpa = C:DW
(Ap/(pvz))air - (Ap/(pvz))water
or Apa = Apu(pa/pw)(VE/V2)
Ap, = 2.0KkPa (1.17/998)(96/3)>
Apg 2.40 kPa

The Ap, = 2.40 kPa is for the pressure difference in an air pipe that is geometrically similar to the water
pipe. Therefore, this air pipe would be half as long as the water pipe because the D, = 1/2D,,. Consequently, the
Ap, as obtained from the pressure coefficient similarity relationship will have to be multiplied by two to obtain the
Ap, for an air pipe that is the same length as the water pipe:

Apg =2 x 2.40 kPa = 4.80 kPa
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8.40 Information and Assumptions

provided in problem statement
Find
the air velocity in wind tunnel.
Solution
Following the same basic procedures in the solution to Prob. 8.38.

Vair = (10)(1/1)(1.41 x 1075/1.31 x 10~%) = 107.6 m/s
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8.41 Information and Assumptions

provided in problem statement
Find

kinematic viscosity of fluid for model on earth

Solution

Dynamic similarity based on Froude number

Frmoon

(V/v/gLym

Ve/Vin

Re,,
(VL/V)m
Ve

Ve

Frearth

(V/\/g9L)e

(9e/9m)®° (Le/Lin)®®

(5)™°(1)

Re.

(VL/v)e

(Vo / Vi) = (5)°%0.5 x (107%) m?/s
1.19 x 107° m?/s
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8.42 Information and Assumptions

provided in problem statement
Find

entry velocity of water
Solution

Rem
Vm L m / Vm
Vin

Vin

Re,

VoLy/vp

(Lp/ L) (Vm [Vp) Vyp
(10)(10~%/((4)(107?)))(10 m/s)

2.50 m/s
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8.43 Information and Assumptions

provided in problem statement
Find

velocity in prototype and pressure difference in prototype
Solution

Dynamic similarity based on Reynolds number

1%eprot. = Remodel
Vprot. - Vmodel(Lmodel/Lprot.)(Vprot./l/rnodel)
Vprot. = 1(1/5)(10_5/10_6) =20 I’Il/S

Pressure coefficients are the same.

C;p,m = Cp,p )
(Ap/pV=)m = (Ap/pV?)p
App = Apm(pp/ Pin) (Vo /Vin)?
= 2.0 x (860/998) x (2.0/1.0)2
= 6.90 kPa
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8.44 Information and Assumptions

provided in problem statement
Find

air velocity for dynamic similarity and pressure difference for water flow
Solution

Dynamic similitude based on Reynolds number.

Reair = Rewater
(VDp/p)aix = (VDp/pt)water
Vo = Vu(Dw/Da)(pw/Pa)(taf b
Pw = 1,000 kg/m?
P = Pa, std. atm. X (150 kPa/101 kPa)
= 1.20 x (150/101) = 1.78 kg/m?>
t, = 1.81x107% N-s/m?
ty = 1.31x1073N-s/m?
Then
V. = 15m/s (1,000/1.78)(1.81 x 107°/1.31 x 1073)
Vo = 11.6m/s

The pressure coefficients are equal so

Cp, = Op,
(Ap/pVQ)w = (Ap/pVQ)a
Apy = Apa(pu/pa)(Viw/Va)®

= 780 x (1,000/1.78)(1.5/11.6)?
= 7,330 Pa =7.33 kPa
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8.45 Information and Assumptions

provided in problem statement
Find

velocity in water tunnel and force on prototype.
Solution

Dynamic similarity based on Reynolds number

Retunnel = Reprototype
V;:unnel = Vprot. (4/1) (Vtunnel/Vprot.)
‘/tunnel - 3(5/1)(1) =15 m/s

For dynamic similarity, the pressure coefficients are the same.

Ptunnel Cppmtmypc
(Ap/pvz)tunnel = (Ap/pVQ)prototype
(Aptunnel/Approt-) = (ptunnel/pprot.)(Vt?mnel/vpzrot.)

Multiply both sides of the equation by Agunnel/Aprot. = L7/ Lg

(Ap X A)tunnel/(Ap X A)PI"Ot- = (ptunnel/pprot.) X (Vﬁmnel/vpzrot.) X (Lt/LP)Q
F‘tunnel/Fprot. - (1/1)(5)2(1/5)2
ﬂunnel - Fprot. =868 N
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8.46 Information and Assumptions

provided in problem statement
Find

density needed for wind tunnel and force on the prototype
Solution

Dynamic similarity by matching Reynolds number.

Re,, = Re,
(PVL/m = (pVL/1)p
pm/pp = (Vp/‘/m)(Lp/Lm)(Mm//u’p)
= (25/300)(100)(1)
= 8.33
Pm = 833p, =0.020 slugs/ft3
Fn/F, = (Apm/App)(AM/Ap) (1)
Com (Do [(PV5
Cpp B (PmV7%> < App )

,_.
1
VRS

>
Lals
< |3
N———
VRS
SN S
I3
N———
VR
N8N
N———
I
VR
>| >
S
T3
N———
VR
|
wl|
w
N———
VR
(%]
S
N——
[\V)

Then
Apy,/Ap, = 1,200 (2)
solve Egs. (1) and (2) for F,,,/F,
Fn/F, = 1,0004,/A, = 1,200(1/10*) = 0.12
F, = F,x10=417 Ibf
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8.47 Information and Assumptions

provided in problem statement
Find

flow rate of dynamic similarity and pressure coefficient for the prototype

Solution

Dynamic similarity through matching Reynolds number

Re,, = Re, or (VDp/p)m = (VDp/p)yp

Then

Multiply both sides of above equation by A,,/A, = (D, /Dp)?

(Am/Ap)(Vin/Vp)
@m/Qp

Qm/CQp
or Qm
Qm

Cp

(Dp/Dm)(Dm/Dp)Q(Pp/Pm)(.“m/ﬂp)
(Din/ Dp)(Pp/ i) (B 1)
(1/3)(0.82)(1073/(3 x 107%))

0.0911

Q, x 0.0911

0.50 x 0.0911 m®/s = 0.0455 m*/s

L07
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8.48 Information and Assumptions
provided in problem statement

Find
corresponding moment and speed for the prototype

Solution
van = Cpp
(Ap/pV?)m = (Ap/pV?),

or

App [ Apy — (pmv;gz)/(pp‘/;?)
Multiply both sides of Eq. (1) by (Am/Ap) X (Lim/Lp) = (Lm/Ly)? and obtain
Mo, /Mot = (/) (Vin/Vp)* (L / Lp)*
Also Re,, = Re, or

VmLm/V7n - VpLP/VP
Vm/v = (Lp/Lm)(Vm/VP)

Substitute Eq. (3) into Eq. (2) to obtain

My /M, = (p7n/pp)(ym/’/p)2(Lm/Lp)
M, = Mm(pp/f)m)(VP/VM)Z(Lp/LM) = 2(1,026/1,000)(1.4/1.31)*(60 =

Also,

V, = 10(1/60)(1.41/1.310) = 0.179 m/s
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8.49 Information and Assumptions

provided in problem statement

Find
lift force on the prototype
Solution
van = Cpp
(AP/PV2)m = (AP/PV2)I)
Apm/Bpy = (Pm/Pp) (Vi /ViE)

Multiply both sides of the above equation by A,,/A, = (L /Ly)?

(AP /App) (Am/Ap) = (P ) Vi /VEN L3 L) = Fin [ Fy
For dynamic similitude Re,, = Rep, or (VLp/p)m = (VLp/p)p or
(Vo/Vin)? = (Lin/Lp)* (0] 0)* (b 112)?
Eliminating (V,,/V,)? between Eq. (1) and Eq. (2) yields
FP/EH = (pm/pp)(ﬂp/ﬂ7n)2

Then if the same fluid is used for models and prototype, we have
F,/F, =1

or

>
I
)
S
~
Z
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8.50 Information and Assumptions

provided in problem statement

Find
pressure in tunnel test section
Solution
M,, = M,
Vin/em = Vp/epiVin/Vo = cm/cp (1)

Also Re,, = Re,

V;anpm/Mm, = V;)Lppp/ﬂp

or

Eliminate V,,,/V, between Egs. (1) and (2) to obtain

cm/cp = (Lp/Lim)(Pp/ Pm) (Han/ Fp) 3)

But

¢=+/Ev/p=+/kp/p = \/kp/(p/RT) = VEKRT

Therefore ¢,,/c, = 1, then from Eq. (3)

L= (8)(py/Pm)(1)

or

P = 80y
But

p=p/RT
SO

(p/RT)pm = 8(p/RT)p; pm = 8pp = 8 atm = 0.808 MPa abs.
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8.51 Information and Assumptions
provided in problem statement
Find
speed needed to achieve same Reynolds number and importance of Mach number effects.

Solution

Re,, = Rep
Vmmem/H'm = ‘/pLijp/Hp7 But pm/ﬂ'm = pp/ﬂp

SO

Vin = Vp(Lp/Lim) = 80 x 10 = 800 km/hr = 222 m/s

M =V/c=222/345 = 0.644

Mach number effects would be important.
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8.52 Information and Assumptions
provided in problem statement
Find
if rarefied flow
Solution

M/ Re = (V/e)(u/pV D) = (1) /(pcD)
where

p=p/RT =22/(1716 x 393) = 3.26 x 107> slugs/ft3

and ¢ = 975 ft/s and p = 3.0 x 10~ 7 Ibf-s/ft? so

M/Re = 30x1077/(3.26x 1075 x 975 x 2) =4.72 x 107 % < 1
Not rarefied.
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8.53 Information and Assumptions
provided in problem statement
Find
droplet diameter for break up
Solution

W/(Re)0'5 _

d0.5

(pgV?d/o)(py/ (Vdp,))*® = 0.5
p2'5V1'5u0'5d0'5/0 =05; pg=1.2 kg/m3
0.50/(py V2 1%) = 0.5(0% [ (pguV*)™?
(0.5)((7.3 x 1072)%/((1.2)(1.81)(1075)(25%)))%:5
0.00393 m = 3.93 mm
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8.54 Information and Assumptions

from Table A.3, p = 0.95 kg/m?

provided in problem statement
Find

expected size of droplets
Solution

W =6.0 = pDV?/o

D =60/pV? =6 x0.02/(0.95 x (30)?) = 1.40 x 10™* m = 140 ym
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8.55 Information and Assumptions
provided in problem statement
Find
estimated size of droplets
Solution

W =6.0=pDV?/o

From Table A.3 p = 1.20 kg/m? and from Table A.5 o = 0.073 N/m so

D =60/pV? =6 x 0.073/(1.2 x (15)?) =1.62 x 10* m = 1.62 mm
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8.56 Information and Assumptions
Find

relationship between kinematic viscosity ratio and scale ratio
Solution

Frn = Fpy; (V/\/E)m: (V/\/ﬁ)p

or Vi,/Vio = +/9mLm/9pLyp

Rey = Repi (VL/V)m = (VL/V)y o8 Vin/Vy = (Lp/ L) (v V)

Eliminate V,,,/V,, between Egs. (1) and (2) to obtain:

\/ gmLm/gpr = (Lp/Lm)(Vm/Vp)7 but g,, = g,

Therefore: v, /v, = (Lim/Ly)%/?
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8.57 Information and Assumptions

provided in problem statement
Find
wave period in prototype
Solution
Dynamic similarity based on Froude number

tp/tm = (Lp/Lm)1/2

Then wave periodpror = 1 X (10)1/2 =3.16 s and the wave heightpyor = 12 cm x10 =1.2 m

710



8.58 Information and Assumptions

provided in problem statement
Find
discharge in prototype
Solution
Dynamic similarity based on Froude number.

Fr,, = Frp
Vi / ((9m) (Ln))*® = Vi /((9p)(L))*?
V;O/Vm = (Lp/Lm)O'5 =3

Ve, = (2.5)(5) m/s =12.5 m/s
Qp/Qm = (Vp/Vin)(Ap/Am)
= (5)(625)
Qp = (5)(625)(0.10) = 312.5 m*/s
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8.59 Information and Assumptions

provided in problem statement
Find
corresponding model speed.
Solution
Assume Froude model law applies, then following the procedure of solution to Prob. 8.58 we have:

Vin = Vir/Lin/Lp = 100y/1/10 = 31.6 m/s
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8.60 Information and Assumptions
provided in problem statement
Find
model discharge.

Solution
From solution to Prob. 8.58 we have:

Vin/Vo = /L /Ly

or for this case

Viu/ Vo = /1736 = 1/6
Multiply both sides of Eq. (1) by A,,/A, = (Lm/L,)?

V;nAM/%AP = (LM/LP)I/Z(L7n/Lp)2
Qm/Qp = (L7n/Lp)5/2

or for this case

Qm/Qp = (1/36)°/* =1/7,776
Qm = 3,000/7,776 = 0.386 m>/s
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8.61 Information and Assumptions

provided in problem statement
Find

velocity and depth in model at corresponding point.

Solution
Dynamic similarity using Froude number

Fr,, =

Vin/ ((gm) (Ln))*®
Vin =

dn/d, =

dym =

Fry,

Vo/((9p)(Lp))"?

V(L /Lp)%% =V, (1/8) = 1.875 ft/s
1/64

(1/64)d,

(1/64)(20) = 0.312 ft
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8.62 Information and Assumptions
provided in problem statement
Find
velocity and discharge for prototype

Solution
Froude model law applies:

Vi = Vinr/Lp/ Ly = 7.87v/36 = 47.2 ft /s

From solution to Prob. 8.60:

Qp/Qm = (Lp/Lm)*'?; Q, = 3.53 x (36)%/2 = 27,450 t3/s
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8.63 Information and Assumptions

provided in problem statement
Find

velocity and wave height in prototype
Solution

Froude model law applies:

V= Viur/Lp/Lin = 0.90v/10 = 2.85 m/s

L,/L,, = 10; therefore, wave height.ot. = 10 X 2.5 cm = 25 cm
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8.64 Information and Assumptions

provided in problem statement
Find

time for particle to move along corresponding path in the prototype
Solution

Froude model law applies:

Vo/Vin =/ Lp/Lin

or
(Lp/tp) /(L /tm) = (Lp/Lon)"/?
Then
tp/tm = (Lp/Lm)(Lm/Lp)l/2
tp/tm = (Lp/Lm)"?
, = 1x \/% = 5 min
Also

Qp/Qm = (Lp/Lm)*?
Qp 0.10 x (25)°/%2 = 312.5 m®/s
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8.65 Information and Assumptions

provided in problem statement
Find

velocity and period observed in the model
Solution

Froude number applies:

F,=F,
(V/V9L),, = (V/\/gl)y
Vm/V;J = (Lm/Lp)1/2

because g,, = g,. Then

(LM/tm)/(Lp/tp) = (Lm/Lp)1/2

or

tm/tp = (Lm/Lp)l/2

Then from Eq. (1)

Vin = Vi (Lin/Lp)Y? = 4.0 x (1/300)*/2 = 0.231 m/s

From Eq. (2)

tm = 12.5h7(1/300)'/2 = 0.722 hr = 43.3 min
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8.66 Information and Assumptions

provided in problem statement

Find
full scale force
Solution
Cprn = Cpp; (Ap/pVQ)m = (Ap/pVQ)P
Ap7n/ApP = (pm,/pp)(‘/’n/v;’)z (1)

Multiply both sides of Eq. (1) by A, /A, = L2, /L2

n

(ApmAm)/(AppAp) = (Pm/f)p)(Lm/LIO)z(Vm/vp)2

Also from the Froude model law
Vi /Vp = 1/ Lin /Ly (2)

Eliminating V;,,/V}, from Egs. (1) and (2) yields

Fm/Fp = (Pm/Pp)(L7n/Lp)2(L7n/Lp)
Fm/Fp = (Pm/Pp)(Lm/Lp)s
F, = Fm(pp/pm)(Lp/Lm)?’ = 80(1,026/1,000)(36)3 = 3.83 MN
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8.67 Information and Assumptions
provided in problem statement
Find
water discharge in model for dynamic similarity and force on prototype

Solution
From Problem 8.64

Qm/Qp = (L7n/Lp)5/2
Qm = 150 x (1/20)%/2 = 0.084 m*/s

From solution to Prob. 8.66 we have:

Fy = Fun(pp/ p) (Lp/ L) = 22(1/1)(20)° = 176 kN
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8.68 Information and Assumptions

provided in problem statement
Find

the largest feasible scale ratio
Solution

Check the scale ratio as dictated by Qy,/Q, (see Problem 8.64)

Qm,/Qp = 090/5, 000 = (Lm/Lp)5/2

or

Lym/L, = 0.0318

Then with this scale ratio

Ly,
Wi

0.0318 x 1,200 m = 38.1 m
0.0318 x 300 m = 9.53 m

Therefore, model will fit into the available space, so use

Lm/L, =0.0318
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8.69 Information and Assumptions

provided in problem statement
Find

speed for the prototype
Solution

The Froude number applies.

Vm/ V gmLm = Vp/\/gp—LP
Vo = Vin\/Lp/ VI
= (4 ft/s) (150/4)%/2
Vp =245 ft/s
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8.70 Information and Assumptions

provided in problem statement
Find
velocity and wave resistance of the prototype.
Solution
Froude model law applies, so we follow the solution procedure of Prob. 8.66:

Vm/vp = \/Lm/Lp§ %:5X\/2—5:25ft/s

Fn/F, = (Lm/Ly)% F,=2(25)> = 31,250 Ibf
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8.71 Information and Assumptions

provided in problem statement
Find

corresponding velocity and wave resistance of the prototype

Solution

Dynamic similarity by equating Froude numbers

Fr,,

Vin/(Gm Lm)®®
Vi

Fp

Fry,

Vp/(gpr)O's

Vm(Lp/Lm)O's = %m/s

(12 N)(Lp/Ly)? = (12)(16)% = 49,152 N
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8.72 Assume Cp, = Cp,

(Ap/(pV2/2)m = (Ap/(pV?/2),
Assume p,,, = p,
Fn/Fy = (Apm/Apy)(Am/Ap) = (Vm/‘/;J)Q(LM/LP)2
(Fp/Fm) = (40/20)%(20)
F, = (200 N)(4)(400) = 320,000 N = 320 kN

Choice (d) is the correct.
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8.73 Information and Assumptions

provided in problem statement
Find

lateral force on the prototype
Solution

Assume

then

Apy/((1/2)p, V) = Cp,

or

C(p,rnodel - Cp,prot.

= Cp m

Ap, = Cp,,,,((l/Q)PpV}?)
Cp,. % (1/2) x 1.25 x (150,000/3,600)?
1,085.6C,,,

P—Po =

but po = 0 gage so

Extremes of pressure are therefore:

Pwindward wall

DPside wall

Pleeward wall

Lateral Force:

p=1,085.6C,, Pa

= 1.085 kPa
= 1,085.6 x (—2.7) = —2.93 kPa
1,085 x (—0.8) = —868 Pa

Apm/App = ((1/2)pmVin) [ (1/2)p, V)

Multiply both sides of equation by 4,,/A4, = L2,/ Lg

(ApmAm)/(AppAp)
Fp/Fm

Fy

F,

p

(P ) Vi /[ V)L / L) = Fo [
(Pp/ P (Vi [V ) (L L)
20(1.25/1.20)((15,000/3,600)2/(20)?)(250)?
5.65 MN
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8.74 Performing a dimensional analysis shows that

Fp pVD

The independent variable is the Reynolds number. Plotting the data using the dimensionless numbers gives
the following graph.

0.035

0.030 +

le ® Water
0.025 o Air

0.020 + P

@
0.015 +

Force coefficient

°
®
0.010 - ® )

0.005 Y v T v
0 2e+5 4e+5  6et5 8et+5 1e+6

Reynolds number
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8.75 Performing an dimensional analysis on the equation for pressure drop shows

Ap D pVD
L pV I

)

where the independent parameter is Reynolds number. Plotting the data using the dimensionless parameters
gives the following graph.

0.020 7

0.018

0.016 ® Water
0.014 _o o] Crude oil

00129
0oot04 @
]

0.008 + [ ] Py

Dimensionless pressure drop

0.006 T T T T ?

0 lets 2e+5 3et+5 4et5 5eth Betb

Reynolds number
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Chapter Nine

9.1 Information and assumptions

provided in problem statement

Find
terminal velocity of block
Solution
Figoar = W sinf
T = Fipear/As = Wsin6/L?
T = pdV/dy=pxV/Ay
/
or
V =1Ay/u
Then

V = (Wsin0/L?)Ay/u
(200sin 10°/0.30%) x 1 x 10~*/102
V = 3.86m/s

<
Il
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9.2 Information and assumptions

provided in problem statement
Find
dynamic viscosity of oil
Solution
Same solution procedure applies as in Prob. 9.1. From the solution to Prob. 9.1, we have

p = (Wsinf/L*)Ay/V
poo= (40 x (5/13)/3%) x (0.02/12)/0.5
p = 5.70x 1073 Ibf-s/ft?
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9.3 Information and assumptions

provided in problem statement
Find
dynamic viscosity of oil
Solution
Same type of solution procedure applies as in Prob. 9.1 and 9.2. Then

po= (20 x(5/13)/1%) x 5 x 107*/0.12
p = 320x 102 N-s/m?
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9.4 a) Upper plate is moving to the left relative to the lower plate.

b) Minimum shear stress occurs where the maximum velocity occurs (where du/dy = 0).
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9.5 a). True b). False «c¢). False d). False e). True
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9.6 a) By similar triangles u/y = tumax/Ay

¥ A . |

oy

or
(Umax/AY)y
= (0.3/0.002)y m/s = 150 y m/s
v = 0

b) For flow to be irrotational du/dy = 0V/0x here Ju/dy = 150 and 9V/0x = 0 . The equation is not satisfied;
flow is rotational .

c) Jdu/0x + Jv/Jy = 0 (continuity equation) du/0x = 0 and dv/dy = 0 so continuity is satisfied.

d) Use the same formula as developed for solution to Prob. 9-1, but Wsin 6 = Fypear. Then

Vo= (F/LW)Ay/up

F, = VLWu/Ay

F, = 03x(1x0.3) x4/0.002
F, = 180N
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9.7 Valid statements are (c), (e).
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9.8 The shear force is the same on the wire and tube wall; however, there is less area in shear on the wire so there
will be a greater shear stress on the wire.
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9.9 Assume a linear velocity distribution within the oil. The velocity distribution will appear as below:

13 |
-
—

P -
[—*=

Because the lower plate is moving at a constant speed, the shear stresses on the top and bottom of it will be

the same, or

T1

Hldvl/tl

1 X (V= Viower) /t1
Vg /t1 — py Viower /1
Viower(/@/t? + ﬂl/tl)
Viower

= 1o
= ppdVa/ts
= ,Uzvlower/tz
= /~L2Viower/t2
= Vi/ta
(Vipa /t1) ) (po/t2 + py /t1)
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9.10 Information and assumptions

provided in problem statement

Find
torque required to rotate disc.
Solution
= pdv/dy
= prw/Ay
dT" = rdF
dT" = rédA
dT' = r(prw/Ay)2mrdr
‘ G
® Q
e
v
4~ PlanView
i}
Then
T = /dT / (pw/Ay)2mr3d
T = (2ruw/Ay)rt/4|y = 2rpwry/(4Ay)
For

Ay = 0.001ft; 7o =6” =0.50 ft; w = 180 x 27/60 = 67 rad/s
= 0.12 Ibf-s/ft?

(2 x 0.12 x 67/0.001)(0.5* /4)

= 222 ft-lbf

N 8 =
Il
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9.11 Information and assumptions
provided in problem statement
Find
torque required to rotate disc.

Solution
The problem is the same type as Prob. 9.10; therefore,

T — 2muwry/ (4Ay)
where

r = 010m; Ay =2 x 1073 m; w = 110 rad/s; u = 6 N - s/m?
= 27 x8x10x107%/(4x (2x1073)) =628 N-m
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9.12

dr

(pu/s)dA x r

prwsin G2rr2dr / (rf sin ()

2 pwr2dr /6

(new/0) (2 [3)|e = (2/3)mrgpw /9

s
/ ro =T
‘ A
! N
r &
! a
’_\B‘ AN 0
: S
! N
A \\
/// K
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9.13 Information and assumptions

provided in problem statement
Find

force required to pull plate.
Solution

Velocity distribution:

V=0.4m/s

Force

= T4
p(dV/dy) A

= (0.62 x (0.4/0.002) x 1 x 2) x 2
F = 496 N
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9.14 Information and assumptions

provided in problem statement

Find
torque required to turn bearing.
Solution
T = uV/é
T = TAr

where T' = torque, A = bearing area = 27rb

T = 72rrbr = 72mr%b
(uV//6)(27r2)

where V=rw. Then

(1/8)(rw)(2mrb)
(1/8)(2mw)r®D

= (0.1/0.001)(27)(200)(0.015)3(0.1)
T = 424x10"*N-m
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9.15 Subscript s refers to inner cylinder. Subscript o refers to outer cylinder. The cylinder is unit length into page.

Ar
%
T, = 71(2mr)(r)
T, = 7(2nr)(r)+d/dr(r27r-r)Ar
T.-T, = 0

d/dr(r2mr?0)Ar = 0;d/dr(tr?) =0

Since there is no angular acceleration, the sum of the torques must be zero. Therefore

T.-T, = 0
d/dr(r2mr®)Ar = 0
d/dr(tr®) = 0
Then
m? =
T = pr(d/dr)(v/r)
So
prd(d/dr(V/r)) = C
pld/dr(V/r)) = Cir™?
Integrating,

wofr = (71/2)017“_2 + Cy

Atr=ry,,v=0and at r =75, v =rsw so

Cl = 2027’8
po = o1 =1 /r2)
Co = pw/(1—r3/rd)
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Then
Ts = O ? = 2Ca(ro/rs)* = 2uwrg /(r2 — 18) = 2p0/((r2/78) — 1)
So
T, = 721r2 = dmpwr? /(2 Jr3) — 1)
which is the torque on the fluid. Torque on shaft per unit length

T = drpwr? /(1 — (r2/72))
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9.16 Information and assumptions

provided in problem statement

Find
power necessary to rotate shaft.
Solution
P = Tw
T = amutr/(1- (12/r3)

= 47 x 0.1 x (50)(0.01)20.04/(1 — (1/1.1)%) = 0.00145 N - m
P = 0.00145(50) = 0.0725 W
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9.17 Information and assumptions

provided in problem statement
Find

viscosity of fluid
Solution

= 0.6(0.02) =0.012 N -m
po= T —7r2/rd)/(4nwlr?) = 0.012(1 — 2%/2.25%) /(47 (20)(27/60)(0.1)(0.02)?)
2.39 N -s/m?
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9.18 Information and assumptions

provided in problem statement
Find

maximum and mean velocity of flow
Solution

u = (gsinf/2v)y(2d — y)

Umax Occurs at the liquid surface where y = d, so

Umax = (gsind(2v))d>
where § = 30°,v =10"° m?/s and d=3.0 x 10~* m
Umax = (981 x sin30°/(2 x 1073)) x (3.0 x 1073)?
Umax = 22x1073m/s=0.022 m/s
V = (gd?®sinf)/(3v)

= 9.81 x (3.0 x 1073)%5in30°/(3 x 1073)
V. = 0.015m/s
V = (2/3)tumax
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9.19 Information and assumptions

provided in problem statement
Find

depth and discharge per unit depth
Solution

Re = Vd/v=gq/v

g = 200x1.2x1073=0.240 cfs/ft
g = (1/3)yd’sinf/p
d® = 3ug/ysinf = 3vq/gsinf =

3x1.2x 1073 x 0.24/(32.2 x 0.707) = 0.3795 x 10~* ft3
d = 0.0336 ft =0.403 in.
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9.20 Information and assumptions

provided in problem statement
Find
depth and average velocity
Solution
Total discharge per unit width of roof is:

q=Lx1XxXR, (1)
where R, = rainfall rate. But
q = (1/3)(v/w)d*sin @
or
d = (3qp/(ysin6))"/?
Combining equations 1 and 2, gives
d = (3LR,p/(ysin )"/

In this problem L = 15 ft; R, = 0.4 in./hr. = 9.26 x 1076 ft/s, p = 2.73 x 1077 Ib-s/ft?;y = 62.4
Ibf/ft3; 6 = 10°. Then

d = (3x15%x9.26x 107 x 2.73 x 107°/(62.4 x sin 10°))*/3
d = 1.02x1073 ft = 0.012 in.
Using Eq. 9.9a
V =0.137 ft/s
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9.21 Information and assumptions

provided in problem statement
Find

shearing force on upper plate.
Solution

u = —(7/21)(By — y*)dh/ds
Umax OCCUrs at y = B/2 so

U = —(7/20)(B* /2 — B2 /4)dh/ds = —(v/2u)(B* /4)dh/ds

From problem statement dp/ds = —1,200 Pa/m and dh/ds = (1/7v)dp/ds. Also B = 2 mm= 0.002 m and
p=10"!N-s/m?. Then

Umax = —(7/21)(B*/4)((1/7)(~1,200))
= (B?/8u)(1,200)
= (0.0022/(8 x 0.1))(1,200) = 0.006 m/s = 6.0 mm/s

Fs = 7A=yp(du/dy) x2x1.5
T = px[=(v/2p)(B - 2y)dh/ds]

but Tpiate Occurs at y = 0. So

F, = —px(y/2pr) x Bx(—1,200/y) x 3= (B/2) x 1,200 x 3
F, = (0.002/2) x 1,200 x 3 =3.6 N
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9.22 Information and assumptions
provided in problem statement
Find
maximum fluid velocity in x—direction.

Solution
From the solution to problem 9-21 we have

Umax = —(7B?/8)((1/7)(dp/ds))

Umax = —(0.01%/(8 x 1073))(—12) = 0.150 ft/s
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9.23

ha = (pa/v)+ za = (150/000) 4+ 0 = 1.5 (Assume z4 = 0)
hg = (pB/v)+ 2B = (100/100) + 1 = 2
hp > ha;

Therefore flow is from B to A: (downward )
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9.24 Information and assumptions

from Table A.4 y =6.2 x 107! N-s/m?, v = 5.1 x 107* m?/s
provided in problem statement
Find
discharge per unit width
Solution
Assume the flow will be laminar.

_ _Bhdh
4= 12p ds
dh/ds = d/ds(p/y+ 2)
= (1/y)dp/ds +dz/ds
-1
since dp/ds = 0. Then
B3y dh

= ——— =—(-1)(0.005% x 12 12x 6.2 x 107"
p T3 @ =~ DO005% x 12,300)/(12 x 62 x 107

0.00021 m?/s

Now check to see if the flow is laminar (Re < 1,000) :

Re = VB/v=¢qB/v
= (0.00021 m?/s)(0.005 m)/(5.1 x 107™* m 2/s)
Re = 0.002 «— Laminar

Therefore our original assumption of laminar flow was correct
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9.25 Information and assumptions

provided in problem statement
Find

maximum fluid velocity in z—direction
Solution

The expression for umay 18

_ _Blydn
Hmax = 8u ds
where
dh/ds = dh/dz=d/dz(p/vy+ 2)
= (1/v)dp/dz+1
= (1/(0.8 x62.4))(—8)+1=—0.16 +1 = 0.840
Then
Umax = —((0.8 x 62.4 x 0.01%)/(8 x 107%)(0.840)
Umax = —0.524 ft/S

Flow is downward.
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9.26 Information and assumptions

provided in problem statement

Find
maximum fluid velocity in z-direction.
Solution
B2y dh
Umax = ——5
8u ds
where
dh/ds =dh/dz = d/dz(p/y+ 2)
— (1/y)dp/dz +1
= (1/(0.85 x 9,810)(—10,000) + 1
= —0.199
Then
Umax = —(0.85x 9,810 x 0.0022)/(8 x 0.1)(—0.199)

0.00830 m/s = 3.31 mm/s

Flow is upward.
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9.27 Information and assumptions

provided in problem statement
Find

maximum fluid velocity in z-direction
Solution

From solution to Prob. 9-21 we have

_ Bydh
Hmax = g " ds
where

dh/ds = dh/dz=d/dz(p/vy+ 2)

= (1/v)dp/dz+1
(1/(0.8 x 62.4))(—60)) + 1 = —0.202

Then

Umax = —(0.8 x62.4 x 0.01%)/(8 x 0.001)(—0.202)
+0.126 ft/s

The flow is upward.
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9.28 Information and assumptions

from Table A.4 ;=2 x 1073 Ibf-s/ft2;y = 55.1 Ibf/ft>
provided in problem statement

Find
pressure gradient in the direction of flow.
Solution
V = ¢/B=0.009/(0.10/12) = 1.08 ft/s
Umax = (3/2)V = 1.62 ft/s
60°
2
P e 4L
8u ds
dh  Bpumax
ds ~vB2
= —(8x2x107%x1.62)/(55.1 x (0.1/12)?) = —6.77
But

dh/ds = (1/v)dp/ds + dz/ds
where dz/ds = —0.866. Then

—6.77 = (1/v)dp/ds — 0.866
dp/ds = ~— (6.77+0.866) = —325 psf/ft

757



9.29 Information and assumptions

provided in problem statement

Find
pressure gradient in direction of flow.
Solution
V = ¢/B=24x107%/(0.002) = 1.2 m/s
Umax = (3/2)V =18 m/s
From solution to Prob. 9-28
dh 78uumax
ds ~B?
dh/ds = —8x0.1x 1.8/(0.8x9,810 x 0.002%) = —45.87

But
dh/ds = (1/v)dp/ds + dz/ds
where dz/ds = —0.866.Then

4587 = (1/y)dp/ds — 0.866
dp/ds = ~(—45.87+ 0.866) = —353 kPa/m
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9.30 Consider the fluid element between the plates

s
U
::::-:':f Fluid element
Ay B
Consider the forces on the fluid element
W

’CyAS TyﬂyAS

—TyAs + 7,4 asyAs — yAsAy =0

Divide by AsAy

Ty

Ay + Ay 7=0
Take the limit as Ay approaches zero
dr/dy =~
But
T = pdu/dy
So



Integrate

pdu/dy = vy +Ci
du/dy = zy +C
I
Integrate again
2
u=2% 10y +C
w2

Boundary Conditions: At y = 0,u =0 and at v = L, u = U. Therefore,

U ~L
pu— d - — — — —
CQ 0 an Cl I3 /JQ

2 U L
u_zy_+<_+1_>y
w2

_ oy U oLy
©6 2L 4

_ P UL oI

w6 2 4

For zero discharge

or
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9.31

a) First consider the forces on an element of mud Az long and yg deep as shown below.

Yo
[T

There will be no motion if yypsin§ < ¢

b) Determine the velocity field when there is flow. Consider forces on the element of mud shown below. Assume

unit dimension normal to page.
AX
&y T Qﬁ(m/dy Y)

> F.=0
—7Ax + (7 + (dr/dy)Ay)Ax =0
(dr/dy)Ay —vsin0Ay =0
dr/dy = —ysinf

T= —/’ysinedy+C
= —vsinfy + C

when y =0, 7 =0 so

v sin Byg
T = —ysinfy + ysin by (1)

and

T ="sinb(yo — y)
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But for the mud
T =70 + ndu/dy
Eliminate 7 between equations (1) and (2)

To+ndu/dy = ~ysinf(yo —y)
du/dy = [ysinf(yo—y)— 7ol /7

Upon integration
u=(1/n) [ysin0(yoy — y?/2) — Toy] + C
when
y=0,u=0 =C=0

If 7 < 79, du/dy = 0. Transition point is obtained from Eq. (3)

0 = (ysinf(yo—y) — 7o)
To = ysinf(yo—y)
To = -ysinfyg — ysinfy
ysinfyy — To
Yy - - . A
~ysin 6
Yu = Yo — (To/vsinod)

When 0 < y < ygr, T > 7o and

U= ['ysine(yyo — y2/2) - TOy] /77

When yi, < y < yg,T < Tg SO U = Umax = Uz and the velocity distribution is shown on the figure.
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9.32 Information and assumptions

provided in problem statement

Find
the discharge
Solution
q = (2/3)umaxB; dh/ds = —1
u = —(v/2u)(By — y*)dh/ds
and u = Umax When y = B/2 so
Umax = —(7/20)((B?/2) — (B?/4))dh/ds
— —(4/2u)(B2/4)dn/ds

Thus

q = (2/3)(—/2u)(B?/4)(dh/ds)(B)

or

Q = —(2/3)(v/21)(B°/4)(dh/ds)(nD)
= (—2/3)(12,300/(2 x 6.2 x 1071))((1.5 x 1073)3/4)(~1)(7 x 0.0185)
Q = 324x107"m3/s

763



9.33 Information and assumptions

provided in problem statement

Find
amount of oil pumped per hour
Solution
F = Pavg. X A
= 1/2 ppax X A
= 1/2 pmax X 0.3 m x 1 m
or

Pmax = 2F/0.3m? =2 x 50,000/0.30
= 333,333 N/m?

Then dp/ds = —333,333 N/m?/0.15 m= —2,222,222 N/m3. For flow between walls where sinf = 0, we

have
Umae = ~(3/2)(BaB/2 ~ B/4)(d/ds(p/))
Umax = —(BQSM)dp/ds
Vavg. = 2/3umax
= (112)(B?/p)dp/ds
Then
Qper side — VB = —(1/12)(33//L)dp/d8
and

Grotal = 2VB = —(1/6)(B3/u)dp/ds

= —(1/6) x ((6 x 107 m)3/(20™" N - s/m?)) x —2, 222,222 N/m?)
4.00 x 107* m?/s
q = 144 m3/hr

764



9.34 The flow is steady and incompressible. There is no pressure gradient in the flow direction. Let x be in the flow
direction and y is the cross-stream direction. In the Couette flow problem

ou
= _p
ox

so from the continuity equation
0
o _
Ay

or v =constant. The constant must be zero to satisfy the boundary conditions.
The z-component of the Naiver Stokes equation reduces to

d2
Pu_
dy?
Integrating twice gives
u=Cy+Co

Applying the boundary conditions that u(0) = 0 and w(L) = U gives

e
u—UL
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9.35 For flow down an inclined plane, the flow is steady and uniform (no change in the flow direction). The fluid
is also incompressible. Let x be in the flow direction and y in the cross-stream direction. Since the flow is
uniform

ou
Z_0
ox

so the continuity equation gives
v
Z_0
Ay

Thus v must be equal to a constant and the constant must be zero to satisfy the boundary conditions.
The Naiver-Stokes equation in the x direction reduces to

2
(% .
Ozud—yz + pgsin 6

since u is only a function of y and where 6 is the angle of inclination. Thus the differential equation can be
written as

du g .

—F = —~sind

dy? v

The boundary conditions are u(0) = 0 and /(d) = 0. Integrating once gives
d
- sin By + C
dy v

Applying the boundary condition at L gives

Cy = g sin 6d
v

SO

d
d—Z = %sin@(dfy)

Integrating again

2
g . Y
= =sinf(dy — =) + C:
u =" sin (dy 5 )+ Cs
Applying the boundary condition at 0 gives Cy = 0 so the final result is

2

g . Y

= Zsinf(dy — =
u=>si (dy 2)
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9.36

g = —(B*/(12p))dp/dr
@@ = 2mrqg= constant
Q = QWT(—BS/(H;L))dp/dr

Separate variables:

((=mB%)/(6))dp = Q(dr /)
Integrate:
—1B%p/(6p) = QInr 4 C
Use boundary conditions to determine Ap : p; at r; and ps at ry
o (=7B?/(6p))p1 = QInry + C
(7B*/(61))p2 = QInrz + C

(szpl)(ﬂB‘g/( ) = Q(Inry —Inry)
= (6p/(rB°)Q1n(r1/r2)

For 71 = 0.01 m, ro = 0.1 m, B = 0.005 m and @ = 0.0003 m? /s we have:

Ap = ((6x3.6x1072%)/(m x 0.005%))(0.0003) In(0.01/0.1)
Ap = —380Pa

Pressure drop =p; — p2 = 380 Pa
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9.37 Information and assumptions

provided in problem statement

thickness of boundary layer, distance from leading edge and shear stress.

Find
Solution
Re
T
T
6
6
To
To

Uox /v
Rev/Uy = 500,000 x 1.22 x 107°/5

1.22 ft

52/Rel/? = 5 x 1.22/(500,000)/2
0.0086 ft = 0.103 in.

0.332u(Up /) Re/?
0.332 x 2.36 x 107°(6/1.22) x (500,000)*/2 = 0.273 1bf/ft>
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9.38 Information and assumptions
provided in problem statement
Find
ratio of the boundary layer thickness to the distance from leading edge just before transition.
Solution

§/x =5/Rel/? = 5/(500,000)"/? = 0.0071
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9.39 Information and assumptions
provided in problem statement
Find
shearing force due to laminar part of boundary layer.
Solution

Fijam = CrApUS /2

where Cf = 1.33/Re!/2.

C; = 1.33/(500,000)/2 =0.00188
Filam = (0.00188 x 3 x 1.017) x 1.94 x 62/2
0.200 Ibf
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9.40 At the edge of the boundary layer the shear stress, 7, is approximately zero. Therefore, 7/79 = 0. Choice (a)

is the correct one.
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9.41 Information and assumptions

provided in problem statement
Find

force due to shear stress on element.
Solution

This is a turbulent boundary layer; therefore,

¢; = 0.058Re,/?

Re, = Uz/v
= 25x1/(1.5x1079)
= 16.6 x 10°
= 1.66 x 10°

Re;'/% = 0.0570

c; = 0.058 x 0.0570

= 0.00330

F = C;Ax (pU?/2)
= 0.00330 x (0.01)%(1.2)(25)2/2
= 1.24x107'N
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9.42

u/Uy = (y/6) %19 = 1.66Upu/6

5
To = pUgd/dx/O (u/Up(1 — u/Uy))dy

S5
— pudd/de /0 (/)2 — (u/8))dy

= pUgd/dx[(2/3)(y/8)** = 1/2(y/6)°];
1.66Uop/6 = (1/6)pUgds /dx
6ds /dx = 9.961/ (pUy)
62/2 = 9.96pux/(pUs) = 9.962% /Re,
§ = 4.45x/Rel/?

For the Blasius solution § = 5z/Re'/?
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9.43 Information and assumptions

provided in problem statement
Find

liquid velocity 1 m from leading edge and 1 mm from surface.
Solution

Re, = Va/v =1x1/2 x 107° = 50,000
The boundary layer is laminar. Use Fig. 9-6 to obtain u /Uy
yRe? /z = 0.001(5210%)%° /1 = 0.224

Then from Fig. 9.6 u/Up =~ 0.075 ; v = 0.075 m/s
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9.44 Information and assumptions

provided in problem statement

Find
skin friction drag on one side of plate.
Solution
Re, = 1.5x10°
Cr = 1.33/Re%’ =0.00343
F, = CyBLpU?/2=.00343 x 1 x 3 x 1,000 x 1?/2 = 5.15 N

775



9.45 Information and assumptions

provided in problem statement

Find
velocity 1 m downstream and 10 mm from plate.

Solution

Re, = Ux/v =6 x 1/107* =6 x 10*
Therefore the boundary layer is laminar.
yRe? /z = (0.010)(6 x 104)%5/1 = 2.45

From Fig. 9-6 v/Up = 0.72. Therefore

uw=6x0.72=43m/s
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9.46 Information and assumptions
provided in problem statement
Find
oil velocity 1 m from leading edge and 10 cm from surface
Solution
Re, =1 x1/107* = 10*
Therefore the boundary layer is laminar.

yRe2? /z = 0.10 x 10?/1 = 10

Therefore the point is outside the boundary layer so u = Uy = 1 m/s.

7



9.47 Information and assumptions

provided in problem statement
Find

thickness of boundary layer, distance from leading edge and local shear stress
Solution

Re, = Upz/v = 500,000
x = 500,00r/Uy = 500,000 x 1.31 x 1075/1 = 0.655 m
§ = 5z /Rel/? =5 x 0.655/(500,000)"/2 = 4.63 x 107> m = 4.63 mm
70 = 0.332u(Up /) Rel/?
70 = 0.332 x 1.31 x 1073(2/0.655) x (500,000)'/2 = 0.94 N/m?
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9.48 Information and assumptions

provided in problem statement
Find

shearing resistance on one side of plate and ratio of laminar shearing force to total shearing force.
Solution

F, = 0.664BulUoRel/? = 0.664 x 1 x 1.31 x 1073 x 2 x (500, 000)"/2
F,=123N
Fsmml = (jf/lf)[]g/2
Rer, =Up x 1/v =2 x1/(1.31 x 1076) = 1.53 x 10°

From Fig. 'y = 0.0030 from Fig. 9-14

F,.., = 0.0030x1x500x4=60N
F, /F,.. = 1.23/6.0=0205
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9.49 Information and assumptions

From Table A.3 v = 1.6 x 107° m?®/s and p = 1.17 kg/m3.
provided in problem statement
Find
a) friction drag on wing, b) power to overcome friction drag, c) fraction of chord which is laminar flow and
d) change in drag is boundary tripped at leading edge.
Solution

U (200 km/hr)(1,000 m/km) /(3,600 s/hr)
Us = 55.56m/s

Then
Re = UpL/v = (55.56)(2)/(1.6 x 107%) = 6.9 x 10°

From Fig. 9.14, the flow is combined laminar and turbulent

0.523 1520

Cy = - = 0.00290
d n%(0.06Re)  Re
F, = CyBLpU}/2
Wing has two surfaces so
Fs,wing - CfBLPUg/Q

(0.00290)(11)(1.17)(55.56)% = 230 N (a)

Power

P = F,wingUo = 230 x 55.56 = 12.78 kW (b)

Critical laminar Re = 5 x 1075 = Upz /v

T = b x10°0/U
Tor = (5 x10%)(1.6 x 107°)/55.56
Ter = 1ldcm ()

If all of boundary layer is turbulent then

Cr = 0.074/Re”?
Cy = 0.00317

Then Fiyipped B.L./ Fnormal = 0.00317/0.00290 = 1.086 Change in drag with tripped B.L. is 8.6 increase
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9.50 Information and assumptions

From Table A.5 p =998 kg/m?; v = 1075 m?/s.
provided in problem statement

Find
velocity 1 cm above plate surface.
Solution
ue = (t0/p)®® = (0.1/998)"% = 0.01 m/s
uy/v = (0.01)(0.01)/(107%) = 10?

From Fig. 9-10 for u,y/v = 100 it is seen that Eq. 9-34 applies

u/u, = 5.57log(yu./v) + 5.56
= 5.7510g(100) + 5.56 = 17.06
u = u,(17.06) = 0.01(17.06) = 0.171 m/s
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9.51 Information and assumptions
provided in problem statement
Find

resistance of plate and boundary layer thickness at trailing edge.
Solution

Rer, = UpL/v = 0.20 x 1.5/(107%) = 3.0 x 10°
Reyp, is less than 500,000; therefore, laminar boundary layer

§ = b5x/Re/?=5x1.5/(3.0%10°)"/2 =0.0137 m = 13.7 mm

C; = 1.33/Rel/? =1.33/(3.0 x 10°)'/? = 0.00243
F, = C;ApUZ/2 =10.00243 x 1.0 x 1.5 x 2 x 1,000 x 0.20?/2 = 0.146 N
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9.52 Information and assumptions

provided in problem statement
Find

skin friction drag per unit width of plate and velocity gradient at surface 1 m downstream from leading edge.
Solution

Rer, = UpLp/u=20x2x1.5/1075 =6 x 10°
52 152
Cr = 205 51920 00204
In®(0.06Re)  Re
F, = C;(2BL)pUZ/2
= 0.00294 x (2 x 1 x 2)(1.5 x 20%/2)
= 353N
Reyn = 6x10% x (1/2) =3 x 10°
c; = 0.058/(3 x 106)1/° = 0.00294
To = cppUs/2 =0.00294 x 1.5 x 20%/2 = 0.881 N/m?
But
To = pdu/dy
or
du/dy = To/u=0.881/10""
8.81 x 10% s~!
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9.53 Equation 9.44 is

TO 7 2d5

T 72704y

Substituting in Eq. 9.46 gives

v \'0 7 28
T 72 %dx

0.010U8 (ﬂ
0

Cancelling the Up’s and rearranging gives

72 v\ eds
—_— —_— = /6—
- % 0.010 <U0> 6 T

Separating variables

v 1/6
0.1028 (—) dx = §'/%ds
Uo

Integrating

6 1/6 L\ /6
—67/6 = 0.1028 [ — C
7 (UO) vt

But §(0) = 0 so the constant is zero. Solving for § gives

7 6/7 [ Y v 6/7

Dividing through by z results in

] 0.16

T Re;:/7
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9.54 Information and assumptions

provided in problem statement
Find

speed at which turbulent boundary layer appears and total drag at this speed
Solution

Regurb = 5 x 10° = Uc/v
U= (5%x10%v/c = (5 x 10°)(1.58 x 107*)/0.5 = 158 ft/s
Cp =1.33/(5 x 10°)%% = 0.00188
F = Cy(pU?/2)A = (0.00188)((0.00237)(158)? /(2))(2)(3)(0.5)
= 0.167 Ibf
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9.55 Information and assumptions

provided in problem statement

Find
skin friction drag on top per unit width and shear stress on plate at downstream end.
Solution
Vam C.S.
,,,,,,,, S
— E—
T y — 8
shear stress

Apply the momentum equation to the c.v. shown above.

ZFm = / VopV - dA

Fs,plate onc.v. — 710‘/126 + /pVYQQdA + p‘/lqtop
where
5 5
Gop = Vi6— / Vady = Vi6 - / Viy/6dy
0 0

Gop = V10 —Viy?/26|5 = V16 — 0.5V16 = 0.5V,

Then
5
F, = —pVi6+ / p(Viy/8)?dy + 0.5pV}6
0

= —pV325+ pV§/3 + 0.5pV 26
= pVES(—1+ (1/3) + (1/2)) = —0.1667pV25

For Vi =40 m/s, p = 1.2 kg/m?, and § = 3 x 1072 m we have
F, = —0.1667 x 1.2 x 40°> x 3 x 1073 = —0.960N

or the skin friction drag on top side of plate is Fy =40.960 N. The shear stress at the downstream end of
plate is

7o = pudV/dy = 1.8 x 1075 x 40/(3 x 107%) = 0.24 N/m?
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9.56 Equation 9.43 is

2ot (O - ()"

Changing the variable of integration to

the integral becomes

O N ON R A
= 5/1[771/7?72/7}6177
0

Integrating we have

6/1[771/7 B 772/7]d77 _ 6[3778/7 - ZU9/7]1 _ 15
0 8 9" 02

The equation then becomes

TO 7 2d5

T 72704y
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9.57

) )
m = / pudy = / PocUoody = pocUso(6 — &)
0 &*
)
Poclsct™ = pocUncl — / pudy
0
)
= ol [ (1= () poUc)ly

)
b= / (1~ () / (posUne))dy
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9.58 Information and assumptions

provided in problem statement
Find
magnitude of displacement thickness.
Solution
The streamlines will be displaced a distance 6" = gqefect/V1 Where

6 §
ddefect = / (‘/1 - ‘/Q)dy = / (Vl — Vly/é)dy
0 0

Then

P 5
& = iV~ [ -y =6-5/2= o2
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9.59 Information and assumptions

provided in problem statement
Find

Evaluating the integral for the 1/7th power profile gives
Solution

To 7 ,.0db

p 72 %dx

Substituting in the expression for shear stress gives

0.022501/% 7 517448

g/t T2t de

Integrating and using the initial condition at §(0) = 0 gives

] 0.37

T Reg/5

Substituting the equation for ¢ into the equation for shear stress gives

0.058

= Re!/?

Integrating this over a plate for the average shear stress coefficient gives
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9.60 Information and assumptions

provided in problem statement
Find

ratio of skin friction drag on two plates.
Solution

F, = CyBLpUE /2

where Cy = 1n2(0(.).562><3ReL) - ggf
Rers = 30x10/107° =3 x 10®
ReL,lO = 108
Then
Crs0 = 0.00187
Cti0 = 0.00213
Then
Fs30/Fs 10 (0.00187/0.00213) x 3
2.59
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9.61 Information and assumptions

From Table A.3 v = 1.41 x 107° m?/s and p = 1.25 kg/m3.
provided in problem statement

Find
power required to pull sign.
Solution
F, = CyBLpU}/2
Rer, = VoL/v=30x30/(1.41 x 107°)
Rer, 6.38 x 107

Then form Fig. 9-14 C'y = 0.00225

F, = 0.00225 x 2 x 30 x 1.5 x 1.25 x 302/2 =1139 N
P = FV =1139 x 30 =3.42 kW
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9.62 Information and assumptions

provided in problem statement
Find

tension in cable.
Solution

o
T+Fs:FBuoy.7WZO
T:W_FS_FBuoy.

T
!
I:Buoy' T [\ Fs
W
where W =200 N
FBuoy. = 7Ywater = 0.003 x 3 x 9,810 =88.3 N
F, = C;ApUE/2; R., =VL/v=2x1/(1.31 x 1075) = 1.53 x 10°

Therefore, from Fig. 9-14, Cy = 0.0030
Then

F, =0.0030 x 2 x 3 x 1,000 x 4/2 =36.0 N
Solving for tension in the cable.

T=200-36.0—-883=75.TN
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9.63 Information and assumptions
provided in problem statement
Find

falling speed in fresh water
Solution

Equating the weight, buoyancy and shearing resistance gives

W-B =
23.5—1000 x 9.81 x 0.002 =

l\Dl'—‘;}j

x 1000 x 2 x 2 x Cy x U3

or
0.001962
U2 = 02
0 Cf

Using the equations for C'y for the normal boundary layer and using the direct substitution method gives

Up = 0.805 m/s
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9.64 Information and assumptions

From Table A.5 v = 1075 m?/s

provided in problem statement
Find

thickness of viscous sublayer 1 m downstream from leading edge.
Solution

8 = 5v/u,
where u, = (19/p)%° and 79 = cpr2/2

To/p = (0.058/Re2?)UZ/2

Re, = Upz/v
= (5)(1)/107% =5 x 10°
Re¥? = 21.87
Then
To/p = (0.058/21.87)(25/2)
To/p = 0.0332 m?/s?
ue = (10/p)%% =0.1822 m/s
Finally

8 =5v/u. = (5)(1075)/(0.1822)

8 =9274x10"%m

Roughness element size of 100 microns is about 4 times greater than the thickness of the viscous sublayer;
therefore, it would definitely affect the skin friction coefficient.
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9.65 Information and assumptions

From Table A.3 p = 1.2 kg/m3; v = 1.51 x 107° m?/s?
provided in problem statement

Find
falling speed
Solution
W. = F,=0Cp(U3/2)A
C; = 0.074/Re%?

W = 3=2(0.074/(&o x 0.1/(1.51 x 107))%2)(1.2)(UZ/2)(1 x 0.1)

Solving for Uy yields Uy =67.6 m/s.
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9.66 Information and assumptions

provided in problem statement
Find

total drag force on plate.
Solution

The force due to shear stress is

1
F, = CprUfBL

The density and kinematic viscosity of air at 20°C and atmospheric pressure is 1.2 kg/m?® and 1.5x107°
N-s/m?, respectively. The Reynolds number based on the plate length is

15 x1

- 108
1.5 x 10-5 0

ReL =

The average shear stress coefficient on the “tripped” side of the plate is

0.074
Cr = omyirs = 00047

The average shear stress on the “untripped” side is

0.523 1520
- 22 0.0028
77 (006 x 106) 106

The total force is

1
F, = 35 x 1.2 x15” x 1 x 0.5 x (0.0047 4 0.0028) = 0.506 N
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9.67 Information and assumptions

provided in problem statement
Find

length where boundary layers merge and the shearing force per unit depth.
Solution

The density and kinematic viscosity of water at these conditions are 1000 kg/m? and 107¢ m?/s.

boundary layer growth is given by

037z 0.372%/°

Rel ()

Setting § = 0.002 m and x = L , we have

0.002 / 10 \'/°
4/5 _
LA5 = o3 (—10_6) =0.135

or

L =0.0824 m
Check the Reynolds number
0.0824 x 10 5

so the equations for the tripped boundary layer (Re, < 107) are valid.
The average shear stress coefficient is

0.074
Cr= (0.0824><10)1/5 = 0.00485
10—6

The force due to shear stress on both plates is

F, 1
5 =2 §,oUZCfL = 1000 x 10? x 0.00485 x 0.0824 = 40.0 N/m
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9.68 Typical results from program.

Normal
Reynolds number  6/z cf Cy
5 x 10° 0.00707 0.000939 0.001881
1.0 x 10° 0.0222  0.00376 0.002801
1.0 x 107 0.01599 0.00257 0.002803
Tripped
Reynolds number  §/x cf Cy
1.0 x 108 0.0233 0..336 .004669
1.0 x 108 0.0115 0.00186 0.00213
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9.69 Information and assumptions

From Table A.5 v = 1.22 x 107° ft2/s
provided in problem statement

Find
power required

Solution

Rey, = UpL/v = 50 x (44/30) x 8/(1.22 x 107°) = 4.8 x 107

From Fig. 9-14 C; = 0.00233. Then

Fp = CrApUZ/2 =0.00233 x 32 x 1.94 x (73.33)2/2 = 389 Ibf.
P = FV =389 x 73.33 = 28,525 ft-Ibf/sec = 51.9 hp
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9.70 Information and assumptions

From Table A.3 v = 1.51 x 10~°> m?/s and p = 1.20 kg/m?

provided in problem statement
Find

deceleration, drag and acceleration in head and tail wind and maximum distance.
Solution

F, = CpApU3 /2
Assume turbulent boundary layer where A, = DL = 7 x 0.025 x 2.65 = 0.208 m?;

Rer, = UpL/v =30x2.65/(1.51 x 107°)
5.3 x 10°
Then from Fig. 9-14, C; = 0.00297. Then
F, = 0.00297 x 0.208 x 1.2 x 30%/2 = 0.334 N
F = ma

or
a=F/m=0.334/(8.0/9.81) = 0.410 m/s2
With tailwind or headwind C will still be about the same value: Cr ~ 0.00297. Then

Fiheadwina = 0.334 x (35/30)% = 0.455 N
Fitailwina = 0.334 x (25/30)? = 0.232 N

As a first approximation for maximum distance, assume no drag or lift. So for maximum distance, the
original line of flight (from release point) will be at 45° with the horizontal—this is obtained from basic mechanics.
Also, from basic mechanics:

y = —gt?/2 + Vptsin 6
and
x = VotcosO
or upon eliminating ¢t from the above with y = 0, we get
x=2Vgsinfcosf/g =2 x 32% x 0.707*/9.81 = 104.4 m
Then
t=x/Vycosf =104.4/(32 x 0.707) = 4.61 s

Then the total change in velocity over 4.6 s 4.6xas = 4.6 x (—0.41) = —1.89 m/s and the average velocity
is V = (32+30.1)/2 = 31 m/s. Then, a better estimate of distance of throw is: z = 312/9.81 =98.0 m
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9.71 Information and assumptions

From table A.5 1.31 x 1076 m?/s
provided in problem statement

Find
force required to overcome surface resistance.
Solution
Fy = CpApVg/2
Re;, = 1.7x50/(1.31 x 107%) = 6.49 x 107

From Fig. 9-14 C¢ = 0.00225

F, =0.00225 x 7 x 0.5 x 50 x 1,000 x 1.7%/2 = 255 N
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9.72 Information and assumptions

From Table A.3 v = 1.41 x 107° m?/s
provided in problem statement

Find
power required.
Solution
F, = CpApU3 /2
Rer, = UpL/v = (100,000/3,600) x 150/(1.41 x 107?)
Rejpp = 2.95x 10°
Respp = 5.9 x 10°
Cto = 0.00187
Ctyo = 0.00173
Then
Fy. = 0.00187 x 10 x 150 x 1.25 x (100,000/3,600)%/2
Fy, = 1,353 N
Pigo = 1,353 x (100,000/3,600) = 37.6 kW
Feoo = 5,006 N
Pyyp = 5,006 x (200,000/3,600) = 278 kW
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9.73 Information and assumptions

From Table A.5 v = 1.22 x 107° ft?/s and p = 1.94 slug/ft3.
provided in problem statement
Find
a) thickness of boundary layer at 100 m downstream, b) velocity of water at y/é = 0.5 and c¢) shear stress
on hull.

Solution
Re, = Uz/v=(30)(100)/(1.22 x 107°) = 2.46 x 108
I 0.455
S 1n2(0.06Rey)
= 0.00167
7o = cppUs/2 = (0.00167)(1.94)(30%)/2 = 1.456 Ibf/ft* (c)
u, = (70/p)"° = (1.456/1.94)%5 = 0.866 ft/s

§/r = 0.16Re;¥7 =0.010
§ = (0.010)(100) = 1.0 ft (a)
§/2 = 05ft

From Fig. 9-12 at y/6 = 0.50, (Up — u)us =~ 3.0. Then

(30 — u)/0.866 = 3.0

us/2=27.4 ft /s (b)
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9.74 Information and assumptions

From Table A.5 v = 1.41 x 107° ft?/s and p = 1.94 slugs/ft>.
provided in problem statement

Find
skin friction drag on ship.

Solution

F, = CpAspUg /2
where Cf = f(ReL)
Re;, = UpL/v = (30)(600)/(1.41 x 1075) = 1.28 x 10°

From Fig. 9-14 C; == 0.00158. Then

F, = (0.00158)(50,000)(1.94)(30)2/2 = 68,967 Ibf
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9.75 Information and assumptions

Assume v = 1.2 x 107° ft? /s and p = 1.94 slugs/ft3
provided in problem statement

Find
the shearing force

Solution

F, = C;BLpV§/2
Re;, = VL/v=10x208/(1.2x107°) =1.73 x 10

From Fig. 9-14 C¢ = 0.00199. Then

F, = (0.00199)(44)(208)(1.94/2)(10%) = 1,767 1bf
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9.76 Information and assumptions

From Table A.4 v = 1.4 x 107 m?/s and p = 1026 kg/m?>.

provided in problem statement
Find

skin friction drag, power required and boundary layer thickness 300 m from bow.
Solution

Rey, = UpL/v = (15 x 0.515) x 325/(1.4 x 10~%) = 1.79 x 10°
From Fig. 9-14 O = 0.00153. Then

F, = CpApUZ /2

F, = 0.00153 x 325(48 + 38) x 1,026 x (15 x 0.515)%/2 = 1.309 MN
P = 1.309 x10° x 15 x 0.515 = 10.1 MW

To find § at x = 300 m

Resgo = Upx/v =15 x0.515 x 0.515 x 300/(1.4 x 1079)
= 1.66 x 10°
§/r = 0.16/Rel/? =0.0077
§ = 300m x .0077
0 = 231m
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9.77 Information and assumptions

From Table A.5 v = 1.22 x 10~° ft?/s and p = 1.94 slugs/ft3
provided in problem statement

Find
wave drag on actual ship.

Solution

Fr,, = Fr,

Lm/L, = 1/100
Vm/(ng)O's = Vp/(ng)O'S

Vi/Vp = (Lw/Lp)** =1/10

VZ/VZ = 1/100

Vin = (1/10)(30 ft/s) = 3 ft/s
Viscous drag on model:

Re; = VL/v=(3)(5)/(1.22x107%) =1.23 x 10°
= 0.00293 from Fig. 9-14
Fom = COp(1/2)pVZA = (0.00293)(1/2)(1.94)(3?)(2.5)
= 0.0639 Ibf
Fiavem = 0.1 — 0.0639 = 0.0361 1bf

From Fig. 9-14, C'y = 0.00293 so

Fom = Op(1/2)pVZA = (0.00293)(1/2)(1.94)(3?)(2.5)
0.0639 1bf
Fuavern = 0.1 —0.0639 = 0.0361 Ibf

Assume, for scaling up wave drag, that

(Cp)m = (Cp)p

(Ap/(pV2/2))m = (Dp/(pV?/2)),
Apm/App = (pm/pp)(v;gz/‘/;)z)
But
Fm/Fp = (Apm/App)(Am/Ap) = (pm/pp)(‘/;gz/vﬁ)(Am/Ap)
(/) Lo/ Tp)* = (1.94/1.99)(1/100)"
F, = Fm(1.99/1.94)(100)3 = 0.0361(1.99/1.94)(106)

F, = 3.70 x 10* Ibf
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9.78 Information and assumptions

From Table A.5 v,, = 1.00 x 107% m?/s and p,, = 998 kg/m?
From Table A.4 v, = 1.4 x 1075 m?/s and p,,, = 1026 kg/m?>.

provided in problem statement

Find
a) speed of prototype, b) model skin friction and wave drag and c) ship drag in salt water.
Solution
Vin = 145 m/s
V, = (Lp/Lm)"?xV,, =+/30 x 1.45 = 7.94 m/s
Re,, = 1.45(250/30)/(1.00 x 107%) = 1.2 x 107
Re, = 7.94x250/1.4 x107% =1.42 x 10°
o — 0523 1520
In?(0.06 Re)  Re
Ctr = 0.00275
Cp, = 0.00157
Fon = CpnApV?/2 =0.00275(8,800/30%)998 x 1.45%/2 = 28.21 N
Fuave,, = 38.00-2821=9.79N
Fuavey, = (Pp/Pm)(Lp/Lin)? Fuave,, = (1,026/998)30%(9.79) = 9,040 N
F,, = Cy,ApV?/2 =0.00157(8,800)1,026 x 7.94%/2 = 446,000 N
F, = Fuae, + Fsp = 9,040 + 444,000 = 453,000 N
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9.79 Information and assumptions

provided in problem statement
Find
minimum shear stress on smooth bottom.
Solution
Minimum 79 occurs where ¢y is minimum. Two points to check: (1) where Re, is highest; i.e., Re, = Rer,
and (2) end of laminar sublayer where ¢y reaches minimum value for the laminar part.

(1)

Re;, = VoL/v=20x4/107% =8 x 10"
T lnz(g..(l)l%er) =0.00192
(2)
Re, = 5 x 10°

at the end of laminar boundary layer.
¢; = 0.664/ Rel/? = 0.00094
which is the minimum. So

To

min

= ¢t pVE/2 = 0.00094 x 998 x 20?/2 = 188 N/m?
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9.80 Information and assumptions

From Table A.5 v = 1.2 x 107° ft2/s and p = 1.94 slugs/ft3.
provided in problem statement

Find
power to overcome surface resistance.

Solution

Rer = VL/v =44 x 4/1.2 x 107° = 144(10°) = 1.44(107)

From Fig. 9.14 Cy = 0.0027. Then

Fp (per ski) = 0.0027(4)(1/2)(1.94)(44%/2) = 10.135 Ibf
Fp (2skis) = 20.27 Ibf
P(hp) = 20.27 x 44/550 = 1.62 hp
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9.81 Information and assumptions

From Table A4 v = 1.4 x 1076 m?/s
provided in problem statement

Find
surface drag and thickness of boundary layer at stern.
Solution
Re, = UpL/v=10x80/(1.4 x 107°)
Re, = 5.7x 108

From Fig. 9-14 C; = 0.00173. Then

Fp = C;ApUE/2 =0.00173 x 1,500 x 1,026 x 10?/2 = 133 kN
0.16

bfe = Re;:h

§/z = 0.0089

6 = 80x0.0089=0.712 m
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Chapter Ten
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10.2 Information and Assumptions

provided in problem statement
Find
mean velocity in pipe.
Energy equation from the 0 elevation to the 10-ft elevation:

po/Y+VE/20+20 = pio/y+Vi/29+ 210 + hr
200,000/10,000 +0 = 110,000/10,000 + 10 + hr,
hy = 10—11—-10=—1m

Because hj, is negative, the flow must be downward.

32uLV/yD? hr =1m

V = ~D?/(32uL)
8,000 x 0.012/(32 x 3.0 x 1073 x 10)
V = 0.83m/s
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10.3 Valid statements are (a), (d) and (e).
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10.4 Information and Assumptions

provided in problem statement
Find

pressure drop per 100 feet of level pipe
Solution

V = Q/A=025/((7/4) x (1/6)%) = 11.46 ft/sec
Re VDp/u=11.46 x (1/6) x 0.97 x 1.94/1072 = 360 (laminar)
Ap = 32uLV/D?* =32 x 1072 x 100 x 11.46/(144 x (1/6)%) = 91.7 psi/100 ft
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10.5 Information and Assumptions

provided in problem statement
Find

pressure at section 10 feet below
Solution

First, check Re:

Re =VDp/pu=2x0.01 x 1,000/0.06 = 333 (laminar)

Energy equation from the point of highest elevation to a point of 10 meters below.

pi/y+ V229 + =

600, 000/(9.81 x 1,000) + 10
P2/

P2

p2/y+ V5 /29 + 22+ hi

p2/y + 0+ 32uLV/yD?

600,000/ + 10 — 32 x 0.06 x 10 x 2/(7(0.01)%)
600,000 + 10 x 9,810 — 384,000 = 314 kPa
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10.6 Information and Assumptions
provided in problem statement
Find
distribution logarithmic or parabolic and ratio of shear stress 1 mm from wall to that at wall.

Solution
Check Reynolds number

Re = VDp/u = (1)(0.01)(1,000)/10~! = 100 (laminar)

Because the flow is laminar the velocity distribution will be parabolic.
For a parabolic velocity distribution

V =V.(1-1r?/R?)

The velocity gradient is

dV/dr = —2rV./R?

The shear stress is proportional to the velocity gradient. One millimeter from the wall is 4 millimeter from
the centerline. Therefore

T4mm o é o

0.8

T5mm 5
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10.7 Information and Assumptions

provided in problem statement

Find
pressure drop in Pa per 10 m.
Solution
p = 38x107' N-s/m?
v = 22x107* m?/s
V = Q/A=8x10"°%/((r/4) x 0.030%) = 0.0113 m/s
Re = VD/v=0.0113 x 0.030/(2.2 x 10~*) = 1.54 (laminar)
Then

Aps = 32uLV/D? = 32 x 0.38 x 10 x 0.0113/0.030% = 1,527 Pa/10 m
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10.8 Information and Assumptions

provided in problem statement
Find
mean velocity in tube and discharge
Energy equation from reservoir liquid surface to outlet of pipe. Assume laminar flow so o = 2.

pi/y+VE29+ 2 = pa/y+2V?/2g+ 20 + 32uLV/(vD?)
0+0+050 = 0+V?/g+ 32uLV/(vD?
V2%/g+32uLV/(yD*) — 050 = 0
V?2/32.2 + 32(4 x 107°)(10)V/(0.80 x 62.4 x (1/32)?) —0.50 = 0
V24845V -161 = 0

Solving the above quadratic equation for V' yields:
V =1.60 ft/s
Check Reynolds number to see if flow is indeed laminar

Re = VDp/pu=1.602x (1/48)(1.94 x 0.8)/(4 x 107°)
Re 1294 (laminar)
Q = VA=1602x (r/4)(1/32)* = 1.23 x 10~3 cfs
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10.9 Information and Assumptions

provided in problem statement
Find

pressure drop per 10 m of pipe

V = Q/A=2x1073/(r/4 x (0.05)%)
V = 1.019 m/s
Re = VDp/p=1.019 x 0.05 x 940/0.048 = 997

Energy equation:

p1/v+ V)29 + 21 = pa/y + Vi /29 + 20 + 32uLV /v D?

p1— P2 32uLV/D? = 32 x 0.048 x 10 x 1.019/6/(0.05)?
pr—p2 = 6.26 kPa
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10.10 Information and Assumptions

provided in problem statement
Find

power to operate the pump
Energy equation from (1) to (2):

pi/y+2+ V329 +hy
hp

1%

Re

pa/y + V)29 + 20+ by

hr, = f(L/D)(V?/2g)

Q/A =17.85x10"*/((r/4)(0.01)?) = 10 m/s
VD/v = (10)(0.01)/(7.6 x 10~°) = 1,316 (laminar)
64/Re = 64/1,316 = 0.0486
0.0486(8,/0.01)(10%/((2)(9.81)) = 198 m

YQh, = (8,630)(7.85 x 107%)(198) = 1,341 Watts
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10.11 Information and Assumptions

provided in problem statement
Find

pressure gradient along pipe
Solution

14

Re

d/ds(p+z)
—dp/ds — vydz/ds
—dp/ds — v(—0.5)
dp/ds

dp/ds

Q/A = 0.0157/((m/4)(0.1%)) = 2.0 ft/s
VD/v = (2)(0.10)/(0.0057) = 35.1 (laminar)
32uV/D?

(32)(107%)(2)/0.12

64

(0.5)(0.9)(62.4) — 64

28.08 — 64 = —35.9 psf/ft
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10.12 Information and Assumptions

provided in problem statement
Find
magnitude of maximum velocity, resistance coefficient, shear velocity and shear stress 25 mm from pipe
center.
Solution
First check Re:

Re = VDp/p = 0.1 x 0.1 x 800/0.1 = 800

Therefore, the flow is laminar

Vimax = 2V =20 cm/s
[ = 64/Re=64/800 = 0.080
u )V = f/8
Uyp = \/m x 0.1
= 0.010 m/s

0o = pu?=800x10"%=0.08 N/m?

Get T,—0.025 by proportions:

0.025/0.05 =7/70; 7 = 0.507¢
7 = 0.50 x 0.080 = 0.040 N/m?
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10.13 Information and Assumptions
provided in problem statement
Find
if flow laminar or turbulent
Solution

Re = VDp/u=(Q/A)D/v=4QD/(xD*v) = 4Q/(rDv)
Re = 4x0.02/(m x0.2x 2.37 x 107%) = 53,723

Flow is turbulent
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10.14 Information and Assumptions

provided in problem statement
Find

ratio of head loss
Solution

hr1/hr2

ViAy
Vi/Va
(V1/Ve)?
hri/hro

Correct choice of answers is (d).

(f1/£2)((L/D)1/(L/D2)) (V| V5)
(D2/D1) (Vi /V5)

Vo Az

Ay /Ay = (Dsy/Dy)?

(D2/Dy)*

(D2/D1)(D2/Dy)* = (D2/D1)°
2° =32
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10.15 Information and Assumptions

provided in problem statement

Find
if flow laminar or turbulent
Solution
Re = VD/v=2x05/(53x107%) = 188 (laminar)
hp/L = 32uV/yD? =dh/ds

Vo= (v/4u)(rg —r*)(32uV /(vD?)
Vo= (1/4)(rg —r?)(32V [4r})

Vo= (32/16)V(1 — (r/ro)®) = [L = (r/ro)*)2V = 4[1 — (r/ro)]
r(in) r/ro V (ft/s)
0 0 4

05 1/6  3.89
1.0 1/3 356
15 1/2 3.0
2 2/3 222
25 56  1.22

3 1 0
3@ ~ \.
>
2 AN
g 1 e
»
0 \
0 1 2 3 4 5
Velocity (ft/s)
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10.16 Information and Assumptions

from Table A.4, u = 0.62 N-s/m? ~ = 12,300 N/m3

provided in problem statement
Find
mean velocity of glycerine

Energy equation from surface in funnel to outlet

/v +VE/29+ =
0+0+0.30

(0.30) x (g)

2.943

V2 4 31.69V5 — 2.943
Va

p2/v+ Vs /29 + 22+ hi,

0+ 2V5 /29 + 0+ 32uLVa/(yD?)

Vi + Va((9)(32)(0.62)(0.2) /(12,300 x .01%)
Vi + 31.69V;

0

0.93 m/s
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10.17 Information and Assumptions

from Table A.2, 1 = 8.5 x 1073 Ibf-s/ft2
provided in problem statement
Find
size of steel pipe.
Solution
Assume laminar flow, so

Apy = 32uLV/D?

or
Apy = 32uLQ/((m/4) x D*)
Then
D* = 128uLQ/(mApys) =128 x 8.5 x 1073 x 3,168 x 0.1/(7 x 10 x 144)
D* = 0.0762
D = 0.525ft

An 8-in. pipe should be used. Check Re in 8” pipe:

1% Q/A =0.1/((m/4) x 0.67%) = 0.284 ft/sec.
Re = VDp/u=0.284 x 0.67 x 0.85 x 1.94/(8.5 x 10~%) = 37 (laminar)
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10.18 Information and Assumptions

from Table A.4 for mercury at 20°C, p = 1.5 x 1072 Ns/m?, v = 1.2 x 1077 m?/s, v = 133,000 N/m?>
provided in problem statement
Find
tube diameter at which flow just becomes turbulent
Solution
Energy equation

pi/y+ arVE/2g+ 21 = pa /v + oV /29 + 2

But p1 =p2, Vi = Vo and a1 = s

z21—22 = L=h;
A = 32ukV/yD?
D? = 32uV/y
Re = VD/v=2,000
V = 2,000v/D =2,000x 1.2 x 10~7/D
V = 24x107*/D

Solve Equations (1) and (2) for D:

D? = 32u(2.4x107*)/yD
D3 = 32(1.5 x 1073)(2.4 x 107%) /133,000
D = 442x10*m
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10.19 Information and Assumptions

provided in problem statement
Find

if flow laminar or turbulent and pressure change in direction of flow
Solution

Re = VD/v =040 x 0.04/5.3 x 10~% = 3.02 (laminar)

From solution to Problem 10-11

dh/ds = —32uV/(yD?)

dh/ds = —32x6.2x 107" x0.40/(12,300 x (0.04)?)
d/ds(p/v+z) = —0.403
or
(1/v)dp/ds + dz/ds = —0.403
Because flow is downward, dz/dz = —1. Then

dp/ds = ~v[1 — 0.403] = 7.34 kPa/m

and pressure increases downward

From Eq. 10-3
T =~(r/2)[-dh/ds]
or
T =12,300(r/2) x 0.403
Then at
r=0,7=0

and

Twall = To = 12,300(0.02/2) x 0.403

Twal = 49.6 N/m”
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10.20 The design might have a physical configuration as shown below. The design should be based upon solving Eq.
10.17 (hy = 32uLV/(yD?)) for the viscosity p. Since this is for laminar flow, the size of pipe and depth of
liquid in the tank should be such that laminar flow will be assured (R. < 1,000). For the design suggested
here, the following measurements, conditions, and calculations would have to be made:

-
-

A. Measure tube diameter by some means.

B. Measure v or measure temperature and get v from a handbook.

C. Establish steady flow by having a steady supply source (pump liquid from a reservoir).

D. Measure Q. This could be done by weighing amount of flow for a given period of time or by some other
means.

E. Measure h¢/L by the slope of the piezometric head line as obtained from piezometers. This could also

be obtained by measuring Ap along the tube by means of pressure gages or pressure transducers from which hy/L

could be calculated.
F. Solve for p with Eq. 10.17.
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10.21 Information and Assumptions

provided in problem statement
Find
kinematic viscosity of fluid
Solution
Since the velocity distribution is parabolic, the flow is laminar. Then

Ap; = 32uLV/D?
v = u/p=~ApsD*/(32LVp)
v = 16 x1%/(32 x 100 x 2/2 x 0.9 x 1.94) = 0.00286 ft?/s
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10.22 Information and Assumptions

provided in problem statement
Find
kinematic viscosity of fluid.
Solution
Following the solution for Problem 10.21,

v = Ap;D?/(32LVp) = 1,900 x (0.3)?/(32 x 100 x 0.75 x 800)
8.91 x 107° m?/s
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10.23 Information and Assumptions
provided in problem statement
Find
pressure difference across heat exchanger

Solution
Check Re:

Resge = VD /v = 0.12 x 0.005/10~5 = 600

So the flow is laminar and

Ap = 32uLV/D?
Assume linear variation in p and use the temperature at 25°C. From Table A.5
Havg. = Haso = 891 x ]_074N . S/m2

and

Ap =32 x 891 x 10™* x 5 x 0.12/(0.005)> = 684 Pa
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10.24 Information and Assumptions

provided in problem statement
Find

flow direction, resistance coefficient, nature of the flow and viscosity of oil.
Solution

The flow is downward (from right to left).

Ah((13.55 — 0.8)/0.8) x deflection = 5.312 ft of oil = hy

Then
hy = f(L/D)(V?/2g)
f = 5312 x((1/6)/(30)) x 2 x 32.2/15%)
= 0076

Assume flow is laminar. Then hy = 32uLV/yD? or

1= hyD?/(32LV) (1)
and
Re=VDp/u
S0
Re = VDp/[hyyD?/(32LV)] = 32LV?/(gh;D)
Re = 32x30x5%/(32.2 x 5.312 x (1/6)) = 842 (laminar)
From Eq. (1):

po = 5312 x0.8 x62.4 x (1/6)?/(32 x 30 x 5)
p = 1.53 x 1073 Ibf-s/ft?

836



10.25 Information and Assumptions

provided in problem statement
Find

flow direction, resistance coefficient, nature of flow and viscosity of oil
Solution

The flow is downward (from right to left).

Ah [(13.55 — 0.8)/0.8] x deflection =1.91 m = hy
hy = f(L/D)(V?/2g); f=1.59 x (0.05/10) x 2 x 9.81/1.2% = 0.108

Assume flow is laminar. From Problem P10-24

Re = 32LV?/(gh;D)
= 32x10 x 1.22/(9.81 x 1.59 x 0.05)
590(laminar)

Then

p = hpyD?/(32LV)
= 1.91 x 9.81 x 800 x 0.05%/(32 x 10 x 1.2)
= 0.0976 N-s/m?
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10.26 Information and Assumptions
provided in problem statement
Find
head loss change
Solution

ht/L = 2=(f/D)(V?/2g) = (f/0.03(1/(2 x 9.81))
f = 1177

Assume laminar flow:

f=064/Re
or

Re = 64/1.177 = 54.4 (laminar

Indeed, the flow is laminar and it will be laminar if the flow rate is doubled. The head loss varies directly
with V' (and Q); therefore, the head loss will also be doubled when the flow rate is doubled.
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10.27 Information and Assumptions

provided in problem statement
Find
viscous shear stress on wall.
Solution
For a straight pipe there is no momentum change, so the forces on the column of fluid in the pipe are zero.
For a horizontal pipe

TorDL = —ApA
TomrDL = ~hfA
TorDL = ~yf(L/D)(V?/2g)(nD?/4) = fnDpV?/8

Thus

9

7o = fpV?/8 =0.017 x 0.82 x 1.94 x 6°/8 = 0.122 psf
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10.28

Reoit = VDp/p

= (1)(900)(0.1)/(1071)

=900

Vinax = 2V

Regqs = (1.0)(0.1)(1)/(107°) = 10*
Vinax < 2V

Therefore

(Vmax,oil/vmax,gas) >1

or case (a) is correct answer.
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10.29 Information and Assumptions

provided in problem statement

Find
thickness of viscous sublayer and resistance coefficient
Solution
u /v = 116
Sy = 11.6v/u,

From solution to Problem 79 = (f/8)pV? so

uy =+/To/p=V/f/8
Also Re=VD/v or v =VD/Re. So

v =11.6(VD/Re)/(V\/f/8)
From Fig. 10-8 f =0.0185. So

6 = 11.6(0.12/80,000)/+/0.0185/8 = 3.62 x 10~* m = 0.362 mm
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10.30 Shear stress decreases with  near the entrance; therefore, case (a) is correct choice.
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10.31 Information and Assumptions

from Fig. A.3 v(70°F)= 1.06 x 107> ft2/s
provided in problem statement
Find
the resistance coefficient
Solution
Calculate Reynolds number

Re = 4Q/mDv =4 x2/(m x (6/12) x 1.06 x 1079)
4.8 x 10°

From Fig. 10.8 f = 0.013
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10.32 Information and Assumptions

from Table A.5, v(10°C)= 1.31 x 1076 m?/s.
provided in problem statement
Find
the resistance coefficient
Solution
Calculate Reynolds number

Re =4 x 0.06/(7 x 0.25 x 1.31 x 107%) =2.33 x 10°

From Fig. 10.8 f =0.015
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10.33 Information and Assumptions

from Table A.3 1£(20°) = 1.81 x 107> N-s/m?
provided in problem statement

Find
the pressure drop per meter

Solution

V = Q/A=0012x4/(7 x 0.02?) = 38.2 m/s
p = p/RT =110,000/(287 x 293) = 1.31 kg/m*
Re = VDp/p=382x0.02x1.31/(1.81 x 107°) = 5.5 x 10*

Then from Fig. 10-8

f = 0.0205
Ap = (0.0205 x 38.22 x 1.31/(0.02 x 2)
= 980 Pa/m
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10.34 Information and Assumptions

from Table A.4, v = 12,300 N/m? and p = 6.2 x 10~ N-s/m?

provided in problem statement
Find

height differential between two sandpipes
Energy equation from one standpipe to the other:

p/y+Vi/29+ 2

p1/y+ 21

Ah = ((p1/7) + 21)) — ((p2/7) + 22)
Re = VD/v = (0.6)(0.02)/(5.1 x 107%)

Laminar head loss equation

Ah = hy —he =32uLV/(yD?

p2/y + V)29 + 2o + hr,
p2/y+ 22+ hr

hy,

23.5 (laminar)

Ah = (32)(6.2 x 107")(1)(0.6) /(12,300 x 0.02?)

Ah = 242m
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10.35 Information and Assumptions

from Table A.3 1(80°F)= 3.85 x 1077 Ibf-s/ft>
provided in problem statement

Find
pressure drop per foot
Solution
Ap = f(L/D)pV?/2
V o= Q/A=25x4/(60xT x (1/12)) = 76.4 ft/s
p = p/(RT)=15x 144/(1,716 x 540) = 0.00233 slugs/ft3
Re = VDp/u="176.4x(1/12) x 0.00233/(3.85 x 1077) = 3.9 x 10*
Then f = 0.022

Ap =0.022 x 1 x 12 x 76.4% x 0.00233/2 = 1.8 pst/ft
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10.36 Information and Assumptions

provided in problem statement

Find
kinematic viscosity
Solution
hy = f(L/D)(V?/29)
0.50 = f(1/0.01)(3%/(2 x 9.81))
f = 0.0109

From Fig. 10-8 Re = 1.5 x 10° so

v =VD/Re = (3)(0.01)/(1.5 x 105) = 2.0x107® m?/s
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10.37 Information and Assumptions

provided in problem statement

Find
resistance coefficient
Solution
Ah = hy=0.80(2.5—-1) =1.2 ft of water
hy = f(L/D)V?/2g
f = 1.2x(0.05/4) x 2 x9.81/32
= 0.033
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10.38 Information and Assumptions

from Table A.5 v(10°C)=1.31x107% m?/s
provided in problem statement

Find
velocity distribution

Solution

Re = VD/v=4(0.3)/(1.31 x 107%) = 9.16 x 10°
ks/D = 0.00026/0.30 = 0.00087

From Fig. 10-8 f = 0.0195

uw/u. = 5.75 log (y/ks) + 8.5

where

ur, = V4/f/8=34/0.0195/8 = 0.148 m/s
Then

u = 0.148[5.751og(y/0.00026) + 8.5]

y(m) — ] 0.02 ] 0.04 [ 0.06 | 0.10 | 0.15
u(m/s) — | 2.86 | 3.12 | 3.27 | 3.45 | 3.61

4

e——®
—
/".

!
1/

1/
o et

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Velocity (m/s)

Distance (m)
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10.39 Information and Assumptions

provided in problem statement
Find

resistance coefficient
Solution

Re = Vd/v=(1)(0.10)/(10"*) = 10* (laminar)
f = 64/Re=64/1,000 = 0.064 .

Case (a) is correct
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10.40

V =Q/A =0.002/[(r/4) x (0.06)%] = 0.707 m/s
Re = VD/v = 0.707 x 0.06/10"° = 4.24 x 10*

From Fig. 10-8 f = 0.021
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10.41 Information and Assumptions

assume T = 60°F
from Table A.3 v = 0.0764 1b/ft> and v = 1.58 x 10™* ft2/s
provided in problem statement
Find
difference in pressure across the train and power required
Energy equation from front of train to outlet of tunnel.

YV 29+ = po/v+ Ve /204 2+ e
/Y + V329 = 0+0+0+ V2 29+ f(L/D)VE/2g
pi/y = f(L/D)V?/2g

ks/D = 0.05/10 = 0.005
Re = VD/v=(50)(10)/(1.58 x 107%) = 3.2 x 10°

From Fig. 10.8

f=0.030
and
p1 = ~f(L/D)(V?/2g)
= (0.0764)(0.03)(2,500/10)(502/(64.4))
p1 = 2224 psfg

Energy equation from outside entrance to rear of train

p3/Y+Vi/20+ 2 = pa/y+VE[29+ 2+ hi
04040 = pa/y+Vi/29+0+ (K. + f(L/D))V?/2g

pa/y = —(V?/29)(1.5+ f(L/D))
= —(50%/29)(1.5 + 0.03(2,500/10))
py = —7(349.4) = —26.69 psf

Ap = p;—ps=2224—(—26.69) = 48.93 psf
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Power requirements

P = FV = (ApA)(50) = (48.93)(r/4)(10?)(50)
= 192,158 ft-lbf/s = 349 hp

_p Train
—> —— | m— | f— —
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10.42 Information and Assumptions

assume T ~ 60°F with v = 1.2 x 107° ft?/s
assume no bend losses
provided in problem statement
Find
time to fill cylinder

diwbe = 3/16 in. = 0.01562 ft
Liybe = 50 in.

Energy equation from the jug to the cylinder

Pi/v+ V7204 2 =pe/v+VE/20+ 2+ D _hr (1)

Assume that the entrance loss coefficient is equal to 0.5. It would actually be somewhat larger than 0.5 but
this should yield a reasonable approximation. Therefore

> hr=(05+fL/D+Kg)V?/2g
The exit loss coefficient, Kg, is equal to 1.0. Therefore, Eq. 1 becomes
Az = zj—2z.=(V?/29)(1.5+ fL/D)
or V. = +/2gAz/(1.5+ fL/D) (1)
= /29Az/(1.5 + f x 267)
First assume f = 0.03 and initial Az = (21 —2.5)/12 = 1.54 ft. Then

V o= /(29)(1.54)/(1.5+8) = 3.23 ft /s
Re = VD/v=323x.01562/(1.2 x 107°) = 4205

From Fig. 10.8 f = 0.038. Repeat with new value of friction factor.

V = /29 x1.54/(1.5+8) =3.23 ft/s
Re = VD/v=323x0.01562/(1.2 x 107°) = 4205
and f = 0.040
dh
3
: 2Ll b
Fig. A
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Use f = 0.040 for final solution. As a simplifying assumption assume that as the cylinder fills the level of
water in the jug has negligible change. As the cylinder is being filled one can visualize (see figure) that in time dt a
volume of water equal to Qdt will enter the cylinder and that volume in the cylinder can be expressed as A.dh, that
is

Qdt = A.dh
dt = (Ac/Q)dh
But
Q = Vi, (2)
s0

dt = ((Ac/Ar)/V)dh
Substitute V of Eq. (1) into Eq. (2):

dt = (AcJA)/(29A2/(1.5+ 267f))Y/2dh

YV, = .500 liter = 0.01766 ft3
or
0.01766 = A, x (11.5in./12)
A, = 0.01842 ft2
Appbe = (7/4)((3/16)/12)% = 0.0001917 ft2
A A = 961

The differential equation becomes

dt = 96.1/(2gAz/(1.5 +10.7))*/2dh

Let A be measured from the level where the cylinder is 2 in full. Then

Az = ((21in—2.5in)/12) —h
Az = 1542—h
Now we have
dt = (96.1/(29(1.54 — h)/12.2}/%)dn

dt = 41.8/(1.54 — h)'/?)dn
dt —41.8(1.4 — h)'/?)(—dh)
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Integrate:

t = —41.8(1.54 —h)Y2/(1/2)|h
= —83.6(1.54 — h)|§7™®
= —83.6[(0.79)1/% — (1.54)'/?]
= —83.6(0.889 — 1.241)
= 2945

Possible problems with this solution: The Reynolds number is very close to the point where turbulent flow
will occur and this would be an unstable condition. The flow might alternate between turbulent and laminar flow.
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10.43 Information and Assumptions

provided in problem statement
Find
elevation of upper reservoir
Energy equation between water surfaces of the reservoirs:

pi/v+VE[29+ 2 = po/y+VE/20+ 2 +ZhL
04042 = 0+0+100+ > hr
where
> hp = (K. +2K, + Kg + fL/D)(V?/2g)
and K, = 0.50; K, = 0.40 (assumed); Kp = 1.0; fL/D = 0.025 x 430/1 = 10.75

V =Q/A=10.0/((r/4) x 1?) = 12.73 ft/s
then

2z = 100+ (0.5+2 x 0.40 + 1.0 + 10.75)(12.73%) /64.4
133 ft

The point of minimum pressure will occur just downstream of the first bend as shown by the hydraulic grade line
(below).

To determine the magnitude of the minimum pressure, write the energy equation from the upstream reservoir
to just downstream of bend:

21 = zy+pe/v+ V229 + (fL/D)V?/29 + K. V? /29 + K,V?/2g
p/y = 133 —110.70 — (12.73%/64.4)(1.9 + 0.025 x 300/1) = —1.35 ft

pg = —1.35x62.4 =-84 psfg =-0.59 psig

Re = VD/v=1273x1/(1.41 x 107%) = 9.0 x 10°

With an f of 0.025 at a Reynolds number of 9 x 10° a value for k,/D of 0.0025 (approx) is read from Fig.
10-8. From Table 10.2 the pipe appears to be fairly rough concrete pipe.
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10.44 Information and Assumptions

from Table A.5 v/(70°F)= 1.06 x 107> ft2/s

provided in problem statement
Find
power delivered by turbine.

Energy equation from the reservoir water surface to the jet at the end of the pipe.

P/ + Ve 29+ 2
0+0+21

21— 22

100 ft

But
\%4
V?/2g
Re

From Fig. 10.8 f = 0.0140 for ks/D =

100 ft =
hr =
P =

pa/y+ V3 )29 + 20 + hr + ZhL

0+ V§/29+ 22+ hr + (K + fL/D)V?/2g
hr + (1+0.5+ fL/D)V?/2g

hr + (1.5 + fL/D)V?/2g

Q/A =5/((r/4)1?) = 6.37 ft/s
0.629 ft
VD/v=6.0 x 10°

0.00015. Then

hr + (1.5 +0.0140 x 1,000/1)(0.629)
(100 — 9.74) ft

Qvhr x eff

5 x62.4 x90.26 x 0.80

22,529 ft - 1bf/s

40.96 horsepower

859



10.45 Information and Assumptions

provided in problem statement
Find
maximum velocity, resistance coefficient, shear velocity, shear stress 25 mm from pipe center and head loss
if discharge doubled.

Solution
Reynolds number

Re = VDp/pu = (0.1)(0.1)(800) /(10~2) = 800

Because Re < 2,000 the flow is laminar. Therefore,

Vinax =2V =2 x 0.1 m/s =0.2 m/s

b)

f =164/Re =64/800 = 0.080

(u/V) = (£/8)%® = (0.08/8)"® = 0.10
u, = (0.1)(0.1) = 0.01 m/s

d)

(10/p)"? =0.01 = 7¢/p=10"*
7o = (10~%)(800) = 0.08 N/m?
T25mm = 0.5t0 = 0.04 N/m®

e) Yes it will be doubled because flow will still be laminar and head loss is linear with V' (and @) in laminar range.
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10.46 The valid statements are: a, b, d. For cases ¢ & e:

Re=VD/v = (1)(1)/(107%) = 10°

The flow at 1 m/s is in the turbulent range; therefore, the head loss will be more than doubled with a doubling
of the velocity.

861



10.47 a) Pumps are at A and C

b) A contraction, such as a Venturi meter or orifice, must be at B.

¢

—_—
I : H
-
) ’ DAY
IS D / Reservoir
converging pipe

d) Other information:
(1) Flow is from left to right
(2) The pipe between AC is smaller than before or directly after it.
(3) The pipe between BC is probably rougher than AB.
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10.48 Information and Assumptions

from Table A.5 v/(20°C)= 1076 m? /s

provided in problem statement
Find

shear stress at wall, shear stress 1 cm from wall and velocity 1 cm from wall
Solution

1% Q/A =0.05/((r/4) x 0.15%) = 2.83 m/s
Re = VD/v=283x0.15/(10"°%) =4.2 x 10°

From Fig. 10.8 ks/D = 0.26/.50 = 0.0017 and f = 0.023. From Eq. (10-21)

o fpV?/8
7o = 0.023 x 998 x 2.262%/8 = 14.7 N/m?

Assume a linear shear stress variation; thus,
71 = (6.5/7.5) x 79 = 12.7 N/m?

Assume logarithmic velocity distribution. Thus,

u/u. = 5.75log(y/ks) + 8.5

ux = +/To/p=0.113 m/s

u = 0.113[5.7510g(0.01/(0.00026)) + 8.51] = 1.99 m/s
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10.49 One possibility is shown below:

Assume that the pipe diameter is 0.50 m. Also assume K = 0.20, and f = 0.015. Then

100 -70 = (0.5+2x0.20+1+0.015 x 130/0.5)V?/2g
V%/2g = 517

The minimum pressure will occur just downstream of the first bend and its magnitude will be as follows:

Pmin/y = 100—85— (0.5+0.20 4+ 1+ ((0.015 x 80/0.5) + 1)V?/2g
= —6.20m
Pmin = —6.20 x 9,810 = -60.8 kPa gage
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10.50 Information and Assumptions
provided in problem statement
Find

pressure at point 80 m above pump
Solution

Re = 4Q/(wDv)
= 4x0.02/(m x 0.10 x 107%) = 2.55 x 10°
ks/D = 4.6x1072/100 =4.6 x 10°*

From Fig. 10.8 f = 0.0185 Then

hy = (f(L/D)V?/2g

where

V = 0.02/((r/4) x 0.12) = 2.546 m/s
hy = 0.0185 x (80/0.10) x 2.5462/(2 x 9.81) = 4.89 m

Energy equation. from pump to point 80 m. higher:

pi/y+VE29+ 2z = po/y+V3/29+ 22+ hy
1.6 x 10%/9,790 + V2/2g = pao/y + Vi /29 + 80 + 4.89
i = W2
p2 = 769 kPa
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10.51 Information and Assumptions

from Table 10.3 K, = 0.5
provided in problem statement
Find
velocity in pipe
Energy equation from the water surface in the tank to the outlet of the pipe.

P+ VE20+2 = po/y+ Ve /29+ 2+ i
0+0+12 = 0+ V3/2g+0+ (K. + fL/D)V?/2g
14 = V3/29(1+ K.+ fL/D)

The relative roughness is 5x1074/(1/12) = 0.006. The equation for velocity becomes

2 2x322x14
154120 % f

Using equation 10.26 for f and solving on a programmable calculator gives

V = 12.80 ft/s
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10.52 Information and Assumptions

assume the pipe is galvanized iron

assume water temperature is 20°C so v = 1076 m?/s

from Table 10.2 k; = 0.15 mm = 0.015 cm

from Table 10.3 K = 0.9 and K, = 0.5

provided in problem statement
Find

exit velocity of water and height of water jet
Solution

Relative roughness k;/D = .015/2 = .0075. From Fig. 10.8 f = 0.035
Energy equation from the water surface in the tank to the pipe outlet

/Y VE20+24 = pa/yv+ Ve 20+ 2+ hr
0+0+5 = 0+V3#/29+0+ (K. + 2K, + fL/D)Vi/2g
5 = (V2/29)(1+0.5+2x 0.9+ .035 x 10/.02)
5 = (V5/29)(2.08)
Vo = 217m/s

Check Re and new f. Re=VD/v = 2.17 x 0.02/10¢ = 4.34 x 10*. From Fig. 10.8 f = 0.036. With new f:

Vo = 215m/s
h = V?%/2g=(2.15)%/(2 x 9.81)
0.24 m =24 cm
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10.53 Information and Assumptions

from Table A.5 v = 1.22 x 1075 t?/s
from Table 10.2 k, = 1.5 x 10~ ft
from Table 10.2 K, = 0.03

provided in problem statement

Find
the power to operate pump
Solution
Vo= Q/A=10/((x/4)D?)
= L0/((m/4)(1/3)%)
11.46 ft/s
Then

Re = 11.46 x (1/3)/(1.22 x 107°) = 3.13 x 10°
k./D = 45x107*

From Fig. 10.8 f = 0.0165 and

FL/D =0.0165 x 300/(1/3) = 14.86

Energy equation from water surface A to water surface B

pa/y+VE/29+za+hy = po/y+V5/20+ 2+ hr
0+0+0+h, = (10x144/624)+0+ (K.+ Kg+ fL/D)V?/2g

hy, = 23.08+ (0.03+ 1+ 14.86)(11.46?/64.4)
55.48 ft

Pump power
P = Qyhp/eff

= 1.0 x62.4 x 55.48/0.85
= 4,073 ft-1bf/s

= 7.41 horsepower
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10.54 Information and Assumptions

from Table 10.3 K, = 0.5 and Kg = 1.0.
provided in problem statement
Find
time to fill tank
Energy equation from the reservoir water surface to the tank water surface. The head losses will be due to
entrance, pipe resistance, and exit.

pi/yHVE 29+ 2+ by = pa/y+ V520420 + ) ho
0+0+2z1+h, = 0+0+22+ (K. + fL/D+ Kg)V?/2g
h, = (22— 21)+(0.54(0.018 x 30/0.9) + 1.0)V?/2g
h, = h+(21)V?/2g

But the head supplied by the pump is (1 — (Q%/Q2,..)) so

max

ho(1 = Q*/Qhax)) = h+1.05V?/g
50(1—Q%/4) = h+1.05Q%/(gA?)
50 —12.5Q% = h+ 1.05Q%/(gA?)

However A = (7/4)D? = (7/4)(0.9%) = 0.63 m? and g = 9.81 m/s? so

50 —12.5Q% = h+0.790Q?
50—h = 13.29Q2
V50 —h = 3.646Q

The discharge into the tank and the rate of water level increase is related by

Q = Agankdh/dt

SO

V50 — h = 3.646 Aanicdh/dt

or
dt = 3.646 Aanic (50 — h)~/2dh
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Integrating

t =2 % 3.646 Aganic (50 — h)/2 + C

when t =0, h = 0 and Agank = 100 m? so

t =1729.1(7.071 — (50 — h)1/?)

When h =40 m

t:285()s:£min
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10.55 Information and Assumptions
provided in problem statement
Find
ratio of head loss for laminar to turbulent flow
Solution

Re = VD/v=4x0.03/(2x107% =6 x 10*
flam = 65/Re=64/(6 x 10")

From Fig.10-8 fiup = 0.020. Then

Ry JBpn = 64/((6 x 10%) x (0.020)) = 0.0533
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10.56 Information and Assumptions

from Table A.5 v = 1.22 x 1075 t?/s
from Table 10.2 k, = 8.5 x 10~ in
provided in problem statement

Find
resistance coefficient f

Solution

Re = 4Q/7mDv =4 x0.02/(7 x (4/12) x (1.22 x 107%))
6.3 x 103
ks/D = 8.5 x107*/(4/12) = 0.0025

Then from Fig. 10.8, f = 0.038
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10.57 Information and Assumptions

provided in problem statement
Find

the head loss
Solution

Re = 4Q/(rmDv)=4(1.0)/(n(1/2)3.33 x 10~3) = 765 (laminar)
= Q/(rD?*/4) = 1.0/(r/4 x 0.5%) = 5.09 ft/s
p = pv=0.005 lbf-s/ft?
hy = 32uLV/(yD?) = 32(5 x 1073)1,500(5.09) /(1.5 x 32.2 x (1/2)?)
= 101.2 ft
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10.58 Information and Assumptions

from Table 10.2 k, = 4.6 x 1075 m
provided in problem statement
Find
pressure at point A
Solution

Re = VD/v=4Q/(rDv) =4 x 0.03/(7 x 0.15 x (1072/820))
Re = 2.09 x 10* (turbulent)

k./D 4.6 x107°/0.15=3.1 x 10~*
V = Q/A=0.03/(r x0.15%/4) = 1.698 m/s

From Fig. 10.8 f = 0.027. Then

hy = f(L/D)(V?/2g) = 0.027(1,000/0.15)(1.698% /(2 x 9.81)) = 26.4 m

Energy equation

pa/v+Vi/29+ za+p/v+VE/29+ 25 + hy

pa = 0.82 x 9,810[(250,000/(0.82 x 9,810)) + 20 + 26.41] = 623 kPa
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10.59 Information and Assumptions

provided in problem statement
Find

time required to reduce water level in tank from 10 m to 2 m.
Energy equation for this problem gives

2

\% L
h=—(K Kvave =
2g( £+ Kl +fD)

Substituting in values and expressing V' in terms of h we have
2gh
v | 20h
6+ 100 x f

s 015 s

The relative roughness is

o~

The Reynolds number in terms of V is

V' x0.026

_ 4
Re=— =5~ =26 x 10"V

The rate of decrease of height in the tank is

di Q0000531

B A 314 V = —-0.000169V
A program was written to first find V iteratively for a given h using Eq. 10.26 for the friction factor. Then

a new h was found by

hy, = hp—1 —0.000169V At

where At is the time step. The result was 1424 sec or23.7 minutes.

When valves are tested to evaluate Kyave the pressure taps are usually connected to pipes both upstream
and downstream of the valve. Therefore, the head loss in this problem may not actually be 5V2/2g. Also, the
velocity exiting the valve will probably be highly non-uniform; therefore, this solution should be considered a gross
approximation only.
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10.60 Information and Assumptions

from Table A.5 v = 1.41 x 1075 ft?/s
from Table 10.2 k; = 0.00085 ft
provided in problem statement

Find
direction and rate of flow

Solution

hy=A(p/v+z) =(—20 x 144/62.4) + 30 = —16.2 ft
Therefore, flow is from B to A

Re f1/2 = (D%?2/v)(2ghs/L)Y? = (23/2/(1.41 x 107°) x 64.4 x 16.2/(3 x 5,280))"/? = 5.14 x 10*
ks/D 0.0004

From Fig. 10.8 f = 0.0175. Then

V = \/ht2gD/fL = /(16.2 x 64.4 x 2)/(0.0175 x 3 x 5,280) = 2.74 ft/s
q = VA=274x (n/4) x 2% = 8.60 cfs
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10.61 Information and Assumptions

from Table 10.2 k;, = 0.046 mm

provided in problem statement
Find

power provided by pump
Solution

V?/2g
k./D

From Fig. 10.8 f = 0.016.

Q/A =0.10/((r/4) x 0.15%) = 5.66 m/s
1.63 m

0.0046/15 = 0.0003

VD/v =566 x0.15/(1.3 x 107%)

6.4 x 10°

Energy equation between the two reservoirs:

p/y+ Ve 29+ 21 + by
hp

P2/Y+ V5 29+ 22+ Y hy

3415.7=18.7m
Qvh, = 0.10 x 9,810 x 18.7
18,345 W = 18.3 kW
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10.62 Information and Assumptions

from Table 10.2 concrete ks = 0.3 mm, riveted steel ks = 0.9 mm
from Table A.5 v =1.31 x 107 % m?/s
provided in problem statement
Find
pump power
Energy equation from upstream reservoir water surface to downstream water surface.

p/y+VE29+2z = po/y+Vi/29+ 2+ hr
0+0+2z1 = 0+0+22+hy
100m = (fL/D)V?/2g
k./D = 0.3/10° = 0.00035

From Fig. 10.8 f = 0.016. Then

100m = (0.016 x 10,000/1)V?/2g

V= (100(2¢)/(160))"/% = 3.50 m/s
Re = VD/v=(3.50)(10)/(1.31 x 10~°)
2.67 x 108

Check f from Fig. 10.8 (f = 0.0155) and solve again:

V. = 355m/s
Q = VA=(3.55)(r/4)D* =2.79 m®/s

For riveted steel: ks/D = 0.9/1000 ~ 001 and from Fig. 10.8 f =0.0198.

Qrs/Q. = +/0.0155/0.0198 = 0.885

QR.S = 247 m3/s

Pump power

hp = (21 — 22) + hr,

= 100 m + 100(2.8/2.79)>
= 201 m
P = Qvyh,=(2.8)(9,810)(201) = 5.52 MW
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10.63 Information and Assumptions

from Table 10.2 k£, = 0.15 mm

Energy equation between stations

provided in problem statement
Find

an estimate of flow rate
Solution

/v + Ve 20+2 = pa/y+Vs/20+ 2+ hy
150,000/(800 x 9.81) 4+ Vi2/2g +0 = 120,000/(800 x 9.81) + Vi2/2g + 3 + h;
hy = 0823
(D3%)/(v)) x (2ghs /L) = ((0.8)3/2/107°) x (2 x 9.81 x 0.0823,/30)"/2
= 1.66 x 10*

Relative roughness

ks/D =1.5x107%/0.08 = 1.9 x 1073

From Fig. 10-8 f = 0.025. Then

hy = f(L/D)(V?/29); V =/ (hs/)(D/L)2g

V = 1/(0.823/0.025)(0.08/30) x 2 x 9.81 = 1.312 m/s
VA=1312x (1/4) x (0.08)? = 6.59 x1073 m3/s

O

879



10.64 Information and Assumptions

from Table 10.2 k;, = 0.046 mm
provided in problem statement

Find
pump power

Energy equation between reservoir surfaces

Py HVE29+ 2+ hy = po/y+ Vs /20 + 2+ Y hr
0+0+100+h, = 0+0+112+V?/29(K,+ fL/D + Ko)
h, = 124 (V?/2¢)(0.03 + fL/D +1

Here

V = Q/A=020/((r/4) x 0.30%) = 2.83 m/s
V2/2g = 0.408m

Re = VD/v=283x0.30/(10"°) = 8.5 x 10*
ks/D = 4.6x107°/0.3=15x10""*

From Fig. 10.8 f = 0.019. Then

hy = 12 + 0.408(0.03 + (0.019 x 150/0.3) 4+ 1.0) = 16.3 m

Finally

P = Qyhy=0.20x (940 x 9.81) x 16.3 = 2.67 x 10*W
= 301 kW
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10.65 Information and Assumptions
provided in problem statement
Find
change in head loss
Solution

Re=VD/v =3x040/107° = 1.2 x 10°

The flow is turbulent and obviously the conduit is very rough (f = 0.06); therefore, one would expect f to
be virtually constant. Thus, hf ~ V2, so if the velocity is doubled, the head loss will be quadrupled.
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10.66 Information and Assumptions

From Table 10.2 k, = 8.5 x 10~ ft
assume water temperature of 60°F and v = 1.22 x 1075 ft2/s
provided in problem statement
Find
discharge in pipe
Energy equation from the water surface in the upper reservoir to the water surface in the lower reservoir:

/Y HVE20+2 = pa/y+ Ve 2042+ ho
0+0+100 = 0-+0+40+ (K, +2K,++Kg+ fL/D)V?2/g
100 = 40+ (0.54+2x 0.2+ 1.0+ f x 200/1)V?/2g

The relative roughness is 8.5x107%/1 = 0.00085. The equation for V' becomes

2
V— =1.9+200f
2g

and the Reynolds number is

Re=82x10*xV

Using Eq. 10.26 for f and solving on a programmable calculator gives

V=143 m/s

Q=VA=14.30 x (7/4) x 1* = 11.22 cfs
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10.67 Information and Assumptions

from Table 10.2 k; = 8.5 x 10~* ft

provided in problem statement
Find

diameter of cast iron pipe
Solution

Energy equation between points

p1/v+ VP29 + 2
0+0+ 21
20

[(7/4)% x 29 x 20/Q?]

= po/y+V$/29+ 22+ ZhL

= 0+0+2+ ) Iy

= (V*/29)(K. + f(L/D) + Ko)

V?/2¢(0.5 + f(L/D) + 1.0)

= [L.5+ f(L/D)] x D™* 7.94D* = (1.5+ fL/D)

For first trial assume f = 0.02 and neglect the entrance loss:

D5 = 0.02x2x5,280/7.94
D = 193ft
Then
V =Q/A=10/((r/4) x (1.93)%) = 3.43 ft/s
and

Re =
ks/D =

From Fig. 10.8 f =0.0175
2nd trial:

3.43 x 1.93/(1.2 x 107%) = 5.5 x 10°
8.5 x 1074/1.93 ~ 0.00045

= 0.0175 x 2 x 5,280/7.94
1.88ft = 22.5 in.

Use next commercial size larger; D = 24 in.
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10.68 Information and Assumptions

from Table A.5 v = 1.22 x 1075t? /s

from Table 10.2 ks, = 1.5 x 10~ ft

provided in problem statement
Find

diameter of commercial steel pipe
Solution

First assume

f=0.015
Then
hy = (fL/D)V?/2g
= (0.015 x 1,000/D)(Q*/((r/4)>D*)/29)
1ft = 33,984/D°

D = 8.06ft
Relative roughness ks/D = 1.5 x 1074/8.06 ~ 0.00002.
Now get better estimate of f:
Re = 4Q/(7mDv) = 3.9 x 10°
From Fig. 10.8 f ~ 0.010

Compute D again:

1 = 22,656/D°
D = 7.43ft=89in.

Use 90 in. pipe.
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10.69 Information and Assumptions

from Table 10.2 k;, = 0.046 mm

provided in problem statement
Find

diameter of pipe and pump power
Solution

hy = f(L/D)V?/2g = f(L/D)(Q%/(29A%))
= f(L/D)(Q?/(29(m/4)* x D*))

FLQ?/(2g(w/4)*D%)

D = [8fLQ*/(gm*hys)]'/?

Assume f =0.015
D = [8 % 0.015 x 1,000 x 0.12/(9.81 x 72 x 50)]'/% = 0.19 m

Then

ks/D 0.046/190 ~ 0.00025
Re = 4Q/(wDv) =4 x0.1/(m x 0.19 x 107?)
6.7 x 10*

From Fig. 10.8 f = 0.021. Try again
D = (0.021/0.015)*/% x 0.19 = 0.203 m = 20.3 cm
Use next commercial size larger; D = 22 cm. Still assume Az, ~ 50 m/1,000 m

Then

P =Qvyhy =0.1 x0.93 x 9,810 x 50 = 45,620 W/km = 45.6 kW /km
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10.70 Information and Assumptions

assume T = 60°F, v = 1.22 x 1075 ft2/s
assume commercial steel pipe ks = 0.00015 ft
provided in problem statement

Find
pipe diameter

Energy equation

30 = (K. + Kg + fL/D)(Q*/A%)/2g

Assume f = 0.015. Then

30 = (1.5+0.015 x 3 x 5,280/D)(Q?*/((7/4)*D*)/2g
30 = (1.5+237.6/D)(15%/(0.617D*)/64.4
30 = (1.5+237.6/D)(5.66/D%)

Neglect the entrance and exit losses and solve

D = 215ft
Re = 4Q/(mDv) =173 x10°
ks/D 0.00015/2.15 ~ 0.00007

From Fig. 10.8 f = 0.0135. Solve again

30 (1.5 4 214/D)(5.66/D*)
D = 210 ft=252in.

Use 26 in. steel pipe. (one possibility)
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10.71 First you might consider how to physically hold the disk in the pipe. One way to do this might be to secure
the disk to a rod and then secure the rod to streamlined vanes in the pipe such as shown below. The vanes
would be attached to the pipe.

V —_—
ane= 1 piskee("]
< >
v \
Rod -,
[ ]
End view Side view

To establish cavitation around the disk, the pressure in the water at this section will have to be equal to the
vapor pressure of the water. The designer will have to decide upon the pipe layout in which the disk is located.
It might be something like shown below. By writing the energy equation from the disk section to the pipe outlet
one can determine the velocity required at the disk to create vapor pressure at that sectional. This calculation will
also establish the disk size relative to the pipe diameter. Once these calculations are made, one can calculate the
required discharge, etc. Once that calculation is made, one can see if there is enough pressure in the water main
to yield that discharge with the control valve wide open. If not, re-design the system. If it is OK, then different
settings of the control valve will yield different degrees of cavitation.

Water main
Valve

/
S DX — |l [

Elevation View

= Outlet

Reservoir
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10.72 Information and Assumptions

from Table 10.2 k, =4 x 10~ ft
from Table A.5 v = 1.41 x 107° t?/s
from Table 10.3 K. = 0.5
provided in problem statement
Find
discharge
Energy equation from water surface in reservoir to the outlet:

p/v+VE/29+21 = po/v+Vi/20+ 2+ hy
0+0+120 = 0+V?/2g+70+ (K. ++Kg+ f(L/D))V?/2g
(V2/29)(1.5+ f(L/D)) = 50 ft
ks/D = 4x107*/0.5 = 0.0008

The equation for velocity is

2
_ 1.5+ 200f
2g

The equation for Reynolds number is

Re=354x10*xV

Using a programmable calculator and Eq. 10.26 for f gives

V =246 ft/s

Discharge

Q=VA=246(r/4)(0.5%) = 4.83 cfs
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10.73 Information and Assumptions

assume K, =0.10
from Table A.5 v = 1.41 x 107° t?/s
provided in problem statement
Find
minimum pressure in pipe
Energy equation from water surface in reservoir to the outlet.

Y+ VE20+2 = pa/y+ Ve /20+2+ > ho
V. = Q/A=501t/s

Re =VD/v = (50)(2)/(1.41 x 107°) = 7.1 x 10°

0+0+600 = 0-+Vy/2g9+ 200+ (K. + f(L/D))V?/2g
400 = (V?/29)(1.10 + £(1,200/2))
400 = (50?/64.4)(1.10 + 600f)
f = 00153

From Fig. 10.8 ks/D = 0.00035 so ks = 0.00070 ft
The minimum pressure in the pipe is at the pipe outlet.
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10.74 Information and Assumptions

from Table 10.2 k£, = 0.15 mm

provided in problem statement
Find

power required to operate heat exchanger with a) clean tubes and b) scaled tubes
Solution

m/tube = 0.50 kg/s

Q/tube = 0.50/860 = 5.8139 x 10™* m?/s
V =Q/A=58139x10"*/((7/4) x (2 x 107?)?) = 1.851 m/s
Re = VDp/u = 1.851 x 0.02 x 860/(1.35 x 107%) = 2.35 x 10°
ks/D = 0.15/20 =~ 0.007

From Fig. 10.8 f = 0.034. Then
hy = f(L/D)V?/2g = 0.034(5/0.02) x (1.851%/2 x 9.81) = 1.48 m

a) P =Qyhs=58139 x 107* x 860 x 9.81 x 1.48 x 100 = 728 W
b) ks/D =0.5/16 = 0.031

so from Fig. 10.8 f = 0.058

P =728 x (0.058/0.034) x (20/16)* = 3.03 kW
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10.75 Information and Assumptions

provided in problem statement
Find

pump power required
Solution

Examination of the data given indicates that the tubing in the exchanger has an 7/d &~ 1. Assuming smooth
bends of 180°, K ~ 0.7
Energy equation

p1/Y+ V)29 + 21 + hy = pa/y + Vi /29 + 22 + b,

But V; = V5 and p; = p2 so

20 —2z1 =0.8m
The average temperature = 50°C so v = 0.58 x 1076 m?/s

V = Q/A=3x10"*/(r/4(0.02)%) = 0.955 m/s
Re = VD/v=0.955(0.02)/(0.58 x (107%) = 3.3 x 10*

f = 0023
hy = (fL/D+19K)V?/2g = (0.023(20)/0.02 + 19 x 0.7)0.955% /(2 x 9.81)
= 1.69m
hy = z—z1+hy,=08+169=249m
P = ~h,Q =9,685(2.49)3 x 107* = 7.23 W
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10.76 Information and Assumptions

from Table A.5 v = 6.58 x 1077 m?/s
from Table 10.2 k; = 0.0015 mm
provided in problem statement
Find
power required to operate pump
Solution
The Reynolds number of the water in the pipe is

. 002x10 ;
Re= co——ms = 3.04 % 10

and the discharge is
Q= % % 0.022 x 10 = 0.00314 m®/s

The relative roughness of the copper tubing is

ks 15 x 10~3 mm

—_ = — =5
) 50 m 7.5 x 10

The Darcy-Weisbach friction factor is

f=0.0155

Energy equation for this problem gives
hy = V—Q( = D Ky)
P~ 94V D L
or

102 10 m

The power required is

W= YQhp = 97322 x 0.00314 x 196 = 5989 W
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or

W =5.99 kW

Since the pump is 70% efficient, the actual power required is

. 2.94
=—=856k
w 07 8.56 kW
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10.77 Information and Assumptions

from Table 10.2 k; = 1.5 x 1073 mm
provided in problem statement

Find
system operating points

Energy equation for this problem reduces to

V2 L
hyp = Z(ZKL +f5)

Substituting in the values for loss coefficients, L/D and the equation for h,, we have

3
B l1 - (QZX) ] = ‘2/—;(14 x 2.2+ f x 1000)

The velocity and discharge are related by
Q=VA=1.767 x107%V
Substituting into the energy equation to give an equation for ) we have

3
hpo [1 - (Qi> ] = 1.632 x 105Q?(30.8 + f x 1000)

The relative roughness is

ke 1. -3
ke _15x1078 o,
D 15

The Reynolds number in terms of Q) is

Re_ VD _ V<0015

_ _ 4y, 3

The equation for discharge was written in the form

Q

max

3
F(Q) = hpo ll - (Q ) ] —1.632 x 10°Q?(30.8 + f x 1000)
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A program was written to evaluate F(Q) by inputting a value for @ and trying different @’s until F(Q) = 0.

The results are

hpo (m)  Q (m*/s)

2 0.000356
10 0.000629
20 0.000755

895



10.78 Information and Assumptions

assume T = 60°F and v = 1.22 x 107° ft2/s
assume r/d = 2 and K, = 0.2
provided in problem statement

Find

the discharge, points of maximum and minimum pressures
ks/D = 0.004

Assume f =0.028
Energy equation

pi/v+2a+VE29 = po/v+a+Ve/20+) hy
100 = 64+ (V?/29)(1+0.5+ Ky + f x L/D)
= 64+ (V?/29)(1 4+ 0.5+ 0.2 +0.028 x 100/1)
36 = (V?/29)(4.5)

VZ = T2g/4.5 =515 ft?/s?

Vo= 22.7ft/s

Re = 22.7(1)/(1.22 x 107°) = 1.9 x 10°
f = 0028

Q = 22.7(r/4)1% = 17.8 cfs

V2%/2g = 36/4.5 = 8.0 ft

EGL

S

HGL
N

) maxm‘um pressu

Pmin/y = 100 —95— (V?/29)(1+0.5) =5 —8(1.5) = —7 ft

minimum pressure

Elev. = 64 ft

Pmin = —7(62.4) = —437 psfg = —3.03 psig
Pmax/Y + Vi /20 +2m = po/v+22+V5/20+ Y hr
Pmax/y = 64 —44+8.0(0.2+0.028(28/1)) = 27.9 ft
Pmax = 27.9(62.4) = 1,739 psfe = 12.1 psig
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10.79 Information and Assumptions

from Fig. A.2 .S =0.68, v = 5.5 x 1076 t2/sec
provided in problem statement

Find
pump power
Solution

Q

dy

da
da/dy
y

i
Vi/2g
Vo
Vs /29
Re;

From Fig. 10.8 f =~ 0.040

P =
hrp, =

Pump power

0.12 gpm = 2.68 x 10~* cfs

= (1/4)(1/12) = 0.0208 ft

= (1/32)(1/12) = 0.0026 ft

= (1/32)/(1/4) = 0.125

= 62.4(0.68) = 42.4 Ibf/ft3

= Q/A=268x107"/(n/4(1/48)%) = 0.786 ft/s
= 0.00959 ft

= (32/4)% x 0.786 = 50.3 ft/s

= 39.3ft

= ViDy/v =0.786(0.0208) /(5.5 x 107¢) = 2,972

14.7 psia; zo — 21 = 2 ft; po = 14.0 psia

(fL/D + 5K,)Vi /2g

(0.040 x 10/0.0208 + 5 x 0.21)0.00959 = 0.194 ft
(p2 —p1)/v+ 22— 2+ V5 /29 + hy

(14.0 — 14.7)144/42.4 + 2+ 39.3+ 0.194 = 39.1 ft

vhyQ/(550e) = 42.4(39.1)0.000268/(550 x 0.8)
10.1 x 10~* hp
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10.80 Information and Assumptions

from Table 10.2 k;, = 0.046 mm

provided in problem statement
Find

loss coefficient for valve

First find @ for valve wide open. Assume valve is a gate valve.
Energy equation

P+ VE29+2 = po/v+ Vs 20+t Y h
2 = 0+0+0+(V?/29)(0.5+09+02+09+1+ fL/D)
V? = 4g/(3.5+ fL/D)

Assume f = 0.015. Then

V = [4x9.81/(3.5+0.15 x 14/0.1)]'/2 = 2.65 m/s
ks/D ~ 0.0005
Re = 2.65x0.10/(1.3 x 107%) =2.0 x 10°

From Fig. 10.8 f = 0.019. Then

V = [4x9.81/(3.5+0.019 x 14/0.10)]'/2 = 2.52 m/s
Re = 2.0 x10° x2.52/2.65 = 1.9 x 10°; O.K.

This is close to 2.0x10° so no further iterations are necessary. For one-half the discharge

V = 126 m/s
Re = 9.5x10*
and from Fig. 10.8 f = 0.021. So
V? = 1.588=4x981/(3.3+ K, +0.021 x 14/0.1)
33+ K,+294 = 247
K, =185
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10.81 Information and Assumptions

from Table 10.2 k£, = 0.15 mm
provided in problem statement
Find
the pipe size
Energy equation

p/v+ V32042 = po/v+V5/29+ 2+ hy
(300,000/9,810) +0 = (60,000/9,810) + 10 + hy
hy = 1445 m
F(L/D)(Q?*/A%) )29 = 14.46
f(L/D)[@Q*/((x/4)D?)?/2g] = 14.46
(42fLQ?*/7?)/2gD° = 14.46
D = [(8/1446)71Q/(x9)]

Assume f = 0.020. Then
D = [(8/14.46) x 0.02 x 140 x (0.025) /(7% x 9.81)]'/5 = 0.100 m
This corresponds to a relative roughness of
ks/D = 0.15/100 = 0.0015

and from Fig. 10.8 f = 0.022. Try again

D =0.100 x (0.022/0.020)*/® = 0.102 m

Use a 12-cm pipe
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10.82 Information and Assumptions

from Table 10.3 Ky = 0.35; Kpe = 0.16; K. =0.39, K. =0.5 and K =1.0
from Table A.5 v = 1.22 x 107° t?/s
from Table 10.2 ks, = 1.5 x 1074 ft
provided in problem statement
Find
the discharge
Energy equation

pr/v+2a+VE/29 = po/v+2+Vs/20+ ) hy
11 = Y hp=(V7/29)(Ke + 3Ky + f1 x 50/1)
+(V5'/29)(Ke + 2Ky + K + fa x 30/(1/2))
Assume f; = 0.015; fo =0.016
11x29 = V3Z0.5+3 x0.354 0.015(50)) + V(0.39 + 2 x 0.16 + 1.0 + 0.016(60))

708 = VZ(2.3)+ VE(2.67) = Q%(2.3/((m/4)%(1)*) +2.67/((m/4)%(1/2)*)) = 73.0Q°
Q* = 708/73.0=9.70

Q = 3.11cfs
Re = 4Q/(wDv)
Re; = 4(3.111)/(m(1.22 x 107°)) = 3.2 x 10°
ks/Dy = 1.5x107*/1 =0.00015
Res = 6.510% ks/Dy = 0.0003

From Fig. 10.8 f; = 0.016 and f; = 0.016. No further iterations are necessary so
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10.83 Information and Assumptions

from Table A.5 v = 1.31 x 1076 m?/s
provided in problem statement
Find
the discharge and pressure at point A
Energy equation

p/v+a+VE29 = pofv+za+Vi/20+ ) b
0+12+40 0+0+(V?/29)(1 + K, + K, + 4K, + f x L/D)

Using a pipe diameter of 10 cm and assuming f = 0.025

249 = VZ(1+0.54 10 +4(0.9) +0.025 x 1,000/(0.10))

VZ = 249/265.1 = 0.888 m?/s?

V = 0942 m/s

Q = VA=0.942(r/4)(0.10)> = 0.0074 m®/s;
Re = 0.942x0.1/1.31 x 1075 =7 x 10*

From Fig. 10.8 f =~ 0.025

pa/y+za+V3/29 = pa/v+2+V?/20+) hy

pa/y+15 = V?/29(2K, + f x L/ D)
pa/y = (0.888/29)(2 x 0.9+ 0.025 x 500/0.1) — 15 = —9.26 m
pa = 9810 x (—9.26) = —90.8 kPa

Note that this is not a good installation because the pressure at A is near cavitation level.
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10.84 Assume that your vacuum cleaner is a tank type (the type with a hose). One might consider a setup as shown
below.

Vacuum Cleaner

Vacuum Cleaner Plastic Tube Valve

N L

g — |E| P~

By measuring the height of liquid in each piezometer one may calculate the pressure at each section. One
could also measure the pressure at each section by a pressure gage or pressure transducer. Once the pressures at all
sections are obtained, one can plot pressure vs. distance along the tube. It might appear as shown below.

—

]

By extending the slopes of p vs. distance one can determine the Ap for the valve.

The air density can be determined by measuring the temperature and then picking p from the appropriate
table or by solving for it by the equation of state. The discharge can be determined by taking a Pitot tube velocity
traverse across the section of the pipe and integrating that to obtain ). Once the discharge is determined, the mean
velocity can be calculated from V' = ()/A. Then the loss coefficient can be calculated using Eq. (10.29):

Yhy = K+V?/2g
Apy = KpV?/2
or K = 2Ap/pV?
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10.85 The design problem is specific house design by the architect.
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10.86 Information and Assumptions

From Table 10.3 K, =0.03; K, = 0.35; K = 1.0
from Table A.5 v = 1076 m?/s
from Table 10.2 k; = 0.046 mm
provided in problem statement
Find
the pump power
Energy equation from the water surface in the lower reservoir to the water surface in the upper reservoir.

pi/Y+ Ve 29+ 2 +hy = pa/yv+Vs/20+ 22+ Y hL
0+0+200m+h, = 0+0+235m +(V?/29)(K.+ Ky + Kg + fL/D)
V = Q/A=0314/((r/4) x 0.3%) = 4.44 m/s
V?/2g = 1.01m

Re = VD/v=444x0.3/10"% =1.33 x 10°
ks/D ~ 0.00015

so from Fig. 10.8 f = 0.00014

fL/D = 0.014 x 140/0.3 = 6.53
hy = 235—200+1.01(0.03+ 0.35+ 1+ 6.53) =420 m
P = Qvh,=0314x 9,790 x 42.0 = 129 kW
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10.87 Information and Assumptions
provided in problem statement
Find
rate of discharge

Solution
From the solution to 10.85

h, = 35 + 8.38V?/2g

h, = 35+ 8.38[(Q/((m/4) x 0.3%)%/2¢g] = 35 + 85.6Q*

System data computed and shown below:

Q) — 005 010 015 020 .30
ho(m) — 352 358 369 384 427

Then, plotting the system curve on the pump performance curve of Fig.10-16 yields @ = 0.25 m?3/s for the
operating point.
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10.88 For the system to operate as a pump, the increase in head produced by the jet must be greater than 9 ft (the
difference in elevation between the lower and upper reservoir). Consider the head change between a section
just to the right of the jet and far to the right of it with zero flow in the lower pipe. Determine this head
change by applying the momentum equation.

ya |J J—__—,l
= :f\\\\ X
( ©) @

Vi = 60 ft/s
Q = ViA; =294 cfs
Vo = Q/Ay =(60)(r/4)(3%)/((r/4)(12%))
Vo = 60(3%/12%) = 3.75 ft /s
Y F = oV, — iV
pLA] —ppAy = (3.75)(1.94)(3.75 x (7/4)(12)) — (60)(1.94)(60 x (7/4)(1/4)?)
Alpy —p2) = 1.94(—176.7 +11.04)
p2—p1 = 409.2 psf
he —hy = (409.2 1bf/ft?)/(62.4 1b/ft3) = 6.56 ft

The change in head of 6.56 ft is not enough to overcome the static head of 9.0 ft.; therefore, the system
will not act as a pump.
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10.89 Information and Assumptions

provided in problem statement
Find

the discharge
Energy equation

pi/Y+ Vi 29+ +hy = pa/y+ Vs 20+ 22+ Y AL
0+0+10+ h, 0+0+20+Vy/29(K. + fL/D + ko)

h, = 104 (Q%/(29A%))(0.1 +0.02 x 1,000/(10/12) + 1)
A = (m/4) x (10/12)* = 0.545 ft?

h, = 10+ 1.31Q%,
lcfs = 449 gpm

hy = 10+ 1.31Q%,,,/(449)

hy, = 10+6.51 x 107°Q2

gpm

Q— 1,000 2,000 3,000
h— 165 360 68.6

Plotting this on pump curve figure yields @) ~2,950 gpm
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10.90 Information and Assumptions

provided in problem statement
Find
the pumping rate
Solution
hp =20 ft - 10 ft = 10 ft
Then from the pump curve for 10.89 one finds @) = 4,700 gpm.
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10.91 Information and Assumptions

from Table 10.2 k;, = 0.046 mm
assume from Table A.5 v = 1.31 x 1075 mm
provided in problem statement
Find
pump power
Energy equation

PI/Y+VERg+ 2 +hy = po/y+Vs/20+2m+ Y AL
0+0+100+h, = 0+ V5/2g+ 150+ V3 /2¢(0.03+ fL/D)
Vo = Q/A,=20/((1/4) x 1.5%) =11.32 m/s

Re = VD/v=1132x1.5/(1.31 x 107%) = 1.3 x 107
ks/D = 0.046/1500 = 0.00003

From Fig. 10.8 f = 0.010. Then

h, = 140 — 100+ Vi2/29(1.03 + 0.010 x 300/1.5)
hy, = 40+19.8=59.8m

Pump power

P = Qyhy =15 x 9,810 x 59.8 = 8.80 MW
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10.92 Information and Assumptions

provided in problem statement
Find

difference in water surface between two reservoirs
Solution

assume T = 20°C so v = 1076 ft2/s

ks/Dys = 0.1/150 = 0.00067

ks/D3y = 0.1/300 = 0.00033
Vis = Q/A;5=0.1/((r/4) x 0.15%) = 5.659 m/s
Vao = 1.415m/s
Re;s = VD/v=5659x0.15/107% = 8.49 x 10°
Regg = 1.415x0.3/1076 =4.24 x 10°

From Fig. 10-8 fi15 = 0.0185; f39 = 0.0165
Energy equation

Zl—ZQIZhL

n—z = (V23/29)(0.5+0.0185 x 50/0.15)
+(Vib/29)(1 + 0.0165 x 160/0.30) + (Vis — Va0)?/2g

21 — 2 (5.659%/(2 x 9.81))(6.67)
+((1.415% /(2 x 9.81))(9.80) + (5.659 — 1.415)?/(2 x 9.81)
21—z = 1.632(6.67) + 1.00 + 0.918 = 12.80 m
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10.93 Information and Assumptions

from Table 10.3 K, = 0.5 and Kg = 1.0
assume T = 68°F so v = 1.1 x 1075 ft?/s.
provided in problem statement
Find
difference in water surface elevation between two reservoirs
Energy equation from the water surface in the tank at the left to the water surface in the tank on the right

P+ V29 + 2 = po/y+ Vs 29+ 22+ Y he

21 =20+ (Ko + f1 L1/ D)V /29 + (Vi = V2)? /29 + ((foL2/D2) + Kp)Vs /29
Calculate velocities and Reynolds number

Vi = Q[A1=Q/((m/4)(1/2)*) = 25.48 ft/s

Re; = 2548 x(1/2)/1.1x107°) =1.16 x 10
VZ/2g = 101 ft
Vo = Vi/4=6371ft/s
Re; = 6.37x1/1.1x107°=5.8 x 10°
VZ/2g = 0.630
ks/Dy = 4x107*/0.5=8x10"*
ks/Dy = 4x107%

From Fig. 10.8 f; =0.019 and fs = 0.016

s —z9 = h=(05+.019 x 150/(1/2))10.1 + (25.48 — 6.37)%/64.4
+((0.016 x 500/1) + 1)0.630
= 626+57+5.7
= 74.0 ft
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10.94 Information and Assumptions

from Table 10.3 K., = 0.50; K, = 5.6
from Table 10.2 ks, = 1.5 x 10~ ft
provided in problem statement
Find
discharge of oil
Energy equation from reservoir water surface to pipe outlet:

P+ VER29+2 = po/v+Vi/20+m+ Y hi
0+0+100ft = 0+Vy/29+64+ (V?/29)(Ke+ K, + fL/D)
Assume f = 0.015 for first trial. Then

(V2/2¢)(0.5+ 5.6 + 1 +0.015 x 300/1) = 36
V =14.1 ft/s
Re=VD/v =141 x1/107* = 1.4 x 10°
ks/D = 0.00015

From Fig. 10.8 f =~ 0.0175.
Second Trial:

Vo = 13.7ft/s
Re = 1.37x10°

From Fig. 10.8 f = 0.0175.s0

Q=VA=137x (1/4) x 12 = 10.8 ft3/s
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10.95 Information and Assumptions

from Table 10.3 K; = 0.19

from Table A.5 v = 1.22 x 107° t?/s

provided in problem statement
Find

pump horsepower and pressure at midpoint of long pipe.
Energy equation

P+ VE29+ 2+ hy =pa/y + V5 29+ 20+ > D
0+30+0+h, =0+60+ (V?/29)(1+ 0.5+ 4K, + fL/D)
V =Q/A=20/((r/4) x (1/2)%) = 10.18 ft/sec
V2/2g = 1.611 ft
Re =4Q/(mDv) =4 x 2/(m x (1/2) x 1.22 x 107)
=4.17 x 10°

From Table 10.8 f = 0.0135 so
hp =30+1.611(1+0.5+4 x 0.19+0.0135 x 1,700/(1/2)) = 107.6 ft
P = Qryh,,/550 = 24.4 horsepower
Pressure at midpoint of long pipe
pm/’)"’_zm - 22+hL
Pm =7(22 = 2m) + hi]

Pm = 62.4[(60 — 35) 4+ 0.0135 x (600/0.5) x 1.611]
Pm = 3,189 psf = 22.1 psig

EGL

— EGL
/
HGL =

HGL
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10.96 Information and Assumptions

from Table 10.2 k;, = 0.046 mm
provided in problem statement
Find
pump power
Energy equation

p/y+ VP29 + 2+ hy
0+0+20+h,

hp

1%

V2/2g

Re

ks/D

f

From Fig. 10.8 f = 0.021. Then

P2/v+ Vi 29+ 2+ hi

0+0+40+ V?/29(K. + 2K, + Ko + fL/D)
20 +V?/29(0.5+2 x 0.19 + 1+ fL/D)
Q/A=12/((r/4 x 0.6°) = 4.25 m/s
0.921 m

VD/v =425x0.6/(5x107°) = 5.1 x 10*
0.00008

0.021 (from Fig. 10-8);

hy =20+ 0.921(0.5 + 0.38 + 1+ 6.65) = 27.9 m

Pump power

P = Qvyh, =1.2x0.94 x 9,810 x 27.9/0.70 = 441 kW
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10.97 Information and Assumptions

provided in problem statement

Find

elevation of water surface in upstream reservoir

Energy equation

P1/7+V12/29+Z1

p2/’Y+V22/29+22 +ZhL

0+0+2 0+0+12+ (Vg /29)(0.5+ fL/D) + (V/29) (K. + f(L/D) + 1.0)
Vao Q/As0 = 0.15/((7/4) x 0.30%) = 2.12 m/s
Vb /29 0.229 m
V15 = 4V30 = 8.488 m/s
VZ/2g = 3.67Tm
Dy/Dy = 15/30 =0.5 — K¢ = 0.37
Then
2z = 12+40.229[0.5 + 0.02 x (20/0.3)] + 3.67[0.37 + 0.02(10/0.15) + 1.0]
z1 = 223 m
EGL. l Vi2g
H.GL. E-GL.
HGT
plg -

915



10.98

......

=
b
-
5

Cavitation could occur in the venturi throat section or just downstream of the abrupt contraction (where there
will be a contraction of the flow area).
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10.99 Information and Assumptions

from Table 10.3 K, = 0.9, K, =10
from Table 10.2 ks, = 5 x 10~* ft
from Table A.5 v = 1.41 x 1075 ft?/s

provided in problem statement

Find
pressure at point A
Energy equation

pa/y+VE/29+ =
pa/y+20+0

\%4

VZ2/2g

Re

ks /D

P1

p2/v+ 2+ V3 20+ hy

0+90+ 0+ V?/29(0.5 + 2K, + K, + f(L/D) + 1)

Q/A = (50/449)/((r/4)(2/12)?) = 5.1

5.12/64.4 = 0.404

5.1(2/12)/(1.41 x 107°) = 6 x 10*

5x107% x 12/2 = 0.003

Y[70 + 0.404(0.5 + 2 x 0.9 + 10 + (0.028 x 240/(2/12)) + 1.0)]

From Fig. 10.8 f = 0.028. Then

pa

~Y[70 + 0.404(0.5 + 2 x 0.9 + 10 + (0.028 x 240/(2/12)) + 1.0)]

= 624 x91.7 = 5722 psfg = 39.7 psig
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10.100 Information and Assumptions

from Table 10.2 k£, = 0.26 mm
from Table A.5 v = 1.3 x 107¢ m?/s
provided in problem statement
Find
water surface elevation in reservoir A.
Solution

ks/Day = 0.26/200 = 0.0013

ks/Dis = 0.0017
Vao = Q/Asp =0.03/((m/4) x 0.20%) = 0.955 m/s
Q/A1s = 1.697 m/s
Reyp = VD/v=0955x0.2/(1.3 x 107%) = 1.5 x 10°
Re;s = 1.697 x0.15/1.3 x 1075 = 1.9 x 10°

From Fig. 10-8: fyo = 0.022; f15 = 0.024

z1 = zz—i-ZhL; 21:100+ZhL
21 = 110+ Vg /29(0.5 4+ 0.022 x 100/0.2 + 0.19) + V2 /29[(0.024 x 150/0.15)
+1.0+0.19)] = 110+ 0.0465(11.5) + 0.1468(25.19
= 11040.535+3.70=114.2 m
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10.101 One possible design given below:

L =~ 300+ 50+ 50 =400 m; K; = 0.19
50 = Y hr=V?/29(K.+ 2K, + f(L/D)+1.0) = V?/29(1.88 + f(L/D))
50 = [Q%/(29A%)](f(L/D) + 1.88) = [2.5%/(2 x 9.81 x A?)]((400 f/D) + 1.88)
Assume f = 0.015. Then 50 = [0.318/((7/4)? x D*)](0.015 x (400/D)) + 1.88)

Solving, one gets D ~ 0.59 m = 59 cm. Try commercial size D = 60 cm.
Then

Voo = 2.5/((m/4) x 0.6%) = 8.84 m/s
Re = 88x0.6/107°5=5.3x10% k,/D = 0.0001 and f ~ 0.013

Since f = 0.13 is less than originally assumed f, the design is conservative. So use D =60 cm and L ~ 400 m.

60 cm steel pipe
O T
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10.102 First write the energy equation from the reservoir to the tank and assume that the same pipe configuration as
used in the solution to P10-99 is used. Also a pump, two open gate valves, and two bends will be in the pipe
system. Assume steel pipe will be used.

Assume L = 400 ft.
/Y +VE 29+ 2 +hy = pa/y+Ve/20+m+ Y hr
0+0+450+h, = 0+0+500+ (V?/29)(K.+ 2Ky + 2K, + Kg+ fL/D)
Assume V ~2m/s; A=Q/V =1.0/2 = 0.50 m?
A= (r/4)D? =0.50 or D =.799 m Choose a pipe size of 0.80 m

Then

V = Q/A=1.0/((r/4) x 0.8%) =1.99 m/s and V?/2g = 0.202 m
ks/D = 0.00006; Re =VD/v=1.6/10"5=1.6 x 10°

Then f = 0.012 (from Fig. 10-8)

hy = 50+ (V?/29)(0.5+2 x 0.2+ 2 x 0.19 + 1.0 + 0.012 x 400/1)
= 50+143=5143m

P = Qyh,=20x09,810x 51.43

1.01 MW

Design will include 0.80 m steel pipe and a pump with output of 1.01 MW

Note: An infinite number of other designs is possible. Also, a design solution would include the economics of
the problem to achieve the desired result at minimum cost.
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10.103 Because you want to design equipment to illustrate cavitation, it would be desirable to make the flow restriction
device from clear plastic so that one may observe the formation of cavitation bubbles. The design calculation
for pressure and discharge would be the same as given for 10.71.
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10.104 The equipment for the momentum experiment could be shown below:

Pivot point Vane

Countey Wgt | / ujops Weight
E A / il /
I]’ =

[l

Necessary measurements and calculations:

a) Discharge. This could be done by using a scale and tank to weigh the flow of water that has occurred over a

given period of time.

b) The velocity in the jet could be measured by means of a stagnation tube or solving for the velocity by using

Bernoulli’s equation given the pressure in the nozzle from which the jet issues.

c) Initially set the counter balance so that the beam is in its horizontal equilibrium position. By opening a valve
establish the jet of water. Apply necessary weight at the end of the beam balance to bring the beam back to
horizontal equilibrium. By calculation (using moment summation) determine the force that the jet is exerting
on the vane. Compare this force with the calculated force from the momentum equation (using measured

Q, V, and vane angle).
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10.105 Information and Assumptions

provided in problem statement

Find
ratio of discharge in line A to B
Solution
hra
0.2V3/2g
Va
Qp/Qa
QB/Qa
Solve Egs. (1) and (2) for Qp/Qa:
QRB/Qa

hrB

10V3/2g

V505
VAp/VaAa
VeAp/Va((1/2)As)
2Vg/Va

2 % VB/\/%VB
0.283
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10.106 Information and Assumptions

provided in problem statement

Find
ratio of velocity in line A to B
Solution
O/ Globe valve wide open
— N
(S
®

Z hrs

hi globe + 2R 1, clbow
10VZ/2g + 2(0.9V2/2g)
11.8V2/2g

Va/Va

Gate valve half open

= Z hra

hi gate T 2R L elbow
5.6V3/2g +2(0.9V3/2g)
= T7.4V3/2g

= 126
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10.107 Information and Assumptions

provided in problem statement
Find

division of flow of water
Solution

Vi/Ve = [(f2/ f1)(L2/L1)(D1/D2)]'/?

Initially assume f1 = fo
Then

Vi/Va = [(1,500/1,000)(0.50/0.40)]*/2 = 1.369; Vi = 1.369V>
ViAL + VoA =12
1.369V5 x (m/4) x 0.5% 4+ Vo x (7/4) x 0.4> = 1.2
Vo = 3.038 m/s; Then Vi = 1.369 x 3.038 = 4.16 m/s

Q1 =ViA; = 4.16(r/4) x 0.5% = 0.816 m>/s; Q2 = 0.384 m>/s
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10.108 Information and Assumptions

provided in problem statement

Find
discharge in pipe 1
Solution
hgp1=nhyso
f(L/D)(V?/29) = [f(4L/D)(V5/2g)
‘/12 _ 4‘/22
Vi = 2W
Thus

Ql :2Q2 =2 cfs
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10.109

hpa = hpp=hsc
f(L/D)(V?/29)a = f(L/D)(V*/29)r = f(L/D)(V*/29)c
0.012(6,000/1.5)Vi = 0.02(2,000/.5)VA = .015(5,000)V2
48V3 = 80VE =T5VZ

Therefore, V4 will have the greatest velocity. Correct choice is a)
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10.110 Information and Assumptions

provided in problem statement

Find
ratio of discharges in two pipes

Solution

(Vi/Ve) = [(fo/ fi)(L2/L1)(D1/D2)]?

Let pipe 1 be large pipe and pipe 2 be smaller pipe. Then
(Vi/Va) = [(0.014/0.01)(L/3L)(2D/D)]*/? = 0.966
(Q1/Q2) Vi/Va)(A1/As) = 0.966 x (2D/D)? = 3.86

(Qlarge/Qsmall) 8

—~

I
o
IoN
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10.111 Information and Assumptions

provided in problem statement

Find

division of flow and head loss
Solution

Qis+ Q2 = 1dcfs
hLlS = hle
fis(L1s/D1s)(Vi%/29) = fia(L12/D12)(Vis/29)
fis = 0.018 = fi2
SO

L13Q3s/Dis = L12Q3,/D3,
s = (Dis/D12)’(Li2/L1s)Q7F, = (18/12)°(2,000/6,000)Q7, = 2.53Q7,
Qg = 1.59Q12
1.59Q12 + Q12 = 14
259Q12 = 14
Q2 = J4cfs
Qs = 1.59Q12 =1.59(5.4) = 8.6 cfs
Vis = 5.4/((r/4(1)%) = 6.88
Vis = 86/((m/4)(18/12)%) = 4.87
hr,, = 0.018((2,000)/1)(6.88)?/64.4 = 26.5
hr,. = 0.018(6,000/1.5)(4.87%/64.4) = 26.5
Thus, hr, , = 26.5ft
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10.112 Information and Assumptions
provided in problem statement
Find
division of flow and head loss
Solution

Q = Qu+tQu2+ Qs
25 = Vig x (7/4) x (14/12)® + Vi x (7/4) x 12+ Vig x (7/4) x (16/12)%;

Also, h¢,, = h¢,, = hy,, and assuming f = 0.03 for all pipes

(3,000/14)VZ = (2,000/12)V/3 = (3,000/16)V

VE = 0.778VE = 0.875V%

From Eq(1)

25 = 1.069V14 + 0.890V14 4 1.49V14
Via = T.74ft/s

and Vo = 1.134, V14 = 8.21 ft/s; Vig = 7.74 ft/s

Qiz = 644 ft3/s; Quu = 174 £t /55 Qu6 = 10.8 ft*/s
Vou = QJAsq =25/(m/4 x 2%) =17.96 ft/s;
Vao = 5.09 ft/s
hias = (0.03/64.4)[(2,000/2.00)(7.96) + (2,000/1) x (8.21)?

+(3,000/(30/12) x (5.09)%] = 106.8 ft
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10.113 Information and Assumptions

from Table 10.2 k;, = 0.046 mm

provided in problem statement
Find

division of flow between pipes and head loss
Solution

Call pipe A-B pipe and pipe ACB pipe 2. Then

hgi+hp = hgo
ks/D = 0.046/500 ~ 0.0001

Assume f; = fo = 0.013 (guess from Fig. 10-8)

F(L1/D1)(V?/29) + by = f(La2/D2) (Vs [2g)
0.013(2,000/0.5)(V/2g) + hy 0.013(6,000/0.5)(V/29)
2.65V2+h, = T.951V3 (1)

Continuity

(Vi+V)A = 0.60m?/s
Vi+ Vs 0.60/A = 0.6/((7/4)(0.5%)) = 3.0558
Vi = 3.0558 —Vh (2)

By iteration (Egs. (1), (2) and pump curve) one can solve for the division of flow:

Q1 =027m?/s Q=033 m%/s

Head loss determined along pipe 1

hy = f(L/D)(V}?/29)
Vi = Qi/A=027/((7/4)(0.5%)) = 1.38 m/s
h; = 0.013(2000/0.5)(1.382/(2 x 9.81)) = 5.05 m
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10.114 Information and Assumptions

provided in problem statement
Find

discharge through and bypass line
Solution

Valve

Pump

©

Qp

(p2 —p1) /v
A

K,V /2g

hp

(0.2)(Q%)/2 x 9.81 x (0.00785)?)
165Q2 + 100Q, — 80

Solve by quadratic formula

Q

Q. +0.2
h‘P

(7/4)(0.1%) = 0.00785 m?
KvQ?;/@QAQ) = hy

100 — 100(Q, + 0.2)

100 — 100Q, — 20

0

Q. =0.456 m®/s ; Q, = 0.456 + 0.2 = 0.656 m*/s
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10.115

R, = A/P
Rpa = (A/P)A:16/16:1
Rh,W = (A/P)W :8/8: 1 .. Rh,A :Rh,W

The correct choice is (a).
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10.116 Information and Assumptions

from Table A.3 v = 1.58 x 1074 ft?/s and p = 0.00237 slug/ft3
from Table 10.2 k; = 0.0005 ft
provided in problem statement
Find
pressure drop over 100 ft length
Solution

h = (6in)(cos 30°) = 5.20
A = (6)(5.20)/2 = 15.6 in? = 0.108 ft*
R, = A/P=15.61in?/(3 x 6) = 0.867 in.
4R;, = 3.47in.=0.289 ft.
ko/4R, = 0.0005/0.289. = 0.00173

Re = (V)(4Ry)/v =(2)(2.89)/(1.58 x 107%) = 2.2 x 10*
From Fig. 10.8 f = 0.030 so the pressure drop is
Apy = (f(L/4R)(pV?/2)

Apy 0.030(100,/0.289)(0.00237 x 122/2)
Apy 1.77 Ibf/ft>
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10.117

Q
Qa/QB

where Ry, 4
Rpa

The correct choice is (c).

2/3
(1.49/n) AR/351/2
Ri{i/ Ri{;} = (Rn,a/Rn,5)*?
50/20 = 2.5; Ry, 5 = 50/(3 x 7.07) = 2.36
Rpp..Qa> QB
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10.118 Information and Assumptions

assume ks = .15 mm= 1.5 x 10™* m
from Table A.3 v = 1.46 x 107°
provided in problem statement

Find
power loss in duct
Solution
A = 015m’
P = 230
R = A/P=0.0652 m
4R = 0.261 m
ks/AR = 1.5x107%/0.261 = 5.7 x 10%;
V = Q/A=5/0.15=33.3 m/s
and

Re =V x4R/v = 33.3 x 0.261/(1.46 x 10~°) = 5.95 x 10°
Then from Fig. 10.8 f = 0.018

hy = f(L/D)(V?/29)
= 0.018 x (100/0.26)(33.3%/(2 x 9.81)) = 391 m
Poss = Qyhy=15x12.0 x 391 = 23.5 kW
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10.119 Information and Assumptions

provided in problem statement
Find

ratio of velocity in trapezoidal to rectangular duct
Solution

Ahyect = Ahirap
hf,rect = hf,trap
(foL/ARy)Vi' /29 = (faL/ARa)VE /29
Ry = Ay/P, =2/6 =0.333 ft
Ry =Aa/Py=1.4/6=0233 ft
V2/Vi¥ = Ra/Ry = 0.70
Virap/ Vreer = 0.84
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10.120

f = f(Reks/AR) R=A/P =0.7m?/3.4 m = 0.206 m
Re = V(4R)/v =10 x4 x .206 x 10° = 8.2 x 10°
ko/4R = 1072 m/0.824 m = 1.2 x 1073 = .0012

From Fig. 10.8: f ~ 0.020 Choice (b) is the correct one.
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10.121 Information and Assumptions

assume n = 0.012

provided in problem statement
Find

discharge of water
Solution

Use Manning’s formula

Q = (/mAR)/ sy
A = (1D)2)/2=1m?
Q = (1/0.012)(1)(0.35)%/3(0.0015)%5
Ry, = AJP
= 1/2(12 +1%)%5 =0.35 m
Q = L60m*/s
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10.122 Information and Assumptions

assume k; = 30 cm

provided in problem statement
Find

discharge
Solution

from Fig. 10.8 f ~ 0.060

R = A/P~22lm
ks/AR = 0.034

from Fig. 10.8 f ~ 0.060

C=+/8g/f=362m"2%"
Q = CAVRS = 347 m®/s
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10.123 Information and Assumptions

assume k, = 1073 m

provided in problem statement
Find

discharge
Solution

A = 4.5m?
P = 6m
R = A/P=0.75m

ks/AR = 0.333x1073

From Fig. 10.8 f = 0.016

hi/L = fV?/(2¢4R)
vV = (8g/f)RS =192 m/s
Re = 1.92x3/(1.31 x107%) =4.4 x 10° f = 0.015

From Fig. 10.8 f = 0.015
Then

V =1.92 x 4/0.016/0.015 = 1.98 m/s

Finally,

Q=198 x4.5=8.73 m?/s
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10.124 Information and Assumptions

assume ks = 0.003

provided in problem statement
Find

the discharge
Solution

R=A/P=4x12/(12+2x4) =24
ks/(4R) = 0.003/(4 x 2.4) = 0.00031
Ref'? = ((4R)3/? /v)(295)"/? = ((4 x 2.4)%/2/(1.22 x 107%))
x(2g % 5/8,000)/% = 4.9 x 10°;

From Fig. 10.8 f =0.015

14 V/8gRS/f = 1/8g(0.20)5/(0.015(8,000)) = 5.07
Q = 5.07(4)12 =243 cfs

Alternate solution:
Assume n = 0.015

Q = (1.49/n)AR?/38'/2
(1.49/0.015)4 x 12(2.4)> (5/8,000)'/2 = 214 cfs
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10.125 Information and Assumptions

assume n =1

provided in problem statement
Find

cross-sectional areas for various widths
Solution

O »n O
I

or Qn/(1.498%%) =
31.84 =
31.84 =

100 cfs
0.001

(1.49/n) AR®-656750-5

AR0.667
ARO.GG?

(by) (by /(b + 2y)) %7

For different values of b one can compute y and the area by. The following table results

b(ft) vy (ft) A (ft?) y/b
2 16.5 33.0 8.2
4 6.0 24.0 1.5
6 3.8 22.5 0.63
8 2.8 22.4 0.35
10 2.3 23.3 0.23
15 1.7 25.5 0.11
2
g1 /
/ Minimum area at y/b=0.5 (verified)
., _
_— -
0 T T T
22 23 24 25 26
Area (m?)
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10.126 Information and Assumptions

assume n = 0.013
assume ks = 1073 ft
assume v = 1.2 x 107° ft2/s
provided in problem statement
Find
the discharge
Solution

Q = (1.49/n)AR?/38'/2
R = A/P=(rD?/8)/(xD/2) = D/4; A=7D?/8

Q = (1.49/0.013) x (7D?/8)(D/4)%/3 x (1.0/1,000)*/2
Q = 228ft3/s

Alternate solution:

Q = CAVRS

where C' = /8¢/f.

ks/JAR=10"3/(4 x D/4) = 2.5 x 1074
Assume f = 0.016. Then

C = /8x322/0.016 = 127
Q = 127 x (7 x 4?/8)y/1 x 1.0/1,000 = 25.2 ft3/s

V = 4.00 ft/s
Re = V x4R/v=4.00x4x1/(1.2x107°%) =1.37 x 10°

From Fig. 10.8 f = 0.015. Solve again

C = /8g/0.015 = 131; Q = 26.0 ft3/s
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10.127 Information and Assumptions

assume n = 0.012

provided in problem statement
Find

the discharge
Solution

Q = (1.49/n) ARY 5750

cosf = 1.5ft/2.5 ft
0 = 53.13°
A = 7r((360° — 2 x 53.13°)/360) + 0.5 x 4 ft x 1.5 ft
A = 16.84 ft?
P = 7D((360° — 2 x 53.13°)/360) = 11.071 ft
R, = A/P=1521ft
RY567 = 1.323
Then Q@ = (1.49/0.012)(16.84)(1.323)(0.001)%5

Q = 87.5cfs
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10.128 Information and Assumptions

assume k, = 0.003 ft

assume v = 1.41 x 1075 ft2/s\

provided in problem statement
Find

average velocity and discharge
Solution

R=A/P = (10+12)6/(10 + 65 x 2) = 132/36.8 = 3.58

(ks/4R)
Ref1/2

0.003/(4 x 3.58) = 0.00021

((4R)*/? /1) (29S5)"/? = [(4 x 3.58)%/2/1.41 x 107°](2¢,/2000)*/2
6.9 x 10°

From Fig. 10.8 f = 0.014. Then

1% V8gRS/f = \/8g x 3.58/(2000 x 0.014) = 5.74 ft/s
Q = VA=574x132=758 cfs

Alternate method, assuming n = 0.015

V = (1.49/n)R?38Y% = (1.49/0.015)(3/3.58)%/3(1/2,000)"/2? = 5.18 fps
Q = 5.18(132) = 684 cfs
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10.129 Information and Assumptions

assume n = 0.012

provided in problem statement
Find

depth of flow in trapezoidal channel
Solution

Q = (1.49/n)AR%56750-5
1200 = (1.49/0.012)(10d + d?)((10d + d?)/(10 + 2v/2d))®-67(1/500)%->
1200 = (124.2/0.012)(10d + d*)>/3(10 + 2v/2d) %67 (0.0447)

Solving for d yields d =5.85 ft
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10.130 Information and Assumptions

assume n = 0.012
provided in problem statement

Find
discharge in trapezoidal channel
Solution
Q = (1.49/n)ARY35/2
A = 10x5+5%P=10+42v52+ 52 =24.14 ft
R = A/P=175/24.14 = 3.107 ft
Then

Q = (1.49/0.012)(75)(3.107)%/3(4/5, 280)*/? = 546 cfs
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10.131 Information and Assumptions

assume n = 0.015

provided in problem statement
Find

the uniform flow depth
Solution

Q = (1/n)AR¥35'/2
25 = (1.0/0.015)4d(4d/(4 + 2d))*/3 x 0.0041/2

Solve by trial and error: d =1.6 m
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10.132 Information and Assumptions

assume n = 0.015

provided in problem statement
Find

the depth of flow
Solution

Q = (1.49/n)AR?/351/?

500 = (1.49/0.012)12d(12d/(12 4 2d))*® x (10/8,000)*/2

Solve by trial by trial and error. d =4.92 ft
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10.133 Information and Assumptions

assume n = 0.015

provided in problem statement
Find

depth of flow in channel
Solution

Q = (149/n)A R/33}/?
3,000 = ((1.49)/(0.015))(10d + 2d?)((10d + 2d2)/(10 + 2v/5d))*/3(0.001)'/2
955 = (10d + 2d2)((10d + 2d%) /(10 + 2v/5d))>/3

Solve for d by trial and error d = 10.1 ft
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10.134 Information and Assumptions

provided in problem statement
Find
the flood discharge
Solution
Divide the channel into parts 1, main, & 2. With these divisions we compute A;, Amain & A2 and also
Ri, Rpain & Ry. These results of these computations along with R2/3 values shown in tabular form below:

Channel Part ~ A(ft2) P(ft) R, = A/P(ft) R, >(ft)%/3

1 1,218  208.5 5.842 3.244
main 5,600  228.3 24.53 8.443
2 1,218  208.5 5.842 3.244

From Table 10.5 assume: n; = ne = 0.035. From Table 10.4 npyain = 0.025. Then using Eq. 10.47 we have:

Q = 1.49/0.0015[(2(1,218 x 3.244)/.035) + (5,600 x 8.443/.025)]
Q = 122,170 ft3/s
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10.135 For best hydraulic section, the shape will be a half hexagon as depicted below

assume n = 0.015 (concrete, wood forms unfinished - Table 10.3)

N5

|: N

Use the Manning equation to solve this problem:
Q = (1.49/n) ARY95750-5

Then

900 = (1.49/0.015) ARY-%57(0.002)%-5

ARY567 = 202.6
But A = by +y? where y = bcos45° = 0.707b

A = 0.707b% + 0.506% = 1.207b>
R, = A/P=1.207b%/3b = 0.4024b

Thus

ARY957 — 202.6 = 1.207b%(0.4024b)°-667

[l

b?967 = 308; b= 8.57 f
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10.136 Information and Assumptions

provided in problem statement
Find

Manning’s n
Solution

From Eq. 10.50

Q = (1.49/n)[A, RY® + A,R2/%)S1/2

Let A1 & R; denote the main channel and As & Rs denote the total overbank channel

Ay = 10(200) = 2,000 ft?

P = 200+ 2(5) =210

Ry = 2,000/210 = 9.523

R = 4493

Ay = 2(200)5 = 2,000 ft?

P, = 200+ 200+ 2(5) = 410

Ry = 2,000/410 = 4.878

RY? = 2876

n = (1.49/60,000)[2,000(4.493) + 2,000(2.876)](.0040)/2
0.023
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10.137 Information and Assumptions

provided in problem statement

Find

velocity in main channel and overbank areas

Solution

Q
60, 000
636, 700

n2

Vi

@1
Va

Q2

1.49[A R?/3 Jny + Ao R Jny) 812
1.49[2,000(4.493)/0.02 + 2, 000(2.876) /n5](.0040)*/?
449,300 + 5, 752 /n

5,752(636, 700 — 449, 300)

0.0307

(1.49/ny)R2/351/2

(1.49/0.02)(4.493)(0.06325) = 21.17 ft/s

ViA; = 21.17 x 2,000 = 42, 343 cfs
(1.49/0.0307)(2.879)(0.06325)

8.838 ft /s

VaAs = 8.838 x 2,000 = 17,676 cfs
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10.138 Information and Assumptions

assume y > 10 but < 18
provided in problem statement

Find

depth and flow rate in main channel, left overbank area and right overbank area

Solution

Let subscripts 1 and 2 refer to the main channel and overbank channels respectively.

Main Channel:
Aq
P =

Overbank:

From Eq. 10.50

102.5(10) + [105 + (y — 10)/8](y — 10) = 1025 + (103.75 + 0.13y)(y — 10)
100 + (102 + 2.5%)Y/2 + [y + (y/4)4]'/?

100 + 10.3 + 1.03y

110.3 + 1.03y

Ay 200(y — 10)
P = 200+y—10=190+y

Qr =1.49/5,% %AR?L/?’

or for this problem

Qr 1 2/3 , 1 2/3
= —A —A
1.49 x (0.004)1/2 ~ ny B Al
45,500 1,025+ (103.75 + .13y)(y — 10)
1.49(.004)1/2 0.025
1,025 + (103.75 + .13y)(y — 10)]*/®
110.3 + 1.03y
200(y — 10) [200(y — 10)]%/*
0.07 190 +y

Solving for y by trial and error yields: y =17.1 ft
Thus for the main channel: y = 17.1 ft. The discharge is

1.49(0.004)'/2

AN/
A =
0.025 Ry
= 38,700 cfs

Qoverbank = 45,400 — 38,700 = 6, 700 cfs

Qmain - Ql -
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10.139 Information and Assumptions

from Table 10.4: n(overbank) = 0.06 = ny
from Table 10.3: n(main channel) = 0.025 = ny
provided in problem statement
Find
depth of flow for summer flood
Solution
The solution for y must be made differently for y < 20 and y > 20. Initially we assume y < 20.

Ay = (500 + y)y, Py = 500 + 2.828y
From Eq. 10.45
Q = 80,000 = (1.49/0.025)(500 + y)y[(500 + y)y/(500 + 2.828y)]*/3(0.0009)*/?

Solve for y by trial and error yields y =14.8 ft
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10.140 Information and Assumptions

provided in problem statement
Find

load distribution and pressure at load points.

Solution

An assumption is made for the discharge in all pipes making certain that the continuity equation is satisfied
at each junction. The following figure shows the network with assumed flows.

15 c% 10 5 % < /16 cfs

A k=0.00944 k=0.3021

< ol ©

£l 2 S| B

o N 0

‘F\\fof\A ol¢ °ls

O & < 1

0 X
S5cfs

5cfs
D k=0.3021 E

The Darcy-Weisbach equation is used for computing the head loss; therefore, we have

hg

fL
gD 2

where k = 8(

flow corrections for each loop are calculated as shown in the accompanying table.

L

D
fL

/
g

kQ?.

)

gD5 72

V2

7)
)

. The loss coefficient, k, for each pipe is computed and shown in Fig. A. Next, the

Since n = 2 (exponent on Q),

nk@Q" "' = 2k(Q. When the correction obtained in the table are applied to the two loops, we get the pipe discharges
shown in Fig. B. Then with additional iterations, we get the final distribution of flow as shown in Fig. C. Finally,

the pressures at the load points are calculated.

Loop ABC
Pipe hi = kQ? 2kQ
AB +0.944 0.189
AD -26.475 10.590
BD 0 0
S kQ? - > k@2, -25.53 > 2KQ =10.78

AQ=-22.66/9.062=2.50 cfs
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pc

PE

Loop BCDE

Pipe hy 2kQ
BC 13021  6.042
BD 0 0
CE 0 0
DE  -1.55 3.02

122.66  9.062
AQ=-25.53/10.78=-2.40 cfs

15cfs
12.4 cfs B 7.5 cf;
\A‘ = < /16 cfs
£ 8
e\ @ S
-6 < N
%
7.5cfs
5 cfs
D E
15 cfs

11.4 cfs B 9.0 CfE c /'

10 cfs

1.0 cfs

5cfs

pa—(kapQ%ip + kpeQ%c)

60 psi x 144 psf/psi — 62.4(0.00944 x 11.4% +0.3021 x 9.0%)
8640 psf — 1603 psf

7037 psf

48.9 psi

8640 —v(kapQ%p + kpeQhE)
8640 — 62.4(1.059 x 3.52 + 0.3021 x 62)
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10.141 Assume that the equipment will have a maximum weight of 1,000 Ibf and assume that the platform itself weighs
200 Ibf. Assume that the platform will be square and be 5 ft on a side. The plan and elevation view are
shown below:

rtt
A? i A=9 sq. ft. - A /O\

View A-A

bl

Assume that a plenum 1 ft inside the perimeter of the platform will be the source of air for the underside
of the platform.
Now develop the relationship for pressure distribution from plenum to edge of platform. The flow situation is
shown below.

L 1t

Determine the hy from the plenum to the edge of the platform:

hy = f(L/D)V?/2g
Assume f =0.02, R=A/P =AyB/2B = Ay/2 and L =1 ft.

hy = (0.02x1/(Ay/2))V?/2g
(0.02/Ay)V?/g
= 0.02V?/(Ayg)

Multiply both sides by ~
Apy = vhy = (0.02/Ay)pV?
Assume p = 0.0023 slugs/ft>. Then

Ap; = (0.02/Ay)(.0023)V?
(46V?/Ay) x 107°

Pave. (over 4 ft? area) = (23 VZ/Ay) x 1076
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Also determine the Ap due to the change in momentum as the flow discharges from the plenum.

Py
Apply the momentum equation in the x-direction:
Y Fe = iV, iV
BAy(p1 —p2) = V(pVBAy)

Aprnorn = p V2

The pressure force on the platform is given by
The pressure within the 9 ft? interior area of the platform will be

APmom + Apy = V2(.0023 + (46/Ay) x 106)

The pressure force on platform is given by

F 9t? X (Apmom + Aps) + Apfave. x 12 ft2

F = 9x V20023 + (46/Ay) x 1075)] + 12V2[(23V%/Ay) x 1079
F = V%9 x.0023 + (9 x 46/Ay) x 107% +12 x 23 x 1075 /Ay]

F V29 x .0023 4 690 x 1076 /Ay]

Let Ay =1/8 in.= 0.01042 ft

f = V29 x.0023+ 690 x 1075/.01042)]
= V?2[0.0207 + 0.662]
F = .0869V2
1200 = .0869V2
V2 = 13,809 ft?/s

Vo= 1175 ft/s
117.5 x Ay x 12 = 14.69 ft3/s
Ap = V20023 +46 x 1075/Ay)
= V?(.0023 + 46 x 107¢/0.01042)
= V?2(.0023 +.00441)
= 92.7 psf

O
|
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Power

P = QAp/550
= 14.69 x 92.7/550
= 248 hp

Assume 50% efficiency for blower, so required power ~ 5 horsepower. Blower could be driven by gasoline
engine and also be located on the platform.
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10.142

There are two design constraints; 1) the Reynolds number in the tube should be less than 1000 to insure that
the flow in laminar and a closed form expression is available to the viscosity and 2) the pressure differential along
the tube should sufficiently low that compressibility effects on the gas will not be important yet large enough that a
measurement can be made with acceptable accuracy. Although not stated in the problem assume that the density
of the gases ranges from 0.8 kg/m? to 1.5 kg/m3. As a start assume the tube has a 1 mm internal diameter. The
Reynolds number corresponding to the highest density and lowest viscosity would be

CVx10%x15

Re 105

= 150V

The maximum velocity should not exceed 6 m/s. The pressure drop for laminar flow in a pipe is

uLV
D2

Ap = 32

Assume the length of the tube is 500 mm (0.5 m), the pressure drop for the largest viscosity would be given
by

1.5 x 1075 x 0,
Ap =322 ;)07:05‘/:2401/

For a velocity of 6 m/s, the pressure drop would be 1,440 Pa or 0.2 psid. or about 5 in of water. If the
initial pressure were atmospheric, this would represent about a 1% change in pressure which would be acceptable to
avoid compressibility effects. Compressibility effect could also be reduced by operating at a higher pressure where
the percentage change in pressure would be even smaller.

This design could now be refined to conform with the equipment available for measuring pressure. Another
issue to consider is the design of the entrance to the tube to minimize entrance losses and exit losses such as a sudden
expansion. There is also the problem of measuring a small discharge. An idea to consider would be attaching the end
of the tube to an inflatable bag immersed in water and measuring the displacement of the water with time. Another
idea is measuring the pressure drop in a tank supplying the tube and calculating the mass change with time.
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10.143 One idea is to use a purge line as shown in the figure. There is a continuous flow of gas out the pressure tap
which keeps the tap clean. The flow rate should be high enough to keep the tap clean and low enough not
of affect the readings. The purge gases would be introduced close to the tap so the head loss associated with
friction would be minimized. The largest pressure drop would be the sudden expansion loss at the tap exit.
If p, is the nominal pressure being measured at the tap, then the ratio of the sudden expansion losses to the
nominal pressure is

pV?
2p,

and this ratio should be kept as small as possible. If the ratio is 0.01 then an error of 1% would be produced
in the pressure measurement. The flow rate should be just sufficient to keep the taps clean. This value will depend
on the experimental conditions.

pressure
gage

v
e — =

— Flow
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Chapter Eleven

11.1 Information and assumption

Assume viscous effects are negligible.
provided in problem statement

Find
coefficient of drag

Solution
Force normal to plate

F, = Apaverage x A
= CpavepV3/2xcx 1
= 15xpVg/2xex1

for unit depth of plate and a length c. Force parallel to free stream direction is the drag force and is equal to

Fp = Fiormal cos60°
(1.5pVE/2) x ¢ x 1/2

The drag coefficient is defined as
Fp  (L5pV§@/2) x e x 1/2

C = =
b VEA pVE xex 1
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11.2 Flow is from the N.E. direction. Correct choice is d)
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11.3 Information and assumption
provided in problem statement
Find
drag coefficient for rod.
Solution

The drag coefficient is based on the projected area of the block from the direction of the flow which is the
area of each face of the block. The force contributing to drag on the downstream face is

Fp =0.54,pV?/2
The force on each side face is
F, =0.54,pV?/2
Then the drag force on one side is
Fysina = 0.54,pV§¢/2 x 0.5
The total drag force is
Fp =2((0.54,pVE/2) x 0.5) + 0.54,pV /2 = CpAppVi /2

Solving for C'p one gets Cp = 1.0
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11.4 Information and assumption
provided in problem statement
Find
drag coefficient for the block
Solution

The drag coefficient is based on the projected area of the block from the flow direction, A,. The drag force
on the windward side is

1
F, =0.8 x §pV02Ap
The force on each of the two sloping sides is
|
Fo=-12x §pV0 A,
The total drag force on the rod is
1 2 1 2 : o
Fp = 08x ipVO Ap —2(—1.2 x ipVO Ap) sin 30
1
= 5pVOZA,D(o.s +1.2)

The drag coefficient is

Fp

Cp=+—>+—
%pVOQAP

=2

o

968



11.5 The design objective is to design an experiment to measure the drag coefficient of spheres of varying surface
roughness.

The relevant equation is

Fp = CpA,pV?/2
or OCp = Fp/(A,pV?/2)
Thus Fp, Ap, and V' will have to be measured. The air density p can be obtained by measuring the air
temperature with a thermometer and the air pressure with a barometer and solving for p by the equation of state.

You will need to decide how to position the sphere in the wind tunnel so that its support does not have an
influence on flow past the sphere. One possible setup might be as shown below.

Pitot tube
—

—
—

N —

: — Rod

[l
%‘ Force dynamometer

The sphere is attached to a rod and the rod in turn is attached to a force dynamometer as shown. Of course
the rod itself will produce drag, however; its drag can be minimized by enclosing the vertical part of the rod in a
streamlined housing. The horizontal part of the rod would have negligible drag because much of it would be within
the low velocity wake of the sphere and the drag would be skin friction drag which is very small. The air velocity
approaching the sphere could be measured by a pitot tube inserted into the wind tunnel. It would be removed when
the drag of the sphere is being measured. The projected area of the sphere would be obtained by measuring the
sphere diameter and then calculating the area. The pressure transducer is placed outside the wind tunnel. Blockage
effects could also be addressed in the design of this experiment.

Another design consideration that could be addressed is size of sphere. It should be large enough to get
measurable drag readings but not so large as to produce significant blockage.
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11.6 The objective is to design an experiment to measure the drag coefficient of square rod.

Much of the design for determining the drag coefficient of the square rod would be the same as for determining
the drag coefficient of a sphere (Prob. 11.5). However, it would be very difficult to measure the drag of a square
rod supported like a sphere (as suggested in the design of problem 11.5) because end effects of the rod as well as the
velocity distribution across the tunnel would present serious problems. A better way to determine the drag would
be to measure the pressure distribution on the upstream and downstream faces of the rod and evaluate the force on
the rod by integrating the pressure over these faces. The pressure could be measured by drilling small holes through
the faces and connecting a tube to each hole inside the square rods. The pressure in each tube could be measured
by a pressure transducer placed outside the wind tunnel. Blockage effects could also be addressed in the design of
this experiment.
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11.7 Information and assumption

From Table A.3 v = 1.51 x 107° m?/s and p = 1.20 kg/m?>

provided in problem statement
Find

overturning moment on a smokestack.
Solution

Re =VD/v =40 x 3/1.51 x 107° = 7.95 x 10°
From Fig. 11.5 Cp = 0.60 so
Fp = CpAypV3/2 =0.60 x (3 x 90) x 1.20 x (40)%/2 = 146 kN

The overturning moment is

Fpx H/2or M =146 x 90/2 = 7.02 MN-m
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11.8 Information and assumption

From Table A.3 v = 1.51 x 107° m?/s and p = 1.20 kg/m3
provided in problem statement

Find
moment at bottom of flag pole.

Solution

Re =VD/v =25x0.10/(1.51 x 107°) = 1.66 x 10°
From Fig. 11-5: Cp = 0.95 so the moment is

M FpH/2 = CpA,p(VE/2) x H/2
= 0.95x0.10 x (35%/2) x 1.2 x 252/2

21.8 kN - m
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11.9 The cup, sphere or disk should probably be located at the center of the pipe (as shown below) because the
greatest velocity of the air stream in the pipe will be at the center.

N —cuwp

/ Streamlined support strut

—  Force dynamometer

You want to correlate V' and @) with the force acting on your device. First, neglecting the drag of the
support device, the drag is given as

Fp = CpA,pVE/2
or V() = (QFD/(CDAP))l/Z

you can measure temperature, barometric pressure, and gage pressure in the pipe. Therefore, with these
quantities the air density can be calculated by the equation of state. Knowing the diameter of the cup, sphere
or disk you can calculate A,. Assume that Cp will be obtained from Table 11.1 or Fig. 11.11. Then the other
quantity that is needed to estimate V4 is the drag Fp. This can be measured by a force dynamometer as indicated
on the sketch of the device. However, the support strut will have some drag so that should be considered in the
calculations. Another possibility is to minimize the drag of the support strut by designing a housing to fit around,
but be separate from the vertical part of the strut thus eliminating most of the drag on the strut. This was also
suggested for Problem 11.5.

Once the centerline velocity is determined it can be related to the mean velocity in the pipe by Table 10.1
from which the flow rate can be calculated. For example, if the Reynolds number is about 10 then V /Viax & 0.82
(from Table 10.1) and

Q = VA
Q = 0.82Vpax4
There may be some uncertainty about C'p as well as the drag of the support rod; therefore, the device will
be more reliable if it is calibrated. This can be done as follows. For a given flow make a pitot-tube-velocity-traverse

across the pipe from which @ can be calculated. Also for the given run measure the force on the force dynamometer.
Then plot F vs. Q. Do this for several runs so that a curve of F' vs. @ is developed (calibration completed).
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11.10 Information and assumption

From Table A.3 p = 0.00237 slugs/ft3; v = 1.58 x 10~% ft2/s;
provided in problem statement

Find
drag on cooling tower.

Solution

V= 150 mph = 220 ft/s
Re =~ Vpd/v =220 x 250/(1.58 x 10™*) = 3.5 x 10°

From Fig. 11-5 (extrapolated) Cp = 0.70. Then

Fp = CpAypV?/2
= 0.70 x 250 x 350 x 0.00237 x 2202 /2
Fp = 3.51x10° Ibf
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11.11 Information and assumption

provided in problem statement

Find
a) equation for power to rotate rod and b) the power.

Solution
For an infinitesimal element, dr,of the rod

dFp = Cp(dr)dpV2 /2

where Ve = rw. Then

dT = rdFp = Cppd(VZ2, /2)rdr
To T0

2/ dT:Z/ Cpdp((rw)?/2)rdr
0 0

o
CdewQ/ r3dr = Cdew2r§/4
0

Ttotal -

Ttotal -

but rg = L/2 so
Tiotal = Cpdpw?L* /64 or P = Tw = Cpdpw3L? /64 (a)

d wr

-

T

Then for the given conditions:
P=12x0.02x 1.2 x (100)* x 1/64 = 450 W
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11.12 Information and assumption
provided in problem statement
Find
frequency at which vortices will be shed from smokestack.

Solution
From Problem 11.7 Re= 7.95 x 106. From Fig. 11-10 St = 0.25

St = ’nd/V()
or

n = StW/d
= 0.25x40/3 = 3.3 Hz
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11.13 Information and assumption
provided in problem statement
Find
frequency at which vortices will be shed from flag pole.

Solution
From Problem 11.8 Re= 1.66 x 10°. From Fig. 11-10 St = 0.21

St = nd/Vo
or

n = StVo/d
= 0.21 x25/0.1 = 52.5 Hz
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11.14 Information and assumption

provided in problem statement
Find
wind force on billboard.
Solution
From Table A.3 v = 1.58 x 10~ t2/s; p = 0.00237 slugs/ft>

Vo = 50 mph = 73 ft/s
Re = Vpb/v =173 x 10/(1.58 x 10™%) = 4.6 x 10°

From Table 11-1 Cp = 1.19. Then

Fp = CpAypV§/2
1.19 x 300 x 0.00237 x 73%/2 = 2,250 1bf
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11.15 Information and assumption

From Table A.3 v = 1.58 x 10™% ft2/s; p = 0.00237 slugs/ft3
provided in problem statement

Find
drag force on a 4 ft by 4 ft plate.

Solution

R, =VL/v=(100)(4)/(1.58 x 10~%) = 2.5 x 10°
From Table 11-1 Cp = 1.18 so

Fp = CpAppVg/2
Fp (1.18)(4 x 4)(0.00237)(100%) /2 = 224 1bf
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11.16 Information and assumption

From Table A.5 v = 1.31 x 107¢ m?/s
provided in problem statement

Find
ratio of drag on 2m by 2m square from normal to edgewise orientation.
Solution
Fogge = 2C;ApV?/2
Fnorrnal == CDAPV2/2
Then
Fnorrnal/Fedge - CD/QCf
Re = Rer=VB/r=1x2/(1.31 x1079)
= 1.53 x 10°

From Fig. 9-13 Cy = 0.0030 and from Table 11-1 Cp = 1.18. So

Frormal/ Fedge = 1.18/(2 x 0.0030) = 197
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11.17 Information and assumption

provided in problem statement
Find

drag on a disk
Solution

From Table 11.1 Cp = 1.17.

Fp =CpAppV?/2 =1.17 x (7/4) x 1? x 1,000 x 5?/2 = 11.5 kN
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11.18 Information and assumption

From Table A.3 p = 1.25 kg/m?3.
provided in problem statement
Find
force on circular billboard.
Solution
From Table 11.1 Cp = 1.17

Fp = CpAypV?/2
= 117 x (7/4) x 6% x 1.25 x 30%/2 = 18,608 N
= 18.6 kN
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11.19 Information and assumption

From Table A.3 p = 1.25 kg/m3
provided in problem statement

Find
moment at ground level on a sign post.

Solution
From Table 1.1 Cp = 1.18 Then

M =3xFp=3xCpAypV?/2 =3 x 1.18 x 22 x 1.25 x 40?/2 = 14.16 kN-m
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11.20 Information and assumption

Assume p = 1.2 kg/m?;

provided in problem statement
Find

additional power required to carry sign.
Solution

From Table 11-1 Cp = 1.20. Then

Fp = CpA,pV?/2=12x 183 x0.46 x 1.2 x 20%/2 = 242 N
P = FV =242 x20=4.85 kW
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11.21 Information and assumption

Assume p = 1.20 kg/m?
provided in problem statement
Find
added power required for car
Solution
Assume Cp will be like that for a rectangular plate: ¢/b=1.5/0.2=7.5
Then from Table 11-1 Cp = 1.25

V= 105 km/hr =29.17 m/s
AP CpA,(pV?/2)V
= 1.25x 1.5 x 0.2 x 1.2 x 29.17%/2 x 80,000/3,600 = 4.25 kW
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11.22 Information and assumption

provided in problem statement
Find
percentage savings in gas mileage when travelling a 55 mph instead of 65 mph
Solution
The energy required per distance of travel = F x s (distance). Thus, the energy, F, per unit distance is
simply the force or

E/s=F =puxW + CpAypV?/2 =0.02 x 3,000 + 0.3 x 20 x (0.00237/2)V>

For
V= 55 mph = 80.67 ft/sec
E/s = 106.3 ft-lbf
For
V= 65 mph = 95.33 ft/sec
E/s = 1246 ft-1bf

Then energy savings = (124.6 - 106.3)/124.6 = 0.147 or 14.7%
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11.23 Information and assumption

provided in problem statement
Find

maximum coasting speed
Solution

Equating forces

Fp + F. =W X sin6°

where Fp =drag force, F,. =rolling friction and W =weight of car

CpA,pV?/2+ W x 0.02 = W x sin 6°
V? = 2W (sin6° — 0.02)/(CpApp)
V2 =2 x2,500(0.105 — 0.02)/(0.32 x 25 x 0.0024)
= 22,135 ft?/s?
V =148.8 ft/s = 101 mph
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11.24 Information and assumption

provided in problem statement
Find
power required
Solution
The power required is the product of the forces acting on the automobile in the direction of travel and the
speed. The drag force is

Fp = %pV2CDA:%>< 1.2 x30% x 0.4 x4 =864 N

The force due to gravity is

Fy = Mgsin3° = 1000 x 11.81 x sin3° =513 N

The force due to rolling friction is

F, = uMgcos3° =0.02 x 1000 x 11.81 x cos 3° =196 N

The power required is

P =(Fp+F,+ Fp)V = 1573 x 30 = 47.2 kW
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11.25 Information and assumption

provided in problem statement

Find
power required
Solution
P=FV
where F' = Fp + F.
Fp = CpAy,pVE/2=04x2x1.2x40%/2 =768 N
F. = 0.02W =0.02 x 10,000 N =200 N
P = (7684 200) x 30 = 29.04 kW
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11.26 Information and assumption
provided in problem statement
Find
wind force that would act on you.

Solution
Ideal gas law

p =p/RT = 96,000/(287 x (273 + 20)) = 1.14 kg/m?
Assume Cp is like a rectangular plate: Cp = 1.20. Then
Fp=CpAypV?/2=12x1.83 x0.30 x 1.14 x 30%/2 = 338 N

Note: Fp will depend upon Cp and dimensions assumed.
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11.27 Information and assumption

Assume T = 10°C; p = 1.25 kg/m?>
provided in problem statement
Find
wind required to blow boxcar over.
Solution
Take moments about one wheel for impending tipping. > M =0

Fuira
0.72m
251m
w
l + P
W
W x072—Fpx251 = 0
Fp =(190,000 x 1.44/2)/2.51 = 54,500 N = CDAppV2/2
From Table 11-1 assume Cp = 1.20. Then
VZ = 54,500 x 2/(1.2 x 12.5 x 3.2 x 1.25)

V = 426m/s
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11.28 Information and assumption

provided in problem statement
Find

speed of the bicycle
Solution

Consider force balance parallel to direction of motion of the bicyclist:

> F

+ngt. comp. FD - Frolling resist.

Wsin8° — CpA,pVE /2 — 0.02 W cos 8°
Wsing® — 0.5 x 0.5 x 1.2V2/2 — 0.02WW cos 8°

w 80g = 784.8 N
Wsin& = 109.2 N
Wecos8 = 7772 N

Then

109.2 — 0.15V3 — .02 x 777.2 =0

Ve =25.0 m/s = Viicycle + 5 m/s
Note that 5 m/s is the head wind so the relative speed is Viicyere + 5.

Vbicycle = 20.0 m/s
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11.29 Information and assumption

provided in problem statement

Find
speed in a 5 m/s head wind.
Solution
P = FpV =CpApp(VE/2)V
VR = (V+5)

100 = 03x0.5x1.2(V+5)2xV/2

Solving the cubic equation for speed gives

V=73m/s
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11.30 Information and assumption

From Table A.3 p = 1.2 kg/m?
provided in problem statement

Find
maximum speed with roof closed and open.
Solution
P = FV = (umMg+CpAppV/2)V
P = Mg Vo+CpAppVy /2
Then

80,000 = 0.05 x 800 x 9.81V + Cp x 4 x (1.2/2)V3
80,000 = 392.4V +2.40CpV3

Solving with Cp = 0.30 (roof closed) one finds

V=443 m/s
Solving with Cp = 0.42 (roof open) one finds

V =40.0 m/s
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11.31 Information and assumption

provided in problem statement
Find
velocity of the head wind.
Solution
Assume gas consumption is proportional to power.
Then gas consumption is proportional to FpV where V is the speed of the automobile and Fp, is the total
drag of the auto (including rolling friction).

Fp = CpA,pVE/2+0.1Mg
= 03 x2x12V7/2+0.1 x 500 x 9.81
= 0.360V7 +490.5 N

Vostil air - = (90,000/3,600) = 25.0 m/s
Then

Fpsilair = 0.36 x 252 =490.5 = 715.5 N

Pstin air = 715.5 x 25 =17.89 kW

Phead wind = 17,890 x 1.20 = (0.36V + 490.5)(25)

where
Voo = Vheadwind +25 =32 m/s
Vheadwind = 7 m/s
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11.32 Information and assumption

provided in problem statement
Find
maximum speed of ”souped up” Balillo.

Solution
From Table 11.2 Cp = 0.60

P = (Fp+F)V
V= 60 mph = 88 ft/s
F. = (P/V)—Fp=(P/V)—CpA,pV?/2

= ((40)(550)/88) — (0.60)(30)(0.00237)(882)/2
= 250 — 165 = 85 Ibf

”Souped up” version:

(Fp+85)V = (220)(550)
((CpA,pV?2/2) +85)V = (220)(550)
(CpA,pV3/2) +85V = (220)(550)

0.0213V3 + 85V — 121,000 = 0

Solve for V:

V =171.0 ft/s = 117 mph
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11.33 Information and assumption

Assume p = 1.2 kg/m3
provided in problem statement

Find
reduction in drag force.
Solution
Fp = CDAPIOV2/2
Fp, = 0.25 % 0.78 x 8.36 x 1.2(100,000/3,600)? /2
FDrc(luc(inn = 755N
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11.34 Information and assumption
provided in problem statement
Find
power required for dirigible.
Solution

Re = Vod/v = (25)(100)/(1.3 x 10™%) = 2.3 x 107

From Fig. 11.11 (extrapolated) Cp = 0.05

Fp = CpA,pVE/2 = (0.05)(m/4)(100%)(0.07/32.2)(25%)/2
= 267 Ibf
P = FpVy=(267)(25) = 6,670 ft-Ibf/s = 12.1 hp
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11.35 Information and assumption

provided in problem statement
Find
percentage in fuel savings.
Solution
Assume that the fuel savings are directly proportional to power savings.

P = FV
P Cp x 8.36 x 1.2V3/2 + 450V

At 80 km/hr:

Py/ovanes = 0.78 x8.36 x 1.2V?3/2 4 450V = 52.9 kW
Pwith vanes = 422 kW

which corresponds to a 20.2% savings.
At 100 km/hr:

Pyjovanes = 96.4 kW
Pwith vanes 75.4 kW

which corresponds to a 21.8% savings.
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11.36 Information and assumption

Assume p = 1.25 kg/m® and v = 1.41 x 107 m?/s
provided in problem statement

Find
percentage of resistance due to bearing resistance, form drag and skin friction drag.
Solution
Fpy,., = CpAppV§/2
P, = 0.80x9x1.25 x VZ/2 =45V
FDskin = Cpr%Q/Q
Re;, = VL/v=V x150/(1.41 x 1079)
Reri00 = (100,000/3,600) x 150/(1.41 x 107°) = 2.9 x 10®
ReL,ZOO = 58x 108

From Fig. 9-14, C¥¢,100 = 0.00188; Cf 200 = 0.00173.

V =100 km/hr V = 200 km/hr
FD form,100 = 3,472 N FD form,200 = 13,889 N
Fp skin,100 = 1,360 N Fp skin,200 = 5006 N
Fbearing - 37 000 N Fbearing = 37 000 N
Fiotal = 7,832 N Fiotal = 21,895 N
44% form, 17% skin, 39% bearing 63% form, 23% skin, 14% bearing
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11.37 Stoke’s law is the equation of drag for a sphere for a Reynolds number less than 0.5:

Fp = 3muVyd
orp = Fp/(3nVpd)

One can use this equation to determine the viscosity of a liquid by measuring the fall velocity of a sphere in
a liquid. Thus one needs a container to hold the liquid (for instance a long tube vertically oriented). The spheres
could be ball bearings, glass or plastic spheres. Then one needs to measure the time of fall between two points. This
could be done by measuring the time it takes for the sphere to drop from one level to a lower level. The diameter
could be easily measured by a micrometer and the drag, Fp, would be given by

FD = Wsphere = Fbody of sphere

If the specific weight of the material of the sphere is known then the weight of the sphere can be calculated.
Or one could actually weigh the sphere on an analytic balance scale. The buoyant force can be calculated if one
knows the specific weight of the liquid. If necessary the specific weight of the liquid could be measured with a
hydrometer.

To obtain a reasonable degree of accuracy the experiment should be designed so that a reasonable length of
time (not too short) elapses for the sphere to drop from one level to the other. This could be assured by choosing
a sphere that will yield a fairly low velocity of fall which could be achieved by choosing to use a small sphere over a
large one or by using a sphere that is near the specific weight of the liquid (for instance, plastic vs. steel).

Other items that should be or could be addressed in the design are:

Blockage effects if tube diameter is too small.

Ways of releasing sphere and retrieving it.

Possibly automating the measurement of time of fall of sphere.

Making sure the test is always within Stoke’s law range (Re < 0.5)

Making sure the elapsed time of fall does not include the time when the sphere is accelerating.

HoaQw>
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11.38 Information and assumption

provided in problem statement
Find

terminal velocity
Solution

E buoy.

Vil
(4/3)7 x (1/2)3 x 0.85 x 62.4
27.77 1bf

Under non-accelerating conditions, the buoyancy is equal to the drag force plus the weight.

FD = W+ Fbuoy.
= —27.0+427.77 1bf
= 0.77 Ibf upward
Assume laminar flow. hen
Fp = 0.77=3muDV,
Vo = 0.77/(37Dp)
Vo = 0.77/(83m x1x1)
VW = 0.082 ft/s upward
Re = Vpdp/pu=0.082 x1x1.94 x0.85/1
0.14 <0.5

Therefore the laminar assumption is valid.
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11.39 Information and assumption

provided in problem statement
Find

specific weight of sphere
Solution

Re =VDp/pu=10.03 x 0.02 x 900/0.096 = 5.63

Then from Fig. 11.11 Then Cp =~ 7.0

M F
Fp
CpAppVg/2

1%

7 x 7 x 0.01% x 900 x 0.03?/2

psphere

’Ysphere

1003

0=—-Fp—W+F
Fouoy. — W

V(Yo — WSphere)

(4/3)mr® = 4.19 x 1075 m®
4.19 x 107%(900g — gp,ppere)
878.3 kg/m?

8,620 N/m?



11.40 Information and assumption

provided in problem statement

Find
terminal velocity of a 2.5-mm sphere.
Solution
Because the viscosity is large, it is expected that the sphere will fall according to Stoke’s law.
Thus,
Fp =3muVoD = 3rvpVy D
where
FD = (1/6)71—D3 (Wsphere - ’YOil)
= (1/6)7(0.0025)% x 9,810(1.03 — 0.95) = 6.42 x 107 ¢ N
Then
Vo = Fp/@BrupD) =6.42 x 107%/(37 x 107* x 950 x 0.0025)
VW = 0.0029 m/s = 2.9 mm/s
Check Re:

Re = VpD/v = 0.0029 x 0.0025/10~* = 0.0725

Within Stokes’ range so solution is correct.
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11.41 The equation of motion for the plastic sphere is

dv
— =—F - F
m o D+ W B
The drag force can is expressed as
- 1 2 T 9 CDRe
Fp = 5PV C 4d = 3 udv
The equation of motion becomes
dv CpRe
Moy = =5 Smudv + p¥g — i, g¥

Dividing through by the mass of the ball gives

dv CpRe 18
@w_ b _F;UJFg(l_p_w)
Substituting in the values
d
W 003755080, 1 1635
dt
Eq. 11.10 can be rewritten as
CDRe 0.687 00175Re
=1+0.15Re™™" +
24 14425 x 104Re™ 16

This equation can be