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To the Student

This book contains precisely 2500 completely solved problems in the areas of fluid mechanics
and hydraulics. Virtually all types of problems ordinarily encountered in study and practice in
these areas are covered. Not only you, but teachers, practitioners, and graduates reviewing
for engineering licensing examinations should find these problems valuable.

To acquaint you with our “approach,” particular steps taken in presenting the problems and

their solutions are itemized below.

First and most important of all, each problem and its solution are essentially independent
and self-contained. That is to say, each contains all the data, equations, and computations
necessary to find the answers. Thus, you should be able to pick a problem anywhere and
follow its solution without having to review whatever precedes it. The exception to this is
the occasional problem that specifically refers to, and carries over information from, a
previous problem. .

In the solutions, our objective has been to present any needed equation first and then
clearly to evaluate each term in the equation in order to find the answer. The terms may
be evaluated separately or within the equation itself. For example, when solving an equa-
tion that has the parameter *‘area” as one of its terms, the area term (A) may be eva-
luated separately and its value substituted into the equation [as in Prob. 14.209], or it may
be evaluated within the equation itself [as in Prob. 14.94].

Virtually every number appearing in a solution is either “given” information (appearing as
data in the statement of the problem or on an accompanying illustration), a previously
computed value within the problem, a conversion factor (obtainable from the List of Con-
version Factors), or a physical property (obtainable from a table or illustration in the
Appendix). For example, in Prob. 1.77, the number 1.49, which does not appear elsewhere
in the problem, is the dynamic viscosity (u) of glycerin; it was obtained from Table A-3 in
the Appendix.

We have tried to include all but the most familiar items in the List of Abbreviations and
Symbols. Hence, when an unknown sign is encountered in a problem or its solution, a scan
of that list should prove helpful. Thus, the infrequently used symbol v is encountered in
Prob. 25.6. According to the list, ¥ represents the stream function, and you are quickly on
your way to a solution.

Every problem solution in this book has been checked, but, with 2500 in all, it is in-

evitable that some mistakes will slip through. We would appreciate it if you would take the
time to communicate any mistakes you find to us, so that they may be corrected in future
printings. We wish to thank Bill Langley, of The University of North Carolina at Charlotte,
who assisted us with some of the problem selection and preparation.



c.b. or CB

c.g. or CG

6 (delta)
6; (delta)
A (Delta)
dC

Deﬁ

D,

d”l

d’l

dn

E

€y

el

7 (eta)

€ (epsilon)
EP
E,
exp

f

Abbreviations and Symbols

acceleration or area

area

absolute

angle between absolute velocity of fluid in hydraulic machine and linear velocity of a point on a
rotating body or coefficient of thermal expansion or dimensionless ratio of similitude
atmosphere

atmospheric

angle between relative velocity in hydraulic machines and linear velocity of a point on a rotating
body or coefficient of compressibility or ratio of obstruction diameter to duct diameter
surface width or other width

surface width or other width

brake horsepower

brake power

British thermal unit

speed of sound or wave speed (celerity)

Celsius or discharge coefficient or speed of propagation
calorie

center of buoyancy

coefficient of contraction

coefficient of discharge

drag coefficient

friction-drag coefficient

force coefficient

cubic foot per second

center of gravity

Pitot tube coefficient

lift coefficient

centimeter (107 m)

centipoise

center of pressure

specific heat at constant pressure

specific heat at constant volume

coefficient of velocity

weir coefficient

depth or diameter

depth or diameter or drag force

thickness of boundary layer

thickness of the viscous sublayer

change in (or difference between)

critical depth

effective diameter

hydraulic diameter

mean depth

normal depth

normal depth

modulus of elasticity or specific energy or velocity approach factor
hydraulic efficiency

elevation

pump or turbine efficiency

height or surface roughness

pump energy

turbine, energy

exponential

frequency of oscillation (cycles per second) or friction factor

vii




vii [J ABBREVIATIONS AND SYMBOLS

F

F,

R

Fy

F,

fps

F.S.

ft

Fy

F,

g

G

gal

y (gamma)
I' (Gamma)

=HTTm A0
TETTELS

in
o (infinity)
J i

K

k
kcal
kg
kJ
km
kN
kPa
kW
L

A (lambda)
Ib
Ib,,

Fahrenheit or force

buoyant force

drag force

horizontal force

lift force

foot per second

factor of safety

foot

uplift force on a dam

vertical force

acceleration due to gravity or gage height or gram
weight flow rate

gallon

specific (or unit) weight -
circulation

giganewton (10° N)

gigapascal (10° Pa)

gallons per minute

enthalpy per unit mass or height or depth or pressure head or hour
average height or depth or head
enthalpy per unit weight

energy head or total energy head
unit head loss , ’
vertical depth to center of gravity
vertical depth to center of pressure
head loss due to friction

mercury

hydraulic grade line

total head loss

_head loss due to minor losses

horsepower

hertz (cycles per second)

inflow or moment of inertia

inside diameter

inch

sometimes used as a subscript to indicate upstream
joule

bulk modulus of elasticity or Kelvin or minor loss coefficient
specific heat ratio

kilocalorie (10° cal)

kilogram (10° g)

kilojoule (10°J)

kilometer (10° m)

kilonewton (10* N)

kilopascal (10° Pa)

kilowatt (10° W)

length or lift force or liter

model ratio or wave length

pound

pound mass

equivalent length

linear dimension in model

linear dimension in prototype

mass or meter

mass flow rate

mass flow rate or molecular weight or moment or torque
distance from center of buoyancy to metacenter '
millibar (107> bar)

metacenter

million gallons per day



ml
min

MPa

Q (ohm)
 (omega)

Pa

¢ (phi)
7 (pi)
II (pi)
p s .

psi

¥ (psi)
psia
ri
P
Po
p w

On
Qlw

S.E-m
S.8.F

ABBREVIATIONS AND SYMBOLS

milliliter (107° L)

minute

millimeter (107> meter)

meganewton (10°N)

megapascal (10° Pa)

mile per hour

manometer reading

absolute or dynamic viscosity

megawatt (10° W)

Manning roughness coefficient or number of moles
newton or rotational speed

Brinkman number

Froude number

Mach number

net positive suction head

Reynolds number

specific speed of pump or turbine
kinematic viscosity

Weber number

outflow

outside diameter

rotational rate

angular velocity

pressure or poise

force (usually resulting from an applied pressure) or power
pascal

peripheral-velocity factor

constant = 3.14159265

dimensionless parameter

power ratio

stagnation pressure

pound per square inch

stream function

pound per square inch absolute

pound per square inch gage

pressure for condition at Ny =1/ Vk
vapor pressure

wetted perimeter

flow rate per unit width or heat per unit mass
discharge or heat or volume flow rate
heat transferred per unit weight of fluid
volume flow rate per unit width of channel
quart

radius

gas constant or Rankine or resultant force or hydraulic radius
manometer reading

radian

critical hydraulic radius

hydraulic radius

mass density

inside radius

outside radius

revolutions per minute

universal gas constant

entropy of a substance or second or slope
slope or storage

critical slope

specific gravity

specific gravity of manometer fluid
specific gravity of flowing fluid



x 0O Al‘émnewmons AND SYMBOLS

o (éigma)
al
¥ (sigma)

HNEITSE S NISSIF S

£ (xi)

Ye .
Yep

ST

pump cavitation paxameter or stress or surface tension
cavitation index ..

summation

specific gravity of flowing fluid

specific gravity of manometer fluid

thickness or time ’

‘surface width or temperature or torque or tension

shear stress

shear stress at the wall
stagnation temperature
velocity

centerline velocity
velocity

velocity

critical velocity

velocity or volume
average velocity
centerline velocity
volume of fluid displaced
velocity in model :
velocity in prototype -
specific volume .

shear velocity ~ .
tangential velocity « -
terminal velocity -~ .0 ol

width

watt or weight or weight flow rate or work

distance from center of gravity to center of pressure in x direction
vorticity

depth

critical depth

distance from center of gravity to center of pressure in y direction
normal depth

normal depth

inclined distance from liquid surface to center of gravity

inclined distance from liquid surface to center of pressure

o s B kit ik




0.00001667 m*/s = 1 L/min
0.002228 ft*/s = 1 gal/min
0.0145 1b/in® = 1 mbar
0.3048 m=1ft
2.54cm=1in
3.281ft=1m

4qt=1gal

4.184 kJ =1 kcal
4448N=11Ib

6.894 kN/m” = 1 1b/in?
7.48 gal =1 ft’

1R2in=11t

14.59 kg = 1 slug
254mm=1in
60min=1h

60s=1min

100cm=1m

100 kPa = 1 bar

Conversion Factors

101.3kPa=1 atm
144in’ =11

550 ft-Ib/s=1hp

778 ft-lb =1 Btu

1000 N=1kN
1000L =1m?

1000 mm =1m

1000 Pa =1 kPa
1728in* =1 ft®
20001b =1 ton
3600s=1h

4184 J =1 kcal
5280 ft = 1 mile
86400s=1day .
1000000 N =1MN
1000 000 Pa =1 MPa
1000000000 N =1 GN
1000 000 000 Pa =1 GPa

xi
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CHAPTER 1
Properties of Fluids

Note: For many problems in this chapter, values of various physical properties of fluids are obtained from
Tables A-1 through A-8 in the Appendix.

A reservoir of glycerin (glyc) has a mass of 1200 kg and a volume of 0.952 m®. Find the glycerin’s welght w),
mass density (p), specific weight (y), and specific gravity (s.g.).

1 F=W =ma=(1200)(9.81) =11 770N or 11.77kN
p=m/V =1200/0.952 = 1261 kg/m>
y=W/V =11.77/0.952 = 12.36 kN/m’
$.8- = Yaye/ V1,0 arasc = 12.36/9.81 = 1.26

A body requires a force of 100 N to accelerate it at a rate of 0.20 m/s?>. Determine the mass of the body in
kilograms and in slugs.

1 F=ma
' 100 = (m)(0.20)
m =500 kg = 500/14.59 = 34.3 slugs

A reservoir of carbon tetrachloride (CCly) has a mass of 500 kg and a volume of 0.315 m>. Find the carbon
tetrachloride’s weight, mass density, specific weight, and specific gravity.

1 F=W =ma=(500)(9.81) =4905N or 4.905kN
p=m/V =500/0.315 = 1587 kg/m?
y=W/V =4.905/0.315 = 15.57 kN/m>
8.8. = Yeor/ Yio aasc = 15.57/9.81=1.59
The weight of a body is 100 Ib. Determine (a) its weight in newtons, () its mass in kilograms, and (c) the rate

of acceleration [in both feet per second per second (ft/s”) and meters per second per second (m/s?)] if a net
force of 50 1b is applied to the body.

I @ W = (100)(4.448) = 444.8 N
) F=W=ma 4448=(m)(9.81) m=4534kg
(©) m = 45.34/14.59 = 3.108 slugs

F=ma 50=3.108a - a=16.09ft/s*=(16.09)(0.3048) = 4.904 m/s*

The specific gravity of ethyl alcohol is 0.79. Calculate its specific weight (in both pounds per cubic foot and
kilonewtons per cubic meter) and mass density (in both slugs per cubic foot and kilograms per cubic meter).
I y = (0.79)(62.4) = 49.3 Ib/ft’ y =(0.79)(9.79) = 7.73 kN/m’

= (0.79)(1.94) = 1.53 slugs/ft® p = (0.79)(1000) = 790 kg/m>

A quart of water weights about 2.08 1b. Compute its mass in slugs and in kilograms.
i1 F=W=ma 2.08=(m)(32.2)
m = 0.0646 slug m = (0.0646)(14.59) = 0.943 kg

One cubic foot of glycerin has a mass of 2.44 slugs. Find its specific weight in both pounds per cubic foot and

kilonewtons per cubic meter.

I F=W =ma=(244)(32.2) = 78.6 Ib. Since the glycerin’s volume is 1 ft>, y = 78.6 Ib/ft* =
(78.6)(4.448)/(0.3048)° = 12 350 N/m?, or 12.35 kN/m’.
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A quart of SAE 30 oil at 68 °F weighs about 1.85 Ib. Calculate the oil’s specific weight, mass density, and
specific gravity. ‘
1 V =1/[(4)(7.48)] = 0.03342 f£
y=W/V =1.85/0.03342 = 55.4 Ib/ft>
p=1v/g=55.4/32.2=1.72 slugs/ft*
8.8 = Yo/ V11,0 ac a°c = 55.4/62.4 = 0.888

The volume of a rock is found to be 0.00015 m’. If the rock’s specific gravity is 2.60, what is its weight?
1 Yroex = (2.60)(9.79) = 25.5 kN/m’ W,oak = (25.5)(0.00015) = 0.00382kN or 3.82N

A certain gasoline weighs 46.5 Ib/ft>. What are its mass density, specific volume, and specific gravity?
1 - p=1y/g=46.5/32.2 =1.44 slugs/ft’ V.=1/p=1/1.44 = 0.694 ft*/slug
s.g.=1.44/1.94=0.742

If the specific weight of a substance is 8.2 kN/m’, what is its mass density?

[} p = y/g = 8200/9.81 = 836 kg/m>

An object at a certain location has a mass of 2.0 kg and weighs 19.0 N on a spring balance. What is the
acceleration due to gravity at this location? ‘

I F=W=ma 19.0=2.0a a=9.50m/s®

If an object has a mass of 2.0 slugs at sea level, what would its mass be at a location where the acceleration due
to gravity is 30.00 ft/s*?

# Since the mass of an object does not change, its mass will be 2.0 slugs at that location.

What would be the weigl?t of a 3-kg mass on a planet where the acceleration due to gravity is 10.00 m/s??
1 \ F=W = ma = (3)(10.00) = 30.00 N

Determine the weight of a 5-slug boulder at a place where the acceleration due to gravity is 31.7 ft/s>.

| F=W=ma=(5)31.7)=1581b

1f 200 ft® of oil weighs 10 520 Ib, calculate its specific weight, density, and specific gravity.
1 y=W/V =10520/200 = 52.6 Ib/ft® p = y/g =152.6/32.2 =1.63 slugs/ft’
8.8+ = Yol Yit,0 araoc = 52.6/62.4 = 0.843
Find the height of the free surface if 0.8 ft* of water is poured into a conical tank (Fig. 1-1) 20 in high with a
base radius of 10in. How much additional water is required to fill the tank?
1 ‘ Veone = r*h /3 = 7(10)*(20)/3 = 2094 in® Vio = 0.8 ft* = 1382 in’

Additional water needed = 2095 — 1382 = 713 in’. From Fig. 1-1, 7,/10 = A,/20, or r, = h,/2.0;
Vempty (top) cone = (1o/2.0)h,/3 = 713; h, = 13.96 in. Free surface will be 20 — 13.96, or 6.04 in above base of
tank.

Fig. 1-1
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If the tank of Prob. 1.17 holds 30.5 kg of salad oil, what is the density of the 0il?

J V..=2094in® (from Prob. 1.17)
= 2034(0.3048)° = 0.03431 m’

p =m/V =30.5/0.03431 = 889 kg/m’
Under standard conditions a certain gas weighs 0.14 1b/ft*. Calculate its density, specific volume, and specific
gravity relative to air weighing 0.075 Ib/ft>. :
1 p = v/g =0.14/32.2 = 0.00435 slug/ft V, =1/p = 1/0.00435 = 230 ft’/slug
s.g. =0.14/0.075=1.87

If the specific volume of a gas is 360 ft’/slug, what is its specific weight?
I p = 1/V, = 355 = 0.002778 slug/ft’ y = pg = (0.002778)(32.2) = 0.0895 Ib/ft®
A vertical glass cylinder contains 900.00 mL of water at 10 °C; the height of the water column is 90.00 cm. The

water and its container are heated to 80 °C. Assuming no evaporation, what will be the height of the water if the
coefficient of thermal expansion () for the glass is 3.6 X 107° °C?

J Mass of water = pV = p1oVio = PsoVeo  (1000)(900X 107) =971Veo Ve = 926.9 X 10~ m® = 926.9 cm®
Ao = Vol h1o = 900.00/90.00 = 10.000 cm’
A= nri, 10.000 = nri, ro=1.7841 cm
reo = riof1 + (AT)(@)] = (1.7841)[1 + (80 — 10)(3.6 X 107%)] =1.7845cm
Ago= airly = m(1.7845)* = 10.004 cm’ hgo = Viol Ago = 926.9/10.004 = 92.65 cm

If a vessel that contains 3.500 ft* of water at 50 °F and atmospheric pressure is heated to 160 °F, what will be the
percentage change in its volume? What weight of water must be removed to maintain the original volume?
| Weight of water = YV = ¥50Vs0 = Y160Vi60 (62.4)(3.500) = 61.0V,5 Vieo = 3.5803 ft>
Change in volume = (3.5803 — 3.500)/3.000 = 0.027, or 2.7% (increase). Must remove (3.5803 — 3.500)(61.0),
or 4.901b.
A vertical, cylindrical tank with a diameter of 12.00 m and a depth of 4.00 m is filled to the top with water at
20 °C. If the water is heated to 50 °C, how much water will spill over?
' Viank = (Vig0)20 = 7(12.00/ 2)%(4.00) = 452.4 m’

Wa,o = (9.79)(452.4) = 4429 kN (Viro)s0 = 4429/9.69 = 457.1 m’

Volume of water spilled = 457.1 — 452.4 = 4.7 m’

A thick, closed, steel chamber is filled with water at 50 °F and atmospheric pressure. 1f the temperature of water

and chamber is raised to 100 °F, find the new pressure of the water. The coefficient of thermal expansion of steel
is 6.5 % 10~ per °F. ‘

§ The volume of water would attempt to increase as the cube of the linear dimgnsion; hence,
Vio = Vso[1 + (100 — 50)(6.5 X 1079)J = 1.000975Vs,; weight of water = yV = ysoVso = Yoo Voo, 62.4Vey =
90(1.000975V5), Y90 =62.34 Ib/ft. From Fig. A-3, pso = 1300 psia (approximately).

A liquid compressed in a cylinder has a volume of 1000 cm® at 1 MN/m? and a volume of 995 cm® at 2 MN/m”.
What is its bultk modulus of elasticity (K)?

_Ap 2-1
AV/IV (995 — 1000)/1000

[ | K= =200 MPa

Find the bulk modulus of elasticity of a liquid if a pressuré of 150 psi applied to 10 ft* of the liquid causes a
volume reduction of 0.02 ft>.

P __Ap __(150-0)(144)

AV —0.02/10 = 10800000 1b/ft> or 75000 psi
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1.27 If K =2.2 GPa is the bulk modulus of elasticity for water, what pressure is required to reduce a volume by 0.6
percent?

Ap p2—0
» = D= — =0.0132 GP 13.2 MP
1 | K AV 2.2 0,006 P2 0132GPa or a

1.28 Find the change in volume of 1.00000 ft> of water at 80 °F when subjected to a pressure increase of 300 psi.
Water’s bulk modulus of elasticity at this temperature is 325 000 psi.

_ A _ __300-0 _ .
[ ) K= AVIV 325000 = AV/LO AV = —0.00092 ft

1.29 From the following test data, determine the bulk modulus of elasticity of water: at 500 psi the volume was
1.000 ft*, and at 3500 psi the volume was 0.990 ft>. .

, Ap 500-3500 .
I K=-Tvw= (1.000 — 0.990)/1.000 ~ 00 000 psi

1.30 A rigid steel container is partially filled with a liquid at 15 atm. The volume of the liquid is 1.23200 L. At a
pressure of 30 atm, the volume of the liquid is 1.23100 L. Find the average bulk modulus of elasticity of the
liquid over the given range of pressure if the temperature after compression is allowed to return to its initial
value. What is the coefficient of compressibility (8)?

b (30 — 15)(101.3) =1.872x10°kPa or 1.872GPa

J K=-xvw~= (1.23100 — 1.23200)/1.23200

B=1/K=1/1.872=0.534 GPa™!

1.31 A heavy tank contains oil (4) and water (B) subject to variable air pressure; the dimensions shown in Fig. 1-2
correspond to 1 atm. If air is slowly added from a pump to bring pressure p up to 1 MPa gage, what will be the
total downward movement of the free surface of oil and air? Take average values of bulk moduli of elasticity of
the liquids as 2050 MPa for oil and 2075 MPa for water. Assume the container does not change volume. Neglect
hydrostatic pressures.

' Ap 1-0
= TAvVIV 50 = — L= 3
! K AV/IV 2050 AV,,/[6007(300)2/4] AV, = —20690 mm
2075= — 1-0 AVyo= —23 850 mm’
AV4,0/[7007(300)%/4] H,0 =

AV = —44 540 mm°®
Let x = distance the upper free surface moves. —44 540 = ~[®(300)*/4]x, x = 0.630 mm.

i Air
S B0 é
200 mm? tZ@

-

(1- -\ [1 600mm

Qi [
T /"‘
.

B H 760mm
300 mm — P 4 '
e |
A 1
7. T Fig 12

1.32 A thin-walled spherical tank is filled with water at a pressure of 4666 psig; the tank’s volume is then 805.407 in®.
If the water is released from the tank, how many pounds will be collected at atmospheric pressure? 805.4069 in’




1.33

134

135

1.36

1.37

1.38

1.39

141

PROPERTIES OF FLUIDS [ 5

when the pressure is 4666 psig. Use 305 000 psi as an average value of the bulk modulus of elasticity.

_Ap _ 0 — 4666 ~ .
! =Taviy 0= - s a0 805 407 V2= 817 730N

W = (62.4)(817.73/1728) = 29.5 1b

Water in a hydraulic press, initially at 20 psia, is subjected to a pressure of 17 000 psia at 68 °F. Determine the
percentage decrease in specific volume if the average bulk modulus of elasticity is 365 000 psi.
I Ap 17 000 — 20 AV

=—— 365000= - ———  —=—0.046 . d
AV/V AVV, V. 0465 or 4.65% decrease

At a depth of 7 km in the ocean, the pressure is 71.6 MPa. Assume a specific weight at the surface of
10.05 kN/m® and an average bulk modulus of elasticity of 2.34 GPa for that pressure range. Find (@) the change
in specific volume between the surface and 7 km; (b) the specific volume at 7 km; (¢) the specific weight at 7 km.

I (V)= 1/py1 = g/v: =9.81/10 050 = 0.0009761 m’/kg
Ap 71.6 X 10° — 0
- 3Ax10°= ———2 2T =T Ay = —0.0000299 m?/k
Ay, 234x10 AV.,/0.0009761 : 99 m’/kg
®) (V)> = (V) + AV, = 0.0009761 — 0.0000299 = 0.000946 m*/kg
© v2=g/V, = 9.81/0.000946 = 10 370 N/m’

Approximately what pressure must be applied to water at 60 °F to reduce its volume 2.5 percent?

A -0
=P 311000= 2222 p,=7775psi

I K=-viv 0.025

A gas at 20 °C and 0.21 MPa abs has a volume of 41 L and a gas constant (R) of 210 m - N/(kg - K). Determine
the density and mass of the gas.

] p =p/RT =0.21 x 10°/[(210)(20 + 273)] = 3.41 kg/m’ m = pV = (3.41)(0.041) = 0.140 kg

What is the specific weight of air at 70 psia and 70 °F?

I y=p/RT. From Table A-6, R = 53.3 ft/°R; y = (70)(144)/[(53.3)(70 + 460)] = 0.357 Ib/f¢*.

Note: p/RT gives p (Prob. 1.36) or y (Prob. 1.37), depending on the value of R used. Corresponding values of
R in Table A-6 differ by a factor of g.

Calculate the density of water vapor at 350 kPa abs and 20 °C if its gas constant (R) is 0.462 kPa - m*/kg - K.
I p = p/RT = 350/[(0.462)(20 + 273)] = 2.59 kg/m’

Nitrogen gas (molecular weight 28) occupies a volume of 4.0 ft> at 2500 ib/ft> abs and 750 °R. What are its
specific volume and specific weight?

1 R =R.,/M =49709/28 = 1775 ft - Ib/(slug - °R)
[where R,, the universal gas constant, = 49 709 ft - Ib/(slug - °R)]
p=1/V,=p/RT =2500/[(1775)(750)]  V,=532.5ft*/slug
y = pg = (1/V,)(g) = (1/532.5)(32.2) = 0.0605 Ib/ft’
One kilogram of hydrogen is confined in a volume of 200 L at —45 °C. What is the pressure if R is
4.115kJ/kg - K?
1 p =pRT = (m/V)RT = (1/0.200)(4115)(—45+ 273) = 4.691 X 10°Pa or 4.691 MPa abs

What is the specific weight of air at a temperature of 30 °C and a pressure of 470 kPa abs?
I y =p/RT = 470/[(29.3)(30 + 273)] = 0.0529 kN/m’
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Find the mass density of helium at a temperature of 39 °F and a pressure of 26.9 psig, if atmospheric pressure is
14.9 psia.

I p = p/RT = (14.9 + 26.9)(144)/[ (12 420)(39 + 460)]
=0.0009711b - s*/ft* or 0.000971 slug/ft’

The temperature and pressure of nitrogen in a tank are 28 °C and 600 kPa abs, respectively. Determine the
specific weight of the nitrogen.
1 y =p/RT =600/[(30.3)(28 + 273)] = 0.0658 kN/m>

The temperature and pressure of oxygen in a container are 60 °F and 20.0 psig, respectively. Determine the
oxygen’s mass density if atmospheric pressure is 14.7 psia.

i1 p =p/RT = (20.0 + 14.7)(144)/[(1552)(60 + 460)] = 0.00619 slug/ft’

Calculate the specific weight and density of methane at 100 °F and 120 psia.

[} y = p/RT = (120)(144)/[(96.2)(100 + 460)] = 0.321 Ib/ft*
p = y/g =0.321/32.2 = 0.00997 slug/t*

At 90 °F and 30.0 psia, the specific weight of a certain gas was 0.0877 1b/ft>. Determine the gas constant and
density of this gas.

I y=p/RT  0.0877 = (30.0)(144)/[(R)(90+ 460)] R=89.6ft/°R
p = v/g = 0.0877/32.2 = 0.00272 slug/ft*

A cylinder contains 12.5 ft> of air at 120 °F and 40 psia. The air is then compressed to 2.50 ft*. (a) Assuming
isothermal conditions, what are the pressure at the new volume and the bulk modulus of elasticity?

(b) Assuming adiabatic conditions, what are the final pressure and temperature and the bulk modulus
of elasticity?

I @ piVi=p,V,  (for isothermal conditions)
' (40)(12.5) = (p5)(2.50)
p>= 200 psia
A —_
K=-—-2 0-20___ _ 00 psi

TAVIV. T (12.5-2.5)/125

(b) p,V%=p,V% (for adiabatic conditions). From Table A-6, k = 1.40. (40)(12.5)"*° = (p;)(2.50)"*,
ps=381psia; T,/ T, = (p,/p)* "%, T,/(120 + 460) = (35)* V"%, T,=1104 °R, or 644 °F; K = kp' =
(1.40)(381) = 533 psi.

Air is kept at a pressure of 200 kPa and a temperature of 30°Cin a 500-L container. What is the mass of the
air?

I p=p/RT =[(200)(1000)]/[(287)(30 +273)] = 2.300 kg/m’ m = (2.300)(3%) = 1.15kg

An ideal gas has its pressure doubled and its specific volume decreased by two-thirds. If the initial temperature
is 80 °F, what is the final temperature?

I p=1/V,=p/RT  pV,=RT (V. =RT, p«V.):=RT;
(P/p)(V)a/ (V)] = (RIRNT/T)  (2)G)=T/(B0+460) T,=360°R or —-100°F
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The tank of a leaky air compressor originally holds 90 L of air at 33 °C and 225 kPa. During a compression
process, 4 grams of air is lost; the remaining air occupies 42 L at 550 kPa. What is the temperature of the
remaining air?

1 p1=p/RT, = (225 x 10°)/[(287)(33 + 273)] = 2.562 kg/m’ m = (2.562)(0.090) = 0.2306 kg
p2=p./RT, (0.2306 — 0.004)/0.042 = (550 x 10°)/(287T,) ,=355K or 82°C
In a piston-and-cylinder apparatus the initial volume of air is 90 L at a pressure of 130 kPa and temperature of

26 °C. If the pressure is doubled while the volume is decreased to 56 L, compute the final temperature and
density of the air.

1 p1=p1/RT, = (130 x 10*)/[(287)(26 + 273)] = 1.515 kg/m> m = (1.515)(0.090) = 0.1364 kg
p>=p,/RT, 0.1364/13% = (2)(130 % 10%)/(287T;) T,=372K or 99°C
p = 0.1364/(0.056) = 2.44 kg/m®
For 2 1b mol of air with a molecular weight of 29, a temperature of 90 °F, and a pressure of 2.5 atm, what is the
volume?
1 pV/nM =RT [(2.5(4.7)(A4){V/(2)(29)]} = (53.3)(90 + 460) V=321
If nitrogen has a molecular weight of 28, what is its density according to the perfect gas law when p = 0.290 MPa
and T =30°C?
I R=R,/M =8312/28=297]J/(kg - K) [where R, = 8312J/(kg - K)]
p =p/RT =290 000/{(297)(30 + 273)] = 3.22 kg/m’
If a gas occupies 1 m® at 1 atm pressure, what pressure is required to reduce the volume of the gas by 2 percent
under isothermal conditions if the fluid is (a) air, (b) argon, and (¢) hydrogen?
d pV =nRT = constant for isothermal conditions. Therefore, if V drops to 0.98V,, p must rise to (1/0.98)p,,,
or 1.020p,. This is true for any perfect gas.

(a) Calculate the density, specific weight, and specific volume of oxygen at 100 °F and 15 psia. (b) What would
be the temperature and pressure of this gas if it were compressed isentropically to 40 percent of its original
volume? (c) If the process described in (b) had been isothermal, what would the temperature and pressure have
been?

I @ b = p/RT = (15)(144)/[(1552)(100 + 460)] = 0.00248 slug/ft*
v = pg = (0.00248)(32.2) = 0.0799 Ib/ft*  V, =1/p = 1/0.00248 = 403 ft*/slug
(®) pi(V)i=pAV.);  [(15)(144))(403)"“ = [(p,)(144)][(0.40)(403)]"* p, = 54.1psia

p2= pP,RT, (54.1)(144) = (0.00248/0.40)(1552)( T, + 460) T, =350°F
(¢) Ifisothermal, T, =7, =100 °F and pV = constant'.

[(15)(144)](403) = [(p2)(144)][(0.40)(403)]  p,=37.5psia

Calculate the density, specific weight, and volume of chloride gas at 25 °C and pressure of 600 000 N/m? abs.

1 p =p/RT = 600 000/[(118)(25 + 273)] = 17.1 kg/m’

y=pg=(17.1)(9.81) =168 N/m*>* V,=1/p=1/17.1=0.0585 m*/kg
If methane gas has a specific gravity of 0.55 relative to air at 14.7 psia and 68 °F, what are its specific weight and
specific volume at that same pressure and temperature? What is the value of R for the gas?

[} 3 Yair = P/RT = (14.7)(144)/[(53.3)(68 + 460)] = 0.07522 Ib/ft*
Yous = (0.55)(0.07522) = 0.0414 Ib/ft>

V.=1/p=gly (Vi) gas = 32.2/0.0414 = 778 {t3/slug

Since R varies inversely with density for fixed pressure and temperature, R,,, = 53.3/0.55 = 96.9 ft/°R.
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1.58 A gas at 40 °C under a pressure of 21.868 bar abs has a unit weight of 362 N/m’. What is the value of R for this
gas? What gas might this be?

I y=p/RT  362=(21.868 X 10°)/[(R)(40+273)] R=193m/K
This gas might be carbon dioxide, since its gas constant is 19.3 m/K (from Table A-6).
1.59 If water vapor (R = 85.7 ft/°R) in the atmosphere has a partial pressure of 0.60 psia and the temperature is
80 °F, what is its specific weight?
1 y = p/RT = (0.60)(144)/[(85.7)(80 + 460)] = 0.00187 Ib/ft>
1.60 Refer to Prob. 1.59. If the barometer reads 14.60 psia, calculate the partial pressure of the air, its specific
weight, and the specific weight of the atmosphere (air plus water vapor).
1 Pair = 14.60 ~ 0.60 = 14.00 psia y=p/RT
Yar = (14.00)(144)/[(53.3)(80 + 460)] = 0.0700 1D/ Yauw = Y + Yerzorsam
Yi,00vapy = 0.00187 Ib/ft* (from Prob. 1.59) Yam = 0.0700 + 0.00187 = 0.0719 1b/ft

1.61 (a) Calculate the density, specific weight, and specific volume of oxygen at 20 °C and 40 kPa abs. (b) If the
oxygen is enclosed in a rigid container, what will be the pressure if the temperature is reduced to —100 °C?

I p = p/RT = (40)(1000)/[(260)(20 + 273)] = 0.525 kg/m’
y = pg =(0.525)(9.81) =5.15N/m’ V,=1/p =1/0.525=1.90 m*/kg
(b) p=1/V,=p/RT. Since V, and R are constants, V,/R = T/p = constant, (20 + 273)/40 = (—100 + 273)/p,,
p2=23.6kPa.

1.62 Helium at 149 kPa abs and 10 °C is isentropically compressed to one-fourth of its original volume. What is its
final pressure?

I piVi=p,VL  149Vi%® = (p,)(Vi/4)'*  p,=1488kPa abs

1.63 (a) If 9 ft* of an ideal gas at 75 °F and 22 psia is compressed isothermally to 2 ft*, what is the resulting pressure?
(b) What would the pressure and temperature have been if the process had been isentropic?

I @ pVi=p.V;  (2)9)=(p)(2) p,=99psia
®) piVi=p.V:  (22)9)*=(p)(2)'*  p,=155psia
L/Ti=(pa/p)* ™™ T/(75+460) = ()**™"*  T,=840°R or 380°F
1.64 (@) If 12 m® of nitrogen at 30 °C and 125 kPa abs is permitted to expand isothermally to 30 m*, what is the
resulting pressure? (b) What would the pressure and temperature have been if the process had been isentropic?
I (a) pVi=p.Va (125)(12) = (p,)(30)  p,=150.0kPa abs
) piVi=p.V:  (125(12)"“=(p)(30)'*  p,=34.7kPaabs
L/T, = (p./p)* V* T,/(30 + 273) = (34.7/125) 40~ 1140 T,=210K or —63°C
1.65 If the viscosity of water at 68 °F is 0.01008 poise, compute its absolute viscosity (1) in pound-seconds per square
foot. If the specific gravity at 68 °F is 0.998, compute its kinematic viscosity (v) in square feet per second.

I The poise is measured in dyne-seconds per square centimeter. Since 11b = 444 800 dynes and 1 ft = 30.48 cm,
11b - s/ft* = 444 800 dyne - s/(30.48 cm)* = 478.8 poises

_0.01008

_ ko pg (211x107%)(32.2)
=788

=2.11 x107°1b - s/ft? vl & _H_ =1.09 x 1075 ft?/s
: o vig vy (0.998)(62.4)

1.66 Convert 15.14 poises to kinematic viscosity in square feet per second if the liquid has a specific gravity of 0.964.
I 11b - s/ft>=478.8 poises  (from Prob. 1.65)
p =15.14/478.8 = 0.03162 1b - s/ft* v =ug/y = (0.03162)(32.2)/[(0.964)(62.4)] = 0.0169 ft*/s
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The fluid flowing in Fig. 1-3 has an absolute viscosity (1) of 0.0010 1b - s/ft* and specific gravity of 0.913.
Calculate the velocity gradient and intensity of shear stress at the boundary and at points 1in, 2in, and 3 in
from the boundary, assuming (@) a straight-line velocity distribution and (b) a parabolic velocity distribution.
The parabola in the sketch has its vertex at A and origin at B.

# (a) For the straight-line assumption, the relation between velocity v and distance y is v = 15y, dv = 15dy.
The velocity gradient = dv /dy = 15. Since pu = 7/(dv/dy), t = u (dv/dy). For y =0 (i.e., at the boundary),
v=0and dv/dy =15s""; = (0.0010)(15) = 0.015 Ib/ft>. For y = 1in, 2in, and 3 in, dv/dy and 7 are also 155"
and 0.015 Ib/ft?, respectively. (b) For the parabolic assumption, the parabola passes through the points v =0
when y =0 and v = 45 when y = 3. The equation of this parabola is v =45 — 5(3 — y)?, dv/dy =103 —y),

1 =0.0010 (dv/dy). For y =0in, v =0in/s, dv/dy =30s™*, and 1 =0.030Ib/ft>. For y = 1in, v =25in/s,
dv/dy =20s7", and 7 =0.020Ib/ft>. For y =2in, v =40in/s, dv/dy = 10s™", and 7 = 0.010 Ib/ft*>. For y = 3in,
v=45in/s, dv/dy =057, and 7 =0 Ib/ft.

y’ lesg———— 45in/s ————-l
A

V—> Fig. 1-3

A cylinder of 0.40-ft radius rotates concentrically inside a fixed cylinder of 0.42-ft radius. Both cylinders are
1.00 ft long. Determine the viscosity of the liquid that fills the space between the cylinders if a torque of
0.650 Ib - ft is required to maintain an angular velocity of 60 rpm.

I The torque is transmitted through the field layers to the outer cylinder. Since the gap between the cylinders
is small, the calculations may be made without integration. The tangential velocity v, of the inner cylinder = ro,
where r = 0.40 ft and w = 2 rad/s. Hence, v, = (0.40)(27r) = 2.51 ft/s. For the small space between cylinders,
the velocity gradient may be assumed to be a straight line and the mean radius can be used. Then,

dv/dy = (2.51 — 0)/(0.42 — 0.40) = 125.5s™". Since applied torque equals resisting torque, applied torque =
(t)(area)(arm), 0.650 = ©(1.00)(27)(0.40 + 0.42)/2][(0.40 + 0.42)/2), T = 0.615 Ib/ft*> = u (dv/dy), 0.615 =
(u)(125.5), u =0.004901b - s/ft*.

Water is moving through a pipe. The velocity profile at some section is shown in Fig. 1-4 and is given
mathematically as v = (8/4u)(d*/4 — r*), where v = velocity of water at any position r, B = a constant,

u = viscosity of water, d = pipe diameter, and r = radial distance from centerline. What is the shear stress at the
wall of the pipe due to the water? What is the shear stress at a position r = d/4? If the given profile persists a
distance L along the pipe, what drag is induced on the pipe by the water in the direction of flow over this
distance?

I v =(B/4u)(d*/4—r?) dv/dr = (B/4p)(—2r) = —2Pr/4p
7= p (dv/dr) = u(—2pr/4u) = —2Pr/4
At the wall, r = 4/2. Hence,
_-28(d/2)_ _pd —2B(d/4) __ pd

Twall 2 3 Tr=aia 4 3
Drag = (Tya)(area) = (t,u)(7wdL) = (Bd/4)(wdL) = fd*nL /4

B 3
R e O Tl R e 22 i) ng- 1"4
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1.70 A large plate moves with speed v, over a stationary plate on a layer of oil (see Fig. 1-5). If the velocity profile is
that of a parabola, with the oil at the plates having the same velocity as the plates, what is the shear stress on
the moving plate from the oil? If a linear profile is assumed, what is the shear stress on the upper plate?

{ For a parabolic profile, v*> = ay. When y =d, v = v,. Hence, v3= ad, a = v3/d. Therefore,
2=id)(y)=(Wd(y/d) v=vVyld dv/dy =[(w)(/VDHENy )]
7= (dv/dy) = p(v) I/VDE (y )]
Fory =d, ©= u[(vo)(1/Vd)(3)(d?)] = uvo/(2d). For a linear profile, dv/dy = vo/d, T = u(ve/d).

Assumed profile

Fig. 1-5

1.711 A square block weighing 1.1 kN and 250 mm on an edge slides down an incline on a film of oil 6.0 #m thick (see
Fig. 1-6). Assuming a linear velocity profile in the oil, what is the terminal speed of the block? The viscosity of
the oil is 7mPa - s.

1 T=pu(dv/dy) = (7 %X 107)[v;/(6.0 X 1079 =116Tv;,  F = tA = (1167v7)(0.250)* = 72.9v,

At the terminal condition, equilibrium occurs. Hence, 1100 sin 20° = 72.9v7, v, =5.16 m/s.

" 0.0060mm

Fig. 1-6(a) Fig. 1-6(b)

1.72 A piston of weight 21 1b slides in a lubricated pipe, as shown in Fig. 1-7. The clearance between piston and pipe
is 0.001 in. If the piston decelerates at 2.1 ft/s®> when the speed is 21 ft/s, what is the viscosity of the 0il?

1 7= u (dv/dy) = u[v/(0.001/12)] = 12 000uv
F = 1A = 12000u[(x)(8)(5)] = 7854uv
SF=ma 21— (7854)(1)(21) = (21/32.2)(=2.1)  u=1.36 X 10~*1b - s/ft?

Q.
=

-sin -]

X

Fig. 1-7

1.73 A piston is moving through a cylinder at a spéed of 19 ft/s, as shown in Fig. 1-8. The film of oil separating the
piston from the cylinder has a viscosity of 0.0201b - s/ft>. What is the force required to maintain this motion?

I Assume a cylindrically symmetric, linear velocity profile for the flow of oil in the film. To find the frictional
resistance, compute the shear stress at the piston surface.

v Y = 2 A [(9_99)(1)]_
r—udr—0.020[(5.000_4.990)/2](12)—912lb/ft F =14 =912 x| ~)(;) | =2981b
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N
N

3in u=0.020 Ib-s/f1?
D YA,
i S— ‘

e 19ft/S

5.000 in — N £ Cyinder
1~4.990 in , r v Oil film
*
| Piston
Y, T Fig. 1-8(a) L Fig. 1-8(b)

To damp oscillations, the pointer of a galvanometer is fixed to a circular disk which turns in a contamer of oil
(see Fig. 1-9). What is the damping torque for w = 0.3 rad/s if the oil has a v1scos1ty of 8 X 107> Pa - s? Neglect
edge effects.

I Assume at any point that the velocity profile of the oil is linear dv/dn = re/(0.5/1000) =
(r)(0.3)/(0.5/1000) = 600r; T = p (dv/dn) = u(600r) = (8 x 107>)(600r) = 4.80r. The force dF; on dA on the
upper face of the disc is then dF; = tdA = (4.80r)(r d6 dr) = 4.80r* d0 dr. The torque dT for dA on the upper
face is then dT = r dF; = r(4.80r* d0 dr) = 4.80r> d0 dr. The total resisting torque on both faces is

0.075/2 p#2n r4 0.075/2
T= 2[ j 4.80r°d0 dr] = (9.60)(2:1)[:] =2.98x10"5N-m
0

0 0

L3
0.5 mm
- A a— 75 mm————J
l_{ )—T_
05mm O Disk Fig. 1-9(a) Fig. 1-9(b)

For angular velocity 0.3 rad/s of the mechanism of Prob. 1.74, express the damping torque (in N - m) as a
function of displacement x (in mm) of the disk from its center position (Fig. 1-10).

I Assume at any point that the velocity profile of the oil is linear; T = u (dv/dn). For the upper face,

dv/dn = re/[(0.5 — x)/1000] = (r)(0.3)/[(0.5 — x)/1000}; T = (8 X 107>){(r)(0.3)/[(0.5 — x)/1000]} =

2.40r/(0.5 — x). The force dF; on dA on the upper face of the disc is then dF; = tdA = [2.40r/(0.5 — x)}(r d0 dr) =
[2.40r%/(0.5 — x)} (d8 dr). The torque dT for dA on the upper face is then dT = r dF, = r[2.40r*/(0.5 — x)) (d@ dr) =
[2.407°/(0.5 — x)] (d6 dr). For the lower face, dv/dn = rw/[(0.5 + x)/1000} = r(0.3)/[(0.5 + x)/1000];

7= (8 x 107*){r(0.3)/[(0.5 + x)/1000}} = 2.40r/(0.5 + x). The force dF; on dA on the lower face of the disc is

then dF; = tdA = [2.40r/(0.5 + x))(r d6 dr) = [2.40r*/(0.5 + x)] (d0 dr). The torque dT for dA on the lower face

is then dT = r dF; = r[2.40r*/(0.5 + x)] (d6 dr) = [2.40r°/(0.5 + x)] (d6 dr). The total resisting torque on

both faces is
0.075/2 2m 2. 40’, 0.075/2 r27 2. 407'3
T= j e dedr+f ("2 doar
! PP 05+x+0.5-x . ‘
~ (5 tosr)eoen7] - (g5 )osexo

_7.46%x10°°
T 0.25—x7
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j-—0.5- % mm

——— 0.54% mm

Fig. 1-10

1.76 A conical body turns in a container, as shown in Fig. 1-11, at constant speed 11 rad/s. A uniform 0.01-in film of
oil with viscosity 3.125 x 10~7 b - s/in® separates the cone from the container. What torque is required to
maintain this motion, if the cone has a 2-in radius at its base and is 4 in tall?

§ Consider the conical surface first (/2 = z/4, r = z/2). The stress on this element is T = p (dv/dx) =
pu(re/0.01) = (3.125 x 107 ")[(2/2)(11)/0.01] = 1.719 X 10~*z. The area of the strip shown is

dA =2nrds = (2nz/2)[dz/(4/V20)] = 3.512z dz. The torque on the stripis dT =t (dA)(r) =

(1.719 X 10~*2)(3.512z dz)(z/2) = 3.019 X 10~*2* dz.

44
=f 3.019 X 107%z%dz =3.019 X 10"4[-3-] =0.01932in - 1b
(1] 1]
Next consider the base: dF; = tdA, = u(rw/0.01) = (3.125 x 1077)[(r)(11)/0.01] = 3.438 X 10~*r, dF, =
(3.438 X 107%7)(r dO dr) = 3.438 X 10~*r> d6 dr, dT, = (3.438 X 107*r> dO dr)(r) = 3.438 X 10~*r> d@ dr.

2 p2n 4 2
T,= f 3.438 X 10~*° dBdr = (3.438 X 10" “)(2::)[ ] =0.00864in - Ib
0

0

T, = 0.01932 + 0.00864 = 0.0280 in - Ib

P10 rad/s

Fig. 1-11(a) Fig. 1-11(b)

.77 In Fig. 1-12, if the fluid is SAE 30 oil at 20 °C and D = 7 mm, what shear stress is required to move the upper
plate at 3.5 m/s? Compute the Reynolds number based on D.

1 T = p (dv/dh) = (0.440)[3.5/(3dx)] = 220 Pa
= pDv/p = (888)(7d5)(3.5)/0.440 = 49.4

i Moving
u=V plate:
> > =1
- 'Viscous .
D " fluid -
e e
W=0 Fixed plate Fig. 1-12
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178  Benzene at 20 °C has a viscosity of 0.000651 Pa - s. What shear stress is required to deform this fluid at a strain
rate of 4900s™'? "
1 T = u (dv/dx) = (0.000651)(4900) = 3.19 Pa
179 SAE 30 oil at 20 °C is sheared between two parallel plates 0.005 in apart with the lower plate fixed and the
upper plate moving at 13 ft/s. Compute the shear stress in the oil.
- 1 = u (dv/dh) = (9.20 x 107*)[13/(0.005/12)} = 287 Ib/ft’

1.80 An 18-kg slab slides down a 15° inclined plane on a 3-mm-thick film of SAE 10 oil at 20 °C; the contact area is
- 0.3m>. Find the terminal velocity of the slab.

I See Fig. 1-13. ‘
3F, =0 W sin 6 — 1A oiom =0
7=y (dv/dy) = (8.14 X 107%)(v,/0.003) = 27.1v;
[(18)(9.81)](sin 15°) — (27.1v,)(0.3) =0 vr=5.62m/s

X Fig. 1-13

1.81 A shaft 70.0 mm in diameter is being pushed at a speed of 400 mm/s through a bearing sleeve 70.2 mm in
diameter and 250 mm long. The clearance, assumed uniform, is filled with oil at 20 °C with v = 0.005 m*/s and
s.g. = 0.9. Find the force exerted by the oil on the shaft.

1 F=1A T = u (dv/dr) = pv =[(0.9)(998)](0.005) =4.49 kg/(m - s)
dr = (0.0702 — 0.0700)/2 = 0.0001 m 7 = (4.49)(0.4/0.0001) = 17 960 N/m?
A = (7)(7.00/100)(25/100) = 0.05498 m* F = (17 960)(0.05498) = 987 N
1.82 If the shaft in Prob. 1.81 is fixed axially and rotated inside the sleeve at 2000 rpm, determine the resisting torque

exerted by the oil and the power required to rotate the shaft.

[ T=1tAr v=pu(dv/dr)

v =ro = [(7.00/2)/100][(2000)(27/60)] = 7.330 m/s  dr = 0.0001 m
7 = (4.49)(7.330/0.0001) = 329.1 X 10> N/m* A = (;)(7.00/100)(35) = 0.05498 m*
T = (329.1 x 10%)(0.05498){(7.00/2)/100] = 633N - m
P = oT =[(2000)(2/60)](633) =132.6 X 10°W or 132.6kW ,

1.83 A steel (7850-kg/m®) shaft 40.0 mm in diameter and 350 mm long falls of its own weight inside a vertical open
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tube 40.2 mm in diameter. The clearance, assumed uniform, is a film of SAE 30 oil at 20 °C. What speed will
the cylinder ultimately reach?

1 Wohan = TA = [(7850)(9.81)]{(0.350)(r)(0.0400)*/4] = 33.87N
dr = (0.0402 — 0.0400)/2 = 0.0001 m
T = u (dy/dr) = (0.440)(v+/0.0001) = 4400v
A= (7)(4.00/100)(35;) =0.04398 m*  33.87 = (4400v,)(0.04398) vr =0.1750 m/s
1.84 Air at 20 °C forms a boundary layer near a solid wall, in which the velocity profile is sinusoidal (see Fig. 1-14).

The boundary-layer thickness is 7 mm and the peak velocity is 9 m/s. Compute the shear stress in the boundary
layer at y equal to {a) 0, (b) 3.5 mm, and (¢) 7 mm.

1 t=u (dv/dy) v= Upnax SiD [72y /(26)]
du/dy = [TV s (26)] cos [1y/(28)] = {(w)(9)/[(2)(0.007)]} cos {y/[(2)(0.007)]) = 2020 cos (224.4y)
Note: “224.4y” in the above equation is in radians.
7= (1.81 X 107°)[2020 cos (224.4y)] = 0.03656 cos (224.4y)

(@) Aty =0, T=0.03656 cos [(224.4)(0)] = 0.0366 Pa. (b) Aty =0.0035m, 7=
0.03656 cos [(224.4)(0.0035)] = 0.0259 Pa. (c) At y = 0.007 m, v = 0.03656 cos [(224.4)(0.007)] = 0.

vy, =9mis

T E;_;*ﬁ— Peak

Sine wave

t + 77 T Fig. 1-14

7

1.85 A disk of radius 7, rotates at angular velocity w inside an oil bath of viscosity u, as shown in Fig. 1-15. Assuming
a linear velocity profile and neglecting shear on the outer disk edges, derive an expression for the viscous torque
on the disk.

1 =y (dv/dy)=pu(ro/h)  (on both sides)
dT = (2)(rtdA) = ){(r)[u(ro/h)}(2nr dr)} = (4uwn/h)(r* dr)

™ 4uwm duwsn [r"]’“ muwry
T=| 228234 =E0 L - 22%T
fo A A Y R

o

Clearance
h

\\\\\\\\\\' NN

/2777,

C v/
0il pZZZZZZ 72772
e —}

lb— +}« fn— Fig. 1-15

1.86 A 35-cm-by-55-cm block slides on oil (u = 0.81 Pa - s) over a large plane surface. What force is required to drag
the block at 3 m/s, if the separating oil film is 0.6 mm thick?

I T = u (dv/dx) = (0.81)[3/(0.6/1000)] = 4050 N/m>  F = 1A = (4050)[(Z5)(35)] = 780N

1.87 The 1.5-in (0.125-ft) gap between two large plane surfaces is filled with SAE 30 oil at 80 °F
(u = 0.0063 Ib - s/ft*). What force is required to drag a very thin plate of 5-ft” area between the surfaces at a
speed of 0.5 ft/s if this plate is equally spaced between the two surfaces?

1 t = u (dv/dx) = (0.0063)[0.5/(0.125/2)] = 0.0504 Ib/f>  F = tA = (0.0504)(5) = 0.252Ib

Since there are two sides, Frequirea = (2)(0.252), or 0.504 Ib.
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Rework Prob. 1.87 if the plate is at a distance of 0.50 in (0.0417 ft) from one surface.

(] T = u (dv/dx) 7, = (0.0063)(0.5/0.0417) = 0.0755 1b/ft?
F=tA  F=(0.0755)(5=0.37751b  7,=(0.0063)[0.5/(0.125 — 0.0417)] = 0.0378 Ib/f¢>
F,=(0.0378)(5) = 0.18%01b  Fiequirea= F, + F; = 0.3775 + 0.1890 = 0.566 Ib

A 10.000-in-diameter plunger slides in a 10.006-in-diameter cylinder, the annular space being filled with oil
having a kinematic viscosity of 0.004 ft*/s and specific gravity of 0.85. If the plunger moves at 0.6 ft/s, find the
frictional resistance when 9 ft is engaged in the cylinder. ~

1 t=p(dv/dx)  p=y/g=[(0.85)(62.4)}/32.2 = 1.647 slugs/ft>
i =pv=(1.647)(0.004) = 0.006588 Ib - s/f¢ dx = [(10.006 — 10.000)/2]/12 = 0.000250 ft

= (0.006588)(0.6/0.000250) = 15.81 Ib/ft* F, = 1A = (15.81)[(9)(x)(12)] = 373 Ib

A 6.00-in shaft rides in a 6.01-in sleeve 8 in long, the clearance space (assumed to be uniform) being filled with
lubricating oil at 100 °F (u = 0.0018 Ib - s/ft*). Calculate the rate at which heat is generated when the shaft turns
at 90 rpm.

[ dv = w(circumference) = [x(6.00/12)] = 2.356 ft/s
dx = [(6.01 — 6.00)/2]/12 = 0.0004167 ft
T = u (dv/dx) = (0.0018)(2.356/0.0004167) = 10.18 Ib/f®
Fy= 1A = 10.18[n(8.00/12)(&)] = 10.66 Ib
Rate of energy loss = Fu = (10.66)(2.356) = 25.11 ft - Ib/s
Rate of heat generation = (25.11)(3600)/778 = 116 Btu/h

A 10.00-cm shaft rides in an 10.03-cm sleeve 12 cm long, the clearance space (assumed to be uniform) being
filled with lubricating oil at 40 °C (1 = 0.11 Pa - s). Calculate the rate at which heat is generated when the shaft

turns at 100 rpm.

I - dv = w(circumference) = [ 7(0.10)] =0.5236 m/s dx = (0.1003 — 0.1000)/2 = 0.00015 m
7= p (dv/dx) = (0.11)(0.5236)/0.00015) = 384.0 N/m>
Fy= 1A = 384.0[7(0.12)(0.10)] = 14.48 N
Rate of energy loss = Fv = (14.48)(0.5236) = 7.582N - m/s = 7.582 W

In using a rotating-cylinder viscometer, a bottom correction must be applied to account for the drag on the flat
bottom of the cylinder. Calculate the theoretical amount of this torque correction, neglecting centrifugal effects,
for a cylinder of diameter d, rotated at a constant angular velocity o, in a liquid of viscosity p, with a clearance
Ah between the bottom of the inner cylinder and the floor of the outer one.

I Let r = variable radius. T = [ rrdA, 7= p (dv/dx) = p(rw/Ah), dA =2ar dr.

ar2 ro 2npw (4 2npwfr
T= <__)] =" S dr =""— [_
J(; r[u Ah (2xr dr) AR ) rdr An |2

]dﬂ_”"wd‘t
o 32Ah

Assuming a boundary-layer velocity distribution as shown in Fig. 1-16, which is a parabola having its vertex 3 in
from the wall, calculate the shear stresses for y =0, 1in, 2 in, and 3 in. Use u=0.008351b - s/ft>.

I v=yu(dv/dy). Aty =0, v=0and at y =3in, v =61t/s, or 72in/s. The equation of the parabola is

v =72—(8)(3—y)’ (y in inches gives v in inches per second); dv/dy = (16)(3 — y); T = (0.00835)[(16)(3 — y)] =
0.4008 — 0.1336y. Aty =0, 7= 0.4008 — (0.1336)(0) = 0.401 Ib/ft>. Aty =1in, T = 0.4008 — (0.1336)(1) =
0.267 Ib/ft>. Aty =2in, 7 = 0.4008 — (0.1336)(2) = 0.134 Ib/ft. At y =3in, 7= 0.4008 ~ (0.1336)(3) = 0.
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1.95

1.96

1.97

Ve = 61ps

7. Fig. 1-16

In Fig. 1-17a, oil of viscosity u fills the small gap of thickness Y. Determine an expression for the torque T
required to rotate the truncated cone at constant speed o. Neglect fluid stress exerted on the circular bottom.
I SeeFig. 1-17b. 1=y (dv/dy), v =rw = (y tan a)(w), dv/dy = (y tan a)(w)/Y.

_ [ tan@)(®)] _pyotan
r‘”[ Y ]_ Y

dA =2ar ds = 2n(y tan a)(dy/cos &) = 27y (tan a/cos a’)(dy)

2
dF = 1dA = (uyw tan a)[zny<tan a)(dy)] - (Znuw tan a')y2 dy

Y cos o Y cos
2xpo tan® o 2rpm tan® o
dT =rdF = (__) 2 gy = (____) )
r (y tan @) Ycosa y"dy Y cos dy
T= +b (2::/10) tan® a) 3 gy = (ano tan’ a) [L‘]““’ _ (Zme tan’ a)[(a +b)* a_“]
Ycosa = Ycosa 4], Y cos 4 4
_ [npo tan® a) . a4
( 2Y cos [(@+5)"~a']

T U

*
b
| s
a dy = ds cos a
= 9y
l rs *M& ds = Sos o
Fig. 1-17(a) Fig. 1-17(b) ‘

A Newtonian fluid fills the gap between a shaft and a concentric sleeve. When a force of 788 N is applied to the
sleeve parallel to the shaft, the sleeve attains a speed of 2 m/s. If a 1400-N force is applied, what speed will the
sleeve attain? The temperature of the sleeve remains constant.

I t=F/A=yu (dv/dx); F/dv = pA/dx = constant. Therefore, F,/dv, = E/dv,, 2 = 1400/dv,, dv, = 3.55 m/s.

A plate separated by 0.5 mm from a fixed plate moves at 0.50 m/s under a force per unit area of 4.0 N/m>.
Determine the viscosity of the fluid between the plates.

' T=u(dv/dx)  4.0=p[0.50/(0.0005)] 1 =0.00400N - s/m*=4.00 mPa- s
Determine the viscosity of fluid between shaft and sleeve in Fig. 1-18.
[ t=F/A=pu(dv/dx)  25/[(m)(&)(3)] = u[0.5/(0.004/ 12)]  w=0.02121b - s/ft?
] Lin diam '
b, Ll =05 11/5

22241 0.00k in

i Fig. 1-18
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A l-in-diameter steel cylinder 10 in long falls at 0.6 ft/s inside a tube of slightly larger diameter. A castor-oil film
of constant thickness is between the cylinder and the tube. Determine the clearance between the cylinder and
the tube, if the temperature is 100 °F, s.g. = 7.85 for steel, and p = 6 x 107 Ib - s/ft> for castor oil.

[ ] t=F/A=pu (dv/dx)
F=W=1yV =[(7.85)(62.9)][()(7)(%)*/4] = 2.226 Ib  2.226/[(:3)(x)(i5)] = (6 X 107°)(0.6/dx)
dx =0.0003528ft or 0.00423in ‘

A piston of diameter 70.00 mm moves inside a cylinder of diameter 70.10 mm. Determine the percent decrease
in force necessary to move the piston when the lubricant warms from 0 to 120 °C. Values of u for the lubricant
are 0.01820 Pa - s at 0 °C and 0.00206 Pa - s at 120 °C.

1 1=F/A=pu(dv/dx); F/u = A(dv/dx) = constant. Therefore, AF/Fy.c = Ap/thy-c = (0.01820 —
0.00206)/0.01820 = 0.887, or 88.7%.

A body weighing 100 1b with a flat surface area of 3 ft” slides down a lubricated inclined plane making a 35°
angle with the horizontal. For viscosity of 0.002089 Ib - s/ft” and a body speed of 3.5 ft/s, determine the
lubricant film thickness.

I . F = weight of body along inclined plane = 100 sin 35° = 57.41b
t=F[A=yp (dv/dx)  57.4/3=(0.002089)(3.5/dx)  dx =0.0003821ft or 0.00459in

A small drop of water at 80 °F is in contact with the air and has a diameter of 0.0200 in. If the pressure within
the droplet is 0.082 psi greater than the atmosphere, what is the value of the surface tension?

] p(nd?/4) = (nd)(06) o =pd/4=[(0.082)(144)](0.0200/12)/4 = 0.00492 Ib/ft

Estimate the height to which water at 70 °F will rise in a capillary tube of diameter 0.120 in.

I h =40 cos 8/(yd). From Table A-1, o = 0.00500 1b/ft and y = 62.3 Ib/ft* at 70 °F. Assume 6 = 0° for a clean
tube. k =(4)(0.00500)(cos 0°)/[(62.3)(0.120/12)] = 0.0321 ft, or 0.385 in.

The shape of a hanging drop of liquid is expressible by the following formulation developed from photographic
studies of the drop: o = (y — y,)(d.)*/H, where o = surface tension, i.e., force per unit length, y = specific
weight of liquid drop, y, = specific weight of vapor around it, d. = diameter of drop at its equator, and H =a
function determined by experiment. For this equation to be dimensionally homogeneous, what dimensions must
H possess?

I Dimensionally, (F/L) = (F/L’)(L?)/{H}, {H} = (1). Therefore, H is dimensionless.

Two clean, parallel glass plates, separated by a distance d = 1.5 mm, are dipped in a bath of water. How far
does the water rise due to capillary action, if 0 = 0.0730 N/m?

§ Because the plates are clean, the anglé of contact between water and glass is taken as zero. Consider the
free-body diagram of a unit width of the raised water (Fig. 1-19). Summing forces in the vertical direction gives
2)[(0)(0.0015)] — (0.0015)*(k)(y) =0, (2){(0.0730)(0.0015)] — (0.0015)*(7)(9790) =0, h = 0.00994 m, or

9.94 mm.

R

L7

Fig. 1-19(c)
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1.105 A glass tube is inserted in mercury (Fig. 1-20); the common temperature is 20 °C. What is the upward force on
the glass as a result of surface effects?

I F= (a)(ndo)(cos 50°) + (&) (nvd;)(cos 50°) = (0.514)[()(0.035)](cos 50°) + (0.514)[()(0.025)](cos 50°) =
0.0623N

fe—d_ =35mm

b— d; =25 mm

50°. Fig. 1-20

1.106 In Fig. 1-21a estimate the depression 4 for mercury in the glass capillary tube. Angle 6 is 40°.

I Consider the meniscus of the mercury as a free body (see Fig. 1-21b) of negligible weight. Summing forces in
the vertical direction gives —(o)(td)(cos 8) + (p)(nd*/4) = 0, —(0.514)[(7r)(0.002)](cos 40°) +
[(13.6)(9790)(h)][()(0.002)*/4] = 0, h = 0.00591 m, or 5.91 mm. Actual 4 must be larger because the welght of
the meniscus was neglected.

d=2mm
Free

surface

Mercury /‘I ’p? fy;

lo Fig. 1-21(a)

Fig. 1-21(b)

1.107 A narrow trough (Fig. 1-22) is filled with water at 20 °C to the maximum extent. If the gage measures a gage
pressure of 2.8458 kPa, what is the radius of curvature of the water surface (away from the ends)?

1 P =0/r=p,. — yd =2845.8 — (9790)(0.290) = 6.70 Pa gage
6.70=0.0728/r  r=0.01087m or 10.87 mm

B N

Fig. 1-22

1.108 Water at 10 °C is poured into a region between concentric cylinders until water appears above the top of the
open end (see Fig. 1-23). If the pressure measured by a gage 42 cm below the open end is 4147.38 Pa gage, what
is the curvature of the water at the top?

1 T p=0/r=pg,.— yd =4147.38 — (9810)(0.42) = 27.18 Pa gage
27.18 = 0.0742/r r=0.00273m or 2.73mm
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Top view Fig. 1-23

The rate of twist « of a shaft of any shape may be found by using Prandtl’s soap-film analogy. A soap film is

19

attached to a sharp edge having the shape of the outside boundary of the shaft cross section (a rectangle here, as

shown in Fig. 1-24). Air pressure is increased under the film so that it forms an elevated curved surface above
the boundary. Then

M. Ap
*=20GV

(radians per unit length)

where Ap = gage air pressure under the soap film, M, = torque transmitted by actual shaft, G = shear modulus
of actual shaft, and V = volume of air under the soap film and above the cross section formed by the sharp
edge. For the case at hand, Ap = 0.4 1b/ft* gage and V = 0.5 in>. The angle 6 along the long edge of the cross
section is measured optically to be 30°. For a torque of 600 1b - ft on a shaft having G = 10 x 10° Ib/in?, what
angle of twist does this analogy predict?

M, Ap
I *= 4GV

To get o, consider a unit length of the long side of the shaft cross section away from the ends (see Fig. 1-24c).
For equilibrium of the film in the vertical direction (remembering there are two surfaces on each side)
(—®)[(o)(L)(cos 0)] + pA =0, (—4)[(0)(55)(cos 30°)] + (0.4)[(0.5)(1)/144] = 0, o = 0.00481 1b/ft;

_ (600)(0.4) _
% = 2)(0.00881)[(10 x 10°(144)](0.5/1728) _ 0299 rad/ft
Soap film 6 L\ ’
/ >\ Bl
Soap

0.5in film .
4 v =)

le—5 in—= —0.5 in 0.5 .m

5 in——|

Edge of the \ Closed

shaft end ! m

Fig. 1-24(a) Fig. 1-24(b) Fig. 1-24(c)

In using Prandt!’s soap-film analogy (see Prob. 1.109), we wish to check the mechanism for measuring the
pressure Ap under the soap film. Accordingly, we use a circular cross section (Fig. 1-25) for which we have an
accurate theory for determining the rate of twist a. The surface tension for the soap film is 0.1460 N/m and
volume V under the film is measured to be 0.001120 m*. Compute Ap from consideration of the soap film and
from solid mechanics using the equation given in Prob. 1.109 and the well-known formula from strength of
materials

— Mx

GJ

where J, thé polar moment of inertia, is #7*/2. Compare the results.
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# From consideration of the film (see Fig. 1-25), —207m d cos 45° + (Ap)(ndz)/4r= 0, '
—(2)(0.1460) () (#3%)(cos 45°) + (Ap)[(7)(#%)°/4] = 0, Ap = 4.13 Pa gage. From strength of materials, equate
a’s for the equations given in this problem and in Prob. 1.109.

MAp M, _ =[(3)/1000]" _ " Ap __ 1
wGv-Gl T 2 = 0.000157t m (4)(0.1460)(0.001120)  0.0001571

The pressure measurement is quite close to what is expected from theory.

Ap = 4.16 Pa gage

45°

Soap
fitm .
AN

| | / AP 4\<(
i 200 mm—»{ , 45"
r “_] \Closed (\y

Fig. 1-25(a) Fig. 1-25(b) Fig. 1-25(c)

1111 Find the capillary rise in the tube shown in Fig. 126 for a water—air—glass interface (6 = 0°) if the tube radius is
1 mm and the temperature is 20 °C.
_20cos 6 (2)(0.0728)(cos 0°)
pgr  (1000)(9-81) (o)

~

[ | h =0.0148m or 14.8mm

S I N S

— re—2r Fig. 1-26

1.112  Find the capillary rise in the tube shown inAFig. 1-26 for a mercury—air—glass interface with 6 = 130° if the tube
radius is 1 mm and the temperature is 20 °C.

I b= 20cos 6 (2)(0.514)(cos 130°)
T pgr  (13570)(9.81)(:kn)

—-0.0050m or -5.0mm

1.113  If a bubble is equivalent to an air—water interface with o = 0.005 Ib/ft, what is the pressure difference between
the inside and outside of a bubble of diameter 0.003 in?

[} p =2a/r = (2)(0.005)/[(0.003/2)/12] = 80.0 Ib/ft*

1.114 A small circular jet of mercury 200 um in diameter issues from an opening. What is the pressure difference
between the inside and outside of the jet at 20 °C?

I See Fig. 1-27. Equating the force due to surface tension (20L) and the force due to pressure (pDL),
20L =pDL, p =20/D = (2)(0.514)/(200 x 10~°) = 5140 Pa.
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Fig. 127

1115  The surface tensions of mercury and water at 60 °C are 0.47 N/m and 0.0662 N/m, respectively. What
capillary-height changes will occur in these two fluids when they are in contact with air in a glass tube of radius
0.30 mm? Use 8 = 130° for mercury, and 0° for water; y = 132.3 kN/m?’ for mercury, and 9.650 kN/m® for water. .

1 b= 20 cos 0
pP8r

For mercury:

_ (2)(0.47)(cos 130°) _

= (132 300)(0.30/1000) ~ _0-0152m or —15.2mm
For water:

_ (2)(0.0662)(cos 0°)
h = 9650)(0.30/1000) ~ 0457 m or 45.7mm

1116 At 30°C what diameter glass tube is necessary to keep the capillary-height change of water less than 2 mm? .
I h= 20 cos 6 2 (2)(0.0712)(cos 0°)
pgr 1000 (996)(9.81)(r)
r=0.00729m or 7.29mm d = (2)(7.29) = 14.6 mm (or greater)

1117 A l-in-diameter soap bubble has an internal pressure 0.0045 Ib/in® greater than that of the outside atmosphere.
Compute the surface tension of the soap—air interface. Note that a soap bubble has two interfaces with air, an
t inner and outer surface of nearly the same radius.

] : p=4o/r  (0.0045)(144) = (4)(0)/[(})/12] o =0.00675 Ib/ft

1118 What force is required to lift a thin wire ring 6 cm in diameter from a water surface at 20 °C?

. I Neglecting the weight of the wire, F = oL. Since there is resistance on the inside and outside of the ring,
F = (2)(0)(7ed) = (2)(0.0728)[(x)(0.06)] = 0.0274 N.

1.119  The glass tube in Fig. 1-28 is used to measure pressure p, in the water tank. The tube diameter is 1 mm and the
water is at 30 °C. After correcting for surface tension, what is the true water height in the tube?

1 h= 20 cos 6 __(2)(0.0712)(cos 0°)
pgr  (996)(9.81)[(3)/1000}

True water height in the tube = 17 -2.9=14.1cm.

=0.029m or 2.9cm

Fig. 1-28
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An atomizer forms water droplets 45 um in diameter. Find the excess pressure within these droplets for water at
30°C?

[} -~ p=20/r=(2)(0.0712)/[(45 X 107%)/2] = 6329 Pa

Rework Prob. 1.120 for droplets of 0.0018 in diameter and at 68 °F.
I _ P =20/r =(2)(0.005)/[(0.0018/2)/12] = 133 Ib/ft> or 0.93Ib/in?

What is the pressure difference between the inside and outside of a cylindrical water jet when the diameter is
2.2 mm and the temperature is 10 °C? (See Fig. 1-27.)

1 p =0a/r=0.0742/0.0011 = 67.5 Pa

Find the angle the surface tension film leaves the glass for a vertical tube immersed in water if the diameter is
0.25 in and the capillary rise is 0.08 in. Use o = 0.005 Ib/ft.

1 he 20cos 6 0.08 (2)(0.005)(cos 6)

e 2 - @98Gz2)[(0.25/2)1z7] os 9 =0:433806  6=643

Develop a formula for capillary rise between two concentric glass tubes of radii r, and r; and contact angle 6.
I See Fig..1-29. Equating the force due to pressure and the force due to surface tension,

(h)(y)(rr: — r?) = o(2ar, + 2ar,)(cos 6)
_ (2)(o)(r: +r,)(cos 8) 20 cos 6

h =
y(ri—r)) y(r, — 1)
I
h
e ri~ ;._i_
Vo = Fig. 1-29

Distilled water at ‘10 °C stands in a glass tube of 9.0-mm diameter at a height of 24.0 mm. What is the true static
height?

1 b= 20¢c08 6 _ (2)(0.0742)(cos 0°)

pgr  (1000)(9.81)[(9.0/2)/1000}
True static height = 24.0 — 3.4 = 20.6 mm.

=0.0034m or 3.4mm

What capillary depression of mercury (8 = 140°) may be expected in a 0.08-in-diameter tube at 68 °F?

_20c0s 6 (2)(0.0352)(cos 140°) _ .
! e T @634 (32.2)[(0.08/2)/12] OBt or —0.23in

At the top of Mount Olympus water boils at 85 °C. Approximately how high is the mountain? .

I From Table A-2, water boiling at 85 °C corresponds to a vapor pressure of 58.8 kPa. From Table A-8, this
corresponds to a standard atmosphere elevation of approximately 4200 m. -
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1.128 At approximately what temperature will water boil at an elevation of 12 500 ft?

I From Table A-7, the pressure of the standard atmosphere at 12 500-ft evevation is 9.205 psia, or 1326 1b/ft
abs. From Table A-1, the saturation pressure of water is 1326 Ib/ft’ abs at about 189 °F. Hence, the water will
boil at 193 °F; this explains why it takes longer to cook at high altitudes.

1.129 At approximately what temperature will water boil in Denver (elevation 5280 ft)?

§ From Table A-7, the pressure of the standard atmosphere at 5280-ft elevation is 12.12 psia, or 1745 1b/ft’
abs. From Table A-1, the saturation pressure of water is 1745 1b/ft> abs at about 202 °F. Hence, the water will
boil at 198 °F.

1130 Water at 105 °F is placed in a beaker within an airtight container. Air is gradually pumped out of the container.
What reduction below standard atmospheric pressure of 14.7 psia must be achieved before the water boils?
I From Table A-1, p, = 162 1b/ft* abs, or 1.12 psia at 105 °F. Hence, pressure must be reduced by 14.7 ~ 1.12,
or 13.58 psi.

F 1.131 At what pressure will 50 °C water boil?

I From Table A-2, p. = 12.3kPa at 50 °C. Hence, water will boil at 12.3 kPa.

1.132 At what pressure will cavitation occur at the inlet of a pump that is drawing water at 25 °C?

I Cavitation occurs when the internal pressure drops to the vapor pressure. From Table A-2, the vapor
pressure of water at 25 °C is 3.29 kPa.

1133  For low-speed (laminar) flow through a circular pipe, as shown in Fig. 1-30, the velocity distribution takes the
form v = (B/u)(r} — r*), where u is the fluid viscosity. What are the units of the constant B?

I Dimensionally, (L/T) = [{B}/(M/LT)(L?), {B} = ML™T 2 In SI units, B could be kg/(m” - ), or Pa/m.

Pipe wall
r=ry
f r u(r)
)\
—+ — ) — r=0
7/
Z, Fig. 1-30

1134 The mean free path L of a gas is defined as the mean distance traveled by molecules between collisions.
According to kinetic theory, the mean free path of an ideal gas is given by L =1.26(u/p)(RT)""?, where R is
the gas constant and T is the absolute temperature. What are the units of the constant 1.26?

I Dimensionally, L = {1.26}[(M/LT)/(M/L»][(L*/ T*D)(D)}"?, L = {1.26}(L), {1.26} = 1. Therefore, the
constant 1.26 is dimensionless.

1135  The Stokes—Oseen formula for the drag force F on a sphere of diameter d in a fluid stream of low velocity v is
F =3mudv + (9n/16)(pv*d?). Is this formula dimensionally consistent?

1 Dimensionally, (F) = (1)(M/LT)(LY(L/T) + (1)(M/L*)(L/T)X(L)* = (ML/T* + (ML/T? = (F) + (F).
Therefore, the formula is dimensionally consistent.

1136  The speed of propagation C of waves traveling at the interface between two fluids is given by C = (wo/p.A)'"?,
where A is the wavelength and p, is the average density of the two fluids. If the formula is dimensionally
consistent, what are the units of 0? What might it represent?

I Dimensionally, (L/T) = [(1){0}/(M/L*)(L)]"* = [{a}(L*/M)]"?, {0} =M/T?=F/L. In SI units, o could be
N/m. (In this formula, o is actually the surface tension.)
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Is the following equation dimensionally homogeneous? @ = 2d/¢* — 2v,/t, where a = acceleration, d = distance,

v, = velocity, and ¢ =time.
I L/T*=)(T) - (LITIT)=(L/ T2) - (L/T?). Therefore, the equation is homogeneous.

in the hydraulics literature is the Hazen-Williams formula for volume flow rate Q in a pipe of

A popular formula
diameter D and pressure gradient dp/dx: Q = 61.9D*%(dp/dx)**. What are the dimensions of the constant
61.9? o | |
1 L e M o ‘ ’145 083 4—0.54
F= 690 (o) (ELsy=LT"M




CHAPTER 2
Fluid Statics

21 For the dam shown in Fig. 2-1, find the horizontal pressure acting at the face of the dam at 20-ft depth.
1 p = vh = (62.4)(20) = 1248 Ib/ft>

22 For the vessel containing glycerin under pressure as shown in Fig. 2-2, find the pressure at the bottom of the
tank. :
I p =50+ yh =50+ (12.34)(2.0) = 74.68 kN/m> or 74.68kPa
50 kPa
v —
Glyccerin 2m
L Fig. 2-2

23 If the pressure in a tank is 50 psi, find the equivalent pressure head{of (a) water, (b) mercury, and (c) heavy
fuel oil with a specific gravity of 0.92. ' '

[ ) h=ply
(a) h = [(50)(144)]/62.4 = 115.38 ft
() h =[(50)(144)]/847.3 =8.50 ft

() h = [(50)(144)]/[(0.92)(62.4)) = 125.42 ft
‘ 25
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24 A weather report indicates the barometnc pressure is 29.75 in of mercury. What is the atmosphenc pressure in
pounds per square inch?

1 p = vh =[(13.6)(62.4)][(29.75/12)] /144 = 14.61 Ib/in*> or 14.61 psi

2.5 Find the atmospheric pressure in kilopascals if a mercury barometer reads 742 mm.

1 - p=yh=(133.1)(#)=98.8kN/m*> or 98.8kPa

2.6 A pressure gage 7.0 m above the bottom of a tank containing a liquid reads 64.94 kPa; another gage at height
4.0.m reads 87.53 kPa. Compute the specific weight and mass density of the fluid.

I y= Ap/Ah = (87.53 — 64.94)/(7.0 — 4.0) =7.53kN/m® or 7530 N/m’
- p=1y/g=17530/9.81 =786 kg/m*

2.7 A pressure gage 19.0 ft above the bottom of a tank containing a liquid reads 13.19 psi; another gage at height
14.0 ft reads 15.12 psi. Compute the specific weight, mass density, and specific gravity of the liquid.

I Ap =y(Ak)  (15.12-13.19)(144) = (y)(19.0— 14.0)  y=>55.6Ib/ft>
p = y/g =55.6/32.2 = 1.73 slug/ft* s.g. = 55.6/62.4=0.891

28 An open tank contains 5.7 m of water covered with 2.8 m of kerosene (y = 8.0 kN/m>). Find the pressure at the
interface and at the bottom of the tank.

I | P = vh = (8.0)(2.8) = 22.4kPa
Poos = 22,4+ (9.79)(5.7) = 78.2 kPa

29 An open tank contains 9.4 ft of water beneath 1.8 ft of oil (s.g. = 0.85). Find the pressure at the interface and at
the bottom of the tank.

1 Pine = 7h = [(0.85)(62.4)](1.8)/144 = 0.663 psi
Poor = 0.663 + (62.4)(9.4)/144 = 4.74 psi

2.10 If air had a constant specific weight of 0.076 Ib/ft> and were incompressible, what would be the height of the
atmosphere if sea-level pressure were 14.92 psia?

1 h =p/y = (14.92)(144)/0.076 = 28 270 ft

2.11 If the weight density of mud is given by y = 65.0 + 0.2k, where 7 is in 1b/ft’ and depth 4 is in ft, determine the
pressure, in psi, at a depth of 17 ft.

I dp = ydh = (65.0 + 0.2h) dh. Integrating both sides: p = 65.0k + 0.1h> For h = 17 ft:
p = (65.0)(17)/144 + (0.1)(17)%/144 = 7.87 psi.

2.12 If the absolute pressure in a gas is 40.0 psia and the atmospherlc pressure is 846 mbar abs, find the gage pressure
in (a) Ib/in?; (b) kPa; (c) bar.

I : Patm = (846)(0.0145) =12.31b/in*  Pgue =40.0 - 12.3 =27.7 Ib/in?
(B) P =(40.0)(6.894) =276 kPa  p,, = (846)(0.100) =85kPa  p,,.. =276 — 85 =191 kPa
(5] Paps =40.0/14.5 =2.759 bar Peage = 2.759 — 0.846 = 1.913 bar

213 Ifthe atmospheric pressure is 0.900 bar abs and a gage attached toa tank reads 390 mmHg vacuum, what is the
absolute pressure within the tank?

1 p=vh Paen = 0.900 X 100 = 90.0 kPa
Dgage = [(13 6)(9.79)](3%) = 51.9 kPa vacuum or —51.9kPa
Pabe=90.0+ (—51.9) = 38.1 kPa
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If atmospheric pressure is 13.99 psia and a gage attached to a tank reads 7.4 inHg vacuum, find the absolute

pressure within the tank.

1 p=vh

Daage = [(13.6)(62.4)][(7.4/12)/144] = 3.63 psi vacuum or

~3.63 psi

Pavs = 13.99 + (—3.63) = 10.36 psia

The closed tank in Fig. 2-3 is at 20 °C. If the pressure at point A is 98 kPa abs, what is the absolute pressure at
point B? What percent error results from neglecting the specific weight of the air?

I p.+ Yahac — Yaohe = Yuhins = P, 98+ (0.0118)(5) — (9.790)(5 — 3) — (0.0118)(3) = p, = 78.444 kPa.
Neglecting air, py = 98 — (9.790)(5 — 3) = 78.420 kPa; error = (78.444 — 78.420)/78.444 = 0.00031, or 0.031%.

1 Fig.23

K A B
Air
5m Air D g
1 z <
4 =

T Water
The system in Fig. 2-4 is at 70 °F. If the pressure at point A is 2900 Ib/ft*, determine the pressures at points B,
C, and D. ,
1 Ps = 2900 — (62.4)(4 — 3) = 2838 Ib/ft?

Po = 2900 + (62.4)(6) = 3274 1b/ft*

Pe=2900 + (62.4)(6 — 2) — (0.075)(5 + 3) = 3149 Ib/ft?

41t

. 6ft

Air

B2

Air

[ 39

ava

Water

Ce
3ft

Air
51t

o0

21t

—  Fig.24

The system in Fig. 2-5 is at 20 °C. If atmospheric pressure is 101.03 kPa and the absolute pressure at the bottom
of the tank is 231.3 kPa, what is the specific gravity of olive oil?

I 101.03 + (0.89)(9.79)(1.5) + (9.79)(2.5) + (5.8.)(9.79)(2.9) + (13.6)(9.79)(0.4) =231.3

AV

SAE 30 oil

Water

Qlive oil

Mercury

15m

2:5m

29m

s.g.=1.39

Fig. 2-5
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2.18 Find the pressures at A, B, C, and D in Fig. 2-6.

I p.=(62.4)(4 +2) =374 Ib/f%, ps = —(62.4)(2) = —125 Ib/ft*. Neglecting air, pc = p» = —125 Ib/ft*;
Po=—125— (62.4)(4 +2+2) = —624 Ib/f>.

Fig. 2-6

2.19 The tube shown in Fig. 2-7 is filled with oil. Determine the pressure heads at A and B in meters of water.

1 (hﬂzo)(Yuzo) = (hoi)(You) = (hoil)[(s'g'oil)(YHzo)]; therefore, huzo = (hou)(S.8.cn). Thus, h, =
—(2.240.6)(0.85) = —2.38 m H,O and hp = (—0.6)(0.85) = —0.51 m H,O.

$-9 085 Fig. 2-7

i TL' 2.20 Calculaté the pressure, in kPa, at A, B, C, and D in Fig. 2-8.
: 1 Pa=—(0.4 +0.4)(9.790) = —7.832 kPa; pp = (0.5)(9.790) = 4.895 kPa. Neglecting air, pc- = ps = 4.895 kPa;

g v pp = 4.895 + (0.9)(9.790)(1 + 0.5 + 0.4) = 21.636 kPa.

Pl

P

L

b

i Fig. 2-8

“ - 221 Convert 9 psi to (a) inches of mercury, (b) feet of water, (¢) feet of ichor (s.g. = 2.94).
I (@) h=p/y=[(9)(144))/[(13.6)(62.4)] = 1.527 ft, or 18.33 inHg

- (b) h=1[(9)(144)}/62.4 =20.77 ft of water

(©) h =[(9)(144)}/[(2.94)(62.4)] = 7.06 ft ichor

2.22 Express an absolute pressure of 5 atm in meters of water gage when the barometer reads 760 mmHg.
1 Pavs = (5)(101.3)/9.79 = 51.74 m of water  Paum = (0.760)(13.6) = 10.34 m of water
Pgage = 51.74 — 10.34 = 41.40 m of water
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Figure 2-9 shows one pressurized tank inside another. If the sum of the readings of Bourdan gages A and B is
34.1 psi, and an aneroid barometer reads 29.90 inHg, what is the absolute pressure at A, in inHg?

I h=ply ha + hg =34.1/{(13.6)(62.4)/(12)’] = 69.44 inHg
(B4)abs = 29.90 + 69.44 = 99.34 inHg

D.

Fig. 2-9

. 224  Determine the heights of columns of water, kerosene (ker), and nectar (s.g. = 2.94) equivalent to 277 mmHg.
1 (hug)(Yug) = (Huzo)(Yl-lzo) = (Aiee)(Yier) = (Bnectar)(Ynectar)
0.277[(13.6)(9.79)} = (h11,0)(9.79)  hu,0=3.77Tm
0.277[(13.6)(9.79)] = (h,,)[(0.82)(9.79)] A, =4.59m
0.277[(13.6)(9.79)] = (Ppectar)[(2.94)(9.79)]  Bperar =1.28m

225  InFig. 2-10, if A = 25.5 in, determine the pressure at A. The liquid has a specific gravity of 1.85.
I p = Yh =[(1.85)(62.4)][25.5/12] =245.3 Ib/ft> or 1.70psi

Fig. 2-10

2.26 For the pressure vessel containing glycerin, with piezometer attached, as shown in Fig. 2-11, what is the
pressure at point A? .

I : p = vh =[(1.26)(62.4)}(40.8/12) = 267 Ib/f¢* -

Open to atmosphere

< : 408in -

Fig. 2-11
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For the open tank, with piezometers attached on the side, containing two different immiscible liquids, as shown
in Fig. 2-12, find the (a) elevation of the liquid surface in piezometer A, (b) elevation of the liquid surface in
piezometer B, and (c¢) total pressure at the bottom of the tank.

I (a) Liquid A will simply rise in piezometer A to the same elevation as liquid A in the tank (i.e., to elevation
2m). (b) Liquid B will rise in piezometer B to elevation 0.3 m (as a result of the pressure exerted by liquid B)
plus an additional amount as a result of the overlying pressure of liquid A. The overlying pressure can be
determined by p = yh = [(0.72)(9.79)](2 — 0.3) = 11.98 KN/m’. The height liquid B will rise in piezometer B as a
result of the overlying pressure of liquid A can be determined by & =p/y = 11.98/[(2.36)(9.79)] = 0.519 m.
Hence, liquid B will rise in piezometer B to an elevation of 0.3 m + 0.519 m, or 0.819 m.

(©) Protom = [(0.72)(9.79)1(2 — 0.3) + [(2.36)(9.79)](0.3) = 18.9 kPa.

A B
A f
El 2m ________v_______ E
Liquid 4
(SAg. = 072)
L
—
El 03m
Liquid B
(s.g. = 2.36)
El .0m g ‘ Fig. 2-12

The air—oil-water system shown in Fig. 2-13 is at 70 °F. If gage A reads 16.1 1b/in® abs and gage B reads
2.001b/in® less than gage C, compute (a) the specific weight of the oil and (b) the reading of gage C.

I (o) (16.1)(144) + (0.0750)(3) + (Yoan)(é) =ps, P + (Yon)(2) + (62.4)(3) = pc. Since pc — pp =2.00,
(Yoa)(2) + (62.4)(3) = (2.00)(144), o = 50.4 Ib/£t. (b) (16.1)(144) + (0.0750)(3) + (50.4)(2) = ps,
Du = 2419 Ib/ft%; p. = 2419 + (2.00)(144) = 2707 Ib/fe?, or 18.80 1b/in>.

161 1b /in? abs

=,

Air 3ft
AVA
2ft
Oil -—
2ft B
M
Water 3ft

Qc Fig. 2-13

For a gage reading at A of —2.50 psi, determine the () elevations of the liquids in the open piezometer
columns E, F, and G and (b) deflection of the mercury in the U-tube gage in Fig. 2-14. Neglect the weight of
the air. .

1 (a) The liquid between the air and the water would rise to elevation 49.00 ft in piezometer column E as a
result of its weight. The actual liquid level in the piezometer will be lower, however, because of the vacuum in
the air above the liquid. The amount the liquid level will be lowered ( in Fig. 2-14) can be determined by
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(—2.50)(144) + [(0.700)(62.4)](h) = 0, h = 8.24 ft. Elevation at L = 49.00 — 8.24 = 40.76 ft; (—2.50)(144) +
[(0.700)(62.4)][49.00 — 38.00) = p,,, par = 120.51b/ft>. Hence, pressure head at M =120.5/62.4 = 1.93 ft of
water. Elevation at N = 38.00 + 1.93 = 39.93 ft; 120.5 + (62.4)(38.00 — 26.00) = p,,, po = 869.3 Ib/ft>. Hence,
pressure head at O = 869.3/[(1.600)(62.4)] = 8.71 ft (of the liquid with s.g. = 1.600). Elevation at Q =

26.00 + 8.71 = 34.71 ft. (b) 869.3 + (62.4)(26.00 — 14.00) — [(13.6)(62.4)](k,) =0, h, = 1.91 ft.

ElL 65.00'2‘.@,4 . E F G

Air

El 49.00 ¢t & H

El 14.00 ¢t
Fig. 2-14

2.30 A vessel containing oil under pressure is shown in Fig. 2-15. Find the elevation of the oil surface in the attached

piezometer.
1 Elevation of oil surface in piezometer =2 + 35/[(0.83)(9.79)] = 6.31 m
- i
Air pressure = 35 kPa
Elev. 2 m v
Oil
(s.g. = 0.83)
Elev. ‘0__ m T Fig. 215

2.3 The reading of an automobile fuel gage is proportional to the gage pressure at the bottom of the tank
(Fig. 2-16). If the tank is 32 cm deep and is contaminated with 3 cm of water, how many centimeters of air
remains at the top when the gage indicates “full”? Use ¥,50iine = 6670 N/m® and v, = 11.8 N/m’.

I When full of gasoline, Pgage = (6670)(0.32) = 2134 Pa. With water added, 2134 = (9790)(0.03) +
(6670){(0.32 - 0.03) — h} + (11.8)(h), h = 0.0141 m, or 1.41 cm.
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‘ EVem

gz A z
32¢em ) Gasoline
¢J = Water 3cm
Dgage ‘ ' Fig. 2-16

232 The hydraulic jack shown in Fig. 2-17 is filled with oil at 55 Ib/ft>. Neglecting the weight of the two pistons, what
force F on the handle is required to support the 2200-1b weight?

I The pressure against the large and the small piston is the same. p = W /A .. = 2200/[7()*/4] =
44 818 Ib/ft>. Let P be the force from the small piston onto the handle. P = pA_,.., = (44 818)[x({5)*/4] = 244 Ib.
For the handle, =M, = 0= (16 + 1)(F) — (1)(244), F = 14.41b.

\

1-in diameter

7
%/////////////////////,,

233 Figure 2-18 shows a setup with a vessel containing a plunger and a cylinder. What force F is required to balance
the weight of the cylinder if the weight of the plunger is negligible?

[ 10 000/500 — [(0.78)(62.4)](15)/144 = F/5  F=74.61b

Fig. 2-17

F="?

Plunger area = § in®

Cylinder -

Weight = 10,000 Ib
Cross-sectional 151t
area = 500 in?

Oil (s.g. = 0.78) Fig. 2-18

2.4 For the vertical pipe with manometer attached, as shown in Fig. 2-19, find the pressure in the oil at point A.
1 Pa+[(0.91)(62.4)](7.22) - [(13.6)(62.4)](1.00) =0  p,=438.71b/ft> or 3.05 1b/in?
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Fig. 219

A monometer is attached to a tank containing three different‘ﬂuids, as shown in Fig. 2-20. What will be the
‘difference in elevation of the mercury column in the manometer (i.e., y in Fig. 2-20)?

1 30+ [(0.82)(9.791(5—2) + (9.79)(2 - O) + (9.79)(1.00) - [(13.6)(9.79)] y=0 . y=0.627m
Elev.6m
Elev. 5 m Air pressure = 30 kPs .
4 il
(s.g. = 0.82)
Elev.2m -~
Water
Elev.Om
Mercury
(s.g = 13.6)
Fig. 220

Oil of specific gravity 0.750 flows through the nozzle shown in Fig. 2-21 and deflects the mercury in the U-tube
gage Determme the value of h 1f the pressure at Ais 20 0 pSl

] o 200+[(. 759)(62 D)3 75 + h)/144 [(13 6)(62 4)}(h)/144 - o

h=3.751t
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Fig. 2-21

2.37 Determine the reading & in Fig. 2-22 for p, = 39 kPa vacuum if the liquid is kerosene (s.g. = 0.83).

1 : | -39+ [(0.83)(9.79)]Jh=0 h=4.800m

¥
h
Y

Fig. 2-22

2.38 In Fig. 2-22, the liquid is water. If # =9 in and the barometer reading is 29.8 inHg, find p, in feet of water
absolute.

1 Pa+1:=(13.6)(29.8/12)  p, =33.0ft of water absolute
2.39 In Fig. 2-23, s.g., =0.84, s.g.o= 1.0, h, = 96 mm, and A, = 159 mm. Find Pain mmHg gage. If the barometer

reading is 729 mmHg, what is p,, in mmH,O absolute?

1 Pa+(0.84)(96) — (1.0)(159) =0

Da=78.4mmH,0 gage =78.4/13.6 =5.76 mmHg gage
=78.4 + (13.6)(729) = 9993 mmH,O absolute

Fig. 2-23

2.4 At 20°C, gage A in Fig. 2-24 reads 290 kPa abs. What is the height & of water? What does gage B read?

1 290 - [(13.6)(9.79))(i®) —9.79h =175  h=2.227m
Pe—(9.79)(% +2.227) =175  p, =204kPa
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Air: 175 kPa abs
AV2

h?

_{_ Water

70 cm | Mercury

241 The U-tube shown in Fig. 2-25a is 10 mm in diameter and contains mercury. If 12.0 mL of water is poured into
the right-hand leg, what are the ultimate heights in the two legs?

I After the water is poured, the orientation of the liquids will be as shown in Fig. 2-25b; h =
(12.0 X 10* mm®)/ (5 mm)> = 152.8 mm, (13.6)(240 — L) = 13.6L + 152.8, L = 114.4 mm. Left leg height above
bottom of U-tube = 240 — 114.4 = 125.6 mm; right leg height above bottom of U-tube = 114.4 + 152.8 =

267.2 mm.
. weter
N[ T
g Mercury Mercury
l h
240-L
120mm 120mm
L
X
120mm Fig. 2-25(a) 120mm Fig. 2-25(b)
242 Assuming sea water to have a constant specific weight of 10.05 kN/m>, what is the absolute pressure at a depth
of 10 km? )
1 p =1+ (10.05)(10 000)/101.3 = 993 atm

243 In Fig. 2-26, fluid 2 is carbon tetrachloride and fluid 1 is benzene. If p,,, is 101.5 kPa, determine the absolute
pressure at point A. '

[ ) 101.5 + (15.57)(0.35) - (8.62)(0.12) =p 4 Pa=105.9kPa
Patm
fluid 1
35cm
e
cm
-

fluid 2 Fig. 2-26

2.4 In Fig. 2-27a, the manometer reads 4 in when atmospheric pressure is 14.7 psia. If the absolute pressure at A is
doubled, what is the new manometer reading?

I p.+(62.4)(3.5) — [(13.6)(62.4)(5) = (14.7)(144), p, = 2181 Ib/ft*. If p, is doubled to 4362 Ib/ft*, the
mercury level will fall x inches on the left side of the manometer and will rise by that amount on the right side of
the manometer (see Fig. 2-27b). Hence, 4362 + (62.4)(3.5 + x/12) — [(13.6)(62.4)}[(4 + 2x)/12] = (14.7)(144),

x = 16.0 in. New manometer reading = 4 + (2)(16.0) = 36.0 in.
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T A
Water
3.5t
| _4}_.. 35ft __{i
——— __F .
I
x—.
Mercury  Fig. 2-27(a) Fig. 2-27(b)

245 In Fig. 2-28a, A contains water, and the manometer fluid has density 2900 kg/m*. When the left meniscus is at
zero on the scale, p, = 100 mm of water. Find the reading of the right meniscus for p,, = 10 kPa with no
adjustment of the U-tube or scale.

I First, determine the reading of the right meniscus for p, = 100 mm of water (see Fig. 2-28b):

100 + 500 — 2.90h =0, A =206.9 mm. When p, = 10 kPa, the mercury level will fall some amount, d, on the left
side of the manometer and will rise by that amount on the right side of the manometer (see Fig. 2-28b). Hence,
10/9.79 + (500 + d)/1000 — [(206.9 + 2d)/1000](2.90) = 0, d = 192.0 mm. Scale reading for p, = 10 kPa is

206.9 + 192.0, or 398.9 mm.

L
s
Q.

LALLM &

:
e Fig. 2-28(a) &%/  Fig. 2-28(b)

2.46 A manometer is attached to a conduit, as shown in Fig. 2-29. Calculate the pressure at point A.

1 Pa+(62.4)[(5+15)/12] — [(13.6)(62.4))(3) =0  p, =957 Ib/ft*
% . ' Water
A -1
5in
;],
E 15 in Mercury
% l (s.g. = 13.6)

Fig. 2-29

K 247 A manometer is attached to a pipe containing oil, as shown in Fig. 2-30. Calculate the pressure at point A.
1 " pa+[(0.85)(9.79))(0.2) - (9.79)(1.5) =0  p, = 13.02kN/m?
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i5m

0il (s.g. = 0.85)

02m

T— Q_“Wa‘" Fig. 2-30

248 A monometer is attached to a pipe to measure pressure, as shown in Fig. 2-31. Calculate the pressure at
point A.

1 Pat (62.4)(E) - [(13.6)(62.9)](5) =0 p,=331 15/&2

i

on

Water = Orifice

18 in

.
- Mercury
(sg. = 136) Fig. 2-31
249 A glass U-tube open to the atmosphere at both ends is shown in Fig. 2-32. if the U-tube contains oil and water
as shown, determine the specific gravity of the oil. ,
] ‘ [(5-8-6)(9.79)](0.35) = (9.79)(0.30) =0 5.g.04=0.86

i i

035m|{ . .
STt {losom
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2.50

2.51

A differential manometer is shown in Fig. 2-33. Calculate the pressure difference between points A and B.
1 Da+[(0.92)(62.4)][(x + 12)/12] — [(13.6)(62.4)](3) — [(0.92)(62.4)][(x + 24)/12]) =p;

Pa — ps =906 Ib/ft?
a

Oil (s.g. = 092)

24 in

A '
12 in
Mercury (s.g. = 13.6) Fig. 2-33

A differential manometer is attached to a pipe, as shown in Fig. 2.34. Calculate the pressure difference between

Oil (s.g. = 092)

. points A and B.

2.52

r P+ [0.91)(€2.4)(y/12) ~ [(13.6)(€2.4)](%) ~ [(0.9)(62.4)][(y — 4)/12] =ps
: ' DPa—ps=2641b/ft

!

oil 3 f‘} ¢ Oilsg =091
‘ T
J .
4'm
' Mercury - :
(s.g. = 13.6) Fig. 2-34

A differential manometer is attached to a pipe, as shown in Fig. 2-35. Calculate the pressure difference between

points A and B.
1 Pa—[(0.91)(62.4)1(y/12) - [(13.6)(62.4)](:2) + [(0.91)(62.4)][(y + 4)/12] = p,

Pa— Pps=2641b/ft?

Mercury
(s.g. = 13.6)
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253  For the configuration shown in Fig. 2-36, calculate the weight of the piston if the gage pressure reading is
70.0 kPa.

I Let W = weight of the piston. W/[()(1)*/4] — [(0.86)(9.79)}(1) = 70.0, W = 61.6 kN.

B @ Gage

l=—1-m diameter —=

~— Oil
(s.g. = 0.86)

— Fig. 2-36

254 A manometer is attached to a horizontal oil pipe, as shown in Fig. 2-37. If the pressure at point A is 10 psi, find
the distance between the two mercury surfaces in the manometer (i.e., determine the distance y in Fig. 2-37).

] (10)(144) + [(0:90)(62.4)](3 + y) — [(13.6)(62.4)]y =0  y=2.03ft ' or 24.4in

g

—— °4 Oil (s.g. = 0.90)

Mercury (s.g. = 13.6)

Fig. 2-37

255 A vertical pipe with attached gége and manometer is shown in Fig. 2-38. What will be the gage reading in
pounds per square inch if there is no flow in the pipe?

I Gage reading + [(0.85)(62.4)](2 + 8)/144 — [(13.6)(62.4)](15)/144 =0 Gage reading = 5.16 psi

9 256 A monometer is attached to a vertical pipe, as shown in Fig. 2-39. Calculate the pressure difference between
points A and B.

I Pa— (62.8)(5 + 1) — [(13.6)(62.4)](2) + (62.4)(2 + 1) = p,
pa—ps=18841b/f* or 13.11b/in?

v 257 A manometer is attached to a water tank, as shown in Fig. 2-40. Find the height of the free water surface above
the bottom of the tank.

] (9.79)(H - 0.15) — [(13.6)(9.79)](0.20) =0 H=2.87m
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Gage @:

i

oil
(s.g. = 0.85)
<

Water

Mercury
(s.g. = 13.6)

Fig. 2-38

Mercury (s.g. = 13.6)

- Fig. 2-39
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H=" Water

Mercury
(& =136) Fig. 240

288 A differential manometer is attached to two tanks, as shown in Fig. 2-41. Calculate the pressure difference
between chambers A and B.

] 2 +[(0.89)(9.79)](1.1) + [(13.6)(9.79)](0.3) — [(1.59)(9.79)](0.8) = p5
pa—ps=—31.1kN/m*  (i.e., ps>Ppa)

Chamber 4
SAE 30 oil
. Chamber B
I.im S — v
Carbon tetrachloride —‘7
08 m
03m -
Mercury Fig. 241

259  Calculate the pressure difference between A and B for the setup shown in Fig. 2-42.

I p, + (62.4)(66.6/12) — [(13.6)(62.4)](40.3/12) + (62.4)(22.2/12) }
— [(13.6)(62.4)](30.0/12) — (62.4)(10.0/12) =5

pa—ps=45621b/f or 317 Ib/in*

R AL Lk s el et - TR R it E R
1

260 Calculate the pressure difference between A and B for the setup shown in Fig. 2-43.
I pa— (9.79)x — [(0.8)(9.79)](0.70) + (9.79)(x —0.80)=ps  Pa—Ps= 13.3 kN/m?

Calculate the pressure difference between A and B for the setup shown in Fig. 2-44.
[ pat+(62.4)(x +4) —~{(13.6)(62.4)](4) + (62.4)(7 - x)=pg
! pa—ps=27081b/ft> or 18.8 Ib/in?
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_r' Water
66.6 in
Mercury
(s.g. = 13.6) Fig. 242

Oil (s.g =038)

xm+070m—150m=(x—080)m

1.50 m

Fig. 2-43
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TN N

|

] ' 7

‘ S (- ~

4ft

Mercury (s.g. = 13.6) Fig. 2-44

2.62 Vessels A and B in Fig. 2-45 contain water under pressures of 40.0 psi and 20.0 psi, respectively. What is the
' deflection of the mercury in the differential gage?

I (40.0)(144) + (62.4)(x + h) — [(13.6)(62.4)}h + 62.4y = (20.0)(144). Since x + y = 16.00 — 10.00, or 6.00 ft,
h=4.141t.

Fig. 245

For a gage pressure at A in Fig. 2-46 of —1.58 psi, find the specific gravity of gage liquid B.

I (—1.58)(144) + [(1.60)(62.4)](10.50 — 9.00) — (0.0750)(11.25 ~ 9.00) + [(5.8.1q. ) (62. 4)](11 25-10.00)=0
$.8.1iq. 5 = 1.00
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10.50 .

ST =180 pig. 246

2.64 In Fig. 2-47, liquid A weighs 53.5 Ib/ft* and liquid B weighs 78.8 1b/ft’. Manometer liquid M is mercury. If the
pressure at B is 30 psi, find the pressure at A.
1 Dpa—(53.5)(6.5 + 1.3) + [(13.6)(62.4)](1.3) + (78.8)(6.5 + 10.0) = (30)(144)
pa=23341b/f* or 16.21b/in’

1.3 ft

6.5 ft

10.0 ft

‘ @ Fig. 2-47

2.65 What would be the manometer reading in Fig. 2-47 if pg — p., is 165 kPa?

I Converting to Ib/ft?, pp — p. = 3446 Ib/ft>. The mercury level will rise some amount, x, on the left side of the
manometer and will fall by that amount on the right side of the manometer (see Fig. 2.48). Hence, taking
weight densities from Prob. 2.64, p,, — (53.5)(6.5 + 1.3 + x) + [(13.6)(62.4)](1.3 + 2x) + (78.8)(6.5+ 10.0 — x) =
P, 1644x + 1986 = p, — p4 = 3446, x = 0.89 ft; manometer reading = 1.3 + (2)(0.89) = 3.08 ft.

2.66 In Fig. 2-49, water is contained in A and rises in the tube to a level 85 in above A; glycerin is contained in B.
The inverted U-tube is filled with air at 23 psi and 70 °F. Atmospheric pressure is 14.6 psia. Determine the
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difference in pressure (psi) between A and B if y is 16 in. What is the absolute pressure in B in inches of
mercury and in feet of glycerin?

1 —-(62.4)(5)=(23)(144)  p,=3754.01b/ft>
Ps— [(1.26)(62.4)][(85—16)/12] =(23)(144)  p,=3764.11b/f
Pa—pPs=3754.0—3764.1=—10.11b/ft> or —0.0701b/in

(Pave)s = (3764.1/144 + 14.6)/[(13.6)(62.4)/(12)’] = 83.0 inHg
(Pavs)s = (3764.1/144 + 14.6)/[(1.26)(62.4)/(12)’] =895.4in or 74.6 ft of glycerin

Fig. 2-49

2.67 Gas confined in a rigid container exerts a gage pressure of 150 kPa when its temperature is 7 °C. What pressure
would the gas exert at 67 °C? Barometric pressure remains constant at 719 mmHg.

1 Pam =[(13.6)(9.79)1(0.719) =95.7kPa  p.,, = 95.7 + 150 = 245.7 kPa
VI Ty =p. Vol T, 45.7Y(VY/(273+ 7) = (p)(V)/ (273 + 6T) [V (volume) is constant]
P>=298.4kPa (absolute) = 298.4 — 95.7 = 202.7 kPa (gage)

2.68 In Fig. 2-50, atmospheric pressure is 14.6 psia, the gage reading at A is 6.1 psi, and the vapor pressure of the
alcohol is 1.7 psia. Compute x and y.

1 Working in terms of absolute pressure heads, [(6.1 + 14.6)(144)}/[(0.90)(62.4)] — x =
(1. 7)(144)/[(0 90)(62.4)], x = 48.72 ft; [(6.1 + 14.6)(144)]/[(0.90)(62.4)] + (y + 4.2) — (4.2)(13.6/0.90) =0, y =
6.191t

Alcohol vapor only

Q__

Air + vapor

Mercury Fig. 2.50

2.69 In Fig. 2-50, assume the following: atmospheric pressure = 858 mbar abs, vapor pressure of the
alcohol = 160 mbar abs, x =2.90m, y =2.10 m. Compute the reading on the pressure gage (p,) and on the
manometer (z). ;
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§ Working in terms of absolute pressure heads, [(P4)gage + 858](0.100)/[(0.90)(9.79)] — 2.90 =
- (160)(0.100)/[(0.90)(9.79)], (P)gage = —442 mbar; [(—442 + 858)(0.100)]/[(0.90)(9.79)] + (2.10 + z) —
(2)(13.6/0.90) = 0, z = 0.483 m.

2.70 A pipeline contains an incompressible gas (y = 0.05 Ib/ft’) at rest; at point A the pressure is 4.69 in of water.
What is the pressure, in inches of water, at point B, 492 ft higher than A?

I The change in pressure in the atmosphere must be considered; assume, however, that Yair = 0.076 Ib/ft is
constant.

(Pa!V)abs = (Pal Y)am + 4.69/12 ft of water (1
(P8/V)avs = (P8/V)aem + x /12 ft of water 2
Subtracting Eq. (2) from Eq. (1),
(PaY)abs = (P5/Y)ats = (Pal Vaten = (P5/ Vst + 4.69/12 — x /12 3
(Pl V)atm = (P8/ Y )am = 492 ft Of air = (492)(0.076/62.4) = 0.599 ft of water
(PalY)abs = (P! ¥)aos = 492 ft of gas = (492)(0.05/62.4) = 0.394 ft of water
Substituting these relationships into Eq. (3), 0.394 = 0.599 + 4.69/12 — x/12, x = 7.15 in of water.

2N Determine the pressure difference between points A and B in Fig. 2-51.

I p.+[(0.88)(9.79)](0.21) — [(13.6)(9.79)](0.09) — [(0.82)(9.79)}(0.41 — 0.09)
+(9.79)(0.41 — 0.15) — (0.0118)(0.10) = p,
Pa—ps=10.2kPa

Kerosene

Benzene

Mercury Water Fig, 2-51

2.2 In Fig. 2-52, if pg — p, = 97.4 kPa, calculate H.

[ Pa— (9.79)(H/100) — [(0.827)(9.79)1() + [(13.6)(9.79))[(34 + H + 17)/100] = p,
1.234H + 66.53=p, —p,=97.4 H=25.0cm

Meriam T
red oil,

sg.=0.827 17cm

Water

Mercury

Fig. 2-52
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2.73 For Fig. 2-53, if fluid 1 is water and fluid 2 is mercury, and z, = 0 and z, = —11 cm, what is level z, at which
pA =[7 atm?

] 0+ (9.79)[0 ~ (=11)]/100 — [(13.6)(9.79)][z, — (~11)]/100=0  z,=—10.19cm
Open. pgtm

Z4+P4

2 Fig. 2-53
2.74  The inclined manometer in Fig. 2-54a contains Meriam red manometer oil (s.g. = 0.827). Assume the reservoir
is very large. What should the angle 8 be if each inch along the scale is to represent a change of 0.8 1b/ft* in
gage pressure p,?
I From Fig. 2-54b, Ap = yAz, or

0.8 1b/ft* = [(0.827)(62.4 1b/£t>)]( ft)(sin 9)
from which 6 = 10.72°.

1

T

AZ

1o

©

Reservoir Fig. 2-54(a)

Fig. 2-54(b)
2.75 The system in Fig. 2-55 is at 20 °C. Compute the absolute pressure at point A.
1 Pa+[(0.85)(62.49)](12) — [(13.6)(62.4)] (%) + (62.4) () = (14.7)(144)  p, = 2691 Ib/ft* abs -

Water

P, = 14.71b /in®

i Mercury Fig. 2-55

2.76 Very small pressure differences p, — pp can be measured accurately by the two-fluid differential manometer
shown in Fig. 2-56. Density p. is only slightly larger than the upper fluid p,. Derive an expression for the
proportionality between & and p,, = pj if the reservoirs are very large.

I p.+pigh,—p.gh—pig(hy—h)=ps, ps—ps=(p:~ p1)gh. If (p,— p,) is small, & will be large (sensitive).

Py Pg
T = — g T
. Py Py

o~

Fig. 2-56
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2.1 Water flows downward in a pipe at 35°, as shown in Fig. 2-57. The pressure drop p, — p, is partly due to gravity
and partly due to friction. The mercury manometer reads a 5-in height difference. What is the total pressure
drop p, — p,? What is the pressure drop due to friction only between 1 and 2? Does the manometer reading
correspond only to friction drop?

1 1 + (62.4)(65in 35° + x/12 + £) — [(13.6)(62.9))(5) — (62.4)(x/12) = p,
p1—p.=11291b/ft>  (total pressure drop)
Pressure drop due to friction only = [(13.6)(62.4) — 62.4](s%) = 327.6 Ib/ft*

Manometer reads only the friction loss.

35°

Water

M
Y Fig, 2.7

2.78 Determine the gage pressure at point A in Fig. 2-58.
1 p.—(9.79)(0.50) + (0.0118)(0.33) + [(13.6)(9.79))(0.17) — [(0.83)(9.79)](0.44) =0  p,=—14.17kPa

Ajr I)ﬂll“
H

Oil,
5.9.:0.83

R

o

|
|
"

33cm 44cm

50cm

X T

17cm
2O

Y
Water Mercury Fig. 2-58
2.79 In Fig. 2-59, calculate level 4 of the oil in the right-hand tube. Both tubes are open to the atmosphere.
I 0+ (9.79)(0.110 + 0.240) — [(0.83)(9.79)](0.240 + h) =0  h =0.1817 m = 181.7 mm

NANNNNNRNNNNN

(

‘ 110mm

Oil,
s.g. =0-83 240 mm

280mm
Water

- Fig. 259
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2.30 In Fig. 2-60q the inclined manometer measures the excess pressure at A over that at B. The reservoir diameter
is 2.5in and that of the inclined tube is } in. For 8 = 32° and gage fluid with s.g. = 0.832, calibrate the scale in

psi per ft. ‘
[ ] Pa=Y(Ah+Ay)+ps  (see Fig. 2-60b)  p,—ps=y(Ah + Ay)
From Fig. 2-60b, (A4)(Ay) = (Az)(R) or Ay = AzR/A,, Ah =R sin 0, pa—ps=v(Rsin@+Ay,R/A,) =

YR(sin 0 + Ap/A,), As/As=[n(3)/4)/[7(2.5)/4] = ik; Pa—ps=[(0.832)(62.4))(R)(sin 32° + 1%)/144 =
0.1947R. The scale factor is thus 0.1947 psi/ft.

Ayi'

Fig. 2-60(b)

2.81 Determine the weight W that can be equilibrated by the force acting on the piston of Fig. 2-61.
1 p1=p>=F/A,=E/A, 1.25/[(35)%/4) = W /[n(250)%/4) W =63.8kN

250 mm diam

35mm diam
184

1.25 kN —————>

Qil
Tz Fig. 261

N N\XAN

2.82 Neglecting the container’s weight in Fig. 2-62, find the force tending to lift the circular top CD.
[ ] Pco —[(0.8)(62.4)](4) =0  pcp = 199.7 Ib/f? F=pA=(199.7)[n(2.5)*/4] =980 Ib

25t diam
- cb D

3 in. diam

{sft  A—H—4

4o
] s_g.:O.S

Fig. 2-62
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2.83

2.84

2.85

2.86

2.88

Find the force of oil on the top surface CD of Fig. 2-62 if the liquid level in the open pipe is reduced by 1.3 m.
I pco—[(0.8)(62.9)][4 — (1.3)(3.281)] =0  pcp=—13.241b/ft* (i.e., a downward pressure by CD)
F=pA=(-13.24)[n(2.5)*/4] = —65.01b

A drum 2.25 ft in diameter filled with water has a vertical pipe of 0.70-in diameter attached to the top. How
many pounds of water must be poured into the pipe to exert a force of 1500 1b on the top of the drum?
1 p = F/A =1500/[x(2.25)*/4] = 377.3 b/ft* h=p/y=377.3/62.4=6.05 ft

Wi,o = (6.05)[(0.70/12)*/4](62.4) = 1.01 Ib
In Fig. 2-63, the liquid at A and B is water and the manometer liquid is oil with s.g. = 0.80, h, = 300 mm,

h, =200 mm, and h; = 600 mm. (@) Determine p, — ps. (b) i p5 = 50 kPa and the barometer reading is
730 mmHg, find the absolute pressure at A in meters of water.

I @ Pa= (9.79)(%) — [(0.80)9.19)(F%) + 0. 79(%) =ps  pa—ps=—1.37kPa
() Pa—(9.719)({%) — [(0-80)(9.79)1(F%) + (9.79)(35%) = 50
Pa=48.63kPa (gage) =48.63/9.79 + 15%(13.6) = 14.90 m water (absolute)

S.g.z

Fig. 2-63

In Fig. 2-63, 5.g., = 1.0, 5.8., = 0.96, s.g., = 1.0, h; = h, = 269 mm, and h, = 1.2 m. Compute p, — py in
millimeters of water.

1 Pa— (1.0)(269) — (0.96)(269) + (1.0)(1200) =p5  p. — ps = —673 mm of water

In Fig. 2-63,s.8.,=1.0,s.8.,=0.94, 5.g.; = 1.0, A; = 300 mm, A, =1.1m, and p, — ps = —360 mm of water.
Find the gage difference (4,).

I p.— (1.0)(300) — (0.94)(h,) + (1.0)(1100) =p5  p4—ps = —360= —800 + (0.94)(h,) h, =468 mm

What is the pressure difference, in pounds per square inch, of a 1000-ft water column?

I p = yh = (62.4)(1000)/144 = 433 psi

N

Find the pressure at a point 9.5 m below the free surface in a fluid whose density varies with depth A (in m)
according to

p = (450 kg/m®) + (11 kg/m*)h
I dp = ydh = pg dh = (g)(450 + 11h) dh. Integrating both sides: p = (g)(450h + 114%/2). For h =9.5m:
P = (9.81)[(450)(9.5) + (11)(9.5)*/2] = 46.807 kPa.
If atmospheric pressure is 29.72 inHg, what will be the height of water in a water barometer if the temperature
of the water is (@) 50 °F, (b) 100 °F, and (c) 150°F?
| p =vh ={(13.6)(62.4)}(29.72/12) = 2102 Ib/ft>* or 14.601b/in’

(a) At 50°F, y = 62.41b/ft* and p,,p, = 25.7/144, or 0.178 Ib/in?, ks, = (14.60 — 0.178)(144)/62.4 = 33.28 ft.
(6) At 100°F, y = 62.0 Ib/ft> and pyypor = 133, 0r 0.938 Ib/in?, hyy o = (14.60 — 0.938)(144)/62.0 = 31.73 ft.
(c) At 150°F, y = 61.2 Ib/ft* and pape, = 353, or 3.78 Ib/in?, hy 0 = (14.60 — 3.78)(144)/61.2 = 25.46 ft.
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291 A bicycle tire is inflated at sea level (where atmospheric pressure is 14.6 psia and the temperature is 69 °F) to
65.0 psi. Assuming the tire does not expand, what is the gage pressure within the tire on the top of Everest
(altitude 30 000 ft), where atmospheric pressure is 4.3 psia and the temperature is —38 °F?

J Let subscript 1 indicate sea level and subscript 2 indicate altitude 30 000 ft.

(P1)aps = 14.6 + 65.0 = 79.6 psia pViIT,=p,Vi/T,
(79.6)(V)/(460 + 69) = (p,}(V)/[460 + (—38)] (V is constant)
(D2)abs = 63.5 psia (P2)gage = 63.5 — 4.3 =59.2 psi

292 Find the difference in pressure between tanks A and B in Fig. 2-64 if d, =330 mﬁi, d, =160 mm, d; = 480 mm,
and d, =230 mm.

(] Da+(9.79)(0.330) — [(13.6)(9.79)](0.480 + 0.230sin 45°) =p,  p. —ps =82.33kPa

Fig. 2-64

293 A cylindrical tank contains water at a height of 55 mm, as shown in Fig. 2-65. Inside is a smaller open cylindrical
tank containing cleaning fluid (s.g. = 0.8) at height k. If p, = 13.40 kPa gage and p. = 13.42 kPa gage, what are
gage pressure p, and height h of cleaning fluid? Assume that the cleaning fluid is prevented from moving to the
top of the tank.

1 Pa+(9.79)(0.055)=13.42 p,=12.88kPa ,
12.88 + (9.79)(0.055 — h) + [(0.8)(9.79)}h =13.40  h =0.00942 m = 9.42 mm

Air =GN

Water

55mm

o 5

Kerosene Pg P " Fig. 2-65

294 An open tube is attached to a tank, as shown in Fig. 2-66. If the water rises to a height of 800 mm in the tube,
what are the pressures p, and pp of the air above the water? Neglect capillary effects in the tube.

] P — (9.79)[(800 — 300 — 100)/1000] =0  p,=3.92kPa
Ps —(9.79)[(800 - 300)/1000] =0  p, =4.90kPa
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3
) : I S
pilezomet
eer\
P4 @A A PE @
o ‘ B } 800 mm
- 100 mm $
- Water f ' ;' :
300mm| |
ig}___ Fig. 2-66

For the setup shown in Fig. 2-67, what is the pressure p,, if the specific gravity of the oil is 0.82?
[} Pa +[(0.82)(9.79)}(3) + (9.79)(4 — 3) — [(13.6)(9.79)](0.320) = 0 Pa=8.73kPa

Fig. 2-67

For the setup shown in Fig. 2-68, calculate the absolute pressure at a. Assume standard atmospheric pressure,
101.3 kPa.

1 101.3 + (9.79)(0.600 — 0.200) — [(13.6)(9.79)}(0. 140) + [(0.83)(9.79)](0.140 + 0.090) = p ,
Pa=88.44kPa

Qil
specific
™, gravity = o83

Fig. 2-68

A force of 460 N is exerted on lever AB, as shown in Fig. 2-69. End B is connected to a piston which fits into a

cylinder having a diameter of 60 mm. What force F,, acts on the larger piston, if the volume between C and D is
filled with water?

I Let F. = force exerted on smaller piston at C: F,. = (460)(355) =843 N. Fo/Ac = Fp/Ap, (843)/[n(:5%)*/4] =
Fo/[m(25)2/4], F, = 15830 N, or 15.83 kN.

Fig. 2-69
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'Forces on Submerged Plane Areas

<31 If a triangle of height d and base b is vertical and submerged in liquid with its vertex at the liquid surface (see
Fig. 3-1), derive an expression for the depth to its center of pressure.

L, 2d bd36  3d
’ = 8 = — -_——
- heShaty 4T3 T Gam0an) - 4

K -
hep
d
l 4 C.g.
! / o C.p. ‘
I b I Fig. 3-1
32 If a triangle of height d and base b is vertical and submerged in liquid with its vertex a distance a below the

liquid surface (see Fig. 3-2), derive an expression for the depth to its center of pressure.

_ Ly (. 2 b/36 [ 2dy &
! ho=het =g = (“ *3 ) @+2d/3)bdf2) (" 3 ) ¥ 18(a +24/3)
_18(a* +4ad/3 +4d*/9) + d* _6a° + 8ad + 3d°
N 18(a +2d/3) T 6(a+2d/3)
T \v4
T
d
Fig. 3-2

33 If a triangle of height d and base b is vertical and submerged in liquid with its base at the liquid surface
(see Fig. 3-3), derive an expression for the depth to its center of pressure.

L, _d,_  bd/36

! ho=hat - =3t @) bd2)

_d,d_d
376 2

53
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Fig. 3-3

A circular area of diameter d is vertical and submerged in a liquid. Its upper edge is coincident with the liquid

34
surface (see Fig. 3-4). Derive an expression for the depth to its center of pressure.
_ L, d, - nd'/64 d d_5d
I ho=haty 4=3% @)/t 2788

Fig. 34

A vertical semicircular area of diameter d and radius r is submerged and has its diameter in a liquid surface (see

35
Fig. 3-5). Derive an expression for the depth to its center of pressure. _
- Ly A _l(”_df)_l[”@’)‘]_f'_‘
! he=hati g ha=3z  L=30&)"27er 1778

4 [/8=8/OmNC) _ o coo

LB =Gy i e

h¢I‘—“'—"| v .
—L Fig. 3-5

A dam 20 m long retains 7 m of water, as shown in Fig. 3-6. Find the total resultant force acting on the dam and

the location of the center of pressure.
I F = yhA =(9.79)[(0 + 7)/2][(20)(7/sin 60°)] = 5339 kN. The center of pressure is located at two-thirds the

total water depth of 7m, or 4.667 m below the water surface (i.e., k., = 4.667 m in Fig. 3-6).

Fig. 3-6
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A vertical, rectangular gate with water on one side is shown in Fig. 3-7. Determine the total resultant force
acting on the gate and the location of the center of pressure.
1 F=vyh,A=(9.79)(3 + 1.2/2)[(2)(1.2)] = 84.59 kN

—h (3412 @@2n2  _
o =hat g (3+ 2 )J’(3+1.2/2)[(2)(1.2)]“3"633“‘1

NN

w
8
-~

...
™
8

-

S 73 P
<

-
j_—rdy

52
AN
—2m —

c.
[

P

V7R 7 RS 7R RS VR 7R 7 RS 7RSS 778 7R 7R 7R 7R 7

Fig. 3-7
Solve Prob. 3.7 by the integration method.
I

38

F= j yhdA = L " 0.79)3 + y)2 dy) = (19.58)[3y +12-2]:2 — 84.59kN
f yh? dA f " (9.79)(3 +y) 2 dy)
hep = ==

_(19.58)[9y +3y* +y*/3)s*
F 84.59 B
39

84.59 =3.633m '
A vertical, triangular gate with water on one side is shown in Fig. 3-8. Determine the total resultant force acting
on the gate and the location of the center of pressure.

F = yheA = (62.4)(6 + 3/3)[(2)(3)/2} = 13101b

_ Ly _ 3 2@3)’/36
ho=hatp=g= (6 * 3) rEIeE - T

DI
v i v r/90°
61t 1
h hey h,
yL | 2 ft Il J
- oy ‘
r sp V] =

Fig. 3-8
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3.10 Solve Prob. 3.9 by the integration method.
1 F = yh A =[(0.82)(9.79)][4 + (1 + 1.2/2)(sin 40°)][(0.8)(1.2)] = 38.75 kN

F= f(62.4)(6 +)2=-2y/3) dy] = f ’ (62.4)(12 — 2y — 2y*/3) dy = (62.4)[12y — y* - 2y*/9] = 13101b

f vk dA f 62,46+ Y2~ 29/3) dy fo " (62.4)(72— 6% — 25°/3) dy

F 1310 B 1310
_(62.9)[72y —2y° — y*/613
- 1310

h°P

=7.07ft

3 An inclined, rectangular gate with water on one side is shown in Fig. 3-9. Determine the total resultant force
acting on the gate and the location of the center of pressure.

[ | F = yh A = (62.4)[8 + 1(4 cos 60°)][(4)(5)] = 112301b
: L, (8 4 (5)(4)*/12 _
o= ety Y= (cos ot ) (lcos 60° + @3y 07

Fig. 39

3.12 Solve Prob. 3.11 by the integration method.

294
! F= f YhdA = f (62.4)(8 + y cos 60°)(5 dy) = (312)[8y +yz] =112301b
0 0
4 4
= = (] = (Y]
hr = F 11230 11230
_G)[6dy + 4> +y*/12]5

Note: A, is the vertical distance from the water surface to the center of pressure. The distance from the water
surface to the center of pressure as measured along the inclination of the gate (z,,) would be 9.04/cos 60°, or
18.08 ft. R

3.13 An inclined, circular gate with water on one side is shown in Fig. 3-10. Determine the total resultant force
acting on the gate and the location of the center of pressure.

! F = hey = (0.T9)(1.5 + (1.0sin 60°)][(1.0/4] = 14.86 kN
eppde 15 1 (1.0)*/64 _
z"'P = Zeg + ch - [Sin 60° + 2 (1.0)] + [1.S/Sin 60° + %(1.0)][”(1.0)2/4] =2.260m
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Fig. 3-10

314 A vertical, triangular gate with water on one side is shown in Fig. 3-11. Determine the total resultant force
acting on the gate and the location of the center of pressure.

] F = yhoA = (9.79)[3 + 3(D][(1.2)(1)/2] = 21.54 kKN
Iy _ (1.2)(17/36
ho=hat 3 a =B+ OO G ma - %™
VG NZIANZZED
e ¥
3nm
CP
y /\ 2/3 m
N J ¥ elce.
f x ) @lc.p.
l‘-— 1.2 m -—’l

Fig. 3-11
3.15 Solve Prob. 3.14 by the integration method.
§ F = [ yhdA. From Fig. 3-11, y/x = 1/1.2. Therefore, x = 1.2y.

1 1 2 371
F= f 09793 +y)(1.2ydy) = f (1L.75)Q3y + yH) dy = (11.75)[3% + %] =21.54 kN
0 o 0 . 0

1 1
f v dA f (9.79)(3 + yY(1.2y dy) f (11.75)(9y + 6y* +y°) dy
= =20 =0
he=—F 2154 , 2154
_QL75)[9%/2+2y° + y‘/4].,
2154

=3.68m
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3.16 A tank containing water is shown in Fig. 3-12. Calculate the total resultant force acting on side ABCD of the
container and the location of the center of pressure.
[ ] F = yhA = (62.4)[(0 + 6)/2][(20)(6)] = 22 500 Ib
»=(3)(6) =4.00ft  (vertically below the water surface)

G___ E
— ./
) / - .= == == == ;“‘ b
4 1
= F
“Water
I
8t
20t - e —V Fig. 3-12

3.17 The gate in Fig. 3-13 is 4 ft wide, is hinged at point B, and rests against a smooth wall at A. Compute (a) the
force on the gate due to seawater pressure, (b) the (horizontal) force P exerted by the wall at point A, and

(c) the reaction at hinge B.
I @ F = yhaA = (64)(17 — 3)[(4)(12)] = 30 106 Ib
®) Yoo = ~L.sin6 —[(®(12)*/121(%3 —0.537 ¢

heh | (IT-D)@12)]
> Mz=0 (P)(7.2) - (30106)(12 -6 - 0.537) =0  P=228431b

©) S E=0 B, +(30106)(3%) —22843=0 B,=47191b
>E=0 B,—(30106)(38)=0 B, =240851b
\vAll Patm [ ]
=t Wall
Seawater:
y=64 1b /ft?

17 £t

Fig. 3-13(a) Fig. 3-13(b)

3.18 Repeat Prob. 3.17, but instead let the hinge be at point A and let point B rest against a smooth bottom.

I (a) From Prob. 3.17, F =301061b. (b) From Prob. 3.17, Yep = —0.5371t; ¥ M, =0;
(B,)(9.6) - (30 106)(6 + 0.537) =0, B, =20 500 1b.

(©) Y E=0 (30106)(33)—A, =0 A, =180641b
YE=0  A,—(30106)(3%)+20500=0 A,=3585Ib
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A tank of dye has a right-triangular panel near the bottom as shown in Flg 3-14a. Calculate the resulitant force

3.19
on the panel and locate its center of pressure.
1 F = yh A = pgh A = (820)(9.81)(6 + 8)[3(8 + 16)(8 + 4)] = 16.22 MN
bh* (4+8)(8+16)* —I,sin®  —(4608)(sin 30°)
== L= = ~1.143
=% 36 4608 m Ye=Th A (6+8)BE+16)B+4)] m
L, =b(b—2s)(h)*/72=(4+ 8)[(4 + 8) — (2)(4 + 8)](8 + 16)*/72 = —1152 m*
~1I,, sin 0 —(—1152)(sin 30°)
= = = +0.286
YT TheA  GrOBE+ @] oo™
(The resultant force acts at 1.143 m down and 0.286 m to the right of the centroid.)
s -

N
/
! 2h

y I" ‘ 3 » I ,é { ¢

x b — e 34

! ' h >

! 2

A P DL

X =
N 4 72
Fig. 3-14(a) Fig. 3-14(b)
3.2 Gate AB in Fig. 3-15 is 1.0 m long and 0.9 m wide. Calculate force F on the gate and the position X of its center
of pressure.
1 F = yh,A =[(0.81)(9.79)][3 + (1 + 1.0/2)(sin 50°)}[(0.9)(1.0)] = 29.61 kN

_ —Lysin®  —[(0.9)(1.0)*/12)(sin 50°)
Yo=Th A B+ (1+ 1.0/2)(sin 50°)][(0.9)(1.0)]

= —0.015 m from the centroid
X =1.0/2 +0.015 = 0.515 m from point A

[e—8m——

Oil,
5.9.=0.81
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321 A fishpond gate 6 ft wide and 9 ft high is hinged at the top and held closed by water pressure as shown in Fig.
3-16. What horizontal force applied at the bottom of the gate is required to open it?

) F = yh,A = (62.4)(8 +4.5)[(6)(9)] =42 1201b

I __(©)Oy/12
ha=hat = G4 L O]

>M,=0 (P)(9) — (42120)(13.04 —8) =0 P =235871b

=13.04 ft

F ,

8 fk IR

— — G A

—_* "np i e d

q f£ 4;;I‘ft W,)/

F L——y ‘
L ,
B Fig. 3-16

3.22 A vat holding paint (s.g. = 0.80) is 8 m long and 4 m deep and has a trapezoidal cross section 3 m wide at the
bottom and 5 m wide at the top (see Fig. 3-17). Compute (a) the weight of the paint, (b) the force on the
bottom of the vat, and (c) the force on the trapezoidal end panel.

I W = yV = [(0.80)(9.79)][(8)(4)(5 + 3)/2] = 1002 kKN
®) F=thgA  Fuouom=[(0.80)(9.79)]@)[(3)(®)] = 752 kN
(©)  Fona= Fguure + 2F ciangie = [(0.80)(9.79)][(0 + 4)/2][(4)(3)] + (2)[(0.80)(9.79)1($)[(4)(1)/2] = 230 kN

Fig. 3-17

3.23 Gate AB in Fig. 3-18 is 5 ft wide, hinged at point A, and restrained by a stop at point B. Compute the force on
the stop and the components of the reaction at A if water depth A is 9 ft.

[ ] F = yh A =(62.49)(9-3)[(3)(5)] =70201b
‘ _lasin®_ ~[(5)(3)*/12](sin 90°) _
Yo Thea T O-32E] e

> M, =0 (B)(3) — (7020)(1.5+0.100)=0 B, =37441b
S E=0 7020-3744— A, =0 A, =32761b
If gate weight is neglected, A, =0.
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'—:—_Y'___"
A
o -Ay A,
5 ft T
F o 3 p£

srop Fig. 3-18(a) 3, Fig. 3-18(b)

324  InFig. 3-18, stop B will break if the force on it reaches 9000 Ib. Find the critical water depth.

P F = yhod = (62.4)(h. _ _=—L.sin 6_ —[(5)(3)*/12)(sin 90°) _ _0.750 .
> M, =0 (9000)(3) — (936h..)(1.5 + 0.750/h ) = 0

h,=18.73ft h.=18.73+1.5=20.23 ft

325 InFig. 3-18, hinge A will break if its horizontal reaction becomes equal to 8000 1b. Find the critical water depth.

I From Prob. 3.24, F = 936h,, and y,, = —0.750/h.; ¥ My = 0; (936h..)(1.5 — 0.750/h.,) — (8000)(3) = 0,
hog = 17.59 ft; hoye = 17.59 + 1.5 = 19.09 ft.

3.26 Calculate the resultant force on triangular window ABC in Fig. 3-19 and locate its center of pressure.

1 F = yh A = (10.08)[0.25 + (3)(0. 60)][(0.\40)(0. 60)/2] =0.786 kN
L, = bh*/36 = (0.40)(0.60)*/36 = 0.00240 m*

_—IL,sin@ _ —(0.00240)(sin 90°) _ . .
Vep = hod 025+ B)(0.60)[(0.40)(0.60)/2] 3lmm  (i.e., below the centroid)
I, = b(b — 25)(h)*/72 = 0.40[0.40 — (2)(0.40)](0.60)?/72 = —0.000800 m*
—1I,,sin 6 —(—0. in 90°
Xop=—% o (~0.000800) sin 90°) =+10mm  (i.e., right of the centroid)

had [0.25+ B)(O.60)[0-40)(0.60)/2]

Z
= 25§cm AF— ° "{

Seawater A¢ ==

20°C

v=10.08 KN/m>
F et} 60 €M

B, C B

Fig. 3-19
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[ 3.27 Freshly poured concrete approximates a fluid with s. g. = 2.40. Figure 3-20 shows a slab poured between wooden

forms which are connected by four corner bolts A, B, C, and D. Neglecting end effects, compute the forces in
the four bolts.

[ ) F = yhA = [(2.40)(62.9)1(H)[(9)(12)] = 97 044 Ib
_ Zhesin 0 —[(9)(12)°/12])(sin 90°) -
Yo = A (BIO02)] 2008
>M,=0 (2Q)(F)(12) — (97044)(6 +2.00) =0  F.=F, =323481b

S M.=0 (97 044)(6 —2.00) ~ 2)(F)(12) =0  F,=F,=161741b

f
s
I~

- ;ain.}«— Fig. 3-20

3.8 Find the net hydrostatic force per unit width on rectangular panel AB in Fig. 3-21 and determine its line of
action. :

[ ] Fyo= (9.79)(2. +1+ D))} =78.32kN Faye = (12.36)(1 + $)[(2)(1)] = 49.44 kN
Foet= Fyy0 — Fyy = 78.32 — 49.44 = 28 .88 kN

_—IL,sin@
Yo="h A
~[()@/12)sin ) _
C+1+9)@MW]
_ @/ 2)sin00)
Ol ="+ Dl@D] - 1667 m
S My=0 (78.32)(1 — 0.0833) — (49.44)(1 — 0.1667) = 28.88D

D=1.059m (above point B, as shown in Fig. 3-21¢)

~0.0833 m

(}’cp)Hzo =

2m
+ 7

im -

+14 E —
2m :

Glycerin

y=1236kN/m3 I m 4344 kN

Fig. 3-21(a) Fig. 3-21(6) Fig. 3-21(c)
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3.2 A cylindrical, wooden-stave barrel is 3.5 ft in diameter and 5 ft high, as shown in Fig. 3-22. It is held together by
steel hoops at the top and bottom, each with a cross section of 0.40 in®. If the barrel is filled with orange juice
(s.g. = 1.04), compute the tension stress in each hoop.

] F = yhoA = [(1.04)(62.9))(D)[(3.5)(5)] = 2839 b
_—L.sin0_—[(3.5)(5//12)(sin90°)
SO S 00 B

> Mp=0 2839(3 — 0.833) —= 2(Fopper)(5) =0 Fipper =4731b
DMi=0  2Foue)(5) —2839(3+0.833) =0  Fione, =9461b
Gupper = 473/0.40 = 1182 psi Giower = 946/0.40 = 2365 psi

EPP" {(\SSH\)‘ 2 F,
N

F - , fF, \
- i _JL 2spt 1‘\ Yep=0833

Iow‘f:
é&j e ‘1/
2F B
fower jowey
Fig. 3-22(a) ' Fig. 3-22(b)

3.30 Gate AB in Fig. 3-23a is 16 ft long and 8 ft wide. Neglecting the weight of the gate, compute the water level h
for which the gate will start to fall.

] F = yhoyA = (62.4)(h/2)[(8)(h/sin 60°)] = 288.2h>
_ —L,sin @ _ —[8(h/sin 60°)*/12)(sin 60°)
Vo= ThA  (W)BGIsmER)]

S My=0 (11 000)(16) — (288.2h%)[(h/sin 60°)/2 — 0.1925k] =0  h=117ft

Pulley
11,000 1b

Fig. 3-23(a) Fig. 3-23(b)
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331 Repeat Prob. 3.30, including the weight of the 2-in-thick steel (s.g. = 7.85) gate. (See Fig. 3-24.)

I W, =[(7.85)(62.9)][(16)(8)(%)] = 10450 1b. From Prob. 3.30, F = 288.24% ¥. M =0, (11 000)(16) —
(288.2h2)[(h /sin 60°)/2 — 0.1925k] — 10 450(’¢ cos 60°) = 0, k = 10.7 ft.

”Io°° i

Fig. 3-24

3.32 A horizontal duct coming from a large dam is 2.5 m in diameter; it is closed by a circular door whose center or
centroid is 45 m below the dam’s water level. Compute the force on the door and locate its center of pressure.
1 F = yh A = (9.79)(45)[7(2.5)*/4)] = 2163 kN L.=nr'l4=n(3)"4=191T m*
—I,sin @ —(1.917)(sin90°) _
h,A (45)[=(2.5)*/4)]

Line of action of Fis 8.7 mm below the centroid of the door.

.Yc:p = —0.0087 m

3.33 Gate AB in Fig. 3-25 is semicircular, hinged at B. What horizontal force P is required at A for equilibrium?
1 4r/(37) = (4)(4)/(37) = 1.698 m F = yh A = (9.79)(6 + 4 — 1.698)[n(4)*/2)] = 2043 kN

—I.sin & _ —[(0.10976)(4)*|(sin %0°)
heA — (6+4—1.698)[7(4)*/2)]

S Mp=0 (2043)(1.698 — 0.1347) —4P =0 P =798 kN

Yp = ~0.1347 m

L, =0.10976r*
I,=0
VA
6m
Water
L 4
P
4m Gate: g = 0.1347 R
Side view 7 A
8] |
T,
Fig. 3-25(a) Fig. 3-25(b) Fig. 3-25(c)

M Dam ABC in Fig. 3-26 is 38 m wide and made of concrete weighing 22 kN/m®. Find the hydrostatic force on
surface AB and its moment about C. Could this force tip the dam over?




¢
:
:

3.35

3.36
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I F=yh A=(9.79)(%)[(38)(80)] = 952 371 kN. F acts at (3)(80), or 53.33 m from A along surface AB (see
Fig. 3-26b). For the given triangular shape, the altitude from C to AB intersects AB 51.2 m from A
(see Fig. 3-26b). Hence, M. = (952 371)(53.33 — 51.2) =2 028 550 kN. Since the moment of F about point C is

counterclockwise, there is no danger of tipping.

v

Water 20°C

Fig. 3-26(b)

Isosceles triangular gate AB in Fig. 3-27 is hinged at A. Compute the horizontal force P required at point B for
equilibrium, neglecting the weight of the gate.

] AB = 3/sin 60° = 3.464 m F = yh A = [(0.82)(9.79))(2 + 1.00)[(1.2)(3.464)/2] = 50.05 kN

_ —I,sin 6 —[(1.2)(3.464)*/36](sin 60°)
Yo=Th A (2+1.00)[(1.2)(3.464)/2]

—0.1924 m

SM,=0 3P — (50.05)(3.464/3 +0.1924) =0 P =22.47kN

Fig. 3-27(a) Fig. 3-27(b)

The tank in Fig. 3-28 is 40 cm wide. Compute the hydrostatic forces on horizontal panels BC and AD. Neglect
atmospheric pressure.

[ ] p=vh Pac = [(0.84)(9.79)](0.35 + 0.40) + (9.79)(0.25) = 8.615 kPa
F=pA Fac = (8.615)[(1.20)(0.40)] = 4.135 kN

Pap =[(0.84)(9.79)](0.40) =3.289kPa  F.p = (3.289)[(0.55)(0.40)] = 0.724 kN
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e—55cm 40cm
A D E 1 F
—{ |+=10cm
35cm
Solvent,sg=0.84
Water ) 25cm
B +
! 120cm {¢  Fig.328

337 Water in a tank is pressurized to 85 cmHg (Fig. 3-29). Determine the hydrostatic force per meter width on panel
AB.

# On panel AB, p., = [(13.6)(9.79)](0.85) + (9.79)(4 + 3) = 167.0 kPa, F, 5 = (167.0){(3)(1)] = 501 kN.

L) x5
2m 85cm
Water,
20°C 4m
Hg. 20°C
_Jr_ A
3{”
B Fig. 3-29

3.38 Calculate the force and center of pressure on one side of the vertical triangular panel ABC in Fig. 3-30.
1 F = yh A = (62.4)(1 + 6)[(9)(6)/2] = 11794 1b
—I.sin @ —(121.5)(sin 90°)
= = —0.64 ft
heA (1+6)[(9)(6)/2}

L. = (6)(9)*/36 = 121.5 ft*

Yep =
6[6 — (2)(6)1(9)* —~I,sin 8 —(—40.5)(sin 90°)
I, =—"""""-=—405f" =—= = =0.
5= T Thed OO o
Thus, the center of pressure is 6 + 0.64, or 6.64 ft below point A and 2 + 0.21, or 2.21 ft to the right of point B.

339 In Fig. 3-31, gate AB is 4 m wide and is connected by a rod and pulley to a massive sphere (s.g. = 2.40). What is
the smallest radius that will keep the gate closed?
1 F = yh A =(9.79)(9 + 3)[(4)(3)] = 1234 kN
~I,sin 8 —[(4)(3)’/12)(sin 90°)
= = = _0.071 m
YT T heA O+ @O
S Mz=0 (Waphere)(7 + 9+ 3) — (1234)(3 - 1.5-0.071) =0 Wiphere = 92.8 KN

Wonere = Y(1r*/3)  92.8=[(2.40)(9.79)](477°/3)  r=0.98m
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—-——#?K — _3 —
| 2 Al
= 3
1t Water - _'l:—'-&—‘:
_ A I,(x 36 6 4’* w
3 .y —>’ cp
xy T 72 [ ex .~ '_""'_y""
3
oft . 5 :f—
"'J 25 ‘(— 4 f&r —
_1 : e 6 ft—o
Bl ett—iC < 4 —
\ Fig. 3-30(q) Fig. 3-30(b)
Spherical
T g weight
i &
1l ¥
4 _ Water
B

Fig. 3-31

3.40 The triangular trough in Fig. 3-32 is hinged at A and held together by cable BC at the top. If cable spacing is
1 m into the paper, what is the cable tension?

1 F = yhoeAd = (9.79))[(8.717)(1)] = 213.3 kN
_ —L.sin6_ —[(1)(8.717)*/12](sin 35°) _
Yo =4 SEIIN)] ~1453m

SM,=0 (T)(2+5) - (213.3)(4.359 - 1.453) =0 T =88.5kN

Fig. 3-32(b)
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In Fig. 3-33, gate AB is 4 ft wide and opens to let fresh water out when the ocean tide is falling. The hinge at A
is 3 ft above the fresh-water surface. At what ocean depth h will the gate open? Neglect the gate’s weight.

34
1 F = vyh,A F =(62.9)(3)[(12)(4)] =17971 1b F, = [(1.025)(62.4)](R/2)[(4)(h)] = 127.9K*
> M,=0 (127.955)(12+3 - h/3) - (17971)(3+8) =0 h=11.8ft
3 fx
AR T— T
\vAS = "
= Tide 8 4x —_ = = 1\
range '
1244 , \ Sk | Fs
Seawater L 4‘&: J—
=1.025 Q\ 2 AVi
stop 7] |8 SN
Fig. 3-33(a) ' Fig. 3-33(b)
3.42 Show that depth # in Prob. 3.41 is independent of gate width b (perpendicular to the paper).
I Areas, and hence pressure forces, are directly proportional to b. Thus b will cancel out of the equation
¥ M, =0 that determines A. ) .
343 Compute the force on one side of parabolic panel ABC in Fig. 3-34 and the vertical distance down to the center
of pressure.
1 F = yh A = (9.79)(1 + 6)[(3)(10)(6)] = 2741 kN
L, = I — A(Ah)* = 3(bh%) - BOMIEM)I = G)(6)(10)° - [(5)(6)(10)][(3)(10))* =274.3 m*
—L,sin 6 —(274.3)(sin 90°) —0.980m

YoT TheAd A+ 60O

Hence, the center of pressure is 6 + 0.980, or 6.980 m below point A.

2
v X =
= t Water \ I‘lm A /s
1m — S T — X
g T 6m Al
Parabola ,(
“‘f - o - l’ X
10m} l 4 m C-?" 2 ng
. _&7 le” 7
5 6m ¢ { - b
Fig. 3-34(b)

Fig. 3-34(a)
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344 Circular gate ABC in Fig. 3-35 is 4 m in diameter and is hinged at B. Compute the force P just sufficient to keep
the gate from opening when h is 8 m.

I F = yhe A = (9.79)(8)[7(4)?/4] = 984.2 kN L. = nd*/64 = 7(4)*/64=12.57 m*
~L,sin@ —(12.57)(sin 90°)
= = =—-0.125
Yo TheA G "

S My=0 (P)(2) — (984.2)(0.125)=0 P =61.5kN

Water Vv 7
h = T
Ad
8m
| 2am A’
B 8 —
2m ; jZm
C :1<—P F ‘?n
| Fig. 3-35(a) Per © Fig. 3-35(b)

3.45 For the conditions given in Prob. 3.44, derive an analytical expression for P as a function of A.

I F = yho A = yho[n(r)’] L. =n(r)*/4
_ L, sin8_ —[(x)(r)*/4](sin90°) —r*
Yo="hA RO 4

2 Mp=0 Pr—[yho ()@ YN(rY/(4r)) =0  P=yar’/4

(Note that force P is independent of depth 4.)

3.46 Gate ABC in Fig. 3-36 is 2 m square and hinged at B. How large must & be for the gate to open?
# The gate will open when resultant force F acts above point B—i.e., when | Yepl <0.2m. (Note in Fig. 3-36h
that y,, is the distance between F and the centroid of gate ABC.)

_ —Lsin@_ —[(2)(2)*/12)(sin90°) —1.333
Yo=Th A | (h+LOQ)QD)]  dh+4

For |y.,| <0.2, 1.333/(4h + 4) <0.2, h > 0.666 m. (Note that this result is independent of fluid weight.) o

r— IR
Water
, Ly
“ Al12m ’ T ozm _‘-:’L: _L
BH_; 2m I | IR T
C 08m

Io
o
3‘1
—
.
ok
’|.
I~

[ I Fig. 3-36(a)

Fig. 3-36(b)
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347 Gate AB in Fig. 3-37 is 6 ft wide and weighs 2000 1b when submerged. It is hinged at B and rests against a
smooth wall at A. Determine the water level h which will just cause the gate to open.

1 F=vh,A  F,=62.4(h +3)[(10)(6)] =3744k + 14976  F,=62.4(5+ 5)[(10)(6)] = 33 696 Ib

_—I_sin@ _ —[(6)10/12)(}) _ —6.67
o= Tha O T piaoye) ve
~[(OOP/121() _
‘ 0=k~ s+ piaoen "

S M;=0 (3744h + 14976)[S — 6.67/(h + 4)] — (33 696)(5 — 0.741) — (2000)($) =0  h =5.32ft

Fig. 3-37(a) Fig. 3-37(b)

3.48 The tank in Fig. 3-38 contains oil and water as shown. Find the resultant force on side ABC, which is 4 ft wide.
I F=yheA  Fip=[(0.80)(62.4)]()[(10)(4)] = 9980 1b

F,p acts at a point (3)(10), or 6.67 ft below point A. Water is acting on area BC, and any superimposed liquid
can be converted to an equivalent depth of water. Employ an imaginary water surface (IWS) for this
calculation, locating IWS by changing 10 ft of oil to (0.80)(10), or 8 ft of water. Thus, Fyc =

(62.4)(8 + 9)[(6)(4)) =16 470 1b.

_—Lusin6_ —~[(4)(6)*/12](sin 90°) _
YT Thga @+ DO@)
Fpc acts at a point (2 + 8 + § + 0.27), or 13.27 ft below A. ¥ M, = 0; (9980 + 16 470)(k.,,) — (9980)(6.67) —

(16470)(13.27) =0, h, = 10 78 ft from A. Thus, the total resultant force on side ABC is 9980 + 16 470, or
26 450 1b acting 10.78 ft below A.

-0.27 ft (i.e., below the centroid of BC)

Fig. 3-38
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Gate AB in Fig. 3-39 is 4 ft wide and hinged at A. Gage G reads —2.17 psi, while oil (s.g. = 0.75) is in the right
tank. What horizontal force must be applied at B for equilibrium of gate AB?
i F=vhaA  Fu=[(0.75)(62.9)]($[(6)4)]=33701b

F, acts (3)(6), or 4.0 ft from A. For the left side, the negative pressure due to the air can be converted to its
equivalent head in feet of water. h = p/y = (—2.17)(144)/62.4 = —5.01 ft. This negative pressure head is
equivalent to having 5.01 ft less water above A. Hence, Fyy,o = (62.4)(6.99 + $)[(6)(4)] = 14 960 Ib.

_—L.sin6 —[(4)(6)*/12](sin 90°) _
T heA  (69+HO@]

Fu,o acts at (0.30 + £), or 3.30 ft below A. ¥ M,, = 0; (3370)(4.0) + 6F — (14 960)(3.30) =0, F = 5980 Ib (acting

leftward).
DG |
WS 5. 0l

L

(TN

Yeo —0.30 ft

18’

Fig. 3-39

A vertical circular disk 1.1 m in diameter has its highest point 0.4 m below the surface of a pond. Find the
magnitude of the hydrostatic force on one side and the depth to the center of pressure.

I F=yh,A=(9.79)(0.4 + 1.1/2)[()(1.1)*/4] = 8.84 kKN

1.1 (m)(1.1)*/64

£ i
hop=heg+ 5 i (0“‘ +3 ) 04+ 1L12)[(0)A1)74]

=1.03m

The vertical plate shown in Fig. 3-40 is submerged in vinegar (s.g. = 0.80). Find the magnitude of the
hydrostatic force on one side and the depth to the center of pressure.

I F = vyh,A F, =[(0.80)(9.79)1(2 + )[(3)(7)] = 905 kN hep=he + hIc;
8 5 (B)(7)*/12 . 5 -
(hp)1=2+3 +——~(2 DB =6.24m E =[(0.80)(9.79)][2 + 3 + 4/2][(2)(4)] = 439 kN
= (2)(4)*/12 ,
(hep)2=[2+3+4/2] + a3+ 4@~ 7.19m
F =905+ 439 = 1344 kN 1344h_, = (905)(6.24) + (439)(7.19) h,=6.55m
g ~Vinegar surface
?
2m
3m o
2m
7m 1
A
1 E A:_ 4m
5rr: Fig. 3-40

The irrigation head gate shown in Fig. 3-41a is a plate which slides over the opening to a culvert. The coefficient
of friction between the gate and its sliding ways is 0.5. Find the force required to slide open this 1000-1b gate if it
is set (a) vertically and (b) on a 2:1 slope (n =2 in Fig. 3-41a), as is common.
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I (a) F=vh A= (62.9[14+ (2)/2][(2)(2)] = 25740 1b. Let T = force parallel to gate required
toopenit. T F, =0; T — 1000 — (0.5)(25740) =0, T = 138701b. (b) See Fig. 3-41b. F =

(62.4)[14 + £(1/V5)/2)[(8)(£)] = 23 584 Ib. Let N = total force normal to gate; N =

23584 + (1000)(2/V5) = 24 478 Ib. T F, = 0; T — (1000)(1/V/5) — (0.5)(24 478) =0, T = 12686 1b.

Culvert

Fig. 3-41(a) Fig. 3-41(b)
353 A 65-in-square floodgate, weighing 2200 Ib, is hinged 44.5 in above the center, as shown in Fig. 3-42, and the
face is inclined 5° to the vertical. Find the depth to which water will rise behind the gate before it will open.
1 Closing moment of gate about hinge = (2200)[(*52)(sin 5°)] =711 1b - ft
F = yhA = (62.4)(h/2)[($3)(h)/cos 5°] = 169.6h*
2 My =0 (169.6h%)[(65 + 12)/12 — (h/c0s 5°)/3] —711=0  h=0.826ft

—
12in
- l.so 1
-V
65in Water
h
. Fig. 3-42

3.54 Gate MN in Fig. 3-43 rotates about an axis through N. If the width of the gate is 5 ft, what torque applied to the
shaft through N is required to hold the gate closed?

I F=yh,A F, = 62.4[6+ (3 + 4)/2][(3 + 4)(5)] = 20 748 b E = (62.8)(H)[(5)(4)] = 249 1b
-1, sin 6 _ =[(5)(3 + 4)*/12](sin 90°)
hogA Ol =16+ G+ 820G + DG

F, acts at (3)(4), or 1.333 ft from N. ¥ M, = 0; (20 748)[(3 + 4)/2 — 0.430] — (2496)(1.333) — torquey =0,
torque, = 60369 1b - ft.

6ft

M

Water £ ——«}

3ft

F — VT
! 4f
—)l ﬁltWater

\_2

N Fig. 343

Yo =

=0.430ft

.l!&
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Find the minimum depth of z for which the gate in Fig. 3-44 will open, if the gate is (a) square and (b) isosceles
triangular, with base = height.

I @ F=yh,A Fuo = (62.4)(z — DI(3)(3)] = (561.6)(z — 1.5)
_—L.sin@ ( _ —[(3)(3)*/12)(sin 90°)  —0.750
Y= ThgA R P 10 TC) R

Moment due to water = [(561.6)(z — 1.5)][3 + 0.750/(z — 1.5)] = (561.6)(1.5z — 1.500)

F,.. = pA =[(5)(149)][(3)(3)] = 6480 Ib. F,,, acts at 3, or 1.5 ft below hinge. Moment due to gas = (6480)(1.5) =
9720 1b - ft. Equating moments gives (561.6)(1.5z — 1.500) = 9720, z = 12.54 ft.

b Fuyo = (62.4)[z — 3)(3)I[(3)(3)/2] = (280.8)(z —2.000)

_ —[3)(3)’/36)(sin %) 0.500
-GG/ z-2.000

Moment due to water = [(280.8)(z — 2.000)][2 + 0.500/(z — 2.000)] = 280.8z — 421.2

Foe = [(5)(144)][(3)(3)/2] = 324011b. F,,, acts at 3, or 1.000 ft below hinge. Moment due to gas =
(3240)(1.000) = 3240 Ib - ft. Equating moments gives (280.8z — 421.2) = 3240, z =13.04 ft.

()’cp)Hzo

L T ;
3ft T Gas
L L — Vv

(a) (b)
End view Fig. 3-4

The triangular gate CDE in Fig. 3-45 is hinged along CD and is opened by a normal force P applied at E. It
holds a liquid of specific gravity 0.82 above it and is open to the atmosphere on its lower side. Neglecting the
weight of the gate, find (a) the magnitude of force exerted on the gate, by direct integration; (b) the location of
the center of pressure; and (¢) the force P needed to open the gate.

I (@) F={yhdA={ y(ysin §)(xdy). Wheny =8, x =0, and when y =8 + 2, or 14, x = 6, with x varying
linearly with y. Hence, x =y — 8. When y = 14, x =6, and when y = 8 + 12, or 20, x =0, with x varying linearly
with y. Hence, x =20 —y.

F= L [(0.82)(62.4)](y sin 30°)[(y — 8) dy} + L [(0.82)(62.4)](y sin 30°)[(20 — y) dy]

14 3

= [(0.82)(62.4)](sin 300){[%3 - 4y2] + [10 2 %E} =128941b

8

) Xep=

Since I, =0, X, =0,

_ —L.sin6_ —[2)(6)(2)/12)(sin30°) _
Yo=Th A 8+ Dsin307)[(12)(6)/2]

(i.e., the pressure center is 0.43 ft below the centroid, measured in the plane of the area).

—0.43 ft

©) > Mcp=0 6P =(12894)(5) P =42981b
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3.57 Determine the force acting on one side of vertical surface OACO in Fig. 3-46 and the location of the center of
pressure, if y = 8.4 kN/m®. The curved edge is an arc of the parabola y = x?/8.

1 F= f ywdA= f 1(8-4)(y)(21r dy) - [ 1(8.4)( y)(2V8y) dy = f 147. 52y*? dy =[19.01y*?]3 = 19.01 kN
0 Q 0

1 1 1
[praa [eoorea [eaoreve) s [4.50ay -
- 2 % _% =[13.58y T
Yer F 19.01 ; 19.01 19.01 19.01

=0.714 m

R

'
SANME SR RN

LN

y Fig. 3-46

3.58 Find the force exerted by water on one side of the vertical annular disk shown in Fig. 3-47. Also locate the

center of pressure.
I F = yhoA = 0.79)3)(m)(1)* - (7)({25)] = 59.05 kN
Iy = (m)(1)*/4 — (7)(£%)*/4 = 0.6836 m*
- L _ 0.6836 _
P =haty 4= im0 - oy B

Fig. 3-47
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3.59 . Determine y in Fig. 3-48 so that the flashboards will tumble only when the water reaches their top.

I The flashboards will tumble when y is at the center of pressure. Hence, y = %, or 1.333 m.

7  Fig. 348

360  Determine the pivot location y of the square gate in Fig. 3-49 so that it will rotate open when the liquid surface
;: is as shown.

I The gate will open when the pivot location is at the center of pressure.

L, 1)(2)°’/12

ho,=h,+——= 3 +—=L  — =2167Tm =3-2.167=0.833m
w=haty 4= CTET M y

LU

Fig. 3-49

3,61  The gate in Fig. 3-50a (shown in raised position) weighs 350 Ib for each foot normal to the paper. Its center of
gravity is 1.5 ft from the left face and 2.0 ft above the lower face. For what water level below the hinge at O
does the gate just begin to swing up (rotate counterclockwise)?

I Refer to Fig. 3-50b and consider 1 ft of length. F = yhA = (62.4)[(ho/2)][(ho)(1)] = 31.2h%; ¥ My =0;
(2)(350) — (5 — ho/3)(31.2h%) =0, ho =2.30 ft.

Fig. 3-50(a) hol3 Fig. 3-50(b)
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3.62 For the gate described in Prob. 3.61 and Fig. 3-50a, find & for the gate just to come up to the vertical position
shown in Fig. 3-50a.

I SeeFig. 3-51. F, = yhA = (62.4)(h)[(5)(1)] = 312k, F = (62.4)(h/2)[(h)(1)] = 31.2h% £ M, =0;
(1.5)(350) + (h/3)(31.2h%) — (2.5)(312h) =0, h =0.68 ft.

ey
Y

HRARHRIH]

HHERHNENHY

o ARG SR S

3.63 For the gate described in Prob. 3.61 and Fig. 3-50a, find 4 and the force against the stop when this force is a
maximum for the gate.

I See Fig. 3-51. F, = yhA = (62.4)(W)[(5)(1)] = 312k, F, = (62.4)(h/2)[(R)(1)] = 31.2h% ¥ M, =0;
(1.5)(350) + (h/3)(31.2h2) — (2.5)(312h) + (5)(Firop) = 0, Fipop = 156h — 2.08h> — 105.

df;“"" 156 — 6.24h” = 0 h=5.00ft
Fiuop = (156)(5.00) — (2.08)(5.00)° ~ 105 = 415 Ib

3.64 Compute the air pressure required to keep the gate of Fig. 3-52 closed. The gate is a circular plate of diameter

0.8 m and weight 2.0 kN.
] F=vyhA Fia = [(2)(9.79)][1.7 + (3)(0.8)(sin 45°)][x(0.8)2/4] = 19.52 kN
_ I, [ 17 (1 #[(2)(0.8)]'/4 —2.818,
Zp T It 'zc—gi = [cos 45" (2)(0'8)] * [ 7/c0s 45° + (1)(0.8)[[#(0.8)7/4]  >-218m

S My =0 (19.52)(2.818 — 1.7/cos 45°) + 2.0[(3)(0.8)(cos 45°)] — [(0.8)2/4](p.)[(2)(0.8)] = 0
" | Pur=42.99kPa

Fig. 3-52
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CHAPTER 4
Dams

In Fig. 4-1, calculate the width of concrete dam that is necessary to prevent the dam from sliding. The specific
weight of the concrete is 150 Ib/ft*, and the coefficient of friction between the base of the dam and the
foundation is 0.42. Use 1.5 as the factor of safety (F.S.) against sliding. Will it also be safe against overturning?

I Working with a 1-ft “slice” (i.e., dimension perpendicular to the paper) of the dam, Wy, =
(20)(w)(1)(150) = 3000w, F = yhA, F,; = (62.4)[(0 + 15)/2][(15)(1)] = 7020 Ib.

sliding resistance _ (0.42)(3000w)

.S siiding = . =8.36ft
FS.-aucins = i force 15 7020 w=8
FS _ total righting moment _ [(3000)(8.36)](8-36/2) _ 2.99
"Uroveruming ™ Gverturning moment (7020)(%) )
Therefore, it should be safe against overturning.
Water
X Fig. 41

Figure 4-2 is the cross section of an earthwork (s.g. = 2.5) dam. Assuming that hydrostatic uplift varies linearly
from one-half the hydrostatic head at the upstream edge of the dam to zero at the downstream edge, find the
maximum and minimum pressure intensity in the base of the dam.

1 F=yhA Fy = (62.4)[(0 + 97)/2)[(97)(1)] = 293 561 Ib
For equilibrium, R, = 293561 1b.
W, = [(2.5)(62.9)][(1)(10)(90 + 30)] = 1872001b W, = [(2.5)(62.4)][(1)(60)(90)/2] = 421 200 Ib
Fy =[(62.4)(48.5 + 0)/2][(60 + 10)(1)] = 1059241b R, = 187 200 + 421 200 — 105 924 = 502 476 b
> My=0 (293 561)(32.33) + (187 200)(5) + (421 200)(30) — (105 924)[(60 + 10)/3] — 502 476x = 0

x = 40.98 ft Eccentricity = 40.98 — (60 + 10)/2 = 5.98 ft

Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the
base.

poFyMx My S0476  [(502476)(5.98)](60+ 10)/2

AT L T L (60+10)(1) (1)(60 + 10)*/12

+0="7178 £ 3679

Pmax = T178 + 3679 = 10 857 Ib/ft* min = 7178 — 3679 = 3499 Ib/ft*
4

77
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[

<

—90 ft-

B e e

- £

..'_c'_ ——— -

Fig. 42

4.3 For linear stress variation over the base of the dam of Fig. 4-3a, find where the resultant crosses the base and
compute the maximum and minimum pressure intensity at the base. Neglect hydrostatic uplift.

I Figure 4-3b shows the forces acting on the dam. F, = y[(19 + 6)/2][(19 + 6)(1)] = 312y, E, = y[(6)(3)(1)] =
18y, K= y[(1)(19)(3)/2] = 28.5y, F, = [(2.5)()I[(H)(19 + 6)(1)] = 250y, F5 = [(2.5)(n)][(1)(19)(3)/2] = 71.25¥,
F,=[(2.5)(M][(1)(19)(11)/2] = 261y; R, = 18y + 28.5y + 250y + 71.25y + 261y = 628.75y. £ M, =0;
(628.757)(x) — (312y)[(19 + 6)/3] — (18¥)(1.5) — (28.5y)(1) — (250y)(3 + 2) — (71.25y)(3 — 1) — (261y)(4 + 3+ ¥):
x = 10.87 m. Eccentricity = 10.87 — (11 + 4 + 3)/2 = 1.87 ft. Since the eccentricity is less than one-sixth the base
of the dam, the resultant acts within the middle third of the base.

_F Mx My _(628750.79)  [(628.75)0-79)(L8NI(11 +4+3)/2
PEA*T 7L Tmi+4+3)0) (D11 + 4+ 3)/12

Puax=342+213=555kPa  po, =342 — 213 =129kPa

+0=342+213kPa

Fig. 4-3(a)
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For the conditions given in Prob. 4.3 with the addition that hydrostatic uplift varies linearly from 19 m at A to
zero at the toe of the dam, would the resultant still act within the middle third of the base?
I F,=7y[19+0)/2)[(4+3+11)(1)]=171y R, =18y +28.5y + 250y + 71.25y + 261y — 171y =457.75y
> M=0 (457.75y)(x) — (3129)[(19 + 6)/3]1— (18y)(1.5) — (28.5y)(1) — (250y)(3 + 2)
—(71.25v)(3-1) — (261y)(4 + 3+ ) + (171y)[(4 + 3 + 11)/3]=0
x=12.68m Eccentricity = 12.68 — (11 + 4 + 3)/2 = 3.68 ft

Since the eccentricity is greater than one-sixth the base of the dam, the resultant acts outside the middle third of
the base.

A concrete dam retaining water is shown in Fig. 4-4a. If the specific weight of the concrete is 150 1b/ft?, find the
factor of safety against sliding, the factor of safety against overturning, and the pressure intensity on the base.
Assume the foundation soil is impermeable and that the coefficient of friction between dam and foundation soil
is 0.45. :

I The forces acting on the dam are shown in Fig. 4.4b. F = yhA, F, = (62.4)[(0 + 42)/2][(42)(1)] = 55 040 Ib.
From Fig. 4-4b, CD /42 =13, CD = 8.40 ft; F, = (62.4)[(8.40)(42)/2](1) = 11010 Ib.

righting moment
moment arm about toe, B
component weight of component (kips) from toe, B (ft) (kip - ft)
1 (3)(10 % 50)(0.15)(1) = 37.50 20+L=23.33 875
2 (10 X 50)(0.15}(1) = 75.00 10+ 4 =15.00 1125
3 (4)(10 x 50)(0.15)(1) = 37.50 3)(10)= 6.67 250
F, 11.01 30— (3)(8.40) =27.20 299
Y V =161.01 kips ¥ M, =2549 kip - ft

sliding resistance _ (0.45)(161.01) _

o= 42y = ip- L =T = =1.
Movcsring = (55-04)() = TT1kip-ft  F-S.uing = — i > =5 04 1.32

total righting moment _ 2549

=3.31
overturning moment 771 3

F~ S *overturning =

R, =F, =55.04kips and R, = ¥ V = 161.01 kips; hence, R = V55.04* + 161.01” = 170.16 kips.

XMy LM -M, 2549-771

= = =11. E icity = 3 — 11.04 = 3.96 ft
R, A% 161,01 11.04 ft ccentricity

Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the

base.
_FE _Mx My_ 161.01  [(161.01)(3.96)](15)
P37, "1 TG0 (1)(30)7/12

Ps=5.37+4.25=9.62kips/f*  p,=>5.37—4.25 = 1.12 kips/t*

+0=5.3714.25

The complete pressure distribution on the base of the dam is given in Fig. 4-4c.
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jor

50ft
42t

RS RS 7 RS RS TR TR R S SRS TAR TR

Fig. 4-4(a)

(§x42)r14rc N2

RS RS 7R RS 7RI 7S 7 RS 7T R | = | '|3 RT7RTK
10fc'10fe 110

| \
A ' ] B
112 kips/ft? l
| 9.62 Kips/ft?
e =396t i

|R, = 161.01 kips

Fig. 4-4(b)

30 fe
! Fig. 4-4(c)

A concrete dam retaining water is shown in Fig. 4-5a. If the specific weight of the concrete is 23.5 kN/m?, find
the factor of safety against sliding, the factor of safety against overturning, and the pressure intensity on the
base. Assume there is a hydrostatic uplift that varies uniformly from full hydrostatic head at the heel of the dam
to zero at the toe and that the coefficient of friction between dam and foundation soil is 0.45.

I The forces acting on the dam are shown in Fig. 4-5b. F = yhA, F, = (9.79)[(0 + 14)/2][(14)(1)] = 959.4 kN,
F, =(9.79)[(3)(14 — 3)(1)] = 323.1 kN. Hydrostatic uplift varies from (14)(9.79), or 137.1 kN/m? at the heel to
zero at the toe, as shown in Fig. 4-5b. F, = (137.1/2)(15)(1) = 1028 kN. It acts at (5)(15), or 5.0 m from point A,
as shown in Fig. 4-5b.
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righting moment
moment arm about toe, B
component weight of component (kN) from toe, B (m) (kN - m)
1 3)(15-3-4)(12)(23.5)(1) = 1128 2)(15-3-4)= 5.333 6016
2 (4)(12 +3)(23.5)(1) = 1410 (15 -3 - $)=10.000 14 100
3 (15)(3)(23.5)(1) = 1058 ¥= 7.500 7935
E = 323 (15-3%) =13.500 4360
LV =3919kN LM =32411kN-m

M pyervuriing = (959.4)(%) + (1028)(10) = 14 760 kKN

o . - —102
F.Ssang = sliding resistance _ (0.45)(3919 8) ~136

sliding force 959.4

_ total righting moment _ 32411

F-S. overcuning = overturning moment 14760 2.20

R,=F,=959.4kNand R, = ¥ V — F,;=3919 — 1028 = 2891 kN; hence, R = V959.4° + 28917 = 3046 kN.

oM T M - My 32411-14760
R, TV 2891

=6.105m  Eccentricity=%—6.105=1.395m

Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the
base.

F Mx My_ 291  [(2891)(1.395)()

=2 _Iy... T =)D D15)/12 +0=192.7+107.5

Ppp=192.7+107.5=300.2kN/m* Pa=192.7-107.5=85.2kN/m?

The complete pressure distribution on the base of the dam is given in Fig. 4-5¢.

Fig. 4-5(a)
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137.1 kN/m?
le— Sm 10m
U
q[ \
A l 8
, } ! ' 4441
85.2 kN/m? I
§
|
l 300.2kN/m?
l -
75m | 1.395m
R, = 2891 kN

Fig. 4-5(b)

Fig. 4-5(c)

A concrete dam retaining water is shown in Fig. 4-6a. If the specific weight of the concrete is 23.5 kN/m?, find
the factor of safety against sliding, the factor of safety against overturning, and the maximum and minimum
pressure intensity on the base. Assume there is no hydrostatic uplift and that the coefficient of friction between

dam and foundation soil is 0.48.
I The forces acting on the dam are shown in Fig. 4-6b. F = yhA, F,; = (9.79)[(0 + 6)/2][(6)(1)] = 176.2kN.

righting moment

Y V=493.5kN

moment arm from toe, sbout toe,

component weight of component (kN) A (m) A (kN m)
1 (3)(2)(7)(23.5) = 164.5 £)(2) =1.333 219
2 (2)(7)(23.5) =329.0 2+3%=3.000 987

Y M =1206kN -m
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Moveruming = (176.2)(§) = 352.4 kKN
slinding resistance _ (0.48)(493.5) _

F.8.qiiding = — =1.
i " sliding force 176.2 134

ES _ total righting moment _ 1206
“Troveruming T Gverturning moment  352.4
R, =F;=176.2kN and R, = ¥ V =493.5kN; hence, R = V176.2° + 493.5> = 524 kN.

_IM, IM-M 1206—352.4
R, rv 493.5
Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the
base.

=3.42

=1.730m Eccentricity =3 — 1.730 =0.270 m

_F_Mx My 4935  [(493.5(0.270)]3) , , _
Pt T E T a0 D@z 0184500

Pmex =123.4 + 50.0 = 173.4 kN/m? Drmin = 123.4 — 50.0 = 73.4 kN/m?

'(- m—-&(—Z m—a=t Fig. 466)
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48

For the dam shown in Fig. 4-7, what is the minimum width b for the base of a dam 100 ft high if hydrostatic
uplift is assumed to vary uniformly from full hydrostatic head at the heel to zero at the toe, and also assuming
an ice thrust P, of 12 480 Ib per linear foot of dam at the top? For this study, make the resultant of the reacting
forces cut the base at the downstream edge of the middie third of the base (i.e., at O in Fig. 4-7) and take the
weight of the masonry as 2.50y.

I F=ynA  E,=(62.49)[(100 +0)/2)[(100)(1)] =3120001b  F, = [(100)(62.4)/2][(1)(b)] = 3120
W, = [(2.50)(62.9)][(20)(100)(1)] = 31200016 W, = [(2.50)(62.4)][(b — 20)(100)(1)/2] = 78005 — 156 000

> Mp=0

(312000)(1%2) + (3120b)(b/3) — (312 000)((3)(5) — 2] — (78006 — 156 000)[(E)(b — 2;0) — b/3] + (12 480)(100) = 0
' 3b2+100b —24400=0 b =75.0ft ’

Fig. 4-7
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Forces on Submerged Curved Areas

The submerged, curved surface AB in Fig. 5-1a is one-quarter of a circle of radius 4 ft. The tank’s length
(distance perpendicular to the plane of the figure) is 6 ft. Find the horizontal and vertical components of the
total resultant force acting on the curved surface and their locations.

I The horizontal component of the total resultant force acting on the curved surface is equal to the total
resultant force, Fy;, acting on the vertical projection of curved surface AB (i.e., BF in Fig. 5-1b). This projection
is a rectangle 6 ft long and 4 ft high. For the portion of F; resulting from horizontal pressure of BHEF in Fig.
5-1b, p, = (8)(62.4) = 499 Ib/ft>, A = (6)(4) = 24 ft*, F, = (499)(24) = 11 980 1b. For the portion of F; resulting
from horizontal pressure of HGE in Fig. 5-1b, p, = (62.4)[(0 + 4)/2] = 125 1b/ft?, F, = (125)(24) = 3000 Ib;
F;=F + E =11 980 + 3000 = 14 980 1b. The vertical component of the total resultant force acting on the curved
surface is equal to the weight of the volume of water vertically above curved surface AB. This volume consists
of a rectangular area (AFCD in Fig. 5-1c) 4 ft by 8 ft and a quarter-circular area (ABF in Fig. 5-1c) of radius
4ft, both areas being 6 ft long. This volume (V) is V = [(4)(8) + (n)(4)*/4](6) = 267.4 ft*, F, = weight of water
in V = (267.4)(62.4) = 16 690 Ib. The location of the horizontal component () is along a (horizontal) line
through the center of pressure for the vertical projection (i.e., the center of gravity of EFBG in Fig. 5-1b). This
can be determined by equating the sum of the moments of F, and F; about point C to the moment of F about
the same point. (11 980)(8 + %) + (3000)[8 + (3)(4)] = 14 980h,, h., = 10.13 ft. (This is the depth from the water
surface to the location of the horizontal component. Stated another way, the horizontal component acts at a
distance of 12 — 10.13, or 1.87 ft above point B in Fig. 5-1b.) The location of the vertical component (F,) is

\4 —

8 ft
121t
i
Fig. 5-1(a)
fy
e 4 it =i — x |j—
v C D . C i D
c.g.of BGEF,
81t gt J
b -—*%T—,f
E/ 8 |
- . + + Fk—— -4 44—
O £ 1.
F e~ 4ft aft A cg
- | |
o -~ B
G H
-~—1y— fe— 4 ft —+]
Fig. 5-1(b) Fig. 5-1(c)
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5.3

along a (vertical) line through the center of gravity of the liquid volume vertically above surface AB (i.e., the
center of gravity of ABCD in Fig. 5-1¢). This can be determined by referring to Fig. 5-1c and equating the sum
of the moments of the rectangular area (AFCD in Fig. 5-1¢) and of the quarter-circular area (ABF in Fig. 5-1c)
about a vertical line through point B to the moment of the total area about the same line. (x)[(8)(4) +
(7)(4)*/4] = [(8)(D)](3) + [(7)(4)*/4][(4)(4)/(37)], x = 1.91 ft. (This is the distance from point B to the line of
action of the vertical component.) '

Solve Prob. 5.1 for the same given conditions except that water is on the other side of curved surface AB, as
shown in Fig. 5-2. ’

I If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure for
solving this type of problem. p = p,.. = ()[(k, + h2)/2] = (62.4)[(8 + 12)/2] = 624 Ib/ft?, A = (6)(4) =24 ft?,

Fy; = pA = (624)(24) = 14 980 Ib. The vertical component (F,) is equal to the weight of the imaginary volume of
water vertically above surface AB. Hence, F, = [(4)(8) + (7)(4)*/4}(6)(62.4) = 16 690 Ib. The location of the
horizontal component is 10.13 ft below the water surface (same as in Prob. 5.1 except that Fy acts toward the
left). The location of the vertical component is 1.91 ft from point B (same as in Prob. 5.1 except that F, acts
upward).

Fig. 5-2

The submerged sector gate AB shown in Fig. 5-3a is one-sixth of a circle of radius 6 m. The length of the gate is
10 m. Determine the amount and location of the horizontal and vertical components of the total resultant force

acting on the gate.

I If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure for
solving this type of problem. Refer to Fig. 5-3b. Fy = yhA = (9.79)[(0 + 5.196)/2][(10)(5.196)] = 1322 kN,
Area,pc = area cpp + aredppo — area po = (5.196)(3) + (3.000)(5.196)/2 — (x)(6)°/6 =4.532m*, F, =

(area, sc)(length of gate)(y) = (4.532)(10)(9.79) = 444 kN. The location of the horizontal component (Fy) is
along a (horizontal) line 5.196/3, or 1.732 m above the bottom of the gate (4). The location of the vertical
component (F,) is along a (vertical) line through the center of gravity of section ABC. Taking area moments
about AC, 4.532x = [(5.196)(3)](3) + [(3)(3.000)(5.196)](3 + 3.000/3) — [(7)(6)*/6]{6 — [cos (60°/2)](2)(6)/x},

x=0.842m.
v |

radius

Water

60°

(a) Fig. 5-3(a)
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6 sin 60° = 5.196 m

] 1D \?ﬂ\o Y
"_3'1 + k_.l————6 cos 60° = 3.000 m

Fig. 5-3(b)

54 The curved surface AB shown in Fig. 5-4a is a quarter of a circle of radius 5 ft. Determine, for an 8-ft length
perpendicular to the paper, the amount and location of the horizontal and vertical components of the total
resultant force acting on surface AB.

I 1 necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure for
solving this type of problem. Refer to Fig. 5-4b. Fy; = vhA = (62.4)[(0 + 5)/2][(5)(8)] = 6240 Ib, area pp =
area,cap — areaspe = (5)(5) — (w)(5)*/4 = 5.365 ft*, F, = (area, zp)(length)(y) = (5.365)(8)(62.4) = 2678 1b.
F, is located at §, or 1.67 ft above C. F, is located at x from line AD. 5.365x = [(5)(5)](3) —

[(=)(5)*/4][S — (4)(5)/(37)], x = L.12 ft.

Fig. 5-4(a)

55 Determine the value and location of the horizontal and vertical components of the force due to water acting on
curved surface AB in Fig. 5-5, per foot of its length.

I If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure
for solving this type of problem. F, = yAA = (62.4)[(0 + 6)/2)[(6)(1)] = 1123 b, F, = (area)(length)(y) =
[(®)(6)*/4)(1)(62.4) = 1764 Ib. Fy is located at (3)(6), or 4.00 ft below C. F, is located at the center of gravity
of area ABC, or distance x from line CB. x = 4r/(37) = (4)(6)/(37) = 2.55 ft.

5.6 The 6-ft-diameter cylinder in Fig. 5-6 weighs 5000 Ib and is 5 ft long. Determine the reactions at A and B,
neglecting friction.



A
5 £t
—
(1/3)(5) = 1.67 ft
¥ Y
Fig. 5-4(b)
Fig. 5-5

I The reaction at A is due to the horizontal component of the liquid force acting on the cylinder (Fy).

Fy; = yhA =[(0.800)(62.4)][(0 + 6)/2][(3 + 3)(5)] = 4493 Ib. Fy, acts to the right; hence, the reaction at A is
4493 b to the left. The reaction at B is the algebraic sum of the weight of the cylinder and the net vertical
component of the force due to the liquid. (F,),, = (areagcospe)(length)(y), (F)aown = (areagcpe)(length)(y),
(B ot = (B up = (Fy Daown = (ar€acompc)(length)(y) = [()(3)/2)(5)[(0.800)(62.4)] = 3529 Ib (upward). The
reaction at B is 5000 — 3529, or 1471 Ib upward.
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8T Referring to Fig. 5-7, determine the horizontal and vertical forces due to the water acting on the cylinder per
{ foot of its length.

I (Fy)cpa = 62.4{[4 + (4 + 4.24 + 0.88)]/2}[(2.12 + 3)(1)] = 2096 Ib
(Fi)as = (62.4){[(4 + 4.24) + (4 + 4.24 + 0.88)]/2}[(0.88)(1)] = 477 Ib
(Fa)oet = (F)cpa — (Fu)an = 2096 — 477 = 1619 1b (right)
(B )aet = (Fv)pap — (Fy)pc = weight of volumep 4 g7z, — weight of volumepogzp = weight of volumey, 4praep

= weight of (rectangle g + trianglec,; + semicirclecp,5)
= 62.4{(4)(4.24) + (4.24)(4.24)/2 + (7)(3)*/2](1) = 2501 Ib (upward)

Fig. 5-7

58 In Fig. 5-8, an 8-ft-diameter cylinder plugs a rectangular hole in a tank that is 3 ft long. With what force is the
cylinder pressed against the bottom of the tank due to the 9-ft depth of water?

I (B )Ynet = (B )cpe — (Fy)ca — (Fr)pe = 62.4[(4 + 4)(7) — (m)(4)*/2)(3)
— 62.4[(7)(0.54) + (Z)()(4)* — (2)(3.46)/2](3)
— 62.4{(7)(0.54) + (Z)(7)(4)> — (2)(3.46)/2](3) = 4090 Ib (downward)

Fig. 5-8

59 In Fig. 5-9, the 8-ft-diameter cylinder weighs 500 Ib and rests on the bottom of a tank that is 3 ft long. Water
and oil are poured into the left- and right-hand portions of the tank to depths of 2 ft and 4 ft, respectively. Find
the magnitudes of the horizontal and vertical components of the force that will keep the cylinder touching the
tank at B.

I (F)oe= (F)as — (Bo)cs =[(0.750)(62.9)][(0 + 4)/2][(4)(3)] — (62.4)[(0 + 2)/2][(2)(3)] = 749 Ib (left)

(B Yoes = (Fy)an + (Fy)cs = [(0.750)(62. 4)][(x)(4)*/4](3) + (62.H)[GH)(7)(4)* — 2)(V12)/2](3)
= 2684 1b (upward) .

The components to hold the cylinder in place are 749 1b to the right and 2684 — 500, or 2184 Ib down.
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5.10 The half-conical buttress ABE shown in Fig. 5-10 is used to support a half-cylindrical tower ABCD. Calculate
the horizontal and vertical components of the force due to water acting on the buttress.

I Fy = yh A = (62.4)(3 + $)[(6)(2 + 2)/2] = 3744 Ib (right)
F, = weight of (imaginary) volume of water above curved surface
= (62.9)[()(6)(7)(2)*/3 + (3)()(2)*(3)] = 1960 Ib (up)

E Fig. 5-10

511 A dam has a parabolic shape z = zo(x/x,)’, as shown in Fig. 5-11a. The fluid is water and atmospheric pressure
may be neglected. If x, = 10 ft and z, = 24 ft, compute forces Fy; and F, on the dam and the position c.p. where
they act. The width of the dam is 50 ft.

I E, = yhA = 62.4[(24 + 0)/2)[(24)(50)] = 898 600 Ib. The location of F is along a (horizontal) line %, or

8.00 ft above the bottom of the dam. F, = (areay,»)(width of dam)(y). (See Fig. 5-11b.) Areagss = 2x0Zo/3 =
(2)(10)(24)/3 = 160 ft?, F, = (160)(50)(62.4) = 499 200 Ib. The location of F, is along a (vertical) line through the
center of gravity of areag,s. From Fig. 5-11b, x = 3x,/8 = (3)(10)/8 = 3.75 ft, z = 3z,/5 = (3)(24)/5 = 14.4 ft,
Fevuttan: = V499 2007 + 898 600 = 1 028 000 Ib. As seen in Fig. 5-11¢, Frequan: acts down and to the right at an
angle of arctan (499 200/898 600), or 29.1°. F,euian Passes through the point (x, z) = (3.751t, 8 ft). If we move
down alone the 29.1° line until we strike the dam, we find an equivalent center of pressure on the dam at

x = 5.43 ft and z = 7.07 ft. This definition of c.p. is rather artificial, but this is an unavoidable complication of

dealing with a curved surface.
2xp2
hvJ Area = -—?-‘l
S I
by 24 'ﬂ‘_p} .,__'..{____ Sy sy B
-]
' I|
3z ;
2‘0 bl __?(‘_ _._?_ :
5 F !
Z : ¥ :
' : :
‘ _ " |
“a h L - : ‘\\H :
|
e——x —u]\ 2 2 : Parabola i
oraf) o

0

Fig. 5-11(a) . 3 Fig. 5-11(5)
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Frcsann* = |)028,0°° b

acts along z = 10.083 — 0.5555x

499,200 Ib

o

~. 29,1°
898,600 {1b
----7.07f1
8 fit
Ry
0 54311 Fig. 5-11(¢)

The canal shown in cross section in Fig. 5-12a runs 40 m into the paper. Determine the horizontal and vertical
components of the hydrostatic force against the quarter-circle wall and the point c.p. where the resultant strikes
the wall.

I F,=yhA =9.79[(18 + 0)/2][(18)(40)] = 63 439 kN. The location of Fy is along a (horizontal) line ¢, or

6.00 m above the bottom of the wall. F, = 9.79[(40)(x)(18)*/4] = 99 650 kN. The location of F, is along a
(vertical) line through the center of gravity of areag . x = 4r/(37) = (4)(18)/(37) = 7.64 m, Fpuean: =

V63 439° + 99 650° = 118 130 kN. As seen in Fig. 5-12b, F,c,uan: acts down and to the right at an angle of arctan
(99 650/63 439), or 57.5°. F,equnan: Passes through the point (x, z) = (7.64 m, 6.00 m). If we move down along the
57.5° line until we strike the wall, we find an equivalent center of pressure at x =8.33m and z =2.82 m.

Fresultaat = 118,130kN

7.64m &

199, 650KN }

i
|
|
|
63,42 KN-I\I
1
1

600m

4

X

Fig. 5-12(a) Fig. 5-12(b)

Gate AB in Fig. 5-13a is a quarter circle 8 ft wide into the paper. Find the force F just sufficient to prevent
rotation about hinge B. Neglect the weight of the gate.

I F, = yhA =62.4[(7 + 0)/2][(7)(8)] = 12230 Ib (left). The location of F, is along a (horizontal) line , or
2.333 ft above point B. (See Fig. 5-13b.) F, = F, — F, = 62.4[(8)(7)(7)] — 62.4[(8)(w)(7)*/4] = 24 461 — 19211 =
5250 1b (up). The location of F, can be determined by taking moments about point B in Fig. 5-13b.

5250x = (24 461)(3) — (19 211)[7 — (4)(7)/(3%)], x = 1.564 ft. The forces acting on the gate are shown in

Fig. 5-13c. T M; = 0; 7F — (2.333)(12 230) — (1.564)(5250) =0, F = 5249 1b (down).
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||

—f % %,

Fig. 5-13(b)

_____i_-\1230lb

2333ft

osow |

§2501

Fig. 5-13(c)

514 Repeat Prob. 5.13 if the gate is steel weighing 3000 Ib.

I The weight of the gate acts at the center of gravity of the gate shown in Fig. 5-14. 2r/x =
(2)(7)/ 7 = 4.456 ft; . M = 0. From Prob. 5.14, 7F — (2.333)(12230) — (1.564)(5250) +
(3000)(7 — 4.456) = 0, F =41591b.

4000 b

5.15 Compute the horizontal and vertical components of the hydrostatic force on the quarter-circle face of the tank
- shown in Fig. 5-15a. :

[ ] Fy=tvheA=9.194+ (X7 =308kN
Fy = F— E=00.19)[(DA)(5)] - 0.79)[(7)(x)(1)’/4] =289kN  (See Fig. 5-15b.)
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I

F, F €
! A
Im
lwm fw
Fig. 5-15(b)
5.16 Compute the horizontal and vertical components of the hydrostatic force on the hemispherical boulder shown in
Fig. 5-16a.
f From symmetry, F; =0, F, = F, — F, (see Fig. 5-16b). F, = 62.4[(x)(3)°(12)] — (62.4)[(3)3)(®)(3)’] =
176431b.
Av4
} Water
12t .
/3t
L_ ///%_ Fig. 5-16(a)
e p—
F, F
———— 12 ¢t FL
3-ft radius 3-ft rad s
Fig. 5-16(b)

517 The bottled cider (s.g. = 0.96) in Fig. 5-17 is under pressure, as shown by the manometer reading. Compute the

net force on the 2-in-radius concavity in the bottom of the bottle.

I From symmetry, F;; =0, paa + [(0.96)(62.4))() — [(13.6)(62.4)(5) = Parm = 0, Paa = 339 Ib/ft* (gage);
F, = P Avonom + Weight of liquid below A4 = 339[()(55)*/4] + [(0.96)(62.H)][(F)(w)(£)*/4] -
[0.96)(62. HG)3)(=x)()’] = 32.11b.
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5.18

5.19

Fig. 5-17

Mercury

Half-cylinder ABC in Fig. 5-18a is 9 ft wide into the paper. Calculate the net moment of the pressure forces on
the body about point C.

# From symmetry, the horizontal forces balance and produce no net moment about point C. (See Fig. 5-18b.)
F, = F, — E = Fyyoyancy otboay anc = [(0.85)(62.)1[(9)(x)(3)/2] = 15 184 1b, x = 4r/(3x) = (4)(3)/(37x) = 1.910 ft,
Mc = (15 184)(1.910) = 29 001 1b - ft (clockwise).

Fig. 5-18(a)
F Fo
\ T F v

FV | 71 =
| 1/ r
\ | 3T

N l \_A
Y — J =
Fig. 5-18(b)

Compute the hydrostatic force and its line of action on semicylindrical indentation ABC in Fig. 5-19a per meter
of width into the paper.

[ Fyy = vheA = [(0.88)(9.79)](2 + 2 + 3)[(2.5)(1)] = 113.1 kN
_ =IL,sin 6  —[(1)(2.5)*/12)(sin 90°) _

Y= ThA | @2+HRSHD)]
As demonstrated in Prob. 5.18, B, = Fyuoyancy of boay anc and it acts at 4r/(3x) from point C. F, =
[(0.88)(9.79)(1)(7)(39)?/2] = 21.14 kN, x = 4r/(3x) = (4)(32)/(37) = 0.531 m. The forces acting on the
indentation are shown in Fig. 5-19b. Fiequn = V21.142+ 113.12 = 115.1 kN. As shown in Fig. 5-19b, Fepyeun
passes through point O and acts up and to the right at an angle of arctan (21.14/113.1), or 10.59°.

—-0.09m
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520  Find the force on the conical plug in Fig. 5-20. Neglect the weight of the plug.

I F, = pA,. + weight of water above cone = [(4.5)(144)}[(7)(1)*/4] + (62.4)[(4)()(1)*/4]
- (62.9)[(3)(1.207)()(1)?/4] = 685 b

,p=4.51b/in’ gage

Air: 21t

Water 4ft

1.207ft )
i ] o1t

Fig. 5-20

521  The hemispherical dome in Fig. 5-21 is filled with water and is attached to the floor by two diametrically
opposed bolts. What force in either bolt is required to hold the dome down, if the dome weighs 25 kN?

1 F, = weight of (imaginary) water above the container
=9.79[(5 + 1.5)(#w)(1.5)*] — 9.79[(5)(x)(0.04)*/4] — 9.79{(3)(3)()(1.5)*] = 380.5 kN (up)
net upward force on dome = 380.5 — 25 =355.5 kN
force per bolt = 355.5/2 = 177.7kN

FORCES ON SUBMERGED CURVED AREAS [ 95
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Fig. 5-21

522 A 3-m-diameter water tank consists of two half-cylinders, each weighing 3.5 kN/m, bolted together as shown in
Fig. 5-22a. If support of the end caps is neglected, determine the force induced in each bolt.

I See Fig. 5-22b. Assuming the bottom half is properly supported, only the top half affects the bolt force.
P =(9.79)(1.5 + 1) = 24.48kN/m? ¥ F, = p1A; — 2F.0r — Wit,0 — Wiank pate = 0, 24.48[(3)(%6)) — 2FKocre —
9.79[(F)(7)(1.5)*/2] - 3.5/4=0, F,; = 4.42kN.

th" haté

Pkt
Bolt

spacing _——— —T— -
25 ¢m
A
Fig. 5-22(a) ' Fig. 5-22(b)

5.23 The cylinder in Fig. 5-23a extends 5 ft into the paper. Compute the horizontal and vertical components of the
pressure force on the cylinder.

I See Fig. 5-23b. Note that the net horizontal force is based on the projected vertical area with depth AB.
Fy=yh A =62.4[(4 + 2.828)/2][(4 + 2.828)(5)] = 7273 Ib; F, = equivalent weight of fluid in regions 1, 2, 3,
and 4 = (62.4)(5)[(7)(4)*/2 + (2.828)(4) + (2.828)(2.828)/2 + (7)(4)*/8] =14 579 Ib.

I s-li._.2!828ft
A

41t

2.828

Fig. 5-23(a) Fig. 5-23(b)

5.4 A 3-ft-diameter log (s.g. = 0.82) divides two shallow ponds as shown in Fig. 5-24a. Compute the net vertical and
horizontal reactions at point C, if the log is 12 ft long.
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I F = yhA. Figure 5-24b shows the forces acting on the log.
(F)y = 62.4[(0 + 3)/2][(L5 + 1.5)(12)] =33701>  (Fir), = 62.4[(0 + 1.5)/2][(1.5)(12)] = 842 Ib
(Fy) = 62.4[(12)(x)(1.5)%/2] = 2646 1b  (Fy), = 62.4[(12)(n)(1.5)*/4] = 1323 Ib
S E=0 3370—-842—-C,=0  C,=25281b (left)
S E=0 2646 + 1323 — [(0.82)(62.4))[(12)(7)(L.5))) + C,=0  C, =3711b (up)

FH) b A

Fig. 5-24(a) Fig. 5-24(b)
5.25

The 1-m-diameter cylinder in Fig. 5-25a is 8 m long into the paper and rests in static equilibrium against a
frictionless wall at point B. Compute the specific gravity of the cylinder.

I See Fig. 5-25b. The wall reaction at B is purely horizontal. Then the log weight must exactly balance the
vertical hydrostatic force, which equals the equivalent weight of water in the shaded area. W, = F, =
(9.79)(8)[(3)()(0.5)* + (0.5)(0.5)] = 65.71 kN, y,, = 65.71/[(8)()(0.5)’] = 10.46 KN/m?, s.g. = 10.46/9.79 =
1.07.

Fig. 5-25(a) | r=0.6m Fig. 5-25(b)

5.26 The tank in Fig. 5-26a is 3 m wide into the paper. Neglecting atmospheric pressure, compute the hydrostatic
horizontal, vertical, and resultant force on quarter-circle panel BC.

I F,=yh,A=(9.79)(4+3)[(5)(3)] =954.5kN, F, = weight of water above panel BC = (9.79)[(3)(5)(4)] +
9.79)[(3)(7)(5)*/4] = 1164 kN, F,yrane = V954.5 + 11647 = 1505 kN. As seen in Fig. 5-26b, F,eyyiean Passes
through point O and acts down and to the right at an angle of arctan (1164/954.5), or 50.6°.

AvE

A —1—
Water
1505 kN

Srn—
B
| \o 8

C Fig. 5-26(a) -——'——‘E: l"ig. 5-26(b)

le—3 —{ 0
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5.27

Gate AB in Fig. 5-27a is a quarter circle 7 ft wide, hinged at B and resting against a smooth wall at A. Compute
the reaction forces at A and B.

I Fy=vyheA=(64)(11-H[(7)(6)] = 21504 1b Yop = '"I;;" ‘S:‘“ o_ —[((71)1(6_) g/)%()s(g]w ) 0375

Thus, F,; acts at § —0.375, or 2.625 ft above point B. F, = weight of seawater above gate AB =
(64)(N[(11)(6)] — (64)(D[(r)(6)?/4] = 29 568 — 12 667 = 16 901 1b. The location of F,, can be determined by
taking moments about point A in Fig. 5-27b. (29 568)($) — (12 667)[(4)(6)/(3a)] = 16 901x, x = 3.340 ft. The
forces acting on the gate are shown in Fig. 5-27c.

> Mz=0 (21 504)(2.625) + (16901)(6 — 3.340) = 64, =0 A, =169011b
SE=0 21504—B,—16901=0 B, =46031b
>E=0 B,—-1691=0 B,=169011b

AV

A =

Sceawater
y=zo641b /1t

L.

Fig. 5-27(a)
6 ft efr
| |
Fy=16.901b F, 223568 b
—_— F,_=126671b
RS — £t —_— 4r
3T
A
A
A 6ft
- % fe
6 ¢t
Fig. 5-27(b)
F,~ l60t b
< A *

F,=21,5041b /" ~33404t->
e
T 2.625ft
4 B By

6ft—

By : Fig. 5-27(c)
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§28  Curved wall ABC in Fig. 5-28a is a quarter circle 9 ft wide into the paper. Compute the horizontal and vertical
hydrostatic forces on the wall and the line of action of the resultant force.

I See Fig. 5-28b. F; = yh A = (62.4)(3.536)[(7.072)(9)] = 14 044 Ib, F,, = weight of (imaginary) water in
crosshatched area in Fig. 5-28b = (62.4)(9)[(71)(5)2/4 — (2)(5 sin 45°)(5 c0s 45°)/2] = 4007 1b; F,erpyeun =
V4007 + 14 044% = 14 604 1b. F, ..., passes through point O and acts at an angle of arctan 14, or 15.9°, as
shown in Fig. 5-28c¢.

K

Water

C 7777777777777, i

Fig. 5-28(b)

FY‘SuHam't = 14,604 b

Fig. 5-28(c)

Pressurized water fills the tank in Fig. 5-29a4. Compute the net hydrostatic force on conical surface ABC.

I From symmetry, F, = 0. The gage pressure of 100 kPa corresponds to a fictitious water level at 100/9.79, or
10.215 m above the gage or 10.215 — 7, or 3.215 m above AC (see Fig. 5-29b). F, = weight of fictitious water
above cone ABC =9.79[(3.215)(7)(3)*/4 + (3)(6)()(3)*/4] = 361 kN (up).

— ;;c“'ﬂ’\.ou.& wm‘fev
level

0 T f
7m | 100kPa
l gage

Water F
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5.30 Gate AB in Fig. 5-30a is 7 m wide into the paper. Compute the force F required to prevent rotation about the
hinge at B. Neglect atmospheric pressure.

1 F,=yhA =9.79[(9.6 + 0)/2][(9.6)(7)] = 3158 kN. Fj, acts at %2, or 3.200 m above B (see Fig. 5-30b).
F, = weight of water above the gate =9.79[(3)(6)(9.6)(7)] = 2632 kN. F, acts at ¥, or 2.250 m right of B (see
Fig. 5-30b). X M; = 0; (3.200)(3158) + (2.250)(2632) — 9.6F =0, F = 1670 kN.

A F
F, = 2632kN
S
' .
[ A6 m
9.:6m FH = 3158 kN 5
Water E > i "
5l Parabola ‘b’l 2250/
Fig. 5-30(a) Fig. 5-30(b)

531 The cylindrical tank in Fig. 5-31 has a hemispherical end cap ABC. Compute the total horizontal and vertical
forces exerted on ABC by the oil and water.

1 F=yhoAd  (Fa):=[(0.9)9.79)]3 + D[(7)(2)*/2] = 221 kN (left)
(Fa)2 = {[(0.9)(9.79)](3 + 2) + (9.79)(D)}[(m)(2)2}/2 = 338 kN (left)
(Fir)io =221 + 338 =559 kN (left)
F, = weight of fluid within hemisphere = [(0.9)(9.7N[G)E)(#®)(2)°] + (9. 7N[(G)E)(7)(2)°] = 156 kN  (down)

U

Fig. 5-31
5.32 A cylindrical barrier holds water, as shown in Fig. 5-32. The contact between cylinder and wall is smooth.

Consider a 1-m length of cylinder and determine its weight and the force exerted against the wall.

I | (F)sep = (9. 19YD[(7)(2)°/2+ (2)(2) + (2)(2)] = 139.8kN  (up)

(F)az = 0.79)(DI2)(2) - (x)(2)’/4] =8.4kN (down)
> E=0 139.8 — Wepinger — 8:4=0  Wopnger = 131.4KkN
Fy = yho,A (Fu)azc = (9-79)(2)[(2 +2)(1)] =78.3kN  (right)
(Fa)oc=09.79)2 + )[(2)(1)) =58.7kN (left)  (Fi)against wan = 78.3 —58.7=19.6 kN (right)
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533  The revolving gate in Fig. 5-33 is a quarter-cylinder with pivot through O. What force F is required to open it?
(Treat the gate as weightless.)

~~
# At each point of ABC the line of action of the pressure force passes through O; hence the pressure has no
moment about O. It follows that any F, no matter how small, suffices to produce a net opening moment.

Fig. 5-33
534 Find the vertical component of force on the parabolic gate of Fig. 5-34a and its line of action.
J F, = weight of imaginary liquid above gate = yL I (H-y)dx (see Fig. 5-34b)
0.8 5 3/240.8
=(9.00)(3) I (- V5x)dx = (9.00)(3)[2x - \/_f ] =14.40kN
0 2 (]
é; vL [ (= y)x ax
' Xp=———=——  (see Fig. 5-34b)
F
0.8 0.8
(9.00)(3) f @2—VaDxdr (9.00)(3) J' (2x — V3x*?) dx
_ 0 = 0
o 14.40 14.40
= (9.00)(3)[x* — (V5x*%)/3]5%/14.40 = 0.240 m
le——— x*=0.8 m>}
1T T T T T & _— A=
'1 =i
y e s
3 H 2m

¥=19.00 kN/wm

2m

3
Y= 9.00 kN/m M

Gate 3m
wide

Gate 3m
awide3(l..:3l"ﬁ)

Fig. 5-34(a) Fig. 5-34(b)

Determine the moment M needed to hold the gate of Fig. 5-34a shut. Neglect its weight.

I F, = yhA =9.00[(0 + 2)/2][(2)(3)] = 54.0 kN (left). F}, acts at %, or 0.667 m above point 0. F, = 14.40 kN
(up) and x, = 0.240 m (from Prob. 5.34 and Fig. 5-34b). ¥ M, = 0; M — (14.40)(0.240) — (54.0)(0.667) = 0,
M=39.5kN-m.
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5.36

5.37

5.38

Find the force on the body (part of a parabolic cylinder) of Fig. 5-35. The length normal to the paper is
L=4.5m, and y is 9.20 kN/m>,

I Fy = yhA = (9.20)(3)[(1)(4.5)] = 20.70 kN

, vE X2 x° vE
F,, = weight of liquid above OA = f yLy dx = J' (9.20)(4. 5)(;) dx = (9.20)(4.5) [ﬂ] =39.03kN
0 0

Fguttane = V39.03° + 20.70° = 44.18 kKN

Fig. 5-35

The curved plate in Fig. 5-36 is an octant of a sphere. Find the resultant force, including its line of action, acting
on the outer surface, if the radius of the sphere is 600 mm and its center is 2 m below the water surface.

I Sce Fig. 5-36. F,, = yhA = y[H — 4r/(37)(wr*/4), E, = F, = Fyy = 9.79[2 — (4)(0.6)/30)}[(%)(0.6)?/4] =
4.831 kN (both F, and F, act toward 0); F, = F,, = weight of water above curved surface = y[(H)(7)(r)*/4 —

B (@)(r)’/8] =9.79[(2)(%)(0.6)*/4 — (3)(7)(0.6)*/8] = 4.429 kN. F,_, ;e acts on a line through 0 making a 45°
angle with the x and z axes because of symmetry; F,quian = V4.429° + 4.8312 + 4.831* = 8.142 kN. It acts at an
angle 0 = arccos (4.429/8.142) = 57.0°.

Fig. 5-36

Find the horizontal and vertical components of the force per unit width exerted by fluids on the horizontal
cylinder in Fig. 5-37a if the fluid to the left of the cylinder is (@) a gas confined in a closed tank at a pressure of
35.0kN/m? and (b) water with a free surface at an elevation coincident with the uppermost part of the cylinder.
Assume in both instances that atmospheric pressure occurs to the right of the cylinder.

I (a) The “net vertical projection” (see Fig. 5-37a) of the portion of the cylinder surface under consideration
is 4 — (2 =2 cos 30°), or 3.732 m. F;; = pA = 35.0[(1)(3.732)] = 130.6 kN (right). Note that the vertical force of
the gas on surface ab is equal and opposite to that on surface bc. Hence, the “net horizontal projection™with
regard to the gas is ae (see Fig. 5-38b), which is 2 sin 30°, or 1.000 m. F;, = 35.0[(1)(1.000)] = 35.0 kN (up).
()] Fy = vhA = (9.79)(3.732/2)[(1)(3.732)] = 68.2 kN  (right)
F, = weight of crosshatched volume of water  (Fig. 5-37b)
= (9.79) (DGR () (4)*/4 + (3)(1.000)(3.732 — 3) + (1)(2)] = 9.8 kN  (up)
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Net horizontal
projection

A4

Net vertical
projection

Fig. 5-37(a) Fig. 5-37(b)

539 A vertical-thrust bearing consists of an 8-in-radius bronze hemisphere mating into a steel hemispherical shell. At

what pressure must grease be supplied to the bearing so that an unbroken film is present when the vertical
thrust on the bearing is 600 000 1b?

[ Projected area = nir® = ()(8)>=201.1in>  p = F/A =600 000/201.1 = 2984 Ib/in®
. 5.40 Find horizontal and vertical forces per foot of width on the Tainter gate shown in Fig. 5-38.
1 E, = yhA = (62.4)[(0 + 25)/2][(25)(1)] = 19 500 Ib. F;; acts at (3)(25), or 16.67 ft below the water surface.

F, = weight of imaginary water in ACBA = (62.4)(1)[()(25)?/5 — (2)(25 cos 36°)(25 sin 36°)/2] = 5959 1b. F,
acts through the centroid of segment ABCA.

Fig. 5-38

. 541  The tank indicated in cross section in Fig. 5-39 is 6 m long normal to the paper. Curved panel MN is one-quarter
of an ellipse with semiaxes b and d. If b =5m, d =7 m, and a = 1.0 m, calculate the horizontal and vertical
components of force and the resultant force on the panel.

| Fy = yh A =9.79(1.0 + D)[(6)(7)] = 1850 kN
\ Iy O/
= L (104 D)+ —2 2% 5 407 m bel t
hep=he, +hcg 1o0+3)+ L0+ DO )] m below water surface

F, = weight of water above surface MN = (9. 796)[(7)5)(T)/4 + (1.0)(5)] = 1908 kN

X =4b/(3%) = (4)(5)/(3n) =2.122 m to the right of N F,cquieane = V1908% + 1850% = 2658 kN
F s acts through the intersection of Fy; and Fy at an angle of arctan (1908/1850), or 45.9°.

:—_i—-——-—-——'-_:
a - —
1 5 M
Water A _ —n—xrdv
d re%'"e &“‘r*gr '-( !\"P se - 4—
- 244
_N A reo. ____:_e,:.__-.

pavibola T3 ~ Fig. 539
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5.42

5.4

5.45

5.46

U CHAPTER 5

Solve Prob. 5.41if a = 1.0ft, b =5 ft, d =7 ft, the tank is 6 ft long, and MN represents a parabola with vertex
at N.

I Fy = yho A = (62.4)(1.0 + D[(6)(7)] = 11 794 Ib

I _©0r/nz
hep=he+ hoA 1.0+ DH(6)D]

F, = weight of water above surface MN = (62.4)(6)[(3)(T)(5) + (1.0)(5)] = 10 608 Ib
X =(3)B)=(3)(5)=1.88ft to the right of N F, quane = V10 608% + 11 794*> = 15 863 1b
F, couiiane acts through the intersection of Fy and F;, at an angle of arctan (10 608/11 794), or 42.0°.

=(1.0+D)+ = 5.407 ft below water surface

In the cross section shown in Fig. 5-40, BC is a quarter-circle. If the tank contains water to a depth of 6 ft,
determine the magnitude and location of the horizontal and vertical components on wall ABC per 1 ft width.

1 Fy = vhA = (62.9)[(0+ 6)/2][(1)(6)] =11231b  h,=(3)(6) =4.00ft
F,, = weight of water above surface BC = (62.4)(1)[(6)(5)] — (62.4)(D)[(7)(5)*/4] = 1872 - 1225 =647 Ib

The location of F, can be determined by taking moments about point B. (1872)(3) — (1225)[(4)(5)/(3n)] =
647x,, X, = 3.22 ft.

5-ft radius
c Fig. 5-40

Rework Prob. 5.43 where the tank is closed and contains gas at a pressure of 10 psi.
I Fy =pAy =[(10)(144)]{(1)(6)] = 8640 Ib he=%=

F = pAp =[(10)(144)][(1)(5)] = 7200 1b Xp=3
A spherical steel tank of 22 m diémeter contains gas under a pressure of 300 kPa. The tank consists of two

half-spheres joined together with a weld. What will be the tensile force across the weld? If the steel is 25.0 mm
thick, what is the tensile stress in the steel?

_ force/length _ 114 040/(22)
thickness 25.0/1000

] F = pA =300[()(22)*/4] = 114 040 kN =66 000 kPa

Determine the force required to hold the cone shown in Fig. 5-41a in position.

I Figure 5-41b shows the vertical projection above the opening. p,;, = 0.6 — [(0.83)(62.4)](5.1)/144 =
—1.23 psi, F,;, = [(1.23)(144)][()(0.804)?] = 360 1b, F_yinaer = (62.4)(0.83)[()(0.804)*(5.1 + 3)] = 852 b,
Foone = (62.4)(0.83)[(3)()(0.804)*/3] = 1051b; ¥ F, =0, 360 — 852 + 105+ F =0, F =387 Ib.

I Fui;-
lk/_l\F‘\'h‘nd‘r
0.6psi F
@ TTL/\ Fw,,,,
I
< 0,604 {1t

Fig. 5-41(a) (radiws) Fig. 5-41(b)
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547 The cross section of the gate in Fig. 5-42 is given by 10x = 3y?; its dimension normal to the plane of the paper is
7 m. The gate is pivoted about O. Find the horizontal and vertical forces and the clockwise moment acting on
the gate if the water depth is 1.8 m.

1 Fyy = yhA =9.79[(0 + 1.8)/2)[(7)(1.8)] = 111.0 kN
F, = weight of water above the gate = f " (0.79)7)x dy) = 9.79)(7) f T3y dy =09, 79)(7)[0' i’ 3]1'8 =40.0kN
Mo=(1LOGH) + | ' (9.79)(7)(’5‘)(;; dy) = 66.6 + (9.79)(7) fo ' @%)— dy
=66.6+ (9.79)(7)[0;(1)%’5]1.8 =783kN-m
y
* Fig. 542

548 Find the wall thickness of steel pipe needed to resist the static pressure in a 36-in-diameter steel pipe carrying
water under a head of 750 ft of water. Use an allowable working stress for steel pipe of 16 000 psi.

I p = vh = (62.4)(750) = 46 800 Ib/ft> or 325 Ib/in
T = pd/2 = (325)(36)/2 = 5850 Ib/in of pipe length ¢ = 5850/16 000 = 0.366 in

549 A vertical cylindrical tank is 6 ft in diameter and 10 ft high. Its sides are held in position by means of two steel
hoops, one at the top and one at the bottom. The tank is filled with water up to 9 ft high. Determine the tensile
stress in each hoop.

I See Fig. 5-43. F = yhA = 62.4[(0 + 9)/2][(9)(6)] = 15163 Ib, T = F/2 =15 163/2 = 7582 Ib; stress in top
hoop = (7582)(5) = 2275 Ib, stress in bottom hoop = (7582){(10 - 3)/ 10] = 5307 Ib.

T

? I 10 ft
—Y T
6 ft 3 ft
\ T
l"gr‘l (o) 3 ft :

Fig. 5-43(a) Fig. 5-43(b)
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5.50 A 48-in-diameter steel pipe, § in thick, carries oil of s.g. = 0.822 under a head of 400 ft of oil. Compute the
(a) stress in the steel and (b) thickness of steel required to carry a pressure of 250 psi with an allowable stress of

18 000 psi.
] p = vh = [(0.822)(62.4)](400) =20 517 Ib/f or 142.51b/in* o =’—’tf
(a) o= (1&5—);@ =13 680 psi
4
) ) 18000 = @?ﬁ@ t=0.333in

5.51 A wooden storage vat, 20 ft in outside diameter, is filled with 24 ft of brine, s.g. = 1.06. The wood staves are
bound by flat steel bands, 2 in wide by 5 in thick, whose allowable stress is 16 000 psi. What is the spacing of the
bands near the bottom of the vat, neglecting any initial stress? Refer to Fig. 5-44.

I Force P represenfs the sum of all the horizontal components of small forces dP acting on length y of the vat,
and forces T represent the total tension carried in a band loaded by the same length y. '

2E=0 2T—P=0 T =Auu0ua=[(2)(3)](16000) = 8000 b
p = yhA =[(1.06)(62.4)](24)(20y) =31 749y  (2)(8000) —31749y =0 y=0.504ft or 6.05in

Fig. 5-44

5.52 A 4.0-in-ID steel pipe has a }-in wall thickness. For an allowable tensile stress of 10 000 psi, what is the
maximum pressure?
[ ad

0=T 10000 =

L)) 1250 1b/in?

553 A thin-walled hollow sphere 3.5 m in diameter holds gas at 1700 kPa. For an allowable stress of 50 000 kPa,
determine the minimum wall thickness.

h, I Considering half a sphere of diameter d (3.5 m) and thickness ¢, (dt)(0) = (p)(wd?/4),
‘ [()(3.5)(H)](50 000) = 1700[(x)(3.5)*/4], t =0.02975 m, or 29.75 mm.
5.54 A cylindrical container 8 ft high and 3 ft in diameter is reinforced with two hoops a foot from each end. When it

is filled with water, what is the tension in each hoop due to the water?

I See Fig. 5-45. F = yhA = 62.4[(0 + 8)/2][(8)(3)] = 5990 Ib. F acts at (3)(8), or 5.333 ft from the top of the

container.
SE=0
2T, +27,—-5990=0 (1)
S M,=0 (2T)(1.667) — (2T;)(4.333) =0
T,=2.60T, (2) |
Solve simultaneous equations (1) and (2). 27; + (2)(2.60T;) — 5990 =0, T, = 8321b, T, = (2.60)(832) = 2163 Ib.

[
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i}

5.333 ¢
4,333

1.667Ft

K3
— U Fig. 545

§.55 A 30-mm-diameter steel (y = 77.0 kKN/m?) ball covers a 15-mm-diameter hole in the bottom of a chamber in
which gas pressure is 27 000 kPa. What force is required to push the ball up into the chamber?

] F = pA + weight of ball = 27 000[(x)(2%)?/4] + [()(%)(:%)*}(77.0) = 4.780 kN




CHAPTER 6
Buoyancy and Flotation

6.1

6.2

6.4

6.5
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A stone weighs 105 Ib in air. When submerged in water, it weighs 67.01b. Find the volume and specific gravity
of the stone.

I Buoyant force (F,) = weight of water displaced by stone (W) =105 —67.0=38.01b
W=9yV =624V 38.0=624V V =0.609 ft*

weight of stone in air _ 105
weight of equal volume of water  (0.609)(62.4)

5.g. = =2.76

A piece of irregularly shaped metal weighs 300.0 N in air. When the metal is completely submerged in water, it
weighs 232.5 N. Find the volume of the metal.

] F=W  300.0—232.5=[(9.79)(1000)](V)  V =0.00689 m’

A cube of timber 1.25 ft on each side floats in water as shown in Fig. 6-1. The specific gravity of the timber is
0.60. Find the submerged depth of the cube.

[} E=W  62.4[(1.25)(1.25)(D)] = [(0.60)(62.4)][(1.25)(1.25)(1.25)] D =0.750 ft
125t
B AT —=
o D=2

v el

125600 | — —— i
| w A

1.25ft

Fy Fig. 6-1

Determine the magnitude and direction of the force necessary to hold a concrete cube, 0.300 m on each side, in
equilibrium and completely submerged (a) in mercury (Hg) and (b) in water. Use S.£. concrete = 2.40.

I (a) Since s.g.u; = 13.6 and 5.8. concrere = 2.40, it is evident that the concrete will float in mercury. Therefore, a
force F acting downward will be required to hold the concrete in equilibrium and completely submerged in
mercury. The forces acting on the concréte are shown in Fig. 6-2a, where F is the force required to hold the
concrete cube in equilibrium and completely submerged, W is the weight of the concrete cube in air, and F, is
the buoyant force. L K, =0, F + W — F, =0, F + {(2.40)(9.79)][(0.300)(0.300)(0.300)] —
[(13.6)(9.79)1((0.300)(0.300)(0.300)] = 0, F =2.96 kN (downward). (b) Since s.8.concrete = 2.40, it will sink in
water. Therefore, a force F acting upward will be required to hold the concrete in equilibrium and completely
submerged in water. The forces acting on the concrete in this case are shown in Fig. 6-2b. ¥ F, =0,

W — F — F, =0, {(2.40)(9.79)]{(0.300)(0.300)(0.300)] — F — 9.79{(0.300)(0.300)(0.300)] = 0, F =0.370kN
(upward).

A concrete cube 10.0 in on each side is to be held in equilibrium under water by attaching a lightweight foam
buoy to it, as shown in Fig. 6-3. (In theory, the attached foam buoy and concrete cube, when placed under
water, will neither rise nor sink.) If the specific weight of concrete and foam are 150 lb/ ft> and 5.0 Ib/ft>,
respectively, what minimum volume of foam is requlred"
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I The forces acting in this problem are shown in Fig. 6-3, where W;and W, are the respective weights of the
foam and the concrete, and F,;and F,, are the respective buoyant forces on the foam and the concrete. ¥ F, =0,
Wi = B + W, — Foe = 0, 5.0V 0 — 62.4Vi0am + 150[(B)(12)(12)] — 62.4[(12)(E2)(3)] = 0, Vioam = 0.883 ft’.

ot
Wire ————— ———— Wire
Concrete
Concrete cube 10.0 in on each side w l

Fig. 6-3

A barge is loaded with 150 tons of coal. The weight of the empty barge in air is 35 tons. If the barge is 18 ft
wide, 52 ft long, and 9 ft high, what is its draft (i.e., its depth below the water surface)?

1 F=W  62.4[(18)(52)(D)] = (150 + 35)(2000) D =6.33 ft

Determine the submerged depth of a cube of steel 0.30 m on each side floating in mercury. The specific gravities
of steel and mercury are 7.8 and 13.6, respectively.

] E=W [(13.6)9.79)][(0.3)(0.3)(D)] = [(7.8)(9.79)][(0.3)(0.3)(0.3)] D =0.172m

A cube of wood (s.g. = 0.60) has 9-in sides. Compute the magnitude and direction of the force F required to
hold the wood completely submerged in water.

I Sinces. £-wooa = 0.60, it is evident that the wood will float in water. Therefore, a force F acting downward will
be required to hold the wood in equilibrium and completely submerged. The forces acting on the wood are
essentially the same as those shown acting on the concrete cube in Fig. 6-2a: L, F, =0, F+ W —F, =0,

F +[(0.60)(62.)][()(Z)(B)] - 62.4[(E)(£)(H)] =0, F =10.5Ib (downward).
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6.9 A hollow cube 1.0 m on each side weighs 2.4 kN. The cube is tied to a solid concrete block weighing 10.0kN.
Will these two objects tied together float or sink in water? The specific gravity of the concrete is 2.40.

I Let W = weight of hollow cube plus solid concrete block, (F,); = buoyant force on hollow cube, and

(£,), = buoyant force on solid concrete block. W =2.4 + 10.0 = 12.4 kN, (F,), =9.79[(1)(1)(1)] =9.79kN,
Voo = 10/[(2.40)(9.79)] = 0.4256 m®, (F;), = (9.79)(0.4256) = 4.17 kN, (F,), + (F,), =9.79 + 4.17 = 13.96 kN.
Since [W = 12.4] <[(F,), + (F3). = 13.96 kN], the two objects tied together will float in water.

6.10 A concrete cube 0.5 m on each side is to be held in equilibrium under water by attaching a light foam buoy to it.
What minimum volume of foam is required? The specific weights of concrete and foam are 23.58 kN/m’ and
0.79 kN/m?, respectively.

I Let W; = weight of foam in air, (F,); = buoyant force on foam, W, = weight of concrete in air, and
(E,). = buoyant force on concrete. ¥ F, =0, W; — (F); + W. — (). =0, 0.79V;p.m ~ 9.7V 00 +
23.58{(0.5)(0.5)(0.5)] - 9.79{(0.5)(0.5)(0.5)] = 0, Vipum = 0.192 m’.

6.11 A prismatic object 8 in thick by 8 in wide by 16 in long is weighed in water at a depth of 20 in and found to
weigh 11.0 Ib. What is its weight in air and its specific gravity?

# The forces acting on the object are shown in Fig. 6-4. & F, =0, T + F, — W =0, F, = weight of displaced
water = 62.4[(8)(8)(16)/1728] =37.01b, 11.0+37.0 - W =0, W =48.01b, s.g. = 48.0/37.0 = 1.30.

T=11.0 Ib

F Fig. 64
6.12 A hydrometer weighs 0.00485 Ib and has a stem at the upper end which is cylindrical and 0.1100 in in diameter.
How much deeper will it float in oil of s.g. 0.780 than in alcohol of s.g. 0.821?

' W, = Waisptacea tiquia- FOT position 1 in Fig. 6-5 in the alcohol, 0.00485 = [(0.821)(62.4)}(V4),
= (0.0000947 ft* (m alcohol). For position 2 in Fig. 6-5 in the oil, 0.00485 = [(0.780)(62.4)][0.0000947 +
(h)(n:)(O 1100/12)?/4}, h = 0.0750 ft, or 0.900 in.

R

5.9.=0.821 5.9.= 0.780 Fig. 6-5

6.13 A piece of wood of s.g. 0.651 is 3 in square and 5 ft long. How many pounds of lead weighing 700 Ib/ft> must be
fastened at one end of the stick so that it will float upright with 1 ft out of water?

' Wwood andlead — Wdlsplaced water
[0.651)(62.H)][(S)(E) ()] + 700V = 62.4[(5 — )(E)({2) + V]
V =0.00456 ft* Wieaa = (0.00456)(700) = 3.191b
6.14 What fraction of the volume of a solid piece of metal of s.g. 7.25 floats above the surface of a container of
mercury?

I Let V = volume of the metal and V' = volume of mercury displaced. F, = W, [(13.6)(62.4)|(V') =
[(7.25)(62.4))(V), V'/V =10.533. Fraction of volume above mercury = 1 — 0.533 = 0.467.
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A rectangular open box 25 ft by 10 ft in plan and 12 ft deep weighs 40 tons and is launched in fresh water.
(a) How deep will it sink? (b) If the water is 12 ft deep, what weight of stone placed in the box will cause it to
rest on the bottom?

1 E =W
(@) 62.4[(25)(10)(D)] = (40)(2000) D =5.13ft
) 62.4[(25)(10)(12)] = (40 + W00 )(2000)  W,0ne = 53.6 tons

A block of wood floats in water with 2.0 in projecting above the water surface. When placed in glycerin of
s.g. 1.35, the block projects 3.0 in above the liquid surface. Determine the specific gravity of the wood.

I Let A=areaofblock and h = height of block. Wyyeo, = [(5.8.)(62.4)](AR/12), Waispiaced water = 62.4[(A)(h — 2)/12],
W sisplaced giycerin = 1{1.35)(62.4)}[(A)(h — 3)/12). Since the weight of each displaced liquid equals the weight

of the block, Wiipiaced water = Waisptaced giycerin: 62.4(A)(h — 2)/12} = [(1.35)(62.4)]{(A)(h — 3)/12], h = 5.861in.
Also, Wyoor = Waispraceawater? 1(5-8.)(62.4)][(A)(5.86/12)] = 62.4[(A)(5.86 - 2)/12], s.g. = 0.659.

To what depth will an 8-ft-diameter log 15 ft long and of s.g. 0.425 sink in fresh water?

I The log is sketched in Fig. 6-6 with center O of the log above the water surface because the specific gravity is
less than 0.5. (Had the specific gravity been equal to 0.5, the log would be half submerged.) F, = W, F, = weight
of displaced liquid = 62.4{(15)[(260/360)(74%) — (2)(3)(4 sin 8)(4 cos )]} = 261.46 — (14 976)(sin 8)(cos H),

W =1[(0.425)(62.4)}[(15)(74*) = 19 996.

261.40 — (14 976)(sin 8)(cos 8) = 19 996

This equation can be solved by successive trials.

Try 6 =85° (261.4)(85) — (14 976)(sin 85°)(cos 85°) =20919  (#19 996)
Try 6 = 83°; (261.4)(83) — (14 976)(sin 83°)(cos 83°) = 19885  (#19996)
Try 6 = 83.2°: (261.4)(83.2) — (14 976)(sin 83.2°)(cos 83.2°) = 19988 (+19996)

Try 6 =83.22°:  (261.4)(83.22) — (14 976)(sin 83.22°)(cos 83.22°) = 19 998 (close enough)
Depth of flotation = DC = OC — OD = 4.00 — 4.00 cos 83.22° = 3.53 ft

(a) Neglecting the thickness of the tank walls in Fig. 6-7a, if the tank floats in the position shown what is its
weight? (b) If the tank is held so that the top is 10 ft below the water surface, as shown in Fig. 6-7b, what is the
force on the inside top of the tank? Use an atmospheric pressure equivalent to a 34.0-ft head of water.

1 @ Woank = Waisplaced tiquia = 62.4[(1)(w4%/4)] = 784 1b

(b) The space occupied by the air will be less at the new depth shown in Fig. 6-7b. Assuming that the
temperature of the air is constant, then for positions a and b, p,V, = ppVp, [62.4(34.0 + 1)]|[(4)(w4*/4)] =
[(62.4)(34.0 + 10 + y)][(y)(4%/4)], y* + 44.0y — 140 =0, y = 2.98 ft. The pressure at D is 10 + 2.98, or 12.98 ft
of water (gage), which is essentially the same s the pressure on the inside top of the cylinder. Hence, the force
on the inside top of the cylinder is given by F = yhA = (62.4)(12.98)(x4%/4) = 10 180 1b.

A ship, with vertical sides near the water line, weighs 4000 tons and draws 22 ft in salt water (y = 64.0 Ib/ft’)(see
Fig. 6-8). Discharge of 200 tons of water ballast decreases the draft to 21 ft. What would be the draft d of the
ship in fresh water?
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I Because the shape of the underwater section of the ship is not known, it is best to solve this problem on the
basis of volumes displaced. A 1-ft decrease in draft was caused by a reduction in weight of 200 tons, or

yV, = 64.0[(1)(A)] = (200)(2000) where V, represents the volume between drafts 22 ft and 21 ft, and [(1)(A)]
represents the water-line area times 1 ft, or the same volume V. From the equation above, V,; =
(200)(2000)/64.0 = 6250 ft* (this is per foot depth), F, = weight of displaced liquid = yV,, V, = F,/y. In Fig. 6-8,
the verticaily crosshatched volume is the difference in displaced fresh water and salt water. This difference in
volume can be expressed as W/ ¥gesn 11,0 — W/ Vsare m,05 OF (4000 — 200)(2000)/62.4 — (4000 — 200)(2000)/64.0.
Since V,; = 6250 ft*/ft depth, the vertically crosshatched volume can also be expressed as 6250y. Hence,

6250y = (4000 — 200)(2000)/62.4 — (4000 — 200)(2000)/64.0, y = 0.49 ft; d =21 + 0.49 =21.49 ft.

SW~ LTI Y 8

21 €ty 99 ¢4
l 1 l Fig. 6-8

A barrel containing water weighs 283.5 Ib. What will be the reading on the scales if a 2 in by 2 in piece of wood
is held vertically in the water to a depth of 2.0 t?

# For every acting force, there must be an equal and opposite reacting force. The buoyant force exerted by the
water upward against the bottom of the piece of wood is opposed by the 2 in by 2 in area of wood acting
downward on the water with equal magnitude. This force will measure the increase in scale reading.

F, = 62.4[(2)(%)(%)] = 3.5 Ib, new scale reading = 283.5 + 3.5 =287.0Ib.

Find the weight of the floating can in Fig. 6-9.

Water

~
)
3

[ ] F=W 9.79(%)()%)*/41=W W =0.00344kN or 3.44N
Tl
4cm |
—-}» | %
I

=

fe—d=8cm Fig. 6-9
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The weight of a certain crown in air was found to be 14.0 N and its weight in water, 12.7 N. Was it gold
(s.g. =19.3)?

I F,=140-127=13N Viisptaced 1,0 = Verown = 1.3/[(9.79)(1000)] = 0.0001328 m’

" Yerown = 14.0/0.0001328 = 105422 N/m* or 105.4kN/m’ $.&-crown = 105.4/9.79 = 10.77
Thus the crown was not pure gold.
Repeat Prob. 6.22 assuming the crown is an alloy of gold (s.g. = 19.3) and silver (s.g. = 10.5). For the same
measured weights, compute the fraction of silver in the crown.
§ From Prob. 6.22, 5.g..ows = 10.77. Let a = fraction of silver in crown. (@)(10.5) + (1 — )(19.3) = 10.77,
10.5a +19.3 — 19.3a = 10.77, a =0.969.
A plastic sphere is immersed in sea water (y = 64.0 Ib/ft>) and moored at the bottom. The sphere radius is 15 in.
The mooring line has a tension of 160 Ib. What is the specific weight of the sphere?

! The mooring line tension (T') and sphere weight (W) act downward on the sphere while the buoyant force

(F,) acts upward. ZF 0; F, — T = W =0, 64.0[(3)(%)(3)’] — 160 — (Yspnere)[()(7) ()] = 0, Vophere =
44.41b/f6.

If the total weight of the hydrometer in Fig. 6-10 is 0.035 Ib and the stem diameter is 0.35 in, compute the
elevation h for a fluid of specific gravity 1.4.

I LetAV = submerged volume between s.g. =1 and s.g. = 1.4, V, = submerged total volume when s.g. = 1.0,
y = specific weight of pure water, and W = weight of hydrometer. W = yV, = (s.g.)(y) (Vo — AV) =
(s.8:-)(¥)(Va) = (5.2 )(¥)(AV). Since (y)(Ve) = W and AV = hA = h(nd?/4), W = (s.g.)(W) —

(5.2 )Y(Y)[(h)(d?/4)], 0.035 = (1.4)(0.035) — (1.4)(62.4)[(h)(x)(0.35/12)?/4], h =0.240 ft, or 2.88 in.

o Ve d
5.3,= 1.0

R

W
Fig. 6-10

For the hydrometer of Fig. 6-10, derive a formula for fioat position 4 as a function of s.g., W, d, and the specific
weight y of pure water. Are the scale markings linear or nonlinear as a function of s.g.?

# From Prob. 6.25, W = (s.g.)(W) — (s.2.)(¥)[(k)(xd*/4)].
_ g )W)-W _ (W)(s.g.—-1)
(5.8 )(y)(wd*/4)  (s.8.)(y)(nd"/4)
When plotted in Fig. 6-11 (in arbitrary units), it is slightly nonlinear.

A hydrometer weighs of 0.17 N and has a stem diameter of 11 mm. What is the dlstance between scale markings
fors.g. =1.0 and s.g. = 1.1? Between 1.1 and 1.2?

I Let h, = distance between markings for s.g. = 1.0 and s.g. = 1.1 and h, = distance between scale markings
fors.g. = 1.1 and s.g. = 1.2. From Prob. 6.26,

- (W)e—1) _ (0.17)(1.1-1) _
= EaMEED T 1IE. )00 0014 - »0166m or 16.6mm
hy+hy= 0.17(1.2 - 1) =0.0305m or 30.5mm

1.2[(9.79)(1000)][()(0.011)%/4]
h,=30.5—16.6=13.9mm
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A square pole (s.g. = 0.68), 80 mm by 80 mm by 6 m long, is suspended by a wire so that 4 m is submerged in
water and 2 m is above the surface. What is the tension in the wire?

I Tension (T) and buoyant force (F,) act upward on the pole, while pole weight (W) acts downward. ¥ F, = 0;
T+ F —-W=0, T +9.79[(0.080)(0.080)(4)] — [(0.68)(9.79)][(0.080)(0.080)(6)] = 0, T =0.00501 kN, or 5.01 N.

The spar in Fig. 6-12 is wood (s.g. = 0.62), 2 in by 2in by 10 ft, and floats in sea water (s.g. = 1.025). How many
pounds of steel (s.g. = 7.85) should be attached to the bottom to make a buoy that floats with exactly h = 1.5 ft
of the spar exposed?

, Vspar = (%)(12_2)(10) = 0'2778 ft3 Vsubmerged = (%)(12_2)(8-5) = 0-2361 ft3
Vsteel = Wstcel/ [(7'85 )(624)] = 0'002041Wsteel FL = Wwood + Wsteel
[(1.025)(62.4)](0.2361 + 0.002041W,....) = [(0.62)(62.4)](0.2778) + W, Wiea =5.011b

—
h

K

“ Wstccl Fig. 6-12

A right circular cone is 50 mm in radius and 170 mm high and weighs 1.5 N in air. How much force is required
to push this cone vertex-downward into ethanol so that its base is exactly at the surface? How much additional
force will push the base 6.5 mm below the surface?

I Downward force (F) and cone weight (W) act downward on the cone, while buoyant force (F,) acts upward.
L E =0; F,— F — W =0, [(0.79)(9.79)(1000)]{(;r)(0.050)?(0.170)/3] — F — 1.5=0, F = 1.94 N. Once the cone
is fully submerged, F is constant at 1.94 N.

A 2-in by 2-in by 10-ft spar has 7 Ib of steel weight attached (Fig. 6-12); the buoy has lodged against a rock 7 ft
deep, as depicted in Fig. 6-13. Compute the angle 6 at which the buoy will lean, assunding the rock exerts no
moment on the buoy.

f From Prob. 6.29, Vipar = 0.2778 ft>. W, 0q = [(0.62)(62.4)](0.2778) = 10.75Ib and F, = 62.4[(Z)(&)(L)]) =
1.733L. W, ..q acts downward at a distance of 5 sin 0 to the right of A, and F, acts upward at a distance of
(L/2)(sin 8) to the right of A; while the steel force passes through point A. Hence, ¥ M, =0, 10.75(5 sin 6) —
(1.733L)[(L/2)(sin 8)] =0, L =7.876 ft; cos 6 =7/L =7/7.876 = 0.88878, 6 =27.3°.

The submerged brick in Fig. 6-14 is balanced by a 2.54-kg mass on the beam scale. What is the specific weight of
the brick, if it displaces 2.197 liters of water?
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(s.9.20.62)

Scawater

Lsing Fig. 6-13

I F =mg=(2.54)(9.81) = 24.92 N. Upward force (F) and buoyant force (F,) act upward on the brick, while its
weight (W) acts downward. ¥ F,=0; F, + F — W =0, [(9.79)(1000)](2.197 X 107°) + 24.92 - W =0, W =
46.43N; y = 46.43/(2.197 x 107°) = 21 133 N/m>, or 21.13 kN/m>.

2.54kg

AU

Fig. 6-14

The balloon in Fig. 6-15 is filled with helium pressurized to 111 kPa. Compute the tension in the mooring line.

I y=p/RT; y.,=[(101)(1000)]/{(29.3)(273 + 20)] = 11.76 N/m®, 3. = [(111)(1000)]/[(212.0)(273 + 20)] =
1.787 N/m*, Weight of helium (W) and tension in mooring line (T) act downward on the balloon, while buoyant
force (F,) acts upward. ¥ E, =0; F, — W — T =0, 11.76[(3)(x)(3)*] — 1.787[(3)(7)(3)’] - T =0, T = 3807 N.

Air at 101kPa
and 20°C

7 Fig. 6-15

A 1.1-ft-diameter hollow sphere is made of steel (s.g. = 7.85) with 0.015-ft wall thickness. How deep will the
sphere sink in water (i.e., find & in Fig. 6-16)? How much weight must be added inside to make the sphere
neutrally buoyant?

1 F, = W = weight of displaced water = y[(x/3)(h)*(3r — h)]
= 62.4{(x/3)(W)[(3)(%}) — h)]} = 107.8k> - 65.35h°
W = (Yaee)(Veteer) Yaee = (7.85)(62.4) = 489.8 Ib/ft°
Vaea = ) (@)%’ = B)(@){[1-1 - (2)(0.01500)]/2}" = 0.05548 1>
W= (489.8)(0.05548) = 27.17 Ib 107.8h2 — 65.35h% = 27.17
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Two roots of this equation are complex. The other, obtained by trial and error, is & = 0.643 ft. For neutral
buoyancy, the total weight of the sphere plus added weight must equal the weight of water displaced by the
entire sphere. Hence, 27.17 + W,44.q = 62.4[(3)(7)(3)°], Waggea = 16.321b.

d=111t
Steel t=0.0151t

- X h2(3p-
Submerged volume= 3-h“(3r-h) Fig. 6-16

When a 6-1b weight is placed on the end of a floating 5-in by 5-in by 10-ft wooden beam, the beam tilts at 1.6°
with the weight at the surface, as shown in Fig. 6-17. What is the specific weight of the wood?

1 tan1.6°=h/10  h=0.2793ft Vaooa = (£)(£)(10) = 1.736 ft>
F, = W = 62.4[1.736 — (3)(0.2793)(35)(10)] = 72.02 Ib
W = (Ywooa)(1.736) + 6 72.02 = (Yu00a)(1.736) + 6 Yyooa = 38.01b/ft’

L 1.6° 6lb

Sin x5in

10t Fig. 6-17

A wooden beam (s.g. = 0.64) is 140 mm by 140 mm by 5 m and is hinged at A, as shown in Fig. 6-18. At what
angle 6 wili the beam float in water?

I The forces acting on the beam are shown in Fig. 6-18. Wy.., = [(0.64)(9.79)][(0.140)(0.140)(5)] = 0.6140 kN
and F, =9.79{(0.140)(0.140)(L)] = 0.1919L. ¥ M, = 0; (0.1919L)[(5 — L/2)(cos 8)] — (0.6140)[(3)(cos 8)] =0,
—~0.0960L% + 0.9595L — 1.535 =0, L =2.000 m; sin 6 = 1/(5 — 2.000) = 0.33333, 6 =19.5°.

Fig. 618

A barge weighs 45 tons empty and is 18 ft wide, 45 ft long, and 9 ft high. What will be its draft when loaded with
125 tons of gravel and floating in sea water (s.g. = 1.025)?

] F=W  [(1.025)(62.4)][(18)(45)(h)] = (45 + 125)(2000)  h =6.56ft

A block of steel (s.g. = 7.85) will “float” at a mercury—water interface as in Fig. 6-19. What will be the ratio of
distances a and b for this condition? '

I Let w = width of block and L = length of block. F, = W, (7i0)(alw) + (13.6)(Yu,0)(bLw) =
(7.85)(Ys,0)(a + b)(Lw), a +13.6b = 7.85a + 7.85b, a/b = 0.839.
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A balloon weighing 3.21b is 5.5 ft in diameter. Upon release it is filled with hydrogen at 17 psia and 65°F. At
what altitude in the standard atmosphere will this balloon be neutrally buoyant?

1 E=W y=p/RT yu = (17)(144)/[(765.5)(460 + 65)] = 0.006091 Ib/ft’
(Ya)[B)@)C5)’) = 3.2+ (0.006091)[($)(®)(5)°] 7w = 0.04282 16/t
From Table A-7, altitude = approximately 18 600 ft.

A rectangular barge 18 ft wide by 46 ft long by 9 ft deep floats empty with a draft of 4 ft in a canal lock 28 ft wide
by 56 ft long and water depth 7 ft when the empty barge is present. If 170 000 1b of steel is loaded onto the
barge, what are the new draft of the barge (k) and water depth in the lock (H)?

I The weight of the barge (W,) is equal to the buoyant force when the draft is 4 ft. W, = 62.4[(18)(46)(4)] =
206 669 1b; F, = W, 62.4[(18)(46)(h)] = 206 669 + 170 000, i = 7.290 ft. Volume of water in lock = (7)(28)(56) —
(9)(18)(46) = 7664 ft>. After steel is added, (H)(28)(56) — (7.290)(18)(46) = 7664, H = 8.74 ft.

A 4-in-diameter solid cylinder of height 3.75 in weighing 0.85 Ib is immersed in liquid (y = 52.0 Ib/ft?) contained
in a tall, upright metal cylinder having a diameter of 5 in. Before immersion the liquid was 3.0 in deep. At what
level will the solid cylinder float? See Fig. 6-20.

I Let x = distance solid cylinder fails below original liquid surface, y = distance liquid rises above original
liquid surface, and x + y = depth of submergence. V, = Vp, x[(7)(4)*/4] = y[(7)(5)*/4] — y[(7%)(4)*/4], x =
0.5625y. F, =W, 52.0[(m)($%)*/4][(x + y)/12] =0.85, x + y =2.248, 0.5625y + y =2.248, y =1.44in, x =
(0.5625)(1.44) = 0.81 in. The bottom of the solid cylinder will be 3.0 — 0.81, or 2.19 in above the bottom of the
hollow cylinder.

B_/

N
NN

A x
N4

b O]

Fig. 6-20

An iceberg in the ocean floats with one-seventh of its volume above the surface. What is its specific gravity
relative to ocean water? What portion of its volume would be above the surface if ice were floating in pure
Water? Yoccan 1,0 = 64.0 1b/ft>. -~

’ (Viceberg)submerged = (1 - %) Viceberg = 0'857‘liceberg
I:b =W (Yocean Hzo)(‘,iccbcrg)submerged = (Ymcberg)(‘/lceberg)

s'g'iceberg = Yiceberg/ Yooean H;O = (‘,iceberg)submerged/ ‘/ieebcrg
= 00.857Vicenerg/ Viceverg = 0.857 (relative to ocean water)

Yiceverg = (0.857)(64.0) = 54.85 Ib/ft* S.8iceberg = 54.85/62.4 = 0.879 (relative to pure water)

Therefore, 1 —0.879 = 0.121, or 12.1 percent of its volume would be above the water surface in pure water.

A hydrometer consists of an 11-mm-diameter cylinder of length 220 mm attached to a 26-mm-diameter weighted
sphere. The cylinder has a mass of 1.5 g, and the mass of the sphere is 13.0 g. At what level will this device float
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6.4

6.46

6.47

6.48

6.49

in liquids having specific gravities of 0.8, 1.0, and 1.27 Is the scale spacing on the cylindrical stem uniform? Why
or why not? :

I Lety = submerged length of cylinder in millimeters. Vi pere = (3)()(2)? = 9203 mm’, V,uomerged cytinder =
()(w)(R) =95.03y, F, = W = (s.g.)[(9.79)(1000)/1000°}(9203 + 95.03y) = (0.09010)(s.g.) +
(0.0009303)(s.g.)(y), W =mg = (1.5 + 13.0)(9.81) = 142.2 g - m/s?, or 0.1422 N, (0.09010)(s.g.) +
(0.0009303)(s.2.)(y) = 0.1422, y = [0.1422 — (0.09010)(s.g.)]/[(0.0009303)(s.g.)].

Fors.g. =0.8 y = [0.1422 — (0.09010)(0.8)}/[(0.0009303)(0.8)] = 94.2 mm
Fors.g. =10 y = [0.1422 — (0.09010)(1.0)}/[(0.0009303)(1.0)] = 56.0 mm
Fors.g. =12 y = [0.1422 — (0.09010)(1.2)]/[(0.0009303)(1.2)] = 30.5 mm

Scale spacing is not uniform because buoyant force is not directly proportional to submergence.

A typewriter weighs 6 Ib in water and 8 1b in oil of specific gravity 0.86. Find its specific weight.

I F =W, 62.4V =W — 6, [(0.86)(62.4)](V) = W — 8. Subtracting the second equation from the first gives
62.4V — [(0.86)(62.4))(V) = —6 — (—8), V =0.229 ft>; (62.4)(0.229) = W — 6, W =20.31b. y = 20.3/0.229 =
88.6 Ib/ft>.

A balloon weighs 270 Ib and has a volume of 14 900 ft>. It is filled with helium, which weighs 0.0112 Ib/ft® at the
temperature and pressure of the air, which weighs 0.0807 1b/ft>. What load will the balloon support?

F,=W  (0.0807)(14900) = 270 + (0.0112)(14900) + load  Load=7661b

A small cylindrical drum 32 cm in diameter and 52 cm high, weighing 27.0 N, contains perfume (s.g. = 0.83) to a
depth of 22 cm. (a) When placed in water, what will be the depth y to the bottom of the drum? (5) How much
perfume can the drum hold and still float?

I o E=W 9.79[(y)(n)(3%)*/4] = 27.0/1000 + [(0.83)(9.79)1{(0.22)(x)(0.32)?/4]
y=0217m or 21.7cm
(b) 9.79[(0.52)(;r)(0.32)?/4] = 27.0/1000 + [(0.83)(9.79)){(h)(x)(0.32)*/4] h=0.585m or 58.5cm

Since h = 58.5 cm is greater than the height of the drum (52 cm), the drum will float when full. Therefore,
Vo = (0.52)(7)(0.32)?/4 = 0.0418 m*, or 41.8 L.

A block (y = 124 1b/ft?) 1 ft square and 9 in deep floats on a stratified liquid composed of a 7-in layer of water
above a layer of mercury. (a) Determine the position of the bottom of the block.

(b) If a downward vertical force of 260 1b is applied to the center of mass of this block, what is the new position
of the bottom of the block?

Y | (a) F, = W. Let x = depth into mercury below water—mercury interface. [(13.6)(62.4)][(1)(1)(x)] +

62.4[(1)(1)(5)] = (124)[(1)(1)(:%)], x = 0.0667 ft, or 0.800 in. (b) In this case the top of the block will be below
the water surface. Hence, [(13.6)(62.4)][(1)(1)(x)] + 62.4[(1)(1)(5 — x)] = 124[(1)(1)(3)] + 260, x = 0.389 ft, or
4.67in.

Two spheres, each 1.3 m in diameter, weigh 5 kN and 13 kN, respectively. They are connected with a short rope
and placed in water. What is the tension (T) in the rope and what portion of the lighter sphere protrudes from
the water?

t

I For the lower (heavier) sphere, the buoyant force and T act upward and its weight acts downward. Hence,
L E =0, F, =9.79[(3)(7)(1.3/2)’} =11.26 kN, 11.26 + T — 13 =0, T = 1.74 kN. For the upper (lighter) sphere,
the buoyant force acts upward and its weight and T act downward. Hence, F, —5—1.74=0, F, =6.74kN.
Portion above water = (11.26 — 6.74)/11.26 = 0.401, or 40.1 percent of volume.

A board weighing 2.2 1b/ft and of cross-sectional area 8 in® dips into oil as shown in Fig. 6-21. If the hinge is
frictionless, find 6.

I The forces acting on the board are shown in Fig. 6-21. W = (2.2)(11) = 24.21b; F, = (53)[()(x)] = 2.944x,
T Myinge =0, (24.2)[(%)(sin 6)] — (2.944x)[(11 — x/2)(sin 8)] =0, 1.472x* — 32.38x + 133.1=0; x, = 16.53 ft and
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x, = 5.47 ft. Using x = 5.47 ft (since x = 16.53 ft is impossible for this situation), cos 8 = 5/(11 — 5.47) = 0.90416,
6 =25.3°

Fig. 6-21

6.50 A cube 2.2 ft on an edge has its lower half of s.g. = 1.6 and upper half of s.g. = 0.7. It rests in a two-layer fluid,
with lower s.g. = 1.4 and upper s.g. = 0.8. Determine the height & of the top of the cube above the interface
(see Fig. 6-22).

[ | E=W
[(1.4)(62.4)}[(2.2)(2.2)(2.2 — h)] + [(0.8)(62.4)]{(2.2)(2.2)(h)]
= [(1.6)(62.4)][(2.2)(2.2)(3D)] + [(0.7)(62.4)][(2.2)(2-2)(3H)]

h=0.917 ft
T $.9.207 5.g.=0.8
221t "
J( s.g.=16 interface
22-h s.g.=1.4

A
‘-a—-— 221t —> ez

6.51 Determine the volume and density of an object that weighs 4 N in water and 5 N in an alcohol of s.g. 0.80.
! E=W  [(9.79)(1000)](Vosjcet) = Wopjer =4 [(0.80)(9.79)(1000)](Viopject) = Woject — 5

Subtracting the second equation from the first gives 9790V pjece — 7832V pjec = 1, Vopjeer = 0.0005107 m>.
[(9.79)(1000)1(0.0005107) = Wopject — 4, Wopjece = 9.000 N; y =9.000/0.0005107 = 17 623 N/m>.

= 1796 kg/m® V.=~ = Trgg = 0.000557 m®/kg

6.52 With how many pounds of concrete (y = 25 kN/m®) must a beam of volume of 0.2 m* and s.g. = 0.67 be coated
to insure that it sinks in water?

I FE=W  (9.79)(0.2) +9.79V,  ncrere = [(0.67)(9.79)](0.2) + 25Voncrete ~ Veoncrere = 0.04248 m®
Wooncrete = (0.04248)(25) = 1.062kN or 1062N  or  1062/4.448=2391b
6.53  The gate of Fig. 6-23 weighs 160 Ib/ft normal to the page. It is in equilibrium as shown. Neglecting the weight of

the arm and brace supporting the counterweight, find W (weight in air). The weight is made of concrete,
s5.g. =2.50. ,

1 Fy=vhA=(6249)D[(6)()] =11231b D Mynee=0  (1123)(§) — (W)(55in 30°) =0
» W =8981b
This is the submerged weight.
E=W 624V e = [(2.50)(62.4)(Veoncrere) — 898 Veoncrere = 9.594 ft*
Weoncrete = [(2.50)(62.4)](9.594) = 1497 Ib
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6.55

6.56

6.57
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Fig. 6-23

A wooden pole (s.g. = 0.55), 550 mm in diameter, has a concrete cylinder (s.g. =2.50), 550 mm long and of the
same diameter, attached to one end. Determine the minimum length of pole for the system to fioat vertically in
static equilibrium.

I The system will float at minimum length of wooden cylinder as shown in Fig. 6-24. F, =W,
(P)AXL +0.550) = [(0.55)(MI(LYA) + [(2.50)(7)](A4)(0.550), L =1.833 m.

V4

L s.g.=0.55
550mm $8.:2.50

T-<— 550 mm —-’*

diameter

Fig. 6-24

A hydrometer weighs 0.040 N and has a stem 7 mm in diameter. Compute the distance between specific gravity
markings 1.0 and 1.1.

f From Prob. 6.26,

_ (Wsg—-1) (0.040)(1.1 - 1)

= G2/ LDIO.79)1000)][(x)(0.007)774] - 0P7m or 97mm

What is the weight of the loaded barge in Fig. 6-25? The barge is 7 m in width.
[ - B=W 9.79{Mi(14)2.4)+ Q)2.4)2.H2} =W W =2359kN

In Fig. 6-26, a wedge of wood having specific gravity 0.66 supports a 160-1b mermaid (not shown). The wedge is
3 ft in width. What is depth d?

# The 160-1b force and the weight of the wood (W) act downward on the wedge, while the buoyant
force (F,) acts upward. ¥ F, =0, F, — 160 — W =0, 62.4[(2)(3)}(d)(d tan 30°)/2] — 160 —
[(0.66)(62.9){(2)(3)(3)[(3)/tan 30°}/2} =0, d =2.44 ft. ‘

The tank in Fig. 6-27 is filled brimfull with water. If a cube 700 mm on an edge and weighing 530 N is lowered
slowly into the water until it floats, how much water flows over the edge of the tank? Neglect sloshing, etc.

§ F, =W. Let h = the depth to which the cube will sink in the water. [(9.79)(1000)}{(0.700)(0.700)(h)] = 530,
h =0.120 m, Viepiacea = [(0.700)(0.700)(0.120)] = 0.0588 m*. This is the amount of water that will overflow.
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]

I 3‘( J
I |

Fig. 6-26

31m Ve

59m Fig. 6-27

A stone cube 280 mm on a side and weighing 425 N is lowered into a tank containing a layer of water over a
layer of mercury. Determine the position of the block when it has reached equilibrium.

I y...=425/(0.280)° = 19.360 kN/m>. Since the cube is heavier than water but lighter than mercury, it will
sink beneath the water surface and come to rest at the water—mercury interface, as shown in Fig. 6-28. F, =W,
9.79[(0.280)(0.280)(0.280 — x)] + [(13.6)(9.79)1{(0.280)(0.280)(x)]} = 0.425, x = 0.0217 m, or 21.7 mm. Thus, the
bottom of the cube will come to rest 21.7 mm below the water—mercury interface.

water

o }
®

F

mercury

Fig. 6-28

An iceberg (y = 9 kN/m?) floats in ocean water (¥ = 10 kN/m®) with 3000 m® of the iceberg protruding above
the free surface. What is the volume of the iceberg below the free surface?

A rectangular tank of internal width 7 m, partitioned as shown in Fig. 6-29, contains oil and water. (a) If the
oil’s specific gravity is 0.84, find its depth A. (b) If a 900-N block of wood is floated in the oil, what is the rise in
free surface of the water in contact with air?

I (@) puuen + [(0.84)(9.79)](R) + (9.79)(3) — (9.79)(4) = Pur» B = 1.190 m. (b) Let h’ = the new value of h with
the 900-N block in flotation. Since the volume of oil does not change, (1.190)(0.5)(7) = (h')(0.5X(7) —
900/[(0.84)(9.79)(1000)], #’ = 1.221 m. If the oil-water interface drops by a distance 8, the free surface of
water with air will rise by 8/2. p.., + [(0.84)(9.79)](1.221) + 9.79(3 ~ 8) — 9.79(4 + 8/2) = P oy, 6 =0.01709 m,
or 17.09 mm. The free surface of the water will rise by 17.09/2, or 8.54 mm.

T %t
h Oil __v .
& ] im
e 0.5m 4m
3m Water
Fig. 6-29
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6.62

A balloon is filled with 3000 m? of hydrogen having specific weight 1.1 N/m®. What lift does the balloon exert
(a) at the earth’s surface, if the balloon weighs 1400 N and the temperature is 15 °C; (b) at an elevation of
10 km, assuming that the volume has increased 6 percent?

I From Table A-8, Yair = 12.01 N/m?® at elevation 0 and 4.04 N/m’ at elevation 10000 m. ¥, F, =0,
F, — Woattoon — Wi =0.

@ (12.01)(3000) — 1400 — (1.1)(3000) — lift=0  Lift=31330N or 31.33kN
®) 4.04{(1.06)(3000)] — 1400 — (1.1)(3000) — lift =0  Lift=8147N or 8.15kN

A wooden rod weighing 4 1b is hinged at one end (Fig. 6-30). The rod is 9 ft long and uniform in cross section,
and the support is 4 ft below the free surface of a freshwater pond. At what angle « will it come to rest when
allowed to drop from a vertical position? The cross section of the stick is 1.4 in” in area.

I The forces acting on the beam are shown in Fig. 6-30.
F, = 62.4[(9 — £)(1.4/144)] = 5.460 — 0.6067¢ >SM,=0
4(4.5 cos o) — (5.460 — 0.6067¢)[(9 — ¢)/2}(cos &) =0 —0.303¢* + 5.46¢ — 6.57=0 e=1.297ft
sin & =4/(9—e) =4/(9 — 1.297) = 0.51928 a=31.3°

AN
\'4 : /qk&/ﬁ)\
1. - e S S

A Fig. 6-30

A block of wood having a volume of 0.034 m® and weighing 300 N is suspended in water as shown in Fig. 6-31.
A wooden rod of length 3.4 m and cross section of 2000 mm’ is attached to the weight and also to the wall. If
the rod weighs 16 N, what will angle 8 be for equilibrium?

1 (B Yoroc = [(9.79)(1000)](0.034) =333 N (F)roa = [(9.79)(1000)J[(AC)(2000/10°%)] = 19.58AC N
2 Mp=0
333(3.4 cos 6) + (19.58AC)[(AC/2) + () /sin 8](cos 8) — 300(3.4 cos ) — (16)(3.4/2)(cos 8) =0
AC=3.4—(3%)/sin 6
333(3.4 cos 0) + 19.58[3.4 — (F4%)/sin 6]
x {[3.4 — (%) /sin 0]/2 + (f5%)/sin 6}(cos 6) — 300(3.4 cos ) — (16)(3.4/2)(cos 8) =0
4.341 = [3.4 — (&%) /sin 0][1.700 + ($%)/(2sin 8)]  4.341 = 5.780 — 0.048/sin> 6
sin® 6 =0.033357  sin 8 =0.18264 6 =10.5°

L L e e Fig. 6-31
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A barge with a flat bottom and square ends has a draft of 6.0 ft when fully loaded and floating in an upright
position, as shown in Fig. 6-32a. The center of gravity (CG) of the barge when fully loaded is on the axis of
symmetry and 1.0 ft above the water surface. Is the barge stable? If it is stable, what is the righting moment
when the angle of heel is 12°?

I MB =1/v, =[(42)(25)*/12)/[(25)(42)(6)] = 8.68 ft. Therefore, the metacenter (mc) is located 8.68 ft above
the center of buoyancy (CB), as shown in Fig. 6-32b. Hence, it (the metacenter) is located 8.68 -3 — 1, or
4.68 ft above the barge’s center of gravity and the barge is stable. The end view of the barge when the angle

of heel is 12° is shown in Fig. 6-32c. Righting moment = (F,)(x), F, = 62.4[(25)(42)(6)] = 393 1201b,

x = (sin 12°)(distance from mc to CG) = (sin 12°)(4.68) = 0.973 ft, righting moment = (393 120)(0.973) =

3825001b - ft.

251t

421t

(a) Top view

(b) End view

Fig. 6-32(a)

B = 8.68 ft

————— e e

4T e

J—J CG

11t

3f

Water

Fig. 6-32(b)
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water Fig. 6-32(c)

6.66 Would the wooden cylinder (s.g. = 0.61) in Fig. 6-33a be stable if placed vertically in oil as shown in the figure?

# The first step is to determine the submerged depth of the cylinder when placed in the oil. F, = W,
[(0.85)(9.79)][(D)(x)(0.666)*/4)] = [(0.61)(9-79)][(1.300)()(0.666)?/4)}, D = 0.9333 m. The center of buoyancy
is located at a distance of 0.933/2, or 0.466 m from the bottom of the cylinder (see Fig. 6-33b).

MB =1V, = [(x)(0.666)*/64)/[(0.933)(x)(0.666)?/4] = 0.030 m. The metacenter is located 0.030 m above the
center of buoyancy, as shown in Fig. 6-33b. This places the metacenter 1.300/2 — 0.466 — 0.030, or 0.154 m
below the center of gravity. Therefore, the cylinder is not stable.

- 0.666-m _____ .|

diameter

| 4

|

0il (s.g. = 0.85)

Qil (s.g. = 0.85)

Fig. 6-33(a)




BUOYANCY AND FLOTATION 0 125

0.666-m
diameter

MB= o'|5_4'_“: mc
I CB

0.650 m
0.466m |
l Ol (s.g. = 0.85)

Fig. 6-33(b)

6.67  Figure 6-344a shows the cross section of a boat. The hull of the boat is solid. Show if the boat is stable or not. If
the boat is stable, compute the righting moment when the angle of heel is 10°?

I MB =1/V,=[(20)(10)*/12J/[(10)(5)(20)] = 1.67 ft. Therefore, the metacenter is located 1.67 — 0.5, or 1.17 ft
above the center of gravity, as shown in Fig. 6-34b, and the barge is stable. The end view of the barge when the
angle of heel is 10° is shown in Fig. 6-34c. Righting moment = (F,)(x), F, = 62.4[(10)(5)(20)] = 62 400 1b,

x = (sin 10°)(1.17) = 0.203 ft, righting moment = (62 400)(0.203) =126701b - ft.

%2 _ \
R 201t
(a) Top view
10ft ‘
v 1ft
(b) End view ater in
J Fig. 6-34(a)
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oot 10 ft S
L)
1 ft
S VAN DN DU A4 *
—¥ ¢ mc
T 1.17 £t
B L 5 ft
1.67 ft 0.5’ ft
* {.c.b. *_
' 2.5 ft
¥ '

Fig. 6-34(b)

Fig. 6-34(c)
w 6.68 A solid wood cylinder has a diameter of 2.0 ft and a height of 4.0 ft. The specific gravity of the wood is 0.60. If
1 .. the cylinder is placed vertically in oil (s.g. = 0.85), would it be stable?

I F, =W, [(0.85)(62.9))[(D)(m)(2)*/4] = [(0.60)(62.4)][(4)(=x)(2)*/4], D =2.82 ft. The center of buoyancy is
located at a distance of 2.82/2, or 1.41 ft from the bottom of the cylinder (see Fig. 6-35). MB=1/V, =
[(%)(2)*/64]/](2.82)(7)(2)?/4] = 0.09 ft. The metacenter is located 2 — 1.41 — 0.09, or 0.50 ft below the center of
gravity, as shown in Fig. 6-35. Therefore, the cylinder is not stable.
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ft
i [
-8 4 ft
0il (s.g. = 0.85) 10.50 ft
+,mc 2.82 ft
2 ft 0.09 ft
®c.b.
1.41 ft
__1__ | _j
Fig. 6-35

6.69 A wood cone floats in water in the position shown in Fig. 6-36a. The specific gravity of the wood is 0.60. Would
it be stable?

I The center of gravity is located 2, or 2.50 in from the base of the cone or 7.50 in from the tip, as shown in
Fig. 6-36b. W, = [(0.60)(62.4)][(10)()(7)*/12}/1728 = 2.779 Ib. Let x = submerged depth.

D, =0.700x  V,=(x)(®)(D,)*/12 = (x)()(0.700x)?/12 = 0.1283x>
F,=W  62.4(0.1283x>)=2.779 x=0.703ft or 8.44in
D, =(0.700)(8.44) =5.91in  V,=(0.1283)(0.703)> = 0.0446 ft* or 77.1in’
MB = 1/V, = [(x)(5.91)*/64]/77.1=0.78 in

The metacenter is located 0.78 in above the center of buoyancy. Hence, the metacenter is located
7.50 — 6.33 — 0.78, or 0.39 in below the cone’s center of gravity, and the cone is not stable.

6.70 A block of wood 6 ft by 8 ft floats on oil of specific gravity 0.751. A clockwise couple holds the block in the
position shown in Fig. 6-37. Determine the (a) buoyant force acting on the block and its position,
(b) magnitude of the couple acting on the block, and (¢) location of the metacenter for the tilted position.

I (a) F, =W =[(0.751)(62.4)][(10)(4 + 4)(4.618)/2] = 8656 Ib. F, acts upward through the center of gravity O’
of the displaced oil. The center of gravity lies 5.333 ft from A and 1.540 ft from D, as shown in Fig. 6-37.
AC=AR + RC = AR + LO’ = (5.333)(cos 30°) + (1.540)(sin 30°) = 5.388 ft. Hence, the buoyant force of

8650 Ib acts upward through the center of gravity of the displaced oil, which is 5.388 ft to the right of A.

(b) One method of obtaining the magnitude of the righting couple (which must equal the magnitude of the
external couple for equilibrium) is to find the eccentricity e. This dimension is the distance between the two
parallel, equal forces W and F,, which form the righting couple. e = FC = AC — AF, AF=AR +RF =
(5.333)(cos 30°) + GR sin 30° = 4.619 + (0.691)(sin 30°) = 4.964 ft, ¢ = 5.388 — 4.964 = 0.424 ft; couple =
(8656)(0.424) = 3670 ft - Ib.

(c) Metacentric distance MG = MR — GR = RC/sin 30° — GR = 0.770/sin 30° — 0.691 = 0.85 ft




L 3
0.39 1

0.78 in

7.5
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8.44 in
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Al lengths in feet, Fig. 6-37
6.71 A rectangular scow 7 ft by 18 ft by 32 ft long; its load of garbage has its center of gravity 2 ft above the
waterline, as shown in Fig. 6-38. Is the scow stable for this configuration?

I MB =1/v,={(32)(18)*/12}/[(5)(18)(32)] = 5.40 ft. The metacenter is located 5.40 ft above the center of
buoyancy, which is 2.5 ft above the bottom of the scow. Hence, the metacenter is located at 5.40 — 4.5, or
0.90 ft above the center of gravity, and the scow is stable.

v 2. B | 2ft
Water ' 5ft
1
! 188t ——| Fig. 638

6.72 In Fig. 6-39, a scow 20 ft wide and 60 ft long has a gross weight of 225 tons. Its center of gravity is 1.0 ft above
the water surface. Find the metacentric height and restoring couple when Ay =1.0 ft.

I F =W, 62.4[(60)(20)(1)] = (225)(2000), & = 6.01 ft. To locate CB’, the center of buoyancy in the tipped
position, take moments about AB and BC. (6.01)(20)(x) = (6.01 — 1.0)(20)(10) + [(1.0 + 1.0)(20)/2)(®),

x = 9.45 ft; (6.01)(20)(y) = (6.01 — 1.0)(20)[(6.01 — 1.0)/2] + [(1.0 + 1.0)(20)/2]{(6.01 — 1.0) + (1.0 + 1.0)/3],
y =3.03 ft. By similar triangles AEO and CB'PM,

Ay CB'P 1.0 10-9.45
b/2~ MP 20/2 MP
CG is 6.01 + 1.0, or 7.01 ft from the bottom. Hence, CGP = 7.01 — 3.03 = 3.98 ft, MCG = MP — CGP =

5.50 — 3.98 = 1.52 ft. The scow is stable, since MCG is positive. Righting moment = W(MCG) sin 6 =
[(225)(2000)}(1.52)[1/ V(Z)? +1.0°] = 68 060 ft - Ib.

MP =5.501ft

Fig. 6-39

6.73  What are the proportions of radius to height (r,/) of a right-circular cylinder of specific gravity s.g. so that it
will float in water with end faces horizontal in stable equilibrium?
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I See Fig. 6-40.
he=h/2 hs=hy/2 E=W y(hrd) =[(s.8.)(Y))(hnr) hy = (s.g.)(h)
' hy=(s.g.)(h)/2  MG=MB~—GB ~
MB = IV, = (wr§/4)/ (hyr3) = r&/(4h,) = r3/[(4)(s.g.)(B)]
GB=hg—hs=h/2~(s.2.)(h)/2 = (h)(1 —s.8.)/2 MG = r[(4)(s.g.)(h)] — (h)(L —s.8.)/2
For stable equilibrium, MG =0, in which case r3/[(4)(s.g.)(R)] = (h)(1 —5.2.)/2, ros/h = V(2)(s.8.)(1 —5.8.).

| mee —x—
:’: I;CG’. ——L—MG l
g <2 liln,
T Jhe e

“"—_ ——’i Fig. 6-40

The plane gate in Fig. 6-41a weighs 2.1 kN/m normal to the paper, and its center of gravity is 2 m from the

hinge at O. (a) Find h as a function of 6 for equilibrium of the gate. (b) Is the gate in stable equilibrium for any
values of 8?

# Consider a unit width of gate, as shown in Fig. 6-41b.
@ F=yhA  E =[(9.79)(1000)](h/2)(h/sin 0) = 4895k*/sin 8 S Mp=0

(4895h%/sin B)[(k/sin 6)/3] — 2100[(3)(cos 8)] =0  h>=2.574sin? B cos O h = 1.370(sin’ 0 cos )"

(b) From part (@) ¥ M, = (1632h%)/sin> 6 — 4200 cos 6, dM /d6@ = —3264h>sin™> 6 cos 6 + 4200 sin 6.
Substituting & = 1.370(sin> 8 cos 6)'” [from part (a)], dM/d8 = —(3264)(1.370)*(cos® 8/sin 6) + 4200 sin 6 =
—(8393)(cos’ 8/sin 8) + 4200 sin 6. For stability, dM/d8 <0, in which case 4200 sin 6 < 8393(cos® 8/sin 6),
0.500 sin 8 < cos® 8/sin 0, tan® 8 < (1/0.500 = 2.00). This occurs for 8 =< 54.7° (upper limit). For the lower limit
(when water spills over the top of the gate), k =4sin 8, ¥, M, = (1632h>)/sin® @ — 4200 cos 6. Substituting
h=4sin 6, T M, =1632(4sin 8)*/sin” 8 — 4200 cos @ = 104 448 sin @ — 4200 cos 6. In this case, ¥, M, =0,

tan 6 = 4200/104 448 = 0.040211, 0 = 2.3°. Thus for stable equilibrium, 6 must be between 2.3° and 54.7°.

Fig. 6-41(a)

The barge shown in Fig. 6-42 has the form of a parallelopiped having dimensions 10 m by 26.7 m by 3 m. The
barge weighs 4450 kN when loaded and has a center of gravity 4 m from the bottom. Find the metacentric height
for a rotation about its longest centerline, and determine whether or not the barge is stable.

I First, find the center of buoyancy of the barge. F, = W, 9.79[(10)(26.7)(D)] = 4450, D = 1.702 m. Hence, the
center of buoyancy (CB) is at a distance 1.702/2, or 0.851 m above the bottom of the barge. MB=1/V, =
[(26.7)(10)*/12)/[(10)(26.7)(1.702)] = 4.896. The distance from CB to CG is 4 — 0.851, or 3.149 m. Therefore,
the metacenter is located 4.896 — 3.149, or 1.747 m above the CG, and the barge is stable.
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A plastic cube of dimension L and specific gravity 0.82 floats in water. Is the cube stable?

I The cube’s center of gravity is at 0.5L above its bottom. If the cube has a s.g. = 0.82, it will float at a
submerged depth of 0.82L, and its center of buoyancy will be at 0.41L above its bottom. MB=1/V, =
[(LYL)Y*/12)/[(L)(L)(0.82L) = 0.1016L. Therefore, the metacenter is located 0.1016L above the center of

buoyancy and 0.1016L + 0.41L — 0.5L, or 0.0116L above the center of gravity, and the cube is stable (although
just barely).

For the cube specified in Prob. 6.76, determine the range of values of specific gravity between 0 and 1.0 for
which the cube is stable.

I The cube’s center of gravity is at 0.5L above its bottom. For any specific gravity s.g., the cube will float at a
submerged depth of (s.g.)(L), and its center of buoyancy will be at (s.g.)(L)/2 above its bottom.

MB =1/V, = [(L)(L)*/12}/{(L)(L)[(s.g.)(L)]} = 0.08333L/(s.g.). Therefore, if the cube is stable, the
metacenter must be located 0.08333L/(s.g.) above the center of buoyancy and 0.08333L/(s.g.) + (s.g.)(L)/2 -
0.5L above the center of gravity. For this to occur, 0.08333L/(s.g.) + (s.g.)(L)/2 — 0.5L >0, (s.g.)*/2 —
(0.5)(s.g.) + 0 08333 > 0. This condition is true (i.e., the cube is stable) for s.g. >0.789 and s.g. <0.211.
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71 A nozzle with base diameter 75-mm and a 35-mm-diameter tip discharges 12 L/s of fluid. Derive an expression
for fluid velocity along the nozzle’s axis. Measure distance x along the axis from the plane of the larger
diameter.

I Let L =length of nozzie and D = diameter of nozzle at any point. D = 135 — (355 — 1355)(x /L) = 0.075 —
0.040x/L, v = Q/A = 0.012/[#(0.075 — 0.040x /L)*/4] = 1.528/(0.70 — 0.40x /L)?. Note: x and L in millimeters
gives v in m/s.

7.2 What angle « of jet is required to reach the roof of the building in Fig. 7-1 with minimum jet velocity v, at the
nozzle? What is the value of v,?

I d%/di=—g, dy/dt = —gt +c,. Att=0, dy/dt = vysin a. Therefore, ¢, = v, sin &, and dy/df = —gt +
Vgsin &, y = —gt?/2 + tugsin & + ¢,. Att=0, y =0. Therefore c,=0, and y = —gt*/2 + tv,sin a, L = tvy cos a,
t=L/(vocos a).

H = —g[L/(v,cos @))*/2 + [L/(vo cos a)](v, sin &) 0]

Let F = gL?*/(2v3). Then, from Eq. (1), F = (cos &)(L sin @ — H cos &) = L cos a sin @ — H cos® a. Find
maximum F for minimum v,.

dF/da = L(cos* @ —sin* @) + 2Hsinacos e =0  2H/L = —(cos’ & — sin® a)/(sin & cos &) = —2 cot 2«
(2)(28)/24=—2cot2a a=69.7°
Substituting into Eq. (1), 28 = —(9.807)[24/(v, cos 69.7°)P/2 + [24/(ve cos 69.7°)1(ve sin 69.7°), vo=25.2 m/s.

28m

b

Fig. 7-1

7.3 Given the velocity field, V(x, y, z, ) = (5xy” + )i + (2z + 8)j + 18k m/s, with x, y, z in meters and ¢ in seconds.
Calculate V(9, -2, 1, 4). What is the magnitude of this velocity?

I V = [(5)(9)(=2)% + 4]i + [(2)(1) + 8]j + 18k = 184i + 10§ + 18k m/s
V| =VI84# + 10>+ 18° = 185 m/s

Note: Boldface letters are used herein and hereafter to denote vectors.

7.4 The velocity components in a flow of fluid are specified as v, = 4xt + y*z + 14 m/s, v, = 2xy* + £ + y m/s, and
v, =3+ 2ty m/s, where x, y, and z are given in meters and ¢ in seconds. What is the velocity vector at
(2,4,3) m at tirhe ¢ = 4 s? What is the magnitude of this vector at this point and time?

I V =[(4)(2)(4) + (4)’(3) + 14]i + [(2)(2)(4)” + 4 + 4]j + [3 + (2)(4)(4) ]k = 94i + 84j + 35k m/s

[V =194% + 84% + 35 =131 m/s

7.5 Given the velocity field V = (5x)i + (15y + 11)j + (19¢°)k m/s, determine the path of a particle which is at
(4,6,2) m at time ¢ =3s.

132
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1 v, =dx/dt =5x 0))
| v, =dy/dt =15y + 11 @)
v, =dz/dt = 19¢ 3)

From (1), dx/x =5dt, Inx =5t + c,. Att=3, x =4. Hence, In4=(5)(3) + ¢;, ¢; = —13.6.
Inx=5t-13.6 4)

From (2), dy/(15y + 11) = dt, In (15y + 11) = 15¢ + ¢,. Att =3, y = 6. Hence, In [(15)(6) + 11] = (15)(3) + c,,
C = —40.4.

In (15y + 11) = 15¢t — 40.4 (5
From (3), dz =19¢dt, z =193/3 + c;. Att=3, z =2. Hence, 2= (19)(3)*/3 + c;, c; = —169.
z =193 — 169 (6)
Add Egs. (4) and (5) to get
Inx +In (15y + 11) = 20t — 54.0 (7)

Solve for tin Eq. (6): ¢t = [(z + 169)()]"°. Substitute this value of ¢ into Eq. (7): Inx + In (15y + 11) =
20[(z + 169)(3)]" — 54.0, In [(x)(15y + 11)] = 10.81(z + 169)* — 54.0.

An incompressible ideal fluid flows at 0.5 cfs through a circular pipe into a conically converging nozzle, as shown
in Fig. 7-2. Determine the average velocity of flow at sections A and B.

I As afirst step, an approximate flow net is sketched to provide a general picture of the flow. Since this is an
axially symmetric flow, the net is not a true two-dimensional flow net. At section A, the streamlines are parallel;
hence, the area at right angles to the velocity vectors is a circle. Thus, v, = Q/A, = 0.5/[(7)(&)*/4] = 1.43 ft/s.
At section B, however, the area at right angles to the streamlines is not clearly defined; it is a curved,
dish-shaped section. As a rough approximation, it might be assumed to be the portion of the surface of a sphere
of radius 2.0 in that is intersected by a circle of diameter 2.82in. vz, = Q/Ap = Q/(2arh) =
0.5/[(2)()(%)(0.59/12)] = 9.71 ft/s.

A
ﬁ . 2.0 in
0.59 ¥ _ >
c 40 inpP{4182
\

I ] Fig. 7-2

Water flows at 6 gal/min through a small circular hole in the bottom of a large tank. Assuming the water in the
tank approaches the hole radially, find the velocity in the tank at 2, 4, and 8 in from the hole.

I The area through which flow occurs is a hemispherical surface, with A = 277>, Q = 6/[(7.48)(60)] =
0.01337 ft*/s, v = Q/A. At 2in from the hole, v = 0.01337/[(2)(7)(£)*] = 0.0766 ft/s. At 4 in from the hole,
v =0.01337/[(2)(7)($5)*] = 0.0192 ft/s. At 8in from the hole, v = 0.01337/[(2)()(£)?] = 0.00479 ft/s.
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7.8

7.9

7.10

1

Given the eulerian velocity-vector field V(x, y, z, t) = 3ti + xzj + ty’k, find the acceleration of a particle.

1 jd—‘—/—ﬂ/+(uﬂ/+v-a—‘f+w§l,) u=3 v=xz w=n?
dat ot ox 3y oz B B =Y
V. ,ou ,ov ow v v v

—_—f +k—=3i 2 = 7i —_— — = xi

o i tig thy =dityk or=d =Wk 5=

av
i (Gi + yk) + (30)(zj) + (x2)(2yk) + (ty)(xj) = 3i + Btz + xyHj + (y* + 2xyzt)k
If V is valid everywhere as given, this acceleration applies to all positions and times within the flow field.

Flow through a converging nozzle can be approximated by a one-dimensional velocity distribution u = u(x). For
the nozzle shown in Fig. 7-3, assume the velocity varies linearly from u = v, at the entrance to u = 3v, at the
exit: u(x) = vo(1 + 2x/L); du/dx = 2u,/L. (a) Compute the acceleration du/dt as a general function of x, and
(b) evaluate du/dt at the entrance and exit if vo=10ft/s and L =1 ft.

du Jdu 3u du u du Ju Ju 2x Ju 2w,
@ TTETHZTR e wm lm el ¢T\tT) T

a0 [+ D)) +oro-(F)(1+3)

(b) At the entrance, where x =0, du/dt = [(2)(10)*(1)]{1 + (2)(0)/(1)] = 200 ft/s*. At the exit, where x =1 ft,
du/dt = [(2)(10)*(D)}[1 + (2)(1)/(1)] = 600 ft/s’.

Fig. 7-3

A two-dimensional velocity field is given by u =2y?, v =3x, w=0. At (x, y, z) =(1, 2, 0), compute the
(a) velocity, (b) local acceleration, and (¢) convective acceleration.

I @ V=il +iB)D] =4+ 3
v
® E] =0

du Ju Ju du du 2
©) o +u 3 +v e +w P =0+ (2y*)(0) + (3x)(4y) + (0)(0) = 12xy

dv _ @ v ‘_9_'_’ 3v )
& a i uTU T w =0+ (2y°)(3) + (3x)(0) + (0)(0) = 6y°

a = (12)(1)(2)i + (6)(2)3 = 24i + 24j

For the velocity field described in Prob. 7.10, at (1, 2, 0) compute the (a) acceleration component parallel to the
velocity vector and (b) component normal to the velocity vector.

# From Prob. 7.10, V = 4i + 3j and a = 24i + 24j at (1, 2, 0).
(a) Tangential acceleration:

n=V/|V|=%i+} =a-n, = (24i + 24§) - (% + 3j) = 19.2 + 14.4 = 33.6 units parallel to V
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(b) From Fig. 7-4, the angle 0 between V and a is determined by cos 6 = a,/|a] = 33.6/(24° + 24°)' = 0.98995,
0 =8.13°, a, = |a| sin 6 = (24> + 24%)'*(sin 8.13°) = 4.80 units normal to V.

. 3
v :A»’\' A‘ .
6 Al*lﬁﬁ
a L v
An Fig. 7-4

Is the flow with velocity field V = 2txi — £°yj + 3xzk steady or unsteady? Is it two- or three-dimensional? At the’
point (x, y, z) = (2, —2, 0), compute the (a) total acceleration vector and (b) unit vector normal to the
acceleration.

I Flow is unsteady because time ¢ appears explicitly. Flow is three-dimensional because u, v, w # 0.

du 3du Ju du ou .
_— _ — = + + (—¢* + = 2x + 4¢#%
PAairy +tu—+v—+ 22 2x + (2tx)(21) + (—y)(0) + (3x2)(0) X

do_v, v, v o _ - o
dt—8t+u8x+vay+waz_ 2ty + (2x)(0) + (—y)(—) + (3x2)(0) = —2y + 'y

dw 3w 3w dw w 2 2
—_—— e —_— — —— + (— + =6txz + 9
PRy +‘u ™ +v 2y +w P 0+ (2tx)(32) + (—t%y)(0) + (3x2)(3x) = 6txz + 9x“z

.du dv dw
@ RRLYTRR Al Sy

At point (2, =2, 0), du/dt = (2)(2) + A)(F)Q2) = 4 + 82, dv/dt = —(2)(£)(=2) + (*)(=2) = 4t — 2t*, dw/dt =

6)(1)(2)(0) + (9)(2)*(0) = 0. Hence, a = (4 + 8°)i + (4 — 21*)j. (b) The unit vector normal to a must satisfy
a-n=0=n(4+8°) +n,(4 — 2t*) + n(0) plus n2 + n2 + n = 1. A special case solution is n = £k.

For steady flow through a conical nozzle, the axial velocity is approximately u = Uy(1 — x/L)?, where U, is the
entrance velocity and L is the distance to the geometrical vertex of the cone. Compute (a) a general expression
for the axial acceleration du/dt and (b) its values at the entrance and atx =2 m, if Uy=4m/sand L =3 m.

P G grudieodeBizor[u(i-5) J(1-1) (-] roro-(-5) ()

(b) At entrance (x = 0): éd-t'f =1 -97°[(2Q)(4)*/3} =10.7 m/s*
du - 2 2
Atx=2m: 2= (-7 @@3)=25%2m/s

A two-dimensional velocity field is given by V = (x* — 2y* + 2x)i — (3xy +y)j. Atx =2 and y =2, compute the
(a) accelerations a, and a,, (b) velocity component in the direction 8 = 32°, and (c) directions of maximum
acceleration and maximum velocity.

du du du du Su

—=a,=—+u—+v—+w u=0+(x2-—2y2+2x)(2x+2)+(—3xy—-y)(—4y)+0

! dt at " ax ay oz
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7.16

717

%’=a,=%+u%’+u%’+w%’=o+(x2—2y2+zx)(—3y)+(¥3xy —y)(=3x—1)+0
(@) a, = [2* - (2)(2)* + Q@) + 2] + [(-3)(2)(2) - 2[{[(-4)(2)] = 112
a,=[2% = (2)(2)* + Q@N(-3))] + [(-3)2)(2) - 2][(-3)) - 1]\= 98
®) Vs =V By V=[22- )1+ )))i—-[3)2)(2) +2]j=0i—14j
nap = 0848I +0.530] Vs = (0 — 14§)(0.848i + 0.530j) = ~7.42

(¢) Direction of a: a = arctan (98/112) = arctan 0.87500 = 41.2°. Direction of V (direction of —j): g = —90°.

The velocity field in the neighborhood of a stagnation point is given by u = Upx/L, v=—Uyy/L, w=0.
(a) Show that the acceleration vector is purely radial. (b) If L =3 ft, what is the magnitude of U if the total
acceleration at (x, y) = (L, L) is 29 ft/s*?

1 g B, 2y B2 (%)% U
at a, a1 uax+vay+waz L +0+4+0 12
dv v Sv v v —Uy\{—Us Uiy
g = tu—tv—t+w—= +0+(———)( >+0=
il Rl TRl Sl PR il L N\'L e

(@) a=a,i+a,j=(U3/L?(xi+yj) = (Us/L*)(x). (Hence, purely radial.)
(b) |a| =a(L, L) = (U3/L?) |Li+ Lj| = U3V2/L. It L =3 ft and |a| = 29 ft/s?, 29 = U;V2/3, Up=T7.84 ft/s.

A particle moves around the circular path x*+ y> =9 m? at a uniform speed of 4 m/s. Express the u and v
components as functions of time, assuming 6 =0 at ¢ = 0. See Fig. 7-5.

1 u=1u,cos @ —u,sin @=—4sin 0 m/s v=u,5in 0 +vycos @ =+4cos 0 m/s

But v, = rf, 4= 30, 6 =%t; hence u = —4sin 3t and v = +4 cos 4.

Fig. 7-5
A perfect fluid flows from the bottom of a large tank through a small hole at the rate Q = 0.9 L/s. If the fluid
flows radially toward the hole with the same volume flow across every section, compute the convective

acceleration at points 100 mm and 200 mm from the hole.

I Consider the radial velocity (v,): v, = —Q/A, = —Q/ (2nr®) (A, is the area of a hemisphere).

e 208 -
T er \2mrt/\art) T 2x%°

Atr=0.100m, a, = —(0.9 x 10’3)2/[(2)(it)?(0. 100)°] = —0.0041 m/s?, or —4.1 mm/s®. Atr=0.200m, a, =
~0.0041/32 = —0.000128 m/s?, or —0.128 mm/s*.
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Given the velocity field V(x, y, z, r) = 10x% — 20yxj + 100tk, determine the velocity and acceleration of a
particle at positionx =1m,y=2m,z=5m,and t=0.1s.
1 V = (10)(1)% — (20)(2)(1)j + (100)(0.1)k = 10i — 40j + 10k m/s

a(x, y, z t)=i‘{+ (v a—V+v A4 v 2—‘—/)

VBT T\ T ey T e
a =100k + [(10x?)(20xi — 20yj) + (—20yx)(—20xj) + (100£)(0)] = 200x%i + (—200x>y + 400yx?)j + 100k

Atpositionx =1m,y=2m, z=5m, and 1 =0.15, a = (200)(1)% + [(—200)(1)*(2) + (400)(2)(1)*]j + 100k =
200i + 400j + 100k m/s>.

If the flow in Fig. 7-2 is steady at 0.50 cfs, find the acceleration in the flow at sections A and B.
I Since the flow at section A is uniform and also steady, a, = 0.

av. 9V = 3V v _ av oV av oV

For point B on the axis of the pipe at section B, v = 0; hence,

ov

A =uUu——
ox

The effective area through which the flow is occurring in the converging section of the nozzle may be expressed
approximately as A = 2ahr, where h = r(1 — cos 45°) =0.293r and r is the distance from point C. Thus
A = (27)(0.293r%) = 1.847%, and the velocity in the converging nozzle (assuming the streamlines flow radially
toward C) may be expressed approximately as v = Q/A = 0.50/(1.84r%). At section B, r =2 in = 0.167 ft; hence,
v = 0.50/[(1.84)(0.167)*] = 9.744 fps.

oV 9V _ [(—2)(0.50)] (2)(0.50)

oy - _ _.,9v_ _ 2
=" "% e )~ @eno.167) 167 fps/ft  ap=u——=(9.74)(116.7) = 1137 ft/s

A two-dimensional flow field is given by u = 2y, v = x. Sketch the flow field. Derive a general expression for the
velocity and acceleration (x and y are in units of length L; u and v are in units of L/T). Find the acceleration in
the flow field at point A (x =3.5,y =1.2).

# The flow field is sketched in Fig. 7-6a. Velocity components u and v are plotted to scale, and streamlines are
sketched tangentially to the resultant velocity vectors. This gives a general picture of the flow field.
du du v v _

= (12 4 V2 = (4v? 4 x2)12 =yl = =u—+v—=2y(1)+x(0)=2
V=W +v" (4y*+x%) a, “ax+”ay 2y0)+x(2)=2x a, “ax+”ay 2y(1) +x(0) =2y

a=(aZ+a2)"?=@Ax*+4y)"?  (a,),=2x=7.0L/T* (a,),=2y=24L/T?
a,=[(a,)2+ (a.)2)*=[(7.0* + (2.4)")"* = 7.4L/T*?

To get a rough check on the acceleration imagine a velocity vector at point A. This vector would have a
magnitude approximately midway between that of the adjoining vectors, or V,, = 4L/T. The radius of curvature
of the sketched streamline at A is roughly 3L. Thus (a,), = 4°/3 =~ 5.3L/T>. The tangential acceleration of the
particle at A may be approximated by noting that the velocity along the streamline increases from about
3.2L/T, where it crosses the x axis, to about 8L/T at B. The distance along the streamline between these two
points is roughly 4L. Hence a very approximate value of the tangential acceleration at A is
14 8-3.2
= —z4<————) ~4.8L/T?
@)=V 3s 4 /
Vector diagrams of these roughly computed normal and tangential acceleration components are plotted
(Fig. 7-6b) for comparison with the true acceleration as given by the analytic expressions (Fig. 7-6¢).
The velocity along a streamline coincident with the x axis is 4 = 9 + x'. What is the convective acceleration at
x = 3.27 Specify units in terms of L and 7. Assuming the fluid is incompressible, is the flow converging or
diverging?

1 Ju du du du
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7.23 °

Flow field

Fig. 7-6(a)

a, =24 L/T? 3,1.0«"'1
A a,=7.0L/T? Fig. 7-6(b) Fig. 7-6(c)
Since
a—u“v?-g"wﬂ""o a =u§£=(9+x1’3)(£)=3x—2/3+1 -13
ot dy = oz * Tox 3

Atx=3.2, a, = (3)(3.2) % + (})(3.2) * = 1.61L/T>. For incompressible flow, the flow is converging.

A large hemispherical vat has a small taphole centered on its lowest point. Ideal liquid drains through the hole
according to Q = 11 — 0.5¢, where Q is in cubic feet per second and ¢ is in seconds. Find the total acceleration at
a point 3 ft from the center of the hole at t = 16 5. Assume that liquid approaches the center of the hole radially.

I v=Q/A. The area through which flow occurs is a hemispherical surface, so v = (11 — 0.5¢)/(2a7?).

Qrotal =V~

v, dv_ [(11 - 0.5t)][—(11 - 0.5:)] _ 05

ar ot 2nr? nr 2nr?

Atr=3ftandt=16s, au = {[11 0.5)(16))/[(2)(T)GFTH-111 - (0.5A6))/[(%)(3)]} - 0.5/[(2)(=)(3)] =
—0.0107 ft/s.

Under what conditions does the velocity field V = (a,x + b,y + ¢c12)i + (% + b,y + ¢,2)j + (asx + by y + ¢32)k,
where a,, a,, etc. = constant, represent an incompressible flow which conserves mass?
1 au v aw

] h 3 2]
é; é—z——O 5;(a1x+b1y+c,z)+gy-(a2x+bzy +czz)+:9;(a3x +byy +¢32)=0

i« i as i
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or a, + b, + ¢; = 0. At least two of the constants a,, b,, and c; must have opposite signs. Continuity imposes no
restrictions whatever on the constants b,, ¢;, @, C,, a3, and bs, which do not contribute to a mass increase or
decrease of a differential element.

724  Anincompressible velocity field is given by u = a(x* — y*), v unknown, w = b, where a and b are constants.

What must the form of the velocity component v be?

Su dv dw dv b dv

[ v, ow 2 wr-a+L+Lo0 Fo_
ox dy oz =0 (ax 4 )+ +az 3y 2ax
This is integrated partially with respect to y: v(x, y, z, t) = —2axy + f(x, z, #). This is the only possible form for
v that satisfies the incompressible continuity equation. The function of integration f is entirely arbitrary since it
vanishes when v is differentiated with respect to y.

725  Anincompressible flow field has u = xz> and w = xe™ (diménsional factors omitted). What form does continuity
imply for the velocity component v?
du Jv ow v v 3

—t—+—= 2 +— —_——=— =-z3
1 wtayta 0 8y+0 0 %= 2 v=-2%+f(x, 2)

726 A two-dimensional incompressible velocity field has u = K(1 — ¢™®), for x < L and 0 < L < c. What is the most
general form of v(x, y) for which continuity is satisfied and v = v, at y = 0? What are the proper dimensions for
the constants K and a?

I Dimensions of constants: {K} ={L/T}, {a} = {1/L}.

ou Jv Jw dv dv
ax+—a; 3z = 0+-87+0_0 -5;—0 v—f(x) Ol‘lly

If v = vy at y = 0 for all x, then v = v, everywhere.

727  Which of the following velocity fields satisfies conservation of mass for incompreséible plane flow?
@ u=—xv=y b) u=3y,v=3% (©) u=4x,v=—4y
(d) u=3xt,v=3y (e) u=xy+yt,v=xy+x* (N u=4x%> v=—2xy*

Ignore dimensional inconsistencies.

I In order to satisfy continuity,

Su —+ 21—’ =0 or Su_
ox B ox  ay
3 a
(a) a—: =-1 and a;) 1 therefore, it does satisfy continuity.
Su v . . _
()] ™ =0 and a_y =0 therefore, it does satisfy continuity.
© e 4 and v_ 4 therefore, it d ti tinuti
& - erefore, it does satisfy continutiy.
du v . . -
(d) Foe 3t and ay =3t therefore, it does not satisfy continuity.
du v . . .
(3] P =y and ‘—9}- =x therefore, it does not satisfy continuity.
du N v 3 . . .
w P 8xy and 5; = —8xy therefore, it does satisfy continuity.

728  If the radial velocity for incompressible flow is given by v, = b cos 8/r%, b = constant, what is the most general
form of v,(r, 0) that satisfies continuity?

Jv, 10 bcos 8 1av., _
I rar( ) (U9)+az =0 ra[ ( )] 86+0_0
av., bcos 6 b sin

ao r2 Vo = +f(r)
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729

7.30

7.31

7.32

7.33

7.34

A two-dimensional velocity field is given by

yoo KK
xz+yz x2+y2

where K is constant. Does this field satisfy incompressible continuity? Transform these velocities into polar
components v, and v,. What might the flow represent?

ou v ow 2xKy 2yKx
———= —
J 3x 3y ‘+ 3z 0 x2+y* (P+y

Therefore, continuity is satisfied. x>+ y>=r? cos 8 =x/r, sin 8 =y/r.

K Kx K Kx
v =ucos0+vsing =~ (725) () + (7)) = -+ =0

. Ky y Kx \/x\ Ky* Kx* K
v=—using +wess 0=~ - (22)|(8) + (753) () =S + 5 =04 () =7
Hence, in polar coordinates v,(r, 8) and v,(r, 6), v, =0, v, = K/r. (This represents a potential vortex.)

For incompressible polar coordinate flow, what is the most general form of a purely circulatory motion,
Uy = v(r, 6, t) and v, = 0, which satisfies continuity?

1 222220 L2001+ i3m0 +0=0  1mw)=0  v=f0)

r ar
What is the most general form of a purely rad1a1 polar coordinate incompressible flow pattern, v, = v,(r, 0, t)
and v, = 0 that satisfies continuity?

13 12 A, 12 1
I 2 Sw+r =0 12 +(Ho+0=0 12m)=0 v=(;)i®)

An incompressible steady flow pattern is given by u = x* + 3z* and w = y* — 3yz. What is the most general form
of the third component, v(x, y, z), that satisfies continuity?
au av aw

3 o
I 5; i 4x3+5v—3y=0 ;y-v=3y—4x3 v=3y’-4x’y +f(x, z)

A certain two-dimensional shear flow near a wall, as in Fig. 7-7, has the velocity component

where a and U are constants. Derive from continuity the velocity component v(x, y) assuming that v =0 at the
wall, y =0.

au v - w du v v du -3y 2°? 3y? 2y
[ R ZrTro=0  T=-Zoy(ZXe L) v-u(-)

ax ay NS =0 3x dy 0 3y dx ax*  a*x® v=U 2ax* +f@x)
Enforce no-slip condition: v(x, 0) = U(0 — 0) + f(x) =0, f(x) =0.

y

Y

u(x, y)

Anab I
0 Fig. 7-7

Consider the flat-plate boundary-layer flow in Fig. 7-8. From the no-slip condition v = 0 all along the wall y =0,
and u = U = constant outside the layer. If the layer thickness é increases with x as shown, prove with
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incompressible two-dimensional continuity that (a) the component v(x, y) is everywhere positive within the
layer; (b) v increases parabolically with y very near the wall; and (c) v reaches a positive maximum at y = 4.

I (a) I b increases with x, the streamlines in the shear layer must everywhere move upward to satisfy
continuity. Therefore, u/dx <0 everywhere inside the shear layer. Since continuity requires

a
u av -0
ax 8y

everywhere, it follows that dv/dy > 0 everywhere in the shear layer.
(b) Near the wall, u =y f(x), du/3y = —3u/3x = — f'(x); therefore,

= - f (x) (parabolic)

(¢) Aty =34(x), Su/dx =0; therefore du/dy =0, and v = maximum.

Layer thickness 8(x)

—
11 U = constant

uix, y)

2z x  Fig. 78

The axial velocity field for fully developed laminar fiow in a pipe is v, = u.,(1 — r*/R”) and there is no swirl,
vy = (. Determine the radial velocity field v,(r, z) from the incompressible relation if u,,,, is constant and v, =0
at r = R. (r denotes radial distance from the pipe’s center; R denotes the pipe’s radius.)

1_‘?_ 19 138 _ 9 _ _f(6,z)
1 -3 (rv,) (vg)+ 5 =0 rar(rv,)+0+0—0 ar(rv,)-O v, =

r

ifv,(R)y=0forall 6, z, v, =0.

An incompressible flow field has the cylindrical components v = Cr, v, = K(R* - r?), v, =0, where C and K
are constants and r =R, z < L. Does this flow satisfy continuity? What might it represent physically?

v

18 12 . 18 19 3. r .
L 75 V) o5 We) +==0 —— (O] + 25 (Cr) + — [K(R* = r)] =0

0+0+0=0  (satisfies continuity)

This flow represents pressure-driven, laminar, steady flow in a rotating tube (fully developed).

An incompressible flow in polar coordinates is given by v, = K cos 8(1 — b/r?), v, = —K sin (1 + b/r?). Does
this field satisfy continuity? For consistency, what should the dimensions of the constants K and b be?

13 v, 13 b 108 ) b
ar(rju,),+ (Ug) + % =0 e [rKcos 0(1 ——)] +;5—é [—K sin 6(1 +?)] +0=0

1 by 1 b
> K cos 0(1 + ;3) - K cos 0(1 + F) =0 0=0 (satisfies continuity)
Dimensions of constants: {K} = {L/T}, {b} = {L*}.

The x component of velocity is u = x>+ z* + 6, and the y component is v =y* + z*. Find the simplest z
component of velocity that satisfies continuity.
au av ow w ow

’ =0 32+ 2+_= AT 2 2 —— 2 2
ax ay 3 x“ + 3y e 0 7 3(x*+y?%) W 3z(x*+y?)
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739 Is the continuity equation for steady, incompressible flow satisfied if the following velocity components are
involved?

u=2"—xy+z* v=x"—4xy +y* w=—2xy - yz +y*
9
1 Z: + :;J aw 0 (x-y)+(-4x+2y)+(-y)=0 (satisfies continuity)

7.40 For steady, incompressible flow, are the following values of u and v possible?
(@) u=4xy +y* v=>6xy+3x (b)u=‘2x2+y2 v =—dxy

du dv dw
i1
8x+ay 3z =0

(@) 4y +6x+0+#0 (Flow is not possible.)
B) 4x—4x+0=0 (Flow is possible.)

741  Determine whether the velocity field V = 31 + xzj + ty°k is incompressible, irrotational, both, or neither.

I The divergence of this velocity field is
2 0 2]
V- V=G — 2 )=
V=% (30 3y (?Z)+az(t)’) 0

Therefore, this velocity field is incompressible. The curl of this velocity field is

This is not zero; hence, the flow field is rotational, not irrotational.

742  If a velocity potential exists for the velocity field u = a(x*— y®), v = —2axy, w =0, find it and plot it. .

I Since w =0, the curl of V has only one (z) component, and we must show that it is zero.

v, u )
b 4 = = e e — — —— 2 2y = =
v V)z‘ 20 3 3y ( —2axy) ay(ax ay’)=—2ay +2ay=0  checks
The flow is indeed irrotational. A potential exists. To find ¢(x, y), set
9_ . ’ ~
== = gx* - 1
_Se__
v=gy = 2 @
Integrate (1) a’
=5~ @y’ +f(y) €
Differentiate (3) and compare with (2) '
3¢ , ‘ ' :
5;= ~2axy +f'(y) = —2axy ' “

Therefore f '=0, or f constant. The veloclty potentlal is ¢ = ax*/3 - axy® + C. Letting C =0, we can plot the
¢ lines as shown in Fig. 7-9.

7.43 Given the velocity field V = 13x’yi + 18(yz + x)j + 15k, find the angular velocity vector of a fluid particle at

(2,3,4)m.
oV, av, 1,3V, 3V,
' =73 (- ) : B =2 ( - z) =3 - =
() %y oz 2(0—18y) = -9y o=\ "= :(0—-0)=0
av, oV, i :
0, =3 (3;’- )= 3(18-13x%)=9-6.5x @=—9yi+0j+(9—-6.5x)k

At point (2, 3, 4) m, @ = (=9)(3)i + [9 - (6.5)(2)’Jk = —27i — 17k rad/s.
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Fig. 7-9

744  Given the velocity field V 6x%yi — (4x — 4z)j + 12z°%k m/s, compute the angular velocity field o(x, y, z).

] _1(aV, V\ o (av aV)
! o35 5)=10-9==2 =3 (355 =10-0=0
| 179V, a8V,
_L_ — 2=_ 2 - —% . 2
@ = 2(ax ay) (-4-6)=-Q2+3%%) o=-2A+0—(2+3 )krad/s

745  Show that any velocity field V expressible as the gradient of a scalar ¢ must be an irrotational field.
# Show curl (grad ¢) =0
o¢. 9¢ ) -
w’l(ax ' ay“ oz 3 %)=°
3 3
[5G -=GEE) -Gk [ZE)-5Gk-o
dy \3z 3z dy 9z \dx/ 09x\az/) Lax\dy ay ox

Since 3°¢/3y 8z = 3°¢/ 3z Jy, etc., we see that we have proven our point provided the partial derivatives of ¢
are continuous.

146 Isthe following flow field irrotational or not? V = 12x%yi + 3x*j + 10k ft/s.

ELARLA av, av, v, v,
1 =12¢*—-12x*=0 =0 i
: 8y ox 8z 9y ox 9z

Therefore, the flow is irrotational.

747  For the velocity vector V = 3t + xzj + ty’k evaluate the volume flow and the average velocity through the
square surface whose vertices are at (0, 1, 0), (0,1, 2), (2,1, 2), and (2, 1, 0). See Fig. 7-10.

f The surface S is shown in Fig. 7-10 and is such that n = j and dA = dx dz everywhere. The velocity field is
V =3ti + xzj + ty’k. The normal component to S is V-n =V . j=v, the y component, which equals xz. The
limits on the integral for Q are 0 to 2 for both dx and dz. The volume flow is thus

2 2
o =I V. dA=J j xz dx dz = 4.0 units
S 0 J0
The area of the surface is (2)(2) = 4 units. Then the average velocity is V,, = Q/A = 4.0/4.0 = 1.0 unit.
748  Atlow velocities, the flow through a long circular tube has a paraboloid velocity distribution
U = Upe(1 — r*/R?), where R is the tube radius and u,,,, is the maximum velocity, which occurs at the tube

centerline. (@) Find a general expression for volume flow and average velocity through the tube; (b) compute
the volume flow if R = 3 cm and u,,,, = 8 m/s; and (¢) compute the mass flow if p = 1000 kg/m".
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]y dA = dx dz
n=j
0,1,0 /
¢ ) 21,0

! ﬁ

i

1

|

IS
055 2,1,2)

X
: Fig. 7-10

# (a) The area S is the cross section of the tube, and n =i. The normal component V-n=V :i=u. Since u
varies only with 7, the element dA can be taken to be the annular strip dA = 2ar dr. The volume flow becomes

R r2
Q =f udA =f um“(l ——Z)Zn'r dr
s o R

Carrying out the integration over r, we obtain Q = u,,,,7nR? The average velocity is &,, = Q/A =

du, IR?/AR? = Ju,,.... The average velocity is half the maximum, which is an accepted result for low-speed,
or laminar, flow through a long tube. (b) For the given numerical values Q = $(8)x(0.03)> = 0.0113 m®/s.
() For the given density, assumed constant, iz = pQ = (1000)(0.0113) = 11.3 kg/s.

7.49 For low-speed (laminar) flow through a circular pipe, as shown in Fig. 7-11, the velocity distribution takes the
form u = (B/u)(r3 - r?), where p is the fluid viscosity. Determine (a) the maximum velocity in terms of B, u,
and 7, and (b) the mass flow rate in terms of B, u, and r,.

I (a) u,., occurs when du/dr =0. du/dr = —2Br/p =0, r =0, U, = Bri/p.

) B B 2. 4qro
®) = [ ovaaa= o2 3= e ar) =2np 2 |55
B 2
-2 ()t (et
Pipe wall

7.50 If the fluid in Fig. 7-11 is water at 20 °C and 1 atm, what is the centerline velocity U, if the tube radius is 20 mm
and the mass fiow through the tube is 1.3 kg/s?

I From Prob. 7.49, i1 = (0/2)Umax(7r2), 1.3 = (ZE)(Umax)[(76)(0.020)?], tpmax = Uo = 2.07 m/s. (Actually, this is
unrealistic. At this g, N >2000, so the flow is probably turbulent.)

7.51 A velocity field in arbitrary units is given by V = 3x% — xyj — 6xzk. Find the volume flow Q passing through the
square with corners (x, y, z)=(1,0,0), (1, 1, 0), (1, 1, 1), and (1, 0, 1). See Fig. 7-12.
I O0=(f(w),-,dydz Sincen=i, V-n=u=3x% Q = [} [¢ (3) dy dz =3 units.
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Y (1,4,0)
{(’J‘J D lon:t
(,0,0) *
A i, 712

152 For an incompressible fluid, express the volume flow Q across the upper surface in Fig. 7-13 in terms of the inlet
velocity U, and the height & of the fluid region shown in the figure?

] 0= L " Uob dy — fo Uy sin (%)b dy = Upb[y]e - Uob<]—6t)[—cos (—’?)]Z
= Upbd - Uob(g)[l +1]= Upbd - _2Uob<]—‘:)

= UpbS(1 - 2/7) = 0.363U,b5

ﬁ y
= .
Uy =t /Q uv—Uosm6
o1 =0
Plate (width b into paper) Fig. 7-13

153 The velocity profile in water flow down a spillway is given approximately by u = (U,)(y/h)"” where y=0
' denotes the bottom and the depth is & (see Fig. 7-14). If U, = 1.4 m/s, h =3 m, and the width is 17 m, how long
will it take 10° m* of water to pass this section of the spillway?

I 0= f udA = fo ) (Uo)(%)m(b dy) = Uobh“”[g]: = Upbh = (B)(LAYA7)(3) = 62.5 m*/s

7

t=V/Q=10°/62.5=1603s or 26.7 min

Fig. 7-14




146

754

7.55

1.5

0 CHAPTER 7

Find the total derivative, dp/dt, at x =1 and y = 3 of the density field p = 3x> — 4y? corresponding to the
velocity field V = (x> — y* + x)i — (3xy + y)j.

dp 9 3 3
1 ap _cp + °ep P

ap 2 2 2
—tw—=0+ — —_ —_
2 3 u i +v 3 w % 0+ (x*-y*+x)(9%%) — Bxy + y)(—8y)+0

Atx=1andy =3, dp/dt = (1 — 3 + 1)[(9)(1)*] - [(3)(1)(3) + 3][(—8)(3)] = 279 units.

A frictionless, incompressible (p = p,) steady flow field is given by V = 3xyi — 2y?j in arbitrary units. Neglecting
gravity, calculate the pressure gradient and evaluate this gradient at (3, I, 0).

dv ( v oV

I, ~ = Polug Y FR av) = po[(B3xy)(3yi) + (—2y*)(3xi— 4yj) + 0] = —Vp  Vp = po(6xy’i +4y?%)

At (3, 1,0), Vp = po[(6)(3)(1)% + (4)(1)’]] = po(18i + 4j).

A temperature field T = 5xy? is associated with a velocity field given by u = 2y>, v =3x, w =0. Compute the
rate of change dT/dt at the point (x, y) = (3, 4).
dT 3T 3T aT

—=y—+v—+w—=(2y)(5y* + + 30,
1 il e 3y+w 2y)(5y%) + (3x)(10xy) + 0 = 10y* + 30x%y

ﬂ = (10)(4)* + (30)(3)*(4) = 3640 units

Take the velocity field u = a(x* — y?), v = —2axy, w =0 and determine under what conditions it is a solution to
the Navier—Stokes momentum equation. Assuming that these conditions are met, determine the resulting
pressure distribution when z is “up” (g, =0, g, =0, g, = —g).

I _91_7+ (62u+§it+82u) du _§£+ (22_1_1+8v azv) dv
. P oy az2) Pa P TMer T o) TP
__a£+ (221 Fw azw) dw
Pg- a2 oy a2)~Pa

Make a direct substitution of u, v, w

PO - Lt u(a-20) =2+ 07 5
dp 2 3

PO~ L+ 4O =206 +) @

p(-8)- L+ u(0)=0 )

The viscous terms vanish identically (although p is not zero). Equation (3) can be integrated partially to obtain

p=-pgz+fi(x,y) 4

i.e., the pressure is hydrostatic in the z direction, which follows anyway from the fact that the flow is two-
dimensional (w = 0). Now the question is: Do Egs. (1) and (2) show that the given velocity field is a solution?
One way to find out is to form the mixed derivative 8°p/(dx dy) from (1) and (2) separately and then compare
them.

Differentiate Eq. (1) with respect to y

Fp

xay —4a’pxy )
Now differentiate Eq. (2) with respect to x
3’p 2 3 2
“ oy ax[2“ p(x’y +y°)] = —4a’pxy , (6)

Since these are identical, the given velocity field is an exact solution to the Navier—Stokes equation.
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To find the pressure distribution, substitute Eq. (4) into Egs. (1) and (2), which will enable us to find f,(x, y)
%h

o= 2P+ xyY) (7)
% =-2"p(x’y +y°) (8)
Integrate Eq. (7) partially with respect to x
fi=—1a’p(x* + 2°y?) + f(y) &)
Differentiate this with respect to y and compare with Eq. (8)
a ’
T —2pry +1100) (10)

Comparing (8) and (10), we see they are equivalent if

! = _2a2 3
or fAy) 2 1:y (1)
H(y)=za°py*+C
where C is a constant. Combine Eqgs. (4), (9), and (11) to give the complete expression for pressure distribution
px, y, z)=—pgz —3a’p(x* +y* + 2%y") + C (12)

This is the desired solution. Do you recognize it? Not unless you go back to the beginning and square the
velocity components:

W+ v+ wi=Vi=a%(x* +y* + 2%?) ; (13)
Comparing with Eq. (12), we can rewrite the pressure distribution as
p+ipVi+pgz=C (19)

The sprinkler shown in Fig. 7-15 on p. 148 discharges water upward and outward from the horizontal plane so
that it makes an angle of 6° with the ¢ axis when the sprinkler arm is at rest. It has a constant cross-sectional
flow area of A, and discharges g cfs starting with @ = 0 and ¢ = 0. The resisting torque due to bearings and seals
is the constant T;, and the moment of inertia of the rotating empty sprinkler head is I,. Determine the equation
for w as a function of time.

I The control volume is the cylindrical area enclosing the rotating sprinkler head. The inflow is along the axis,
so that it has no moment of momentum; hence, the torque —7; due to friction is equal to the time rate of
change of moment of momentum of sprinkier head and fluid within the sprinkler head plus the net efflux of
moment of momentum from the control volume. Let V, = g/2A,.

Y\
—T0=2§tf Aopwrzdr+1,i“—’—[2pq'°
0

7 5 (V. cos 8 — wro)]

The total derivative can be used. Simplifying gives
do 2 3
A (L + 3pAoro) = pgro(V; cos 6 — wrp) — Ty

For rotation to start, pgryV, cos 8 must be greater than T;,. The equation is easily integrated to find w as a
function of z. The final value of w is obtained by setting dw/dt = 0 in the equation.

A turbine discharging 10 m?/s is to be so designed that a torque of 10 000 N - m is to be exerted on an impeller
turning at 200 rpm that takes all the moment of momentum out of the fluid. At the outer periphery of the
impeller, r =1 m. What must the tangential component of velocity be at this location?

I T = pQl(rv,.), — (rv,)4] 10 000 = (1000)(10)[(1)(v,)i. — 0] (v)=1.00m/s
The sprinkler of Fig. 7-16 discharges 0.01 cfs through each nozzle. Neglecting friction, find its speed of rotation.
The area of each nozzle opening is 0.001 ft2.

I The fluid entering the sprinkler has no moment of momentum, and no torque is exerted on the system
externally; hence the moment of momentum of fluid leaving must be zero. Let w be the speed of rotation; then
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Fig. 7-15

. the moment of momentum leaving is pQ1r;1v, + pQ.10,, in which v,

, and v,, are absolute velocities. Then

Yy = Uy — @01 = 0,/0.001 — wr; =10 — @ and v, =v, — 0r,=10— 2. For the moment of momentum to be

zero, pQ(rv, + rve) =0or (1)(10 - w) + (3)(10-3%w)=0and @ =11.54 rad/s, or 110.2 rpm.

w

r}f (/D.,. lhl
— 3
: L——s in-L————lz in ———>l Fig. 7-16

The velocity profile for laminar flow between two plates, as in Fig. 7-17, is
u= 4Umax Y (h -y ) |

If the wall temperature is T,, at both walls, use the incompressible-flow energy equation to solye for the

temperature distribution T( y) between the walls for steady flow. '

v=w=0

dr _ d*T du\? a*T du\>
1 pCU-E—-Kd—y;-FM(E;) O—Kdy2+[l("5)
dzT_ p (du 2 _ b At ax 2_ - 16l‘u2m-x> 2 2
dy* 'K(dy) - K[ h? (h’zy)] '( KOy )
dT [—16uu .
= (Ty =2+ O0Y + €1

Since dT/dy =0aty =h/2, C,=—h*/6.

dy \ Kn*
HT=T,aty=0andy=h, thenC,=T,.

rone (R0

h‘////// 7

()6 -GG

y u(y) T(y)

¥ =0 T
T, Fig. 7-17

dT [ —16pul,. n? —16put, \[ %Y’ 4 yh
() iy oy o2 %] 7= (T By +5 - Y+

3
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Consider a viscous, steady flow through a pipe (Fig. 7-18a). The velocity profile forms a paraboloid about the
pipe centerline, given as

V=-C(r*-D*4) m/s )

where C is a constant. (@) What is the flow of mass through the left end of the control surface shown dashed?
(b) What is the flow of kinetic energy through the left end of the control surface? Assume that the velocity
profile does not change along the pipe.

I 1In Fig. 7-18b, we have shown a cross section of the pipe. For an infinitesimal strip, we can say noting that V
and dA are collinear but of opposite sense: pV « dA = p[C(r* — D?/4))2xr dr. For the whole cross section, we
have

D12 4 DZ 2qDr2 D4
II pV-dA=p C(r —D—)Zmdr—ZarpC[r——-——] = pC:';;
0

T3 kg/s @

We now turn to the flow of kinetic energy through the left end of the control surface. The kinetic energy for an
element of fluid is 3 dmV?>. This corresponds to an infinitesimal amount of an extensive property N. To get 7,
the corresponding intensive property, we divide by dm to get

n=3v? 3

We accordingly wish to compute [ f 9oV - dA = [ 3V?{pV - dA}. Employing Eq. (1) for V, and noting again
that V and dA are collinear but of opposite sense, we get

[fv-ane[“1e(e-2Y ofele-2orr])

D2 23 3uD® ‘
= Pcsnf (r2 - 24-) rdr= pg(:s N-m/s )
0

Contro! volume

Left control
surface

_ Fig. 7-18(a) Fig. 7-18(b)

In Prob. 7.62, assume a one-dimensional model with the same mass flow. Compute the kinetic energy flow
through a section of the pipe for this model. That is, compute kinetic energy flow with an average constant
velocity. What is the ratio of the actual kinetic energy to the kinetic energy flow for the one-dimensional model
flow?

J We first compute the constant velocity at a section for the one-dimensional model. Hence, using Eq. (2) of
Prob. 7.62,

: an’) _pCD*xn
v =
2
Vo= b m/s 6))
8
The kinetic energy flow for the one-dimensional model is then ;
CD*\*(nD? pCD*x
A == —_— )= - . 2
” (PV-dA)= (8)(4) a6 Nmfs )

We now define the kinetic-energy correction factor « as the ratio of the actual flow of kinetic energy through a
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cross section to the flow of kinetic energy for one-dimensional model for the same mass flow. That is

KE flow for section

= , 3
%= KE flow for 1-D model )
For the case at hand, we have from Eq. (2) of this problem and Eq. (4) of Prob. 7.62
P, I
- pC3nD8/2048 =2 @
—pC3nD*®/4096

The factor & exceeds unity, so there is an underestimation of kinetic energy flow for a one-dimensional model.

7.64  The velocity field in a diffuser is u = Upe ™%, and the density field is p = poe™*. Find the rate of change of
density at x = L.

dp _dp op op 9p —2:/1.( poe_x/L) Polo i
Pl il w0+ (U +0+0= -2
! o Ve T Ot e\ L
Atx=1L,

££= _ Poer_gLu_ - 0.0498p, U,

dt L L

7.65 Gas is flowing in a long 4-in-diameter pipe from A to B. At section A the flow is 0.30 1b/s, while at the same
instant at section B the flow is 0.33 Ib/s. The distance between A and B is 700 ft. Find the mean value of the
time rate of change of the specific weight of the gas between sections A and B at that instant.

I vAv,—-vAu,= (%}’) (volume of section). Since G = yAv,
avg

0.30-0.33= (%’) [(700)(m)(%)/4] (%’) = —0.000491 Ib/§E/s

7.66  Anincompressible flow field is given by V = x% — z%j — 3xzk with V in meters per second and (x, y, 2) in
meters. If the fluid viscosity is 0.04 Pa - s, evaluate the entire viscous stress tensor at the point
x,5.2)=3,2,1).

du dv w
I =% Ty Ty tn=2”5;=4#x "2”"3;=0 _2l"a—"_6“x
Txz ryz tzz
dv v 3w ou dw
; ()t i)
5e=)(3+30) = =) W te=t=(0)(e o) = —3uz
At(x,y,2)=(3,2,1) for u =0.04 kg/(m - s): ’
048 O -0.12
=] 0 0 —0.08 Pa
-0.12 -0.08 -0.72
7.67 Given the velocity distribution
u=Kx = —Ky w=0 )

where k is constant, compute and plot the streamlines of flow, including directions, and give some possible
interpretations of the pattern.

I Since time does not appear explicitly in Eqs. (1), the motion is Steady, so that streamlines, path lines, and
streaklines will coincide. Since w = 0 everywhere, the motion is two-dimensional, in the xy plane. The
streamlines can be computed by substituting the expressions for « and v into

dx _dy dz_dr dx dy dx _J’dy

=tz ——= —_——= - or

Integrating, we obtainlnx = -Iny +InC, or
xy=C 2
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This is the general expression for the streamlines, which are hyperbolas. The complete pattern is plotted in
Fig. 7-19 by assigning various values to the constant C. The arrowheads can be determined only by returning
to Egs. (1) to ascertain the velocity component directions, assuming K is positive. For example, in the upper
right quadrant (x > 0, y >0), u is positive and v is negative; hence the flow moves down and to the right,
establishing the arrowheads as shown.

Note that the streamline pattern is entirely independent of the constant K. It could represent the
impingement of two opposing streams, or the upper half could simulate the flow of a single downward stream
against a flat wall. Taken in isolation, the upper right quadrant is similar to the flow in a 90° corner.

Finally note the peculiarity that the two streamlines {C = 0) have opposite directions and intersect each other.
This is possible only at a point where u = v = w =0, which occurs at the origin in this case. Such a point of zero
velocity is called a stagnation point.

Fig. 7-19

A velocity field is given by u =V cos 6, v = V sin 8, and w =0, where V and 8 are constants. Find an
expression for the streamlines of this flow.

: i _dy_di_dr & _ dy _dz
u v w ' V Vcos® Vsin® 0
(Note: dz/0 indicates that the streamlines do not vary with z.)
dy Vsin@
dx_Vcosf)—tane y=xtan6+C

Hence, the streamlines are straight and inclined at angle 6, as illustrated in Fig. 7-20.
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7.69 A two-dimensional steady velocity field is given by u = 3x? — 2y?, v = —6xy. Derive the streamline pattern and
sketch a few streamlines in the upper half-plane.
1 dr_dy_dz_dr  _dx _ dy
u v w V 3x%~2y* —6xy
—6xy dx = (3x* - 2y*) dy df = 6xy dx + (3x>—2y*) dy f(x, y) =3x*y — 2y>/3 = const.
Hence, the streamlines represent inviscid flow in three corners, as illustrated in Fig. 7-21.
e X Fig, 7-21
7.70

A two-dimensional unsteady velocity field is given
family of streamlines through the point (x0s Yo).

by u =x(1+ 3f), v =y. Determine the one-parameter (1)

] de_dy_dz_dr _dx _dy
u v w V. x(1+43) vy

Integrate, holding ¢ constant.

Inx _ — 1/(1+3¢4)

1+3t—lny+C y=Cx
If y = yo at X =Xo, Yo = Cxg"**. 7 A
9 9 x 1(1+36)
€= y= [T«T'i?)][x"‘”’"] = (Yo)(;‘)
° Xo o

Some streamlines of the family are sketched in Fig.

7-22.

t=-04 -02

*\g~.‘Q“'.

Fig. 722
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Investigate the stream function in polar coordinates
¥ = Usin 8(r — R*/r) ¢))

where U and R are constants, a velocity and a length, respectively. Plot the streamlines. What does the flow
represent? Is it a realistic solution to the basic equations?

§ The streamlines are lines of constant y, which has units of square meters per second. Note that y/UR is
dimensionless. Rewrite Eq. (1) in dimensionless form
¢/UR=sin8(n—1/n) n=r/R 2

Of particular interest is the special line 3 = 0. From Eq. (1) or (2) this occurs when (a) 8 = 0° or 180° and
(b) r =R. Case (a) is the x axis and case (b) is a circle of radius R, both of which are plotted in Fig. 7-23.
For any other nonzero value of v it is easiest to pick a value of r and solve for 9:

y/UR
r/R—R/r

In general, there will be two solutions for 6 because of the symmetry about the y axis. For example take
w/UR = +1.0:

sin @ =

3

Guessr/R | 30 | 25 | 20 | 18 | 17 | 1618
Compute 8 l 22° l 28° I 4 I 54° | 64° l o0°
158° 152° 138° 126° 116°

This line is plotted in Fig. 7-23 and passes over the circle r = R. You have to watch it, though, because there is a
second curve for 9/UR = +1.0 for small r < R below the x axis:

Guess r/R I 0.618 ! 0.6 I 0.5 I 0.4 l 0.3 l 0.2 | 0.1

—70°W —42° —28° ~19° —12° ] —6°
~110° ~138° ~152° ~161° ~168° —174°

This second curve plots as a closed curve inside the circle r = R. There is a singularity of infinite velocity and
indeterminate flow direction at the origin. Figure 7-23 shows the full pattern.

The given stream function, Eq. (1), is an exact and classic solution to the momentum equation for frictionless
flow. Outside the circle r = R it represents two-dimensional inviscid flow of a uniform stream past a circular
cylinder. Inside the circle it represents a rather unrealistic trapped circulating motion of what is called a line
doublet.

Compute 6 I -90°

Streamlines converge,
high-velocity region

V.

UR +1
1

+3

0 - X

-1
2

-1

Singularity
at the origin Fig. 7-23

In two-dimensional, incompressible steady flow around an airfoil, the streamlines are drawn so that they are
10 mm apart at a great distance from the airfoil, where the velocity is 40 m/s. What is the velocity near the
airfoil, where the streamlines are 7.5 mm apart?

m3/s

[ Q = Av = (1%)(40) = 0.40—= 0.40 = (7.5/1000)(v) v =>53.3m/s

'
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1.73 A three-dimensional velocity distribution is given by u = —x, v =2y, w =6 — z. Find the equation of the
streamline through (1, 2, 3).

I de_dy_dz &b —-lnx=lmVy+mlnC, xVy=-C,
u v w -x 2y
Atx=1,y=2, 1V2=-C,, C,=—1414;x\y = 1.414. ‘
#_ 42 hre-m@E-z)+hC i,
-x 5-z x
Atx =1, z=3, (6-3)/1=C,, C;=3; (6 — z)/x = 3. Therefore, xVy = 1.414 and (6 — z)/x =3 is the equation
of the streamline.

774 A two-dimensional flow can be described by u = —y /b?, v =x/a’. Verify that this is the flow of an
incompressible fluid and that the ellipse x*/a® + y*/b* = 1 s a streamline.
1 g—: + g—; =0+4+0=0  (Therefore, continuity is satisfied.)

dcx dy dz dx dy xdx -y dy

u v ow —y/b2=w a b
x*/a®+y*/b>=constant  (Therefore, ellipse x*/a” + y*/b>=1 is a streamline.)

1.75 A velocity potential in two-dimensional flow is ¢ = xy + x* —y°. Find the stream function for this flow.

99 _3y 9¢_ v _ 12

1 ax_ay 3 +2x ay—y+2x Y =3y*+ 2xy + f(x)
9_ _3v 3_ Sy _ -
- ax ay—x 2y Pt 2y 2y —f'(x)=x-—2y

Therefore, f(x) = —3x%(+C) and ¢ = 2xy + 3y* — 1x*(+C).
7.76 For the steady two-dimensional flow shown in Fig. 7-24, the scalar components of the velocity field are V, = —x,
V, =y, V. =0. Find the equations of the streamlines and the components of acceleration.

I (dy/dx)sesm=V,/V. = —y/x, dy|y = —dx/x, Iny = —Inx + In C. Hence, xy = C. Note that the streamlines
form a family of rectangular hyperbolas. The wetted boundaries are part of the family, as is to be expected.

Ve (Ve Ve

=G+ (WG HRGHV. "5) =04+ (-A(-1) + (O +0=x
2y (s oy, ) o _
a=—r+ V‘ax+v’ay+v’az =0+ (—x)(0) + (y)(1) +0=y
a. =0 a=xi+yj
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1.7 A two-dimensional dipole source at the origin prod\ices steady incompressible flow with stream function

=7
Y= xz + yz
Find the direction of motion of a fluid particle at the point x =6,y =9,
I Along the streamline ¥ = const. through the given point,

2 2 -
0=d¢,=(x +y°)dy —y (2x dx +2y dy)

**+y*)?
from which
d_ 2y _2A90O)__,,
& Py e~

Therefore the particle is moving at an angle of arctan (—2.4) = —67.4° with the positive x-axis.

1.78 Sketch the streamlines for Prob. 7.77.
# The streamline y = 1/2A has the equation

y 1 2 2 2
—_ = +(y— =
i O ¥ (y—Ay=2a
It is thus a circle of radius |A| centered at (0, 1); see Fig. 7-25.

k|

Fig. 7-25
19  InProb. 7.76 find the normal acceleration of a fluid particle as it moves through the positionx =3, y =35.

I At(3,5), V= -3i+5j and a = 3i+ 5j. Therefore (see Fig. 7-26),
_a Ve G)X=3)+06)O5)
NEWVEY T (3P 6F
an=a—ay =3 (5i+3j)

(-3i+5)=-Hi+9j

x Fig.7-26
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7.80 Repeat Prob. 7.70 to find the equation of the path line that passes through (x,, y,) at time ¢ = 0. Sketch it.
1 u=dx/dt=x(1+3t) de/x=(1+430)dt Inx=t+1.5¢+C,
x =exp (¢t + 1.5¢ + C;) =fexp (t + 1.5)C>)
Atx=xoand =0, xo=¢€°C,, C,=xp; x =x0€xp (t + 1.5¢%), v=dy/dt =y, dy|y =dt, Iny =t + C,,
y =exp (t + C;) = €'C,. '

Aty=y,and t =0, y,=€°C,, C,=yo; ¥y =¥o€', t =In (y/yo), x =x0€xp (t + 1.5¢>) = x,exp {In (y/yo) + 1.5
In? (y/yo)}. This pathline is sketched in Fig. 7-27.

Xo X Fig. 7.27
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8.6

CHAPTER 8
Fundamentals of Fluid Flow

Water flows through a 3-in-diameter pipe at a velocity of 10 ft/s. Find the (a) volume flow rate in cfs and gpm,
(b) weight flow rate, and (¢) mass flow rate.

I @ Q = Av = [(n)($)*/4](10) = 0.4909 cfs = 0.4909/0.002228 = 220 gpm
) W = yAv = 62.4[(w)(£)*/4](10) = 30.6 Ib/s
() M = pAv = 1.94[(x)(£)*/4](10) = 0.952 slug/s

Benzene flows through a 100-mm-diameter pipe at a mean velocity of 3.00 m/s. Find the (@) volume flow rate in
m®/s and L/min, (b) weight flow rate, and (c) mass flow rate.

I @ 0 = Av = [()(3%)?/4](3.00) = 0.0236 m*/s = 0.0236/0.00001667 = 1416 L/min
®) W = yAv = 8.62[(%)(3%)?/4](3.00) = 0.203 kN/s
© M = pAv = 879[(m)(3%3)2/4)(3.00) = 20.7 kg/s

The flow rate of air moving through a square 0.50-m by 0.50-m duct is 160 m*/min. What is the mean velocity of
the air?

i1 v =Q/A=160/[(0.50)(0.50)] = 640 m/min or 10.7m/s
Assume the conduit shown in Fig. 8-1 has (inside) diameters of 12 in and 18 in at sections 1 and 2, respectively.

If water is flowing in the conduit at a velocity of 16.6 ft/s at section 2, find the (@) velocity at section 1,
(b) volume flow rate at section 1, (¢) volume flow rate at section 2, (d) weight flow rate, and (e) mass flow rate.

I A=A,  [(®)(3B)/4)(vy) = [(n)(8)*/4](16.6)  v,=37.3ft/s
() Q. = A, = [(n)($3)*/4](37.3) = 29.3 ft*/s

(©) Q.= A, =[(7)($)*/4](16.6) = 29.3 ft*/s. (Since the flow in incompressible, the flow rate is the same at
sections 1 and 2.)
7)) W = yA,v, = 62.4(n)(5)*/4](37.3) = 1828 Ib/s

(e) M = pA,v, = 1.94[()($)*/4)(37.3) = 56.8 slugs/s

0 - ,,
_éz Fluid flow - I‘ %
Fig. 8-1

A gas flows through a square conduit. At one point along the conduit, the conduit sides are 0.100 m, the
velocity is 7.55 m/s, and the gas’s mass density is (for its particular pressure and temperature) 1.09 kg/m>. At a
second point, the conduit sides are 0.250 m, and the velocity is 2.02 m/s. Find the mass flow rate of the gas and
its mass density at the second point.

] M = p,A,v, = 1.09[(0.100)(0. 100)}(7.55) = 0.0823 kg/s P1A1U; = 240,
1.09{(0.100)(0.100)}(7.55) = (02)[(0.250)(0.250)](2.02)  p, = 0.652 kg/m®

Water enters the mixing device shown in Fig. 8-2 at 150 L/s through pipe A, while oil with specific gravity 0.8 is
forced in at 30 L/s through pipe B. If the liquids are incompressible and form a homogeneous mixture of oil
globules in water, find the average velocity and density of the mixture leaving through the 30-cm-diameter

pipe C.
[ M = pAv=pQ Y, (mass flow in unit time),, = > (mass flow in unit time),,,
(1000)(0.15) + [(0.8)(1000)](0.03) = (p)[()(0.30)*/4]}(v) pv =2462kg/m? - s

157
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8.7

We can assume no chemical reaction between oil and water and its mixture is incompressible; it is clear that
volume is conserved. Hence, Q =0.15 + 0.03 =0.18 m’/s; Q = Av, 0.18 = [(x)(0.30)*/4](v), vc =2.55m/s;
Pc =2462/2.55 =965 kg/m’.

-L» Mixture

Fig. 8-2

Water flows into a cylindrical tank (Fig. 8-3) through pipe 1 at the rate of 25 ft/s and leaves through pipes 2 and
3 at 10 ft/s and 12 ft/s, respectively. At 4 is an open air vent. Inside pipe diameters are: D, = 3in, D,=2in,
D;=2.5in, D,=2in. Calculate (a) dh/dt; (b) the average velocity of airflow through vent 4, assuming that the
flow is incompressible.

# (a) With the entire volume of the tank as control volume,
M = pAv =pQ Y, (mass flow in unit time),, = >, (mass flow in unit time)q,,
(PN (E)(E)/41(25) = (p)[(m)(E)/4)(10) + (P)[(%)(2.5/12)%/41(12) + (p)[()(2)*/4}(dh /df)
dh/dt=0.1910 ft/s

(b) Consider only air in the control volume. It must be conserved. Hence, (0..,)[(7)(Z)*/4l(v) =
(Pu)[(7)(2)*/4)(0.1483), v =21.4ft/s. _
: 4

Fig. 8-3

The piston of a hypodermic apparatus (Fig. 8-4) is being withdrawn at 0.30in/s; air leaks in around the piston at
the rate 0.0012 in*/s. What is the average speed of blood flow in the needle?

# Choose as a control volume the region between the piston and the tip of the needle.
M= pAv =pQ Y, (mass flow in unit time),, = >, (mass flow in unit time),,

(Perooa)[(70)(0.02/12)*/4](v) + (Pbiooa)(0.0012/1728) = (rioa)[(7)(0.2/12)?/4](0.30/12) v =2.18ft/s
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Air at 30 °C and 110 kPa flows at 16 N/s through a rectangular duct that measures 160 mm by 320 mm. Compute
the average velocity and volume flux.

(] W = yAv v = p/RT = (110)(1000)/[(29.3)(30 + 273)] = 12.39 N/m’
16 = 12.39[(0.160)(0.320)[(v) v=25.2m/s Q = Av = [(0.160)(0.320)](25.2) = 1.29 m*/s

Oil (s.g. = 0.86) flows through a 30-in-diameter pipeline at 8000 gpm. Compute the (a) volume flux, (b) average
velocity, and (c) mass flux.

1 Q = 8000/[(7.48)(60)] = 17.8 ft*/s
®) Q=Av 17.8=[(n)}¥®)*/4l(v) v=3.63ft/s
© M = pAv = [(0.86)(1.94))[()(33)*/4](3.63) = 29.7 slugs/s

In the rectilinear chamber of Fig. 8-5, section 1 has a diameter of 4 in and the flow in is 2 cfs. Section 2 has a
diameter of 3 in and the flow out is 36 fps average velocity. Compute the average velocity and volume flux at
section 3 if D; = 1in. Is the flow at 3 in or out? :

] 0.=0,+Q; (assuming Q, is out)
2= [(m)(£)*/4](36) + Qs 0,=0.233cfs (out) v = Q/A = 0.233/[(n)(%)*/4] = 42.7 fps

Water

g —.
| A; Fig. 85

The water tank in Fig. 8-6 is being filled through section 1 at v, = 5 m/s and through section 3 at
Q, = 0.012 m%/s. If water level h is constant, determine exit velocity v,.

I 0:+0:=0, [()(0.040)%/4](5) + 0.012 = Q,
0,=0.01828 m®/s v, = 0,/ A, = 0.01828/[()(0.060)*/4] = 6.47 m/s

j\;}
)
@—(l[% =0012m>/s

e———-
h 9
D1 =40mm
-

D,-60mm

f———— Fig. 8-6

If the water level varies in Prob. 8.12 and v, = 8 m/s, find rate of change dh/dr. Assume d =1.0m.

I 0+0=0+ 25 [(GRY/AI0) +0.012= [(x)(eo) /41(8) + o [()(1.0Y /]

I

dh/dt =-5.52mm/s (i.e., falling)
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8.4

8.15

8.16

8.17

8.18

For the general case of the flow depicted in Fig. 8-6, derive an expression for dh/dt in terms of tank size and
volume flows Q,, Q,, and Q, at the three ports.

= 0.4 3 hnd dh_ 42— 0:+0Q5)
[ ) Q1+Q3_Q2+dt 2 - ad

Water at 20 °C flows steadily through the nozzle in Fig. 8-7 at 60 kg/s. The diameters are D, = 220 mm and
D, = 80 mm. Compute the average velocities at sections 1 and 2.

I Q =M/p =35 =0.0601 m*/s
v, = Q/A, = 0.0601/[(x)(0.220)?/4] = 1.58 m/s v, = Q/A, =0.0601/[()(0.080)*/4] = 12.0 m/s

BN
T

The inseminator in Fig. 8-8 contains fluid of 5.g. = 1.04. If the plunger is pushed in steadily at 1.0in/s, what is
exit velocity V,? Assume no leakage past the plunger.

1 ,)'1A1V1 =74V,
[(1.04)(62.4)][(7)(0.80/12)7/4](1.0/12) = [(1.04)(62.4)][()(0.04/ 12)*/4)(Vo)
V>=33.31t/s
(Note that the answer is independent of the fluid’s specific gravity.)

Fig. 87

D1 =0.80in

v D2 =0.04in

h_/__;2
Fig. 88

Repeat Prob. 8.16 assuming there is leakage back past the plunger equal to 1/4 of the volume flux out of the
needle. Compute V; and the average leakage velocity relative to the needle walls if the plunger diameter is
0.796 in.

[ | Q = 0, = A,V;, = [(%)(0.750/12)*/4)(1.0/12) = 0.000256 ft*/s
Q. = (3)(0.000256) = 0.000192 ft*/s
V. = Q,/A, = 0.000192/[(x)(0.040/12)?/4] = 22.0 ft/s
Qrear = (3)(0.000256) = 0.000064 ft*/s

Vieak = Qicar/ Arcar = 0.000064/[(x)(0.80/12)*/4 — (7)(0.796/12)*/4] = 1.84 ft/s
A 100-mm-diameter plunger (1) is being pushed at 60 mm/s into a tank filled with a fluid of s.g. = 0.68. If the
fluid is incompressible, how many pounds per second is being forced out at section 2, D, =20 mm?
1 Ayv =4,  [(7)(0.100)*/4](0.060) = [(x)(0.020)*/4](v,)  v,=1.500m/s

W = yAv = [(0.68)(9.79)][()(0.020)*/4}(1.500) = 0.003137kN/s or 3.137N/s
=3.137/4.448 = 0.705 Ib/s

A gasoline pump fills a 80-L tank in 1 min 15 s. If the pump exit diameter is 4 cm, what is the average pump-flow
exit velocity?

[ Q = V/t = ()/(60 + 15) = 0.001067 m*/s v = Q/A =0.001067/[()(0.04)*/4] = 0.85 m/s
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The tank in Fig. 8-9 is admitting water at 100 N/s and ejecting gasoline (s.g. = 0.69) at 52 N/s. If all three fluids
are incompressible, how much air is passing through the vent? In which direction?

1 : Q0:=Q,+Q; (assuming airflow is out)
Q. = Wi/ Yn,0 = 100/[(9.79)(1000)] = 0.01021 m*/s
Q2= Wyl You = 52/[(0.69)(9.79)(1000)] = 0.007698 m’/s
0.01021 = 0.007698 + Q; Q5 =0.002512 m*/s (out)
Yur = p/RT = (1)(101.3)/[(29.3)(20 + 273)] = 0.01180 kN/m’
W, = (7.:)(Q5) = (0.01180)(0.002512) = 0.00002964 KN/s or 0.0296 N/s

o

Air at 20°C, 1 atm

-~ Gasoline

1 sg=069

—— Water
B

51 Fig. 8-9

Air at 72 °F and 16 psia enters a chamber at section 1 at velocity 210 fps and leaves section 2 at 1208 °F and
202 psia. What is the exit velocity if D, =8 in and D, =3 in? Assume the flow is steady.

I PrAU = prAY, p=p/RT p1 = (16)(144)/[(1716)(460 + 72)] = 0.002524 slug/ft’
P2 = (202)(144)/[(1716)(460 + 1208)] = 0.01016 slug/ft>
0.002524[(7)(£)*/41(210) = 0.01016[(x)(Z)*/41(v.) v, =3711ps

Kerosene (s.g. = 0.88) enters the cylindrical arrangement of Fig. 8-10 at section 1, at 0.08 N/s. The
80-mm-diameter plates are 2 mm apart. Assuming steady flow, compute the inlet average velocity v,, outlet
average velocity v, assuming radial flow, and outlet volume flux.

(] W, =yaAv,  0.08=[(0.88)(9.79)(1000)][(x)(0.004)%/4}(v;)  v,=0.739m/s
0, = A,v, = [()(0.004)2/4)(0.739) = 0.00000929 m*/s 0,=0,=0.00000929 m*/s or 9.29mL/s
v, = 0y/ A, = 0.00000929/[(r)(0.080)(0.003)] = 0.0123m/s or 12.3mm/s

\2

h=3mm

D1-4mm

Fig. 8-10

In Fig. 8-11, pipes 1 and 2 are of diameter 3 cm; D, = 4 cm. Alcohol (s.g. = 0.80) enters section 1 at 6 m/s while
water enters section 2 at 10 m/s. Assuming ideal mixing of incompressible fluids, compute the exit velocity and
density of the mixture at section 3. The temperature is 20 °C.

I O+ 0,=0, [(7)(0.03)*/4](6) + [(r)(0.03)?/4)(10) = Q, Q,=0.01131 m*/s
v; = Q»/A; = 0.01131/[(x)(0.04)*/4] = 9.00 m/s M+M=M,
PatconatA1U1 + Pr,042V2 = ProixrureA3Vs
[(0.80)(998)][(x)(0.03)*/4](6) + 998[(¥)(0.03)*/4)(10) = (Punineure)[(7)(0-04)*/4}(9.00)  Pruixrure = 923 kg/m’
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8.24

8.25

(1) |
—
B 3
Ideal mixing ——
Vi ps

@

I Fig. 8-11

In the wind tunnel of Fig. 8-12, the test-section wall is porous; fluid is sucked out to provide a thin viscous
boundary layer. The wall contains 800 holes of 7-mm diameter per square meter of area. The suction velocity
out each hole is V, =10 m/s, and the test section entrance velocity is V; = 46 m/s. Assuming incompressible flow
of air at 20 °C and 1 atm, compute (a) V;, (b) the total wall suction volume flow, (c) V,, and (d) V.

I o AVo=AV,  [(m)(2.6)"/4)(Vo) = [()(0.9)*/4](45)  Vo=5.4m/s
) Quuction = NyoiesQhote Nhotes = 800[()(0.9)(4)] = 9048
Qhote = Anote Vaote = [(77)(1055)*/41(10) = 0.0003848 m*/s
O uction = (9048)(0.0003848) = 3.48 m?/s

() Q1=+ Quation  [()(0.95°/4](46) = Q,+3.48  Q,=25.78m’/s
v, = 0,/A, = 25.78/[(x)(0.9)*/4] = 40.5 m/s
@ AV, =AYV, [(DEAVIV,) = [(7)0.97/4]40.5)  V,=5.70m/s
Test section
Dpz2am | ien | D26
V- v -V, Vyam

Fig. 8-12

A rocket motor is operating steadily as shown in Fig. 8-13. The exhaust products may be considered an ideal gas
of molecular weight 26. Calculate v,.

[ M,=M, + M,=0.7+0.1=0.8 slug/s = p,4;v, R =49709/26 = 19121b - ft/(slug - °R)
= p/RT = (16)(144)/[(1912)(1105 + 460)] = 0.000770 stug/ft>
0.8 =0.000770[()(6.0/12)*/4](v;)  v,=5291ft/s

i Liquid
oxygen:
0.7 stug/s ©)

Liquid
: fuel:
T Oslug/s

Fig. 8-13
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For the solid-propellant rocket in Fig. 8-14, compute the rate of mass loss of the propellant, assuming the exit
gas has a molecular weight of 30.

d d
[ ) M,=M,,+ Zt (mpropeunm) 0=M,,+ Z_t (mpmpellmt)

d
E (mpropclhm) = —Mom = '—peAe‘/e

R=%£=27TN-m/(kg-K)  p.=p./RT. = (105)(1000)/[(277)(800)] = 0.4738 kg/m’

d

= (Moropeiant) = -(0.4738)[@(%'-@12](1100) = —16.4kg/s

Exit section
Ds= 200 mm
—- ——— p, = 105kPa
V.=1100 m/s
T.=800K

Fig. 8-14

The water-jet pump in Fig. 8-15 injects water at U, = 80 ft/s through a 4-in pipe which is surrounded by a
secondary flow of water at U, = 8 ft/s. The two flows become fully mixed downstream, where U, is
approximately constant. If the flow is steady and incompressible, compute Us.

J Qi+ Q=05 [(=)()"/41(80) + {(m)(B) — ()V/4}(8) = [()(B)/4(Us)  Us=16.0ft/s

Fully
mixed
D1 =4in
| e
» - e U2
t

The flow in the inlet between parallel plates in Fig. 8-16 is uniform at U, = 50 mm/s, while downstream the fiow
develops into the parabolic laminar profile u = az(z, — z), where a is a constant. If z, = 20 mm, compute V.

Fig. 8-15

I Let b = width of plates (into paper).

On=Qui  2bUy=[uda

=[° _ o[22 23]"’_ (2023 23)_abz?,
z,,on—J; az(z, z)bdz—ab[ 2 3 o—ab ) 3)= "%

a=6U/z; u = az(z— z) = (6Uo/25)(z (20 — 2)

Upnax OCCUTS at z = 25/2 = 0.020/2 = 0.010 m: u,,,, = [(6)(0.050)/(0.020)*}(0.01)(0.020 — 0.010) = 0.0750 m/s or
75.0 mm/s.

Fig. 8-16
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8.29

8.30

8.31

8.32

8.33

8.34

1If the velocity in a 12-in pipe is 1.65 ft/s, what is the velocity in a 3-in-diameter jet issuing from a nozzle

Assuming the container in Fig. 8-17a is large and losses are negligible, derive an expression for the distance X
where the free jet leaving horizontally will strike the floor, as a function of A and H. Sketch the three
trajectories for A/H =0.25, 0.50, and 0.75.

I v,=V2(H-h) h=gt?/2 t=V2h/g X =vot =V2g(H —h) V2h/g =2Vh(H - h)

For h/H =0.25, or h =0.25H, X = 2V(0.25H)(H — 0.25H) = 0.866H. For h/H =0.50, or h =0.50H, X =
2V(0.50H)(H — 0.50H) = H. For h/H = 0.75, or h = 0.75H, X = 2\/(0.75SH)(H — 0.75) = 0.866H. These three
trajectories are sketched in Fig. 8-17b.

—
,lﬂ
e

" i Fr;cje( D.‘Su--
T
l} ’; o,..l,,. ——r

%+ Fig.817(a) 0.2t W Fig. 8170) |

In Fig. 8-18 what should the water level & be for the free jet just to clear the wall?
I vo=V2gh Fall distance = g*/2 = 0.40 t=0.8944/Vg
Horizontal distance = vyt = (V2gh)(0.8944/Vg) = 0.50 h=0.156m = 15.6 cm

h
L N
— N
40cm
80cm
1 S0cm Thin
wall
Fig. 8-18

When 500 gpm flows through a 12-in pipe which later reduces to a 6-in pipe, calculate the average velocities in
the two pipes.

1 Q =500/[(7.48)(60)] = 1.114 ft*/s
v = QfAy, = 1.114/[(x)()*/4] = 1.42 ft/s ve= Q/Aqs= 1.114/[(x)(£)?*/4] = 5.67 ft/s

attached to the pipe?
1 A=A, [(@)(B)Y4(1.65) = [(n)(5)*/4)(v))  v.=26.41t/s
Air flows in a 6-in pipe at a pressure of 30.0 psig and a temperature of 100 °F. If barometric pressure is 14.7 psia
and velocity is 10.5 ft/s, how many pounds of air per second are flowing?
[ ] y =p/RT = (30.0 + 14.7)(144)/{(53.3)(100 + 460)] = 0.2157 Ib/ft*
W = yAv = 0.2157[(#)(£)?/4])(10.5) = 0.445 1b/s
Carbon dioxide passes point A in a 3-in pipe at a velocity of 15.0 ft/s. The pressure at A is 30 psig and the

temperature is 70 °F. At point B downstream, the pressure is 20 psig and the temperature is 90 °F. For a
barometric pressure reading of 14.7 psia, calculate the velocity at B and compare the flows at A and B.

I y=p/RT ¥a = (30 + 14.7)(144)/[(35.1)(70 + 460)] = 0.3460 Ib/ft*
¥s = (20 + 14.7)(144)/[(35.1)(90 + 460)] = 0.2588 Ib/ft* YaAnUs=YsAnUs
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Since A4 = Ap, (0.3460)(15.0) = (0.2588)(v;), vp = 20.1 ft/s. The number of pounds per second flowing is
constant, but the flow in cubic feet per second will differ because the specific weight is not constant.
Q4= A4, = [(7)(£)?/4](15.0) = 0.736 £t*/s; Qp = Apvs = [(w)(5)*/4](20.1) = 0.987 ft*/s.

What minimum diameter of pipe is necessary to carry 0.500 Ib/s of air with a maximum velocity of 18.5 ft/s?
The air is at 80 °F and under an absolute pressure of 34.0 psi.
I W = yAv Yar = p/RT = (34.0)(144)/[(53.3)(80 + 460)] = 0.170 Ib/ft>
0.500 = (0.170)[(=)(d)*/4)(18.5) d=0.450ft or 5.40in
In the laminar flow of a fluid in a circular pipe, the velocity profile is exactly a true parabola. The rate of

discharge is then represented by the volume of a paraboloid. Prove that for this case the ratio of the mean
velocity to the maximum velocity is 0.5.

I See Fig. 8-19. For a paraboloid, u = uge{1 — (r/r)*].

o r\? T S rgor ] (.n'r%)
Q —fudA -—J; u,m[l (ro) ](2m dr)—2.7cu,,,t,,([2 _‘-1;2]0 ‘2”““‘“[5_4r3 = Uy 2

Vmean = Q/A = umx(ﬂr%/Z)/(.m%) = um“/Z. Thus Vmem/um =0.5.

dr
Z /1’ Ll
P /]
T
©° 1 [nax o
TTT T IT I OrTO T Fig.s-l9

A gas (y = 0.05 Ib/ft*) flows at the rate of 1.6 Ib/s past section A through a long rectangular duct of uniform
cross section 2 ft by 2 ft. At section B, the gas weighs 0.060 1b/ft>. Find the average velocities of flow at sections

A and B.
I w=yAv 1.6 = (0.05)[(2)(2)}(v4) v, =8.00 ft/s 1.6 = (0.060){(2)(2)}(v5) vp =6.67ft/s

The velocity of a liquid (s.g. = 1.26) in a 6-in pipeline is 1.6 ft/s. Calculate the flow in: (@) ft*/s, (b) slug/s.

I @ Q= Av = [(m)(%)*/4)(1.6) = 0.314 ft*/s
®) M = pAv = [(1.26)(1.94)][(%)()*/4](1.6) = 0.768 slug/s

Oxygen flows in a 3-in by 3-in duct at a pressure of 42 psi and a temperature of 105 °F. If atmospheric pressure is
13.4 psia and the velocity of flow is 18 fps, calculate the weight-flow rate. ~

] y=p/RT = (42 + 13.4)(144)/[(48.2)(460 + 105)] = 0.2929 Ib/ft’

W = yAv = (0.2929)[(£)(%)](18) = 0.330 Ib/s
Air at 42 °C and at 3 bar absolute pressure flows in a 200-mm-diameter conduit at a mean velocity of 12 m/s.
Find the mass flow rate.

I p=p/RT =3x105[(287)(273 + 42)] =3.318kg/m> M = pAv = 3.318[(s)(0.200)2/4](12) = 1.25 kg/s

A 120-mm-diameter pipe enlarges to a 180-mm-diameter pipe. At section 1 of the smaller pipe, the density of a
gas in steady flow is 200 kg/m® and the velocity is 20 m/s; at section 2 of the larger pipe the velocity is 14 m/s.
Find the density of the gas at section 2.

(] PLAY, = prAu,  200[()(0.120)/4](20) = (p.)[()(0.180)%/41(14)  p,=127kg/m’
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8.42 The Peconic River is spanned by Noyack Bridge and Smith’s Bridge. At noon on July 4, the measured flows
under the two bridges were O, = 50 m*/s and Qs = 40 m*/s. Neglecting losses, compute the instantaneous rate |
of water storage between the two bridges.

1 On—Qs=dS/dt 50-40=dS/dt dS/dt=10m’/s

8.43 A worker in a children’s playground is cleaning a slide with a hose. She observes that a horizontal stream
directed into the low end climbs to a point 12 ft above the nozzle. What is the nozzle velocity of the stream?

I v =V2gh =V(2)(32.2)(12) = 27.8 ft/s

8.44 At section 1 of a pipe system carrying water the velocity is 3.0 fps and the diameter is 2.0 ft. At section 2 the
diameter is 3.0 ft. Find the discharge and velocity at section 2.

(] 0, = Q, = Av = [(7)(2.0)%/4](3.0) = 9.42 cfs v2 = Qu/ A, = 9.42/[()(3.0)%/4] = 1.33 fps

8.45 In two-dimensional flow around a circular cylinder (Fig. 8-20), the discharge between streamlines is 34.56 in®/s
per foot of depth. At a great distance the streamlines are 0.25 in. apart, and at a point near the cylinder they ar¢ |
0.12in. apart. Calculate the magnitudes of the velocity at these two points.

I v=(Q/d)/w. At great distance, v = (34.56/12)/0.25 = 11.52 in/s. Near the cylinder, v = (34.56/12)/0.12 =
24.0in/s.

Fig. 8-20

| 8.46 A pipeline carries oil (s.g. = 0.86) at v = 2 m/s through a 20-cm-ID pipe. At another section the diameter is
8 cm. Find the velocity at this section and the mass flow rate.

1 Q = A, =[(w)(0.20)*/4](2) = 0.06283 m*/s v, = Q/A, =0.06283/[()(0.08)*/4] = 12.5m/s
M = pAv = [(0.86)(1000)]{(x)(0.20)*/4](2) = 54.0 kg/s
8.47 Hydrogen is flowing in a 3.0-in-diameter pipe at the steady rate of 0.03 Ibm/s. Calculate the average velocity
over a section where the pressure is 30 psia and the temperature is 80 °F.
1 M = pAv p =p/RT = (30)(144)/[(765.5)(460 + 80)] = 0.01045 Ibm/fc
0.03 = (0.01045)[(x)(3.0/12)*/4](v) v=585ft/s
8.48 If a jet is inclined upward 30° from the horizontal, what must be its velocity to reach over a 10-ft wall at a
horizontal distance of 60 ft, neglecting friction? )

1 (v.)o = Vo cos 30° = 0.8660v,, (v,)o = v, sin 30° = 0.5000v,. From Newton’s laws, x = (0.8660v,)(¢) = 60,
z =0.5000v,t - 32.2¢%/2 = 10. From the first equation, ¢ = 69.28/v,. Substituting this into the second equation,
(0.5000)(v4)(69.28/v,) — (32.2)(69.28/v,)*/2 = 10, vy = 56.0 fps.

8.49 Water flows at 10 m*/s in a 150-cm-diameter pipe; the head loss in a 1000-m length of this pipe is 20 m. Find the
rate of energy loss due to pipe friction.
1 Rate of energy loss = yQH = (9.79)(10)(20) = 1958 kW

8.50 Oil with specific gravity 0.750 is flowing through a 6-in pipe under a pressure of 15.0 psi. If the total energy
relative to a datum plane 8.00 ft below the center of the pipe is 58.6 ft - 1b/Ib, determine the flow rate of the oil.

I H=z+v*/2g+ply  58.6=8.00 + v*/[(2)(32.2)] + (15)(144)/[(0.750)(62.4)]
v=16.92ft/s 0 = Av =[(x)(£)*/4)(16.92) = 3.32 ft*/s
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In Fig. 8-21, water flows from A, where the diameter is 12 in, to B, where the diameter is 24 in, at the rate of
13.2 cfs. The pressure head at A is 22.1 ft. Considering no loss of energy from A to B, find the pressure head
at B.

[ | paly + V328 + 2, = paly + v3/28 + 2, va=Q/A,=13.2/[(7)(2)*/4] = 16.81 ft/s
vp = Q/Ap = 13.2/[(w)(%)*/4] = 4.202 ft/s
22.1+16.81%/[(2)(32.2)] + 0= pp/y + 4.202%/[(2)(32.2)] + (25.0 - 10.0)  pps/y = 11.2 ft of water

2. = 100 £4
()

~Datum Plane

D D Fig. 8-21

A pipe carrying oil with specific gravity 0.877 changes in size from 6 in at section E to 18 in at section R.
Section E is 12 ft lower than R, and the pressures are 13.2 psi and 8.75 psi, respectively. If the dnscharge is
5.17 cfs, determine the lost head and the direction of flow.

I H=z+v*/2g + p/y. Use the lower section (E) as the datum plane. vg = Q/A; = 5.17/[(7)(Z)*/4] =
26.33 ft/s, vg = Q/Ag = 5.17/[(n)(35)*/4] = 2.926 ft/s; Hp = 0+ 26.33%/[(2)(32.2)] +
(13.2)(144)/{(0.877)(62.4)} = 45.50 ft, H = 12 + 2.926%/[(2)(32.2)] + (8.75)(144) /[(0.877)(62.4)] =35.16 ft.
Since the energy at E exceeds that at R, flow occurs from E to R. The lost head is 45.50 — 35.16, or 10.34 ft,
EtoR.

A horizontal air duct is reduced in cross-sectional area from 0.75 ft> to 0.20 ft>. Assuming no losses, what
pressure change will occur when 1.50 1b/s of air flows? Use y = 0.200 1b/ft for the pressure and temperature
conditions involved.

1 QO = 1.50/0.200 = 7.500 ft*/s Paly + VA28 + 24 =paly + v3/28 + 25
Paly +(7.500/0.75)%/{(2)(32.2)] + 0= ps/y + (7.500/0.20)*/[(2)(32.2)] + O
Paly —p,/y =20.28ftof air  p, — ps = (20.28)(0.200)/144 = 0.0282 psi
A turbine is rated at 600 hp when the flow of water through it is 21.5 cfs. Assuming an efficiency of 87 percent,
what head is acting on the turbine?
I Rated horsepower = (extracted horsepower)(efficiency) = (y@QH/550)(efficiency)
600 = [(62.4)(21.5)(H)/550](0.87) H =283ft

A standpipe 20 ft in diameter and 40 ft high is filled with water. Calculate the potential energy of the water if the
elevation datum is taken 10 ft below the base of the standpipe.

I PE = Wz = [(62.4)(40)(r)(20)?/4](10 + 40/2) = 2.35 x 10" ft - b

How much work could be obtained from the water in Prob. 8.55 if run through a 50-percent-efficient turbine
that discharged into a reservoir 30 ft below the base of the standpipe?

i1 Work = nPE = nWz = (0.50)[(62.4)(40)(x)(20)*/4](30 + ) =1.96 x 10" ft - Ib

Determine the kinetic-energy flux of 0.01 m®/s of oil (s.g. = 0.80) discharging through a 40-mm-diameter nozzle.
I v=0/A=0.01/[(x)(0.040)*/4] = 7.96 m/s
KE = riv?/2 = pQv?/2 = [(0.80)(1000)](0.01)(7.96)?/2 = 253 W

Neglecting air resistance, determine the height a vertical jet of water will rise if projected with velocity 58 ft/s.
I - PE=KE Wz =mv?/2 = (W/32.2)(58)*/2 z=52.21t
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If the water jet of Prob. 8.58 is directed upward 45° with the horizontal and air resistance is neglected, how high
will it rise?

I At45°, v, = vy = (58)(0.7071) = 41.01 ft/s; Wz = mv?*/2 = (W/32.2)(41.01)?/2, z = 26.1 ft.

Show that the work a liquid can do by virtue of its pressure is [ p dV, in which V is the volume of liquid
displaced.

# Work = [ Fds. Since F =pA, work = [ pA ds. Since A ds = dV, work = [ pdV.

A fluid is flowing in a 6-in-diameter pipe at a pressure of 4.00 Ib/in® with a velocity of 8.00 ft/s. As shown in
Fig. 8-22, the elevation of the center of the pipe above a given datum is 10.0 ft. Find the total energy head

above the given datum if the fluid is (a) water, (b) oil with a specific gravity of 0.82, and (¢) gas with a specific
weight of 0.042 Ib/f¢*.

[ ) H=z+v*f2g+ply

@ H =10.0 + 8.00/[(2)(32.2)] + (4.00)(144)/62.4 = 20.22 ft

®) H =10.0 + 8.00%/[(2)(32.2)] + (4.00)(144)/[(0.82)(62.4) = 22.25 ft
© H = 10.0 + 8.00/[(2)(32.2)] + (4.00)(144)/(0.042) = 13725 ft

6-in diametcr? : - - - - . - - . ﬂ_

Datum
PV TA LS L ZRY AR S 7S RS 7R 7 RS 7R 7S 7 S 7 RS R 7 R S AR A 7 A ZA Fig. 822

3 i~

A 100-mm-diameter suction pipe leading to a pump, as shown in Fig. 8-23, carries a discharge of 0.0300 m*/s of
oil (s.g. =0.85). If the pressure at point A in the suction pipe is a vacuum of 180 mmHg, find the total energy
head at point A with respect to a datum at the pump.

[ v =0/A=0.0300/[(z)(X8)2/4] = 3.820m/s  p = yh =[(13.6)(9.79)|(— &) = —23.97 kN/m?
H=2z+v*/2g +p/y=—1.200 + 3.820?/[(2)(9.807)] + (—23.97)/[(0.85)(9.79)] = —3.337m

Figure 8-24 shows a pump drawing water from a reservoir and discharging it into the air at point B. The
pressure at point A in the suction pipe is a vacuum of 10 in mercury, and the discharge is 3.00 ft*/s. Determine
the total head at point A and at point B with respect to a datum at the base of the reservoir.

I H=z+v*2g +ply v = Q/A,=3.00/[(=)(19)*/4] = 5.50 ft/s

H, =25+ 5.50°/[(2)(32.2)] + [(13.6)(62.4)](—13)/62.4 = 14.14 ft

v = Q/Ap = 3.00/[(7)(%)*/4] = 8.59 ft/s Hp = (25+ 15+ 40) + 8.59*/[(2)(32.2)] + 0=81.15 ft
If the total available head of a stream flowing at a rate of 300 ft*/s is 25.0 ft, what is the theoretical horsepower
available?
1 P = QyH = (300)(62.4)(25.0) = 468 000 ft - Ib/s = 468 000/550 = 851 hp
A 150-mm-diameter jet of water is discharging from a nozzle into the air at a velocity of 36.0 m/s. Find the
power in the jet with respect to a datum at the jet.
[ ] Q = Av = [(7)(#%)*/4](36.0) = 0.6262 m*/s
H =z +v*[2g + p/y =0+ 36.0°/[(2)(9.807)] + 0 =66.08 m
P = QyH = (0.6362)(9.79)(66.08) = 412kN - m/s or 412kW
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Oil
= 0.85)

(——— ] (s.g.

}——— Discharge pipe

Suction pipe

—
I.2()'0 m

TR Fig. 8-23

10-in-diameter 8-in-diameter

E

g suction pipe discharge pipe ° 40 ft
x o

]

-

i 15f
v;,® I
| V 251t )
: l Fig. 8-24

866 Oil (s.g. =0.84) is flowing in a pipe under the qdnditions shown in Fig. 8-25. If the total head loss (h.) from
point 1 to point 2 is 3.0 ft, find the pressure at point 2.

1 o p1/y+v§/2g+zl=pz/y+u§/2g+zz+;h,, -
v, = Q/A, =2.08/[(x)(£)*/4] = 10.59 ft/s v, = /A, =2.08/[(x)($)*/4] = 4.71 ft/s
(65)(144)/[(0.84)(62.4)] + 10.59%/[(2)(32.2)] + 10.70 = p,/y + 4.712/[(2)(32.2)] + 4.00 + 3.00
paly=183.67ft  p,=[(0.84)(62.4))(183.67) =9627Ib/t® or 66.91b/in?
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Point 1

D,=6in

p, = 65 psi

0=208cfs —f—u — NO) \
10.70 ft a
& e el W 6)) +Q=2.08cf9
Point 2
D, =9in
py=?
-4.00 ft

|

l Reference datum “g. 825

An 8-in-diameter horizontal pipe is attached to a reservoir, as shown in Fig. 8-26. If the total head loss between
the water surface in the reservoir and the water jet at the end of the pipe is 6.0 ft, what are the velocity and flow
rate of the water being discharged from the pipe?

I Py +vi28 + 2 =paly+v3/28+ 2z, + h, 0+0+15=0+v3/[(2)(32.2)] + 0+ 6.0
v, =24.11t/s Q = Av; = [(7)($)*/4](24.1) = 8.41 £1*/s

=== I

REL ~ Water jet

Water

8-ia diameter Fig. 8-26

A 50-mm-diameter siphon is drawing oil (s.g. = 0.82) from an oil reservoir, as shown in Fig. 8-27. If the head
loss from point 1 to point 2 is 1.50 m and from point 2 to point 3 is 2.40 m, find the discharge of oil from the
siphon and the oil pressure at point 2.

1 Py +vi/28 + 2 =ps/y +vi/2g + z, + by, 0+0+5.00=0+v3}/[(2)(9.807)] + 0 +3.90
v;=4.645mis Q= Ay, =[(n)(:)/4)(4. 645) = 0.00912 m*/s
Py +vi28+ 2 =p.ly +vi2g + +h, 0+0+5.00=p,/y + 4.645%/[(2)(9.807)] + 7.00 + 1.50
PlY=—460m  p,=[(0.82)(9.79))(-4.60) = ~36.9kN/m’ or -36.9kPa

Figure 8-28 shows a siphon discharging oil (s.g. = 0.84) from a reservoir into open air. If the velocity of flow in

the pipe is v, the head loss from point 1 to point 2 is 2.0v%/2g, and the head loss from point 2 to point 3 is
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50-mm-diameter siphon

N\
N
2@ Fig. 8-27

3.0v%/2g, determine the volume flow rate in the siphon pipe and the absolute pressure at point 2. Assume an
0+ 0+ 10 =0+ v¥/[(2)(32.2)] + 0 + 5{v¥/[(2)(32.2)]}
Py +vi/2 +z=p,ly + V328 + mthy

atmospheric pressure of 14.70 psia. ‘
p./y = —10.0ft of oil

I p/y+v¥2g+z,=p,/y +v3i[2g+z+h,
v,=10.36ft/s Q= Asv;=[(7)($)?/4](10.36) = 0.509 ft*/s
040+ 10 = po/y + 10.36/[(2)(32.2)] + 15 + 2{10.36¥/[(2)(32.2)]}

p2=14.70 — 3.64 = 11.06 Ib/in’ abs

P2=[(0.84)(62.4))(~10.0) = =524 b/ or —3.641b/in?
©)

15t

3-in-diameter pipe

Fig. 8-28

Once it has been started by sufficient suction, the siphon in Fig. 8-29 will run continuously as long as reservoir
fluid is available. Using Bernoulli’s equation with no losses, show (a) that the exit velocity v, depends only
upon gravity and the distance H and (b) that the lowest (vacuum) pressure occurs at point 3 and depends on the

I pily+v¥2g+z,=ply+v3/2g + 2, + hy, 0+ 04 2,= 0+ v3/2g + 2, + 0, v, = V2g(z, — z2) = V2gH.

distance L + H.
For any point B in the tube, ps/y + v3/2¢ + 25 = p,/y + v3/2g + 2, + h,.. Since vz = v, and p; = P,

P5 =Pam — Y(25 — 2,). The lowest pressure occurs at the highest zp, OF Pin = P3 = P — ¥(L + H).

Fig. 8-29
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8.71 The siphon of Fig. 8-30 is filled with water and discharging at 150 L/s. Find the losses from point 1 to point 3 in
terms of velocity head v?/2g. Find the pressure at point 2 if two-thirds of the losses occur between points 1
and 2.

[} pily +v3 28 +zy=pyly +vi[2g + 23+ h, 0+0+1.5=0+v3/2g + 0+ (K)(v3/2g)
v = 0/A; = Fo)/[(7)(F5): /4] = 4. 775 m/s 1.5 = 4.775%/[(2)(9.807)] + K{4.775%/[(2)(9.807)]}
K =0.2904 hy = (0.2904){4.775%/[(2)(9.807)]} = 0.338 m
Py + V328 +zi=p,ly +vi2g +n+ by 0+ 0+ 0=p,/y +4.775/[(2)(9.807)] + (3)(0.338)
P2/ v = —3.388 m of water P2 = (—3.388)(9.79) = —33.2 kN/m?

Control volume boundary 1.2

200 mm diam

Control volume
boundary

S Fig. 8-30

8.72 For the water shooting out of the pipe and nozzle under the conditions shown in Fig. 8-31, find the height above
the nozzle to which the water jet will “shoot” (i.e., distance h in Fig. 8-31). Assume negligible head loss.

I Pal¥ + V128 + 24 = Propl Y + V)28 + Ziop + b
55.0/9.79+ v%/2g +0=0+0+ (1.00+h)+0 h=4.518+v%/2
PalY + V2128 + 24 = Prozsie] ¥ + Voraie/ 28 + Zoozue + . 55.0/9.79 + v2/2g +0=0+v2,./2g +1.100+0
AaVs= AvomicVnomme  [(T)(HB5)/Mva = [(%)(165)"/HVnozzte  Vnozne = 4-00u,4
55.0/9.79 + v24/[(2)(9.807)] + 0 = 0 + (4.00v,,)*/[(2)(9.807)] + 1.100 + 0
v, =2.431m/s h =4.518 +2.431/[(2)(9.807)] = 4.82m

8.73 Water flows from section 1 to section 2 in the pipe shown in Fig. 8-32. Determine the velocity of flow and the
fluid pressure at section 2. Assume the total head loss from section 1 to section 2 is 3.00 m.

1 0=Av,=4v, [(W)[{%)*/4](2.0) = [(=)(Bx)*/4)(v) v,=8.00m/s
Py +v¥ 28 +z,=p,/y +vif2g + n + h,
300/9.79 + 2.0°/[(2)(9.807)] + 2 = p,/9.79 + 8.00?/[(2)(9.807)] + 0+ 3.00  p,=260kPa
8.74 A nozzle is attached to a pipe-as shown in Fig. 8-33. The inside diameter of the pipe is 100 mm, while the water

jet exiting from the nozzle has a diameter of 50 mm. If the pressure at section 1 is 500 kPa, determine the water
jet’s velocity. Assume head loss in the jet is negligible.

1 Q=Av,=A,0, [(@)EEY/4)(v) = [(7)(55%)*/4)(v2) v; = 0.250v,
Py +vi28+z,=p,/y +vi2g + z, + by
500/9.79 + (0.2500,)°/[(2)(9.807)] + 0 =0 + v2/[(2)(9.807)] +0+0 v, =32.7m/s
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1.100 m

Point A
D = 200 mm
P, = 550kPa

*®

y
—— Water ————— . —)/

Fig. 8-31

loo-mnN 0)

/

ry =7
p="

hyy=3m Fig. 8-32

0 _ ® | . Fig.83
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Oil flows from a tank through 500 ft of 6-in-diameter pipe and then discharges into the air, as shown in
Fig. 8-34. If the head loss from point 1 to point 2 is 1.95 ft of oil, determine the pressure needed at point 1
to cause 0.60 ft> of oil to flow.

[ ) v, = Q/A =0.60/[(m)(£)*/4] = 3.06 ft/s Py +vi2g+z,=ply+vif2g + .+ h,
puly +0+80=0+3.08/[(2)(32.2)] + 100+ 1.95  p/y =22.10ft of oil
p1 = [(0.84)(62.4)](22.10)/144 = 8.04 Ib/in’

(————Dai; st Elev. 100t

Air pressure = ?
@ b ——— 500 ft of

Elev. 80 ft v ~ 6-in-diameter pipe

 — Fig. 8-34

Water is to be delivered from a reservoir through a pipe to a lower level and discharged into the air, as shown in
Fig. 8-35. If head loss in the entire system is 11.58 m, determine the vertical distance between the point of water
discharge and the water surface in the reservoir.

1 v, = 0/A, =0.00631/[(x)(:3%)*/4] = 3.214 m/s pily+vi2g+zi=p,/y+v3/2g +z+h,
0+0+ 2, =0+3.214%/{(2)(9.807)] + 0+ 11.58  z,=12.11m

50-mm-diameter pipe

L > |
Q =000631m’s Fig. 8-35

Determine the velocity and pressﬁre at section 2 and section 3 if water flows steadily through the pipe system
shown in Fig. 8-36. Assume a head loss of 6.0 ft from section 1 to section 2 and of 15.0 ft from section 2 to
section 3.

1 A=A,  [(@)F)*/4)(5.0)=[(=)(&)/4)(v)  v.=20.01t/s
Py +vi2g +zi=p,ly +vif2g+z,+ h,
(25)(144)/62.4 + 5.07/[(2)(32.2)] + 20 = (p,)(144)/62.4 + 20.0%/[(2)(32.2)] + 15 + 6.0
p>=22.01b/in’ Av =Av,
[(@)(B)/41(5.0) = [(m)(B)*/4)(vs)  vs=8.991t/s
Py +vi/28 + 2z =ps/y +v3[2g + 23+ by
(25)(144)/62.4 + 5.04/[(2)(32.2)] + 20 = (p5)(144)/62.4 + 8.89*/[(2)(32.2)] + 10 + (15.0 + 6.0)
ps=19.9 Ib/in’
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D, =16im

Py =25psi
v, = 51t/s

Datum Fig. 8-36

878  Compute the ideal flow rate through the pipe system shown in Fig. 8-37.
I p/y+v¥2g+2,=pafy+v32g+z+h,  pi/y+vi/[(2)(9.807)] +0.65in30°=p,/y +0+0+0
vi/[(2)(9.807)] = p2/v — p,/¥ — 0.300

From the manometer reading, p, — 9.79(1.2 sin 60°) = p,, p, — p. = 10.17 kN/m?; v3/[(2)(9.807)] = 10.17/9.79 —
0.300, v, =3.807 m/s; Q = A,v, = [(7)(3%5)*/4](3.807) = 0.120 m’/s.

Fig. 8-37

8.7  Alarge tank with a well-rounded, small opening as an outlet is shown in Fig. 8-38. What is the velocity of a jet
issuing from the tank?

1 ply+vil2g+z=p./y+vif2g+z+h, 0+0+h=0+v3/22+0+0 v,=V2gh

Fig. 8-38

880  Neglecting friction, find the velocity and volumetric discharge at the exit 2 in Fig. 8-39.
| I p/y+vi/2+2,=ply+vy/2g+2z+h.  0+0+(3.0+0.6+1.5) =0+ v3/[(2)(9.807)] + 0 +0
v,=10.0m/s 0 = Av = [(7)(¥%)*/4](10.0) = 0.177 m®/s




176

8.81

8.82

8.83

[ CHAPTER 8

150 mm 3.0m

2T mpew

One end of a U-tube is oriented directly into the flow (Fig. 8-40) so that the velocity of the stream is zero at this
point. The pressure at a point in the flow that has been stopped in this way is called the stagnation pressure. The
other end of the U-tube measuires the undisturbed pressure at that section in the flow. Neglecting friction,
determine the volume flow of water in the pipe.

I p./y+vi2g+z,=po/y+v32g +,+hy, pi/y +0+0=p,/y +v3/2g + 0+0, v3/2g =p,/y — p./y. From
the manometer reading, p, + (62.4)(33) — [(13.6)(62.4)](33) = p2, p1 — P> = 163.8 Ib/ft*; v3/[(2)(32.2)] =
163.8/62.4, v, =13.00 ft/s; Q = Av = [(7)(£)?*/4](13.00) = 4.54 ft*/s.

Fig. 840

A cylindrical tank contains air, oil, and water, as shown in Fig. 8-41; the air is under gage pressure p = 4 Ib/in’.
Find the exit velocity at 2, neglecting any friction and the kinetic energy of the fluid above elevation A. The jet
of water leaving has a diameter of 1 ft.

1 pily + V328 +21=p,ly +vi2g + z+hy  p,=(4)(144) + [(0.8)(62.4)}(2) = 675.8 Ib/ft’
675.8/62.4+0+8=0+v2/[(2)(32.2)] +0+0  v,=34.8ft/s

p .
f_—_Q/A"’

2§‘t R g;:c.acific gravity
f —y =~ ..-4 =08
o - }— Water

8ft I

Fig. 841

A large tank contains compressed air, gasoline at specific gravity 0.68, light oil at specific gravity 0.80, and
water, as shown in Fig. 8-42. The pressure p of the air is 120 kPa gage. If we neglect friction, what is the mass
flow of oil from a 20-mm-diameter jet?

1 pily+v3i2g +z,=p,ly+vi2g+z+h,  p,=120+{(0.68)(9.79)](2) = 133.3 kN/m®
133.3/[(0.80)(9.79)] + 0 + 0 =0 + v¥/[(2)(9.807)] + 4+0  v,=1598m/s
M = pAv = [(0.80)(1000)][()(:35)*/4)(15.98) = 4.02 kg/s




e ————— R ———

FUNDAMENTALS OF FLUID FLOW [ 177

Oil specific gravity = 0.80

EE ) Air
Gasoline r~ 4m
specific 2m
gravity = 0.68 1 R} VL
2m
Water
Fig. 8-42

A flow nozzle is a device inserted into a pipe as shown in Fig. 8-43. If A, is the exit area of the flow nozzie, show
that for incompressible flow we get for Q,

Q= Cd[\/l‘— 3422/A1)2 25(> ;pz)]

where C, is the coefficient of discharge, which takes into account frictional effects and is determined
experimentally.

2 2 2’ 2
P Baylay, Pey s, g Pa Yii0=221%2,040 221342 (&———pﬁ)
y 2g ATy g T Yy 2% Yy 2 nERTETY

But pg — p4 =p,—p1 and v, = (v,)(4./A,); hence,

vi= [”‘(ﬁ‘:)]z +2% (Ez‘;_pl) vi= ‘/1 - (All/Az)z \/23 (pz ;pl)

Q=4v= c.,Al\/:_ i All Ay \/Zg(p’ ;pl) = Cd‘/1 - (jfmz)z vae(® ;pl)

Multiplying by A2/A? in the numerator and denominator of the radical gives

e= C‘[\/l = :AZ/AI)Z Vs 2 ;p)]

Fig. 843

885 InProb. 8.84, express Q in terms of A, the height of the mercury column (Fig. 8-43), and the diameters of the
pipe and flow nozzle.

d From Prob. 8.84,

2= C"[\/l = 3«122/,4,)2 25(22)]
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From the manometer, p; — p» = (Yug — Yu,0)(h).

nd3/4 \/Zg(mg = yn,o)(h)]
Yn

e= C"[\/l &Ly o

8.86 A hump of height 4 is placed on the channel bed in a rectangular channel of uniform width over its entire width
(see Fig. 8-44). The free surface has a dip 4 as shown. If we neglect friction, we can consider that we have
one-dimensional flow. Compute the flow g for the channel per unit width. This system is called a venturi flume.

1 Py +vi2g+z,=p.ly+v3f2g+,+h, O0+vi2g+h=0+v3/2g+(h—d)+0
vi=vi-2d A=A, (W) =[(D(k —d - 8)(v2)

v.= (=g =5) @ “?=<“1)’(;7:Z—_-a)2‘28“ "f[l‘(ﬁ)z]“m

_ —2gd L —2gd
U= \/1 ~[h/(h —d - 8)F q=hvi= ‘/1/h2 -[1/(h—d-d)F

7777777777777, pig, s

8.87 In the fountain of Fig. 845, water flows steadily up the vertical pipe, enters the annular region between the
circular plates, and emerges as a free sheet. Find the volume flow of water through the pipe, if the pressure at A
is 70 kPa gage and friction is negligible.

[ ) paly ;i-'v’i/Zg+zA=pE/y+vé/2g+zE+hL
70/9.79 + v4/[(2)(9.807)] + 0 = 0 + v%/[(2)(9.807)] + 1.5+ 0
A v, =Arvg [()(0.200)?/4](v.)) = [(0.013)(xx)(0.3 + 0.3)](vE) v, =0.780v,
70/9.79 + (0.780v:)*/[(2)(9.807)] + 0 = 0 + v2/[(2)(9.807)] +2.0+0 v =16.06m/s
Q = Agug = [(0.015)(7)(0.5 + 0.5)](16.06) = 0.757 m*/s

0.5m

15mm

- fe- 200imm

4 -0

B A e s
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888  If the velocity at point A in Fig. 8-46 is 18 m/s, what is the pressure at point B if we neglect friction?

I Psly +V3/28 + 25 = paly +Va/28 + 24+ hy
Ps/9.79 + v3/[(2)(9.807)] + 0 = 0 + 18%/[(2)(9.807)] + (0.5 + 15) + 0
ps = —0.4991v% + 313.5 Pcly +v%/28 + zc=paly+Vif2g + 2z, + Ay,
0+ vZ/[(2)(9.807)] + 0=0 + 18%/[(2)(9.807)] + 15+0  v.=24.86m/s Apgvp =Acvc
() &%) /4)(vs) = [(7)(556)/4)(24.86) v =3.496m/s
Ps = (—0.4991)(3.496) + 313.5 = 319.6 kN/m?

889 A rocket-powered sled is used in the training of astronauts (Fig. 8-47). For braking, scoops are lowered to
] deflect water from a stationary tank of water. To what height 4 does a sled traveling at 100 km/h deflect water?

I In an inertial frame fixed to the sled, apply Bernoulli’s equation between the scoop (point 1) and the highest
point in the trajectory (point 2); p./y + v3/2g + 2z, =p,/y + v3/2g + z,+ h,, 0+ v3/[(2)(9.807)] + 0=0 +

(v, cos 20°)%/[(2)(9.807)] + (A — 0.150) + 0. From the data, v, = (100)(1000)/3600 = 27.78 m/s,
27.78%/((2)(9.807)] = (27.78 cos 20°)*/[(2)(9.807)] + (h — 0.150), h =4.80 m.

{a) Rail

20° Scoop
/f%_ from sled
x f h Rl < .”

— .~ water T T

(b) Fig. 8-47

i 890 A venturi meter is a device which is inserted into a pipe line to measure incompressible flow rates. As shown in
Fig. 8-48, it consists of a convergent section which reduces the diameter to between one-half and one-fourth the
] pipe diameter. This is followed by a divergent section. The pressure difference between the position just before
the venturi and at the throat of the venturi is measured by a differential manometer as shown. Show that

el VP

\[1 - (Az/ Al)z Y
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891

where C, is the coefficient of discharge, which takes into account frictional effects and is determined
experimentally.

P P2 U% b1 2 (Pz Pl)
P vl P g PMiooP2iViigg —v3=2
B ATy T T T 0= *2 v By

e o) (ool -imale52) (8 -ho-a(e5)
v, = \/ - (Alz/Al)z \/Zg(p‘ ;Pz)

Venturi meter Fig. 8-48

A necked-down, or venturi, section of a pipe flow develops a low pressure which can be used to aspirate fluid
upward from a reservoir, as shown in Fig. 8-49. Using Bernoulli’s equation with no losses, derive an expression
for the exit velocity v, that is just sufficient to cause the reservoir fluid to rise in the tube up to section 1.

1 pily+vi2g +z,=p,ly +vif2g +z,+hy p1/y+u,/2g+0 Paml Y +03/28 +0+0
A=A, (ndi/4)(v) =(rdi/4)(v) v, = (v)(dy/d,)?
Py +[(v2)(do/d:1)T/28 = poml ¥ + V328 Pum—P1=(v/28)@3)(d:/dy)* - 1]
For fluid to rise in the tube, p.., — p1 = vh; hence, (y/2g)(v3)[(d./d,)* — 1] = yh,

-
27 N(dy/dy)* -1

Neglecting losses, find the discharge through the venturi meter of Fig. 8-50.

I p./y +v}/2g + z,=p,/y + v3/2g + 2, + h,. From the manometer, p,/y — (k + 0.200) + (z, — z, + k) = p,/¥;
Arv, = Ayvy, [(1)(0.300)2/4])(v;) = [()(0.150)2/4)(vs), v; = 0.2500,; py/y + (0.2500,)%/[(2)(9.80T)] + 2, =
[pi/y — (k +0.250) + (2, — 2, + k)] + v3/[(2)(9.807)] + 2, + 0, v, =2.287 m/s; Q = A,v, =
[(7)(0.150)*/4](2.287) = 0.0404 m®/s.

300 mm diam \
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With losses of 0.2v3/2g between sections 1 and 2 of Fig. 8-50, calculate the flow in gallons per minute.

I From Prob. 8.92, v, = 0.250v, = (0.250)(2.287) = 0.5718 m/s; p./7 + (0.2500,)*/[(2)(9.807)] + z, =
[p/y = (k + 0.250) + (2, — z, + k)] + v3/[(2)(9.807)] + z, + 0. For Prob. 8.93, add a term 0.2v3/2g to the
previous equation, giving p,/y + (0.250v,)%/[(2)(9.807)] + z, =[p./y — (k + 0.250) + (2, — z, + k)] +
v2/[(2)(9.807)] + 2, + (0.2){0.5718%/[(2)(9.807)]}, v, =2.272 m/s; Q = A,v, = [(%)(0.150)*/4](2.272) =
0.0401 m*/s = [0.0401/(0.3048)*](7.48)(60) = 636 gpm.

The device shown in Fig. 8-51 is used to determine the velocity of liquid at point 1. It is a tube with its lower
end directed upstream and its other leg vertical and open to the atmosphere. The impact of liquid against

opening 2 forces liquid to rise in the vertical leg to the height z above the free surface. Determine the
velocity at 1.

I p/y+v¥2g+2,=p,/y+v328 +z+h, k+v328+0=0+(k+Az)+0+0 v,=V2gAz

Fig. 8-51

In Fig. 8-52 the losses in the exit pipe equal Kv*/2g, where K = 5.0. The tank reservoir is large. Compute the
flow rate in cubic feet per minute.

[ ) Py +V32g+2,=p,ly+vi2g + 2, + h,
(15)(144)/[(0.86)(62.4)] + 0 + 6 = (14.7)(144)/[(0.86)(62.4)] + v2/[(2)(32.2)] + 0 + (5.0){v/[(D)(32.2)]}
v, =8.541t/s Q = Av =[(7)($)*/4)(8.54) = 0.0466 ft*/s or 2.80 ft*/min

Air 7
1r=151b /in? abs
\vAll I &:‘14.7 It in? abs

Aicohol
5.g.0.86

6ft

I A
J Fig. 8-52

The manometer fluid in Fig. 8-53 is mercury. Neglecting losses, calculate the flow rate in the tube if the flowing
fluid is (a) water, (b) air. Use 60 °F as the fluid temperature.

I p/y+vi2g+z,=p/y+v32g+z,+hy, p/y +v}/28 +0=p,/y + 0+ 0+0, p, — p, = (y)(v3/2g). From
the manometer, p, + (62.4)(y/12) + [(13.6)(62.4)1(5) — (62.4)() — (62.4)(/12) = p,, p» — p1 = 65.52 Ib/ft?;
(r)(vi/2g) = 65.52.

(@ (249 {v/[(2(32.2)]} =65.52 v,=8.223ft/s Q=A,v,=[(%)(%)*/4)(8.223) =0.718 ft"/s
®)  (0.0763){v/[(Q)(32.2)]} =65.52 v,=235.2ft/s  Q=A,v, = [(n)(%)*/4)(235.2) = 20.5 ft'/s

b

4in * T?;:\ —_—

.y _L

Fig. 8-53
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In Fig. 8-54 the fluid is air (y = 12 N/m®), and the manometer fluid has s.g. = 0.827. Assuming no losses,
compute the flow rate in L/s.

I p/y+vi2g+z,=p,/y+ v3/28 + 2+ hy, pi/y +0+0=p,/y +v3/2g + 0+ 0, p, — p, = (y)(v3/2g). From
the manometer, p, + (12 x 10~%)(y + 0.080) — [(0.827)(9.79)](0.080) — (12 X 10™>)y = p,, p, = p, =

0.6467 kN/m?; (y)(v3/2g) = 0.6467, (12 x 107>){v3/[(2)(9.807)]} = 0.6467, v, =32.51 m/s; Q = A,v, =
[()(0.050)2/4](32.51) = 0.0638 m’/s = 63.8 L/s.

D, =100mm D, =50mm

The flow from two reservoirs mixes together and flows through a common pipe. The elevations and pipe
diameters are indicated in Fig. 8-55. Both reservoirs contain the same liquid and are open to the atmosphere.
The common pipe empties to the atmosphere. Neglecting any frictional effects, find the flow rate through the
common pipe.

] PUY+ V28421 =poly + 0228 + 3+ By Dun/¥ +O+hy=p,/y +v3/28 +0+0
Pow + vhy=ps + yv3/2g @
Pily+vi28+ z=puJy+vi28+zs+h,  panly +0+h.=pJy+v32g +0+0
P+ Yha=po+ yv3/2g @
P!y + V328 + zs=pe/y +vif2g + zs+ hy  ps/y +vE/28 + 0 =p./y + Vi/2g + (—h3) + 0
Since vs = vg,
Ps=Pam— Yhs 3

Assume ps = p, = p,. Substituting this common value of pressure back into Eqs. (1) and (2) and solving for the
velocity in each branch, we get v, = V2g(h, + h3), v, = V2g(h, + h;) Q = Av = (nd3/4)\V2g(h, + hy) +
(wd3/4)V2g (k2 + h3) = (n/4)[diV2g (hy + b3) + d3V2g (s + h3)).

A steady jet of water comes from a hydrant and hits the ground some distance away, as shown in Fig. 8-56. If
the water outlet is 1 m above the ground and the hydrant water pressure is 862 kPa, what distance from the
hydrant does the jet hit the ground? Atmospheric pressure is 101 kPa.

# The magnitude of v, can be obtained by noting that at the hydrant outlet the flow is entirely in the x
direction, v, = V,. Applying the Bernoulli equation between the interior of the hydrant and the outlet gives
P1+ pgy1 + 3pVi=p, + pgy, + 3pV3. The pressure in the hydrant p, is given, and the outlet is open to the
atmosphere, p; = p..,. The elevation of points 1 and 2 is the same, y, = y,. We assume that the outlet area is
small enough compared with the hydrant cross-sectional area for the hydrant to be essentially a reservoir,
V3 <« VZ Neglecting V;, we get v, = V(2/p)(p1 — Pam)- Since v, is constant, it can be brought outside the
integral for /, givingl = v, T.

To find the time T required for a fluid particle to hit the ground, we apply the Bernoulli equation between
point 1 and some arbitrary point on the jet having elevation y and velocity V: p, + pgh = p.... + pgy + 3pV>
Now V2= v} + v2. When we use the previously determined value of v, and note that v, = dy/dt, the Bernoulli
equation becomes (dy/dt)*> = 2g(h — y). We take the square root (the negative root is the appropriate one since
dy/dt must be negative): dy/dt = —\/2g(h — y). Then we separate variables and integrate between the limits of
y=h,t=0andy=0,¢t=T:

dy ——VZ_ITdt
th—y go

Integrating and solving for T gives T = V2h/g. The y component of the fluid motion is that of a body freely
falling under the influence of gravity.

Finally, we substitute numerical values to get v, = Vigs[(862 — 101)(1000)] = 39.0 (m - N/kg)*?, or 39.0 m/s;
T =V(2)(1.0)/9.807 = 0.452 s; L = vt = (39.0)(0.452) = 17.6 m.
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3 l.lﬂ Water flows between the two reservoirs in Fig. 8-57 at the rate of 16 L/s. What is the head loss in the pipe? If
atmospheric pressure is 100 kPa and the vapor pressure is 8 kPa, for what constriction diameter d will cavitation
occur? Assume no additional losses due to changes in the constriction.

I p/y+vi2g+z,=p,ly+v3/2g +2z,+h,,0+0 +20 04+0+S5+h,, hy =15m; Virou = Cf Atron =
0.016/(xd*/4). Assume a central constriction, with ¥, or 7.5-m head loss on each side. Apply Bernoulli’s
equation between point 1 and the constriction, with p, = p_,., = 100 kPa and p, = 8 kPa at the constriction.
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1
|
1
i
1

100/9.79 + 0 + 20 = 8/9.79 + v2..,/[(2)(9.807)] + 0 + 7.5, Vo = 20.7 m/s; 20.7 = 0.016/(d?/4), d = 0.0314 m, or
2.98 cm.

5cm Fig. 8-57

8.101  The horizontal wye fitting in Fig. 8-58 splits Q, into two equal flow rates. At section 1, Q, =4 ft*/s and
P = 20 psig. Neglecting losses, compute pressures p, and p,.

I Py V2% + =Dy + Vi + m+h, vy =0u/A, = 4/[(T)(&)*/4] =20.37 ft/s
v, = 0,/ A, =3/[(m)(£)*/4] = 22.92 ft/s
(20)(144)/62.4 + 20.37/[(2)(32.2)] + 0 = (p,)(144)/62.4 + 22.92/[(2)(32.2)] + 0+ 0
p»=19.3 psig Py +vi2g+z1=ps]y+v3/28 + s+ by vi= Qs/As=3/[(x)(&)*/4] = 40.74 ft/s
(20)(144)/62.4 + 20.3T/[(2)(32.2)] + 0= (p;)(144)/62.4 + 40.74%/[(2)(32.2)] + 0+ 0  p,=11.6psig

)

&, =4in

| J dy=3in  Fig, 858

8.102 A cylindrical tank of diameter d, contains liquid to an initial height h,. At time ¢ = 0 a small stopper of diameter
~ dis removed from the bottom. Using Bernoulli’s equation with no losses, derive a differential equation for the
free-surface height s during draining and an expression for the time ¢, to drain the entire tank.

I Letting point 1 be the liquid surface and point 2 at the exit, p,/y + v3/2g + z, = p,/y + v3/2g + z, + by,
0+v}/2g +h =0+ v3/2g + 0+ 0, vi= v —2gh; A\v, = A0, (Wd5/4)(v2) = (nd?/4)(v,), v, = (do/d)*(v1);

v} = [(do/d)*(v1)]? — 2gh, v, = V2gh/(d§/d* — 1). Or v, = VKh where K = 2g/[(d,/d)* — 1]. But also,
vy = —dh/dt, dh/dt = ~\/Kh
t K 2
& f ~-VKdt Q"= -VKlh @Q®"~h)=-VKt h= ( - YKt ')
ho VI Jo 2
Or, h = {hy” - [g/(2)(do/d* — 1)]"1}>.
8.103  In the water flow over the spillway in Fig. 8-59, the velocity is uniform at sections 1 and 2 and the pressure
approximately hydrostatic. Neglecting losses, compute v, and v,. Assume unit width.
[ ] Py +vi2g+zi=ply+vi2g+z+h, O0+v%2g+6=0+v%/2g+1+0
Av,=Av, [(O@®)(v,) = [(D(D)Kv2) v, = 6v,
v3/[(2)(9.807)] + 6 = (6v,)*/[(2)(9.807)] + 1 v;=1.67m/s v, =(6)(1.67) =10.02 m/s
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8104  For the water channel flow down the sloping ramp of Fig. 8-60, h; =1 m, H =3 m, and v, =4 m/s. The flow is

8.105

uniform at 1 and 2. Neglecting losses, find the downstream depth k, and show that three solutions are possible,
of which only two are realistic. Neglect friction.

I p/y+v¥2g+z,=p/y+vi2g +z+h,  0+4%/[(2)(9.807)] + 3+ 1) = 0+ v3/[(2)(9.807)] + h, + 0
Avi=40, [((DOMI@ =[(B)D)(v2)  v.=4/h,
42/[(2)(9.807)] + 4 = (4/R,)*/[(2)(9.807)] + h,  h}— 4.816h% +0.8157=0
There are three mathematical solutions to this equation: ’
h,=4.78 m (subcritical)
h,=0.432m  (supercritical)
h,=-0.396m (impossible)

Fig. 8-60

For water flow up the sloping channel in Fig. 8-61, h, =0.5 ft, v, = 15 ft/s, and H =2 ft. Neglect losses and
assume uniform flow at 1 and 2. Find the downstream depth %, and show that three solutions are possible, of
which only two are realistic.

I p/y+vi2g +z,=p,/y+v¥2g +z+h,  0+15Y/[(2)(32.2)] + 0.5 =0+ vZ/[(2)(32.2)] + 2+ h,) + 0
A=A,  [(0.5(D]AS) =[(r)(D)(vz) v.=7.5/h,
15%/{(2)(32.2)] + 0.5 = (7.5/m)*/[(2)(32.2)] + 2+ hy)  h3—1.994h%+0.8734=0
There are three mathematical solutions to this equation:
h,=1.691t (subcritical)
h,=0.887ft (supercritical)
h,=-0.582ft (impossible)
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8.106

8.107

8.108

8.109

8.110

A constant 12-1b force is applied to the piston in Fig. 8-62, and flow losses are negligible. Compute the water-jet
exit velocity v,.

I p./y+v22g + z,=p.uly + v3/28 + 2z, + h,. Considering the force acting on the piston, 12 =

(P1 = Pum)[()(5)*/4), P1 = Pacsn = 34.38 Ib/ft%; Ayv, = Av,, [(7)(35)*/4](v1) = [(7)(5)*/4)(v2), v1 = 0.2500;
(P1 = Pu)/ Y + (0.2500,)2/[(2)(32.2)] + 0 = v2/[(2)(32.2)] + 0 + 0, 34.38/62.4 + (0.250v,)*/[(2)(32.2)] + 0 =
v3/[(2)(32.2)] + 0 + 0, v, = 6.15 ft/s.

F=12Ib

Fig. 8-62

The horizontal lawn sprinkler of Fig. 8-63 is fed water through the center at 1.2 L/s. If collar friction is
negligible, what is the steady rotation rate for (a) 6 = 0° and () 30°?

_Q_(12x107)/3
1 V== (D)O.007)/4 ~ 10.39m/s

Choose an inertial (nonrotating) frame with origin at the center of the sprinkler; let (p, ¢) be polar coordinates
relative to this frame.
An emergent water jet has velocity components

U, =U,sin Uy =Uoc08 B —rw
For zero reactive torque—the criterion for the steady state—v, =0, or w = (v, cos 8)/r.
(a) o = (10.39)(cos 0°)/0.20 = 51.95rad/s or 496 rpm
b) o = (10.39)(cos 30°)/0.20 = 44.99rad/s or 430rpm
Water flows at 6 ft/s through a pipe 500 ft long with diameter 1 in. The inlet pressure p, = 200 psig, and the exit
section is 100 ft higher than the inlet. What is the exit pressure p, if the friction head loss is 350 ft?
! Py +vil2g +z=p,ly + V328 + 1+ by
(200)(144)/62.4 + v2/2g + 0= (pz)(144)/62.4'+ v3/2¢ +100+350 v3/2g=v3/2g  p,=5.00psig
A 30-in-diameter pipeline carries oil (s.g. = 0.86) at 600 000 barrels per day. The friction head loss is 10 ft per
1000 ft of pipe. Compute the pressure drop per mile.
' Py + 0328+ i =p,ly + V328 + z,+ h,
P1/[(0.86)(62.4)] + v3/2g + 0 = p,/[(0.86)(62.4)] + v3/2g + 0 + (10/1000)(5280)
vi/2g =vi[2g pi—p.=28331b/f2 or 19.71b/in?
The long pipe in Fig. 8-64 is filled with water. When valve A is closed, p, — p; = 12 psi. When the valve is open

and water flows at 10 ft*/s, p, — p, = 25 psi. What is the friction head loss between 1 and 2 for the flowing
condition?

1 Py + 0328 +z,=p,ly +v3[2g +z+h,  vi2g=1%/2g
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Valve closed: ;
(p2—p)(144)/62.4=2,— 2z, z — 2z, = (12)(144)/62.4 = 27.69 ft
Valve open: ‘

(1 —p)(144)/62.4+ (z— ) =h,  (25)(144)/62.4+27.69=h,  h,=85.41t

Constant-
diameter
pipe

Fig. 8-64

Find the manometer reading in the lossless system of Fig. 8-65.
! pily+vi/2g+z,=p,/y+vi/2g + z,+ hy ‘
A=A, (DGR = (@G /4N) v, =18.0fts
Py +23/[(2)(32.2)] + 0=0+ 18.0/[(2)(32.2)] +8+0 pily=12.971t
For the manometer, 12.97 +2.5-13.6h =0, h = 1.14 ft.

A

ft

251t

Ao Mercury " Fig. 8-65

In Fig. 8-66 on p. 188 the pipe exit losses are (1.5)&2/2g, where v is the exit velocity. What is the exit weight

flux of water? : _

I Py + 032 +z=ply+vi2g + z+ hy P1 = (20)(144) + [(0.68)(62.4)](4) = 3050 Ib/ft*
3050/62.4 + 0+ 5 =0+ v¥/[(2)(32.2)} + 0+ (L.5){v3/[2)(32.2)]}  v,=37.25ft/s

W = yAv = (62.4)[(x)(%)*/41(37.25) = 50.7 Ib/s

In Fig. 8-67 the fiuid is water, and the pressure gage reads p, = 180 kPa gage. If the mass flux is 15 kg/s, what is

the head loss between 1 and 2?

I Py +vif2g+z=ply+vif2g+z+h,

M=pAv  15=1000[(x)(0.08)*/4](v)) v,=2.984m/s 15= 1000[(1:)(0.05)2/4](112) v, = 7.639 m/s

180/9.79 + 2.984%/[(2)(9.807)] + 0 =0 + 7.639*/[(2)(9.807)] + 12+ h,  h,=3.86m
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Air:
20 Ib fin? gage 7
T
Gasoline ’
5.4.=0.68 ant
® v |t

1
L,

Fig. 8-67

8.114  Oil at specific gravity 0.761 flows from tank A to tank E, as shown in Fig. 8-68. Lost head items may be
assumed to be as follows: A to B = 0.60v3,/2g; B to C =9.0v2%,/2g; C to D =0.40v%/2g; D to E = 9.0v%/2g.
Find the flow rate and the pressure at C.

I Paly +Va/28 + 24 =pely +v3/28 + ze +
0+0+40.0 =0+ 0+ 0+ (0.60v3%, + 9.0v%, + 0.400% + 9.0v2)/[(2)(32.2)]
9.60v%; + 9.40vg = 2576 Avi=4v,  [(@)B)/ () =[(7)(H)/4)(ve)  v6e=4.00vs
9.60v%, + (9.40)(4.00v,,)* =2576 vy, =4.012ft/s
Q = Av = [(w)(2)*/4])(4.012) = 3.15 £6'/s
Paly +Va/28 + za=pcly +vi/2g + zc + by
0+ 0+ 40.0 = (pc)(144)/[(0.761)(62.4)] + 4.012/[(2)(32.2)]
+ (40.0 + 2) + [(0.60)(4.012) + (9.0)(4.012)*)/[(2)(32.2)}

pe=—1.531b/in?

A CD {._/z £t

= !

12 |

Fig. 8-68

8.115  (a) What is the pressure on the nose of a torpedo moving in salt water at 100 ft/s at a depth of 30.0 ft? () If the
pressure at point C on the side of the torpedo at the same elevation as the nose is 10.0 psig, what is the relative
velocity at that point?

§ (a) In this case, greater clarity in the application of the Bernoulli equation may be attained by considering
the relative motion of a stream of water past the stationary torpedo. The velocity of the nose of the torpedo will
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then be zero. Assume no lost head in the streamtube from a point A in the undisturbed water just ahead of the
torpedo to a point B on the nose of the torpedo: pa/y + vi/28 +za=psly + vi/2g +zp+hy, 30.0+
1007/{(2)(32.2)} + 0=pp/y + 0 + 0+0, ps/y=185.31t,ps= (64.2)(185.3)/144 = 82.6 psi. This pressure is

called the stagnation pressure and may be expressed as p, = pot pv3/2.

) paly + V2128 +2a=pclY +VE/28 + 2cthy
30,0 + 100%/[(2)(32.2)] + 0 = (10.0)(144)/64.2 + v3[(2Q)(32.2)] +0+0  vc=102.41t/s

A sphere is placed in an air stream which is at atmospheric pressure and is moving at 100.0 ft/s. Using the
density of air constant at 0.00238 slug/ft’, calculate the stagnation pressure and the pressure on the surface of
the sphere at a point B, 75° from the stagnation point, if the velocity there is 220.0 ft/s.

I From Prob. 8.115, p, = po -+ pu/2 = (14.7)(144) + (0.00238)(100.0)"/2 = 2129 Ib/ft2, or 14.81b/in%. ps/y +
v2/2g + 25 = puly + U5/28 + za + hu, 2129/[(0.00238)(32.2)] + 0 + 0= paly +220.02/[(2)(32.2)] + 0+ 0,
paly =27029 ft of air, p = [(0.00238)(32.2)}(27 029) = 2071 Ib/ft2, or 14.4 Ib/in’.

A large closed tank is filled with ammonia (NH) under a pressure of 5.30 psig and at 65 °F. The ammonia
discharges into the atmosphere through a small opening in the side of the tank. Neglecting friction losses,
calculate the velocity of the ammonia leaving the tank assuming constant density. The gas constant for ammonia
is 89.5 ft/°R.

§ Apply Bernoulli’s equation between the tank (1) and the atmosphere (). p/y +vi/2g+ = ply+
v2/2g + 2o+ hy, Yy =p/RT, Ynu, = (5.30 + 14.7)(144)/[(89.5)(460 + 65)] = 0.06129 Ib/ft>, (5.30)(144)/0.06129 +
0+0=0+vY/[(2)(32.2)] + 0+ 0, v, =896 ft/s.

Water at 90 °F is to be lifted from a sump at a velocity of 6.50 ft/s through the suction pipe of a pump. Calculate
the theoretical maximum height of the pump setting under the following conditions: p.m = 14.25 psia,
p, =0.70 psia, and k, in the suction pipe = 3 velocity heads.

I The minimum pressure at the entrance to the pump cannot be less than the vapor pressure of the liquid.
Apply Bernoulli’s equation between the water surface outside the suction pipe and the entrance to the pump:
ply+vil2g+z=p.ly+ v32g + 2t hy, (14.25)(144)/62.1+ 0+ 0 = (0.70)(144)/62.1 + 6.50?/[(2)(32.2)] +
2, + 3{6.50°/[(2)(32.2)]}, zz=28.81t. (Under these conditions, serious damage due to cavitation will probably
occur.)

For the Venturi meter shown in Fig. 8-69, the deflection of mercury in the differential gage is 14.3 in. Determine
the flow of water through the meter if no energy is lost between A and B.
[ paly + V3128 + 24 =psly + V528 + 25t e
paly +V3/[(2)(32.2)] + 0=ps/y + v3/[(2)(32.2)) +30.0/12+0  paly —pslY= 0.01553(v% — v4) +2.500
Asv,=ApUp [(m)B)/4)(va) = [(m)()*/4)(vs) v, =0.250v,

From the manometer, p/y +z +14.3/12~ (13.6)(14.3/12) -z — 30.0/12 =pzly, paly —PslY = 17.521t,
17.52 = 0.01553[v% — (0.250v,)*] + 2.500, vz =32.12 ft/s; Q = Av = [(w)(£)*/4](32.12) = 6.31 ft*/s.
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8.120  For the meter in Fig. 8-69, consider air at 80 °F with the pressure at A = 37.5 psig. Consider a deflection of the
gage of 14.3in of water. Assuming that the specific weight of the air does not change between A and B and that
the energy loss is negligible, determine the amount of air flowing in pounds per second.

) Paly +V3/28 + 2, =pply + V328 + 25+ h,
Paly +V3/[(2)(32.2)] + 0=pp/y + v3/[(2)(32.2)] +30.0/12+0  p./y —psly =0.01553(v} — v3) + 2.500
Asva=Apvy  [(MFB)/N(va) = [(7)(H)/4l(vs)  va=0.250vs
y=p/RT  yu=(37.5+14.7)(144)/[(53.3)(460 + 80)] = 0.2612 Ib/ft*

From the manometer, p,/y + z + 14.3/12 — (62.4/0.2612)(14.3/12) — 2 — 30.0/12 = pp/y, pa/Y — PslY =
286.0 ft of air; 286.0 = 0.01553[v% — (0.250v5)?] + 2.500, vp = 139.5ft/s; W = yAv =
0.2612[()($)?/4](139.5) = 7.15 Ib/s.

8.121 Given a frictionless flow of water at 125.6 ft*/s in a long, horizontal, conical pipe, of diameter 2 ft at one end
and 6 ft at the other. The pressure head at the smaller end is 18 ft of water. Find the velocities at the two ends
and the pressure head at the larger end.

[ v, = Q/A, = 125.6/[(7)(2)*/4] = 39.98 ft/s v, = Q/A, = 125.6/[(%)(6)*/4] = 4.44 ft/s
p/y+vi2g+z,=p,/y+vif2g+z,+h,
18 + 39.98%/[(2)(32.2)] + 0= po/y + 4.44%/[(2)(32.2)] + 0+0  p,/y =42.5 ft of water

i 8.122  Water flows through a long, horizontal, conical diffuser at the rate of 4.0 m*/s. The diameter of the diffuser
varies from 1.0 m to 2.0 m; the pressure at the smaller end is 8.0 kPa. Find the pressure at the downstream end
of the diffuser, assuming frictionless flow and no separation from the walls.

1 ply+ V328 +z,=p,ly+vif2g+z,+h,
v, =Q/A, = 4.0/[(x)(1.0)*/4] =5.093 m/s v,=Q/A, =4.0/[(x)(2.0)*/4] = 1.273m/s
8.0/9.79 + 5.093*/[(2)(9.807)] + 0 = p,/9.79 + 1.273*/[(2)(9.807)] + 0£0’ p,=20.13kPa

S T
S T RN

8.123 A vertical pipe 3 ft in diameter and 30 ft long has a pressure head at the upper end of 22 ft of water. When water
flows through it with mean velocity 15 fps, the friction loss is 6 ft. Find the pressure head at the lower end of the
pipe when the flow is (a) downward and (b) upward.

i SRR

I (a) ply+vi2g+z,=ply+vif2g+z,+h,
22+ 15/[(2)(32.2)] + 30 = po/y + 17/ (2)(32.2)] +0+6  p,/y =46.01t
) ply+vif2g +z,=p,/y +vif2g +z,+h,

paly +15%[(2)(32.2)] +0=22+ 15%/[(2)(32.2)] + 30+ 6  p./y=58.0t

8.124 A vertical conical pipe has diameter 1.5 ft at the top and 3.0 ft at the bottom, and is 60 ft long. The friction loss
is 10 ft for flow in either direction when the velocity at the top is 30 fps and the pressure head there is 6.5 ft of
water. Find the pressure head at the bottom when the flow is (a) downward and (b) upward.

z I Q = A,v, = [(7)(1.5)2/4)(30) = 53.01 /s v, = Q/A, = 53.01/[(7)(3.0)/4] = 7.50 ft/s
; (a) Dy + V3 2g +z,=p,/y +vif2g + 2, + h;,

§ 6.5+ 30/[(2)(32.2)] + 60 = p,/y + 7.507/[(2)(32.2)] + 0 + 10 P2y =69.6 ft

®) Py +v3/28+2,=p/y+vi/2g+z,+h,

Poly +1.5/[(2)(32.2)] +0=6.5+ 30%/[(2)(32.2)] + 60+ 10  p,/y=89.6ft

8.125 The inclined pipe in Fig. 8-70 is of uniform diameter. The pressure at A is 20 psi and at B, 30 psi. In which
direction is the flow, and what is the friction loss of the fluid, if the liquid has specific weight (a) 30 Ib/ft> and
(b) 100 Ib/1t*?

I p./y+vi/2g +z,=psly + vi/2g + 2z + h,. Assume flow is from A to B.
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() (20)(144)/30 + v3%/2g +25 = (30)(144)/30 + v3/2g + 0 + h,, v%/2g =v%/2g, h, = —23.01t. Since h, is
negative, flow is actually from B to A.

(b) (20)(144)/100 + v3/2g + 25 = (30)(144)/100 + v3/2g + 0 + h,, vi/2g = v%:/2g, h, = 10.6 ft. Since h, is
positive, flow is from A to B, as assumed.

Fig. 8-70
In Fig. 8-70, if the difference in elevation between A and B is 10 m and the pressures at A and B are 150 kPa
and 250 kPa, respectively, find the direction of flow and the head loss. The liquid has specific gravity 0.85.

I p./y+vi/2g+z,=pgsly +v%/2g + z5 + h,. Assume flow is from A to B. 150/[(0.85)(9.79)] + v%/2g +
10 = 250/[(0.85)(9.79)} + vi/2g + 0 + h,, v3/2g = v%/2g, h, = ~2.02 m. Since h, is negative, flow is actually
from B to A.

An irrigation line carries water from a lake down into an arid valley floor 810 ft below the surface of the lake.
The water is discharged through a nozzle with a jet velocity of 220 fps; the diameter of the jet is 4 in. Find the
power of the jet and the power lost in friction.

1 paly +vi/28 + za=psly +v3/28 +zz +h,  0+0+810=0+220°/[(2)(32.2)] + 0+ h,
h, =58.45 ft 0 = Av = [(n)($5)?/4](220) = 19.2 ft*/s
P,..= Qyv}/2g = (19.2)(62.4){220?/[(2)(32.2)]} = 900 000 ft - Ib/s = 900 000/550 = 1636 hp

Prow = Qyh, = (19.2)(62.4)(58.45) = 70 000 ft - Ib/s = 70 000/550 = 127 hp

Water is flowing in a channel, as shown in Fig. 8-71. Neglecting all losses, determine the two possible depths of
flow y, and y,. 4
1 paly +V3/28 + za=paly +vi/2g + 25+ By
Q=A,v,=[(#)(10)](16.1) =644 t>/s vz = Q/As=644/(10y) = 64.4]y
0+16.1%/[(2)(32.2)] + (8 + 4) =0+ (64.4/y)*/[(2)(32.2)] +y +0  64.4/y*+y —16.02=0
¥’ -16.02y*+64.4=0 y,=2.16ft y,=158ft

~
16.1 fi /5 4t ~ l

Channel ’ »
8 ft 10 #t wide

Fig. 8-71

Neglecting all losses, in Fig. 8-71 the channel narrows in the drop to 6 ft wide at section B. For uniform flow
across section B, determine the two possible depths of flow.

1 Paly+v3/28 + 24 =psly +v%/28 + 25+ hy
Q=Au.=[(9)(10)](16.1) =644 t>/s vz = Q/A; =644/(6y) =107.3/y
0+16.1%/[(2)(32.2)] + 8+ 4) =0+ (107.3/y)/[(2)(32.2)) +y +0  178.8/y*+y —16.02=0
' y*=16.02y2+178.8=0 y,=3.83ft y,=15.3ft
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8.130  If the losses from section A to section B of Fig. 8-71 are 1.9 ft, determine the two possible depths at section B.

1 paly + V5128 + za=paly +v3[28 + zp+ by,

Q =A,v,=[(4)(10)](16.1) =644 ft’/s vy =Q/A, =644/(10y) =64.4/y
0+16.17/[(2)(32.2)] + (8 + 4) = 0 + (64.4/y)*/[(2)(32.2)] +y + 1.9 64.4/y*+y—14.12=0
Y —-14.12°+64.4=0 y,=2.34ft y,=13.8ft

8.131 High-velocity water flows up an inclined plane, as shown in Fig.’ 8-72. Neglecting all losses, calculate the two

possible depths of flow at section B.

1 Paly + V228 + 2o =psly +v3/28 + 25 + b,

0 = A, = [(7%)(2)1(9.806) =9.806 m*/s  vp=Q/As=9.806/(2y) =4.903/y
0+ 9.806%/[(2)(9.807)] + 7% = 0+ (4.903/y)/[(2)(9.807)) + 2.5+y)+0  1.226/y*+y —2.903=0
y*—2903y*+1.226=0 y»=0775m y»=274m

Fig. 8-72
8.132 In Fig. 8-72, the channel changesr in width from 2 m at section A to 3 m at section B. For losses of 0.3 m between
sections A and B, find the two possible depths at section B.
1 Paly +Vi/28 + 2, =psly +v3/2g +z5+ by Q= A, v,=[(7%)(2)](9-806) = 9.806 m*/s
vy =Q/A;=9.806/(3y) =3.269/y
0+ 9.806%/[(2)(9.807)] + 7% = 0 + (3.269/y)*/[(2)(9.807)] + (2.5 + y) + 0.3
0.5448/y>+y —2.603=0  y*—2.603y*+0.5448=0 y,=0510m y,=2.52m

8.133  For losses of 0.05H through the nozzle of Fig. 8-73, what is the gage difference R in terms of H?

[ ) 1.2H + 1.2y + 1.2R - 3.0R — 1.2y = (0.95)(1.2)}(H) =0.0333H
3in diam
L - — —
‘T = —f —_—
$.9%1.2 4
. -
- R
T—J—-
59 =30 Fig. 8-73

8.134  Neglecting losses, calculate H in terms of R for Fig. 8-73.
I 1.2H +1.2y +1.2R —3.0R — 1.2y = 1.2H. Therefore, R =0 for all H.

8.135 At point A in a pipeline carrying water, the diameter is 1 m, the pressure 100 kPa, and the velocity 1 m/s. At
point B, 2 m higher than A, the diameter is 0.5 m and the pressure is 20 kPa. Determine the head loss and the

direction of flow.
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# Assume the direction of flowis from A to B. p,/y + vi/2g + z, =psly +v3/2g + 2z + h,, Q= A,v, =
[(7)(1)?/4])(1) = 0.7854 m’/s, v, = Q/A, = 0.7854/[(x)(0.5)*/4] = 4,00 m/s, 100/9.79 + 12/[(2)(9.807)] + 0 =
20/9.79 + 4.00*/[(2)(9.807)] + 2 + h,, h, =5.40 m. Since h, is positive, flow is from A to B as assumed.

Water is flowing in an open channel at a depth of 2 m and velocity of 3 m/s, as shown in Fig. 8-74. It then flows
down a contracting chute into another channel where the depth is 1 m and the velocity is 10 m/s. Assuming
frictionless flow, determine the difference in elevation of the channel floors.

I The velocities are assumed to be uniform over the cross sections, and the pressures hydrostatic.
Paly +V3/28 + 24 =paly + v3/28 + 25 + by, 0+ 37/[(2)(9.807)] + (y +2) = 0+ 10°/[(2)(9.807)] + 1+ 0, y =
3.64m.

n

Fig. 8-74

For losses of 0.1 m, find the velocity at A in Fig. 8-75. The barometer reading is 750 mmHg.
1 Paly +v3/28 + 2z =paly +Vi/28 + 24+ hy
75/9.79 + 0 + 3 = [(13.6)(9.79)](0.750)/9.79 + v4/[(2)(9.807)] + 0 + 0.1 v, =2.66m/s

AVARARARRNN ARG |

i
éf.
®

Fig. 8-75

For flow of 375 gpm in Fig. 8-76, determine H for losses of 5v°/2g.
Ps, Pa _Q (375/7.48)/60
= +h === - = 4,255 ft/s
! AL Ak y*zg”‘ S S TN /

0+ 0+ H=0+4.255/[(2)(32.2)] + 0+ 5{4.255*/[(2)(32.2)]} H=1.691t

A

H
6.in_diam
_::.!C____:ﬁ A

Fig. 8-76

For 1500-gpm flow and H = 30 ft in Fig 8-76, calculate the losses through the system in velocity heads, Kv?/2g.

2 1500/7.48)/60
F Po Vs, Pa Va,, ip v =2 LONID_ 15 01
y Tag Ty Tyt AT @@ fs

0+0+30=0+17.02%/[(2)(32.2)] + 0+ K{17.02¥/[(2)(32.2)]} K =5.67 (i.e., 5.67 velocity heads)
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8.140  The losses in Fig. 8-76 for H = 20 ft are 8(v*/2g). What is the discharge?
I poly+vi/28+zs=pyJy+vif2g+z4+h,  0+0+420=0+v3/[(2)(32.2)] + 0+ 8{vi/[(2)(32.2)]}
v,=11.96ft/s 0 = Av, = [(n)(£)*/41(11.96) = 2.35 ft*/s

8.141 In Fig. 8-77, the losses up to section A are 5v}/2g and the nozzle losses are 0.05v3/2g. Determine the discharge
and pressure at A, if H =8 m.

| pely + V3128 + zg =pcly +vi/2g + zc + A,
0+ 0+ 8= 0+ v2/[(2)(9.807)] + 0+ S{v/[(2)(9.807)]} + 0.05{v3/[(2)(9.807)]}
0.05353v3 + 0.2549v — 8 =0 Avy=Aw, (%) /4)(vy) = [(®)($%)*/4](v)) v, =0.1111v,
0.05353u2 + (0.2549)(0.1111v,* - 8=0  v,=11.88m/s vy =(0.1111)(11.88) = 1.320 m/s
Q = A,v, =[(7)(3%)?/4](11.88) = 0.0233 m*/s Pely +v3/28 + zg=paly +Vi/28 + za + by
0+ 0+8=p,/9.79 + 1.320%/[(2)(9.807)] + 0 + 5{1.320/[(2)(0.807)]}  pa=73.1kN/m’

Fig. 8-77
8.142  For pressure at A of 25 kPa in Fig. 8-77 with the losses given in Prob. 8.141, determine the discharge and the

head H.
1 , pely +va/2g +zp=paly+vi/2g+z.+ by
0+ 0+ H =25/9.79 + v2/[(2)(9.807)] + 0 + 5{v2/[(2)(9.807)]}
H =0.3059v3 + 2.554 (1)

pely + V528 +zs=pcly + vi/2g + zc + hy
0+ 0+ H =0+ v3/[(2)(9.807)] + 0 + 5{v3/[(2)(9.807)]} + 0.05{v2/[(2)(9.807)]}
0.05353v2 + 0.2549v% ~ H =0 A=A, [(m)ESY4(v) = [(7)(E%) /4 (v)  v.=9.000v,
(0.05353)(9.000v,) + 0.2549v% = H @

Solving Egs. (1) and (2) simultaneously, (0.05353)(9.000v,)* + 0.2549v? = 0.3059v?2 + 2.554, v, =0.7720 m/s;
Q = Ay, = [(7)(§5%)*/4](0.7720) = 0.0136 m*/s, H = (0.3059)(0.7720)* + 2.554 = 2.736 m.

8.143  The system shown in Fig. 8-78 involves 6-in.-i.d. pipe. The exit nozzle diameter is 3 in. What is the velocity v, of
flow leaving the nozzle? Neglect losses.

I Py + 0328 +zy=paly +vi/28 +za+ by
(14.7)(144)/62.4 + 0 + 40 = 4000/62.4 + v3/[(2)(32.2)] + 0+ 0
v, =25.14 ft/s Ava=Apvp  [(DNE))25.14) =[(m)(E))(v.)  v.=100.56ft/s

4000 Ib/ft? abs

=T —— C
- -] \0'\‘
Water 401ft 10 §t 5 ft
— e,
A B D
v

DP77777777777777 7. Fig. 8-78
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814 InFig. 879, H=6m and k = 5.75 m. Calculate the head loss.
] v, =V2gh=V(2)(0.807)(5.75) = 10.62m/s  p/y+vi/2g +zi=p,/y +v3/28 +n+h,
0+0+6=0+10.62%/[(2)(9.8070] +0+h,  h,=0.250m

8.145 In Fig. 8-80, 0.1 m*/s of water flows from section 1 to section 2 with losses of 0.4(v, — v,)’/2g. If p, = 100 kPa,
' find p,.

1 Py + V328 +z,=p,ly +vi/2g + z, + hy,
v, =0/A, = (0.1)/[(7)(0.3002/4] = 1.415m/s v, = Q/A, = (0.1)/[(%)(0.450)?/4] = 0.629 m/s
0.4(1.415 — 0.629)?

100/9.79 + 1.415°/[(2)(9-807)] + 0 = p/9.79 +0. 629%/[(2)(9.807)] + 0 + D87 p,=100.8kPa
300 mm diam‘i 20° 450 mm diam
® - @ Fig. 8-80

8146 Neglecting losses, determine the discharge in Fig. 8-81. :
I pily+vi2g+z=p,ly+vi/2g+z+h,  [(0.86)(62.4)1(3)/62.4+0+4=0+v3/[(2)(32.2)] +0+0
v, =20.59 ft/s 0 = Av = [(%)(%)*/4](20.59) = 0.45 ft*/s

» 2in diam

Fig. 8-81

8.147 A pipeline leads from one reservoir to another which has its water surface 10 m lower. For a discharge of
1.0 m®/s, determine the losses in meters and in kilowatts.

Losses = Qvh, = (1.0)(9.79)(10) = 97.9 kW
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8.148  In the siphon of Fig. 8-82, &, =1m, h,=3m, d, =3 m, and d, = 5 m, and the losses to section 2 are 2.6v2/2g,
with 10 percent of the losses occurring before section 1. Find the discharge and the pressure at section 1.

I Pely +v3/28 + 25 =p,/y +vi[2g + z,+ h,
0+ 0+ (1+3)=0+vZ/[(2)(9.807)] + 0 + 2.6v2/[(2)(9.807)] wv,=4.668m/s
Q = A, =[(7)(5)%/4](4.668) = 91.7 m*/s v, = Q/A, =91.7/[(x)(3)*/4] = 12.97 m/s
pely +vh/2g+zz=p,/y +vi/2g +z,+ h,
0+ 0+ (1+3)=p,/9.79 + 12.97*/[(2)(9-807)] + 3 + 0.10{(2.6)(4.668)*/[(2)(9.807)]}

p1=-71.0kPa

Fig. 8-82

8.149  Find the pressure at A of Prob. 8.148 if it is a stagnation point (velocity zero).
I psly+vi/2+z5=puJy +Vi/28 +z4+hy  0+0+0=p,/9.79+0+4+0 p,=—39.2kPa

8.150 In the friction-free siphon shown in Fig. 8-83, what are the pressures of the water in the tube at B and at A?
1 Poly +vh/28 +zp=pcly +vi/28 + 2o+ h,
0+0+3.0=0+v%/{(2)(9-807)]+0+0 v.=7.6Tm/s=vy=v,
Poly +vh/2g +zp=psly +v5/28 + 25+ h,
0+0+3.0=pg/9.79 + 7.67*/[(2)(9.807)] + 3.0+ 1.5)+0  py=—44.0kPa
poly +v5/28 + 2 =paly + Vif2g + z4 + By
0+0+4+3.0=p,/9.79+7.67*/[(2)(9.807)] +3.0+0  p,=-—29.4kPa

S MMM NN NN NN

Fig. 8-83
8.151  If the vapor pressure of water is 0.1799 m of water, how high () above the free surface can point B be in
Prob. 8.150 before the siphon action breaks down? Assume atmospheric pressure is 101 kPa.

I po/y+vh/28 + zp =ps/y + vh/28 + z5 + h,.. Using absolute pressures and considering that v; = 0 at
maximum k when the siphon action breaks down, 101/9.79+ 0+ 3.0=0.1799+0+ (3.0+ h)+ 0, h =10.14 m.
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CHAPTER 9
Flow in Closed Conduits

Water at 10 °C flows in a 150-mm-diameter pipe at a velocity of 5.5 m/s. Is this flow laminar or turbulent?

§ N =dv/v=(0.150)(5.5)/(1.30 x 10~) = 634 615. Since 634 615 > 4000, the flow is turbulent.

SAE10 oil at 68 °F flows in a 9-in-diameter pipe. Find the maximum velocity for which the flow will be laminar.

§ N, = pdv/p. For laminar flow, assume Ng = 2000. 2000 = (1.68)()(v)/(1.70 X 1073), v =2.70 ft/s.

The accepted transition Reynolds number for flow past a smooth sphere is 250 000. At what velocity will this
occur for airflow at 20 °C past a 10-cm-diameter sphere?

1 Ng=du/v 250000 =(0.10)(v)/(1.51 X 10"%)  v=37.8m/s

Repeat Prob. 9.3 if the fluid is (@) water at 20° and (b) hydrogen at 20 °C (v = 1.08 X 10™* m?/s).

I Ne=dv/v 250000 = (0.10)(v)/(1.02x 10™%) v =2.55m/s
b) Neg=dv/v 250000 = (0.10)(v)/(1.08 X 10™*) v =270m/s

A }-in-diameter water pipe is 60 ft long and delivers water at 5 gpm at 20 °C. What fraction of this pipe is taken
up by the entrance region?

I 0=(5)(0.002228)=0.01114 /s  V = Q/A =0.01114/[()(0.5/12)*/4] =8.170ft/s  Ng=dv/v

From Table A-2, v =1.02 X 107° m?/s at 20 °C, which equals 1.10 x 10° ft*/s; hence, Nx =
(0.5/12)(8.170)/(1.10 x 10~%) = 30 947. Since 30 947 > 4000, the fiow is turbulent and for entrance length,
L./d = 4.4N}° = (4.4)(30 947)"° = 25. The actual pipe has L/d = 60/{(3)/12] = 1440; hence,

L. /d L.
/ =—=13%=0.017 or 1.7 percent

An oil with p =900 kg/m® and v = 0,0002 m?/s flows upward through an inclined pipe as shown in Fig. 9-1.
Assuming steady laminar flow, (@) verify that the flow is up and find the (b) head loss between section 1 and
section 2, (c) flow rate, (d) velocity, and (e) Reynolds number. Is the flow really laminar?

I @ HGL=z+p/pg  HGL, =0+ 350000/[(900)(9.807)] = 39.65m

HGL, = (10)(sin 40°) + 250 000/[(900)(9.807)] = 34.75 m
Since HGL, > HGL,, the flow is upward.

®) hy = HGL, — HGL, = 39.65 — 34.75 = 4.90 m
() u = pv = (900)(0.0002) = 0.180 kg/(m - s)
_ mpgd?hy _ (7)(900)(9.807)(5%)*(4.90) _ ,
Q="osuL — (@s)0.180)10) 00764 m’s
) v =Q/A = 0.00764/[()(%)*/4] = 2.70 m/s
() Ne = dv/v = (£)(2.70)/0.0002 = 810

This value of Ny is well within the laminar range; hence, the flow is most likely laminar.

Fig. 9-1
197
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9.7

9.8

9.10

.11

9.12

9.13

For flow of SAE10 oil through a 100-mm-diameter pipe, for what flow rate in cubic meters per hour would we
expect transition to turbulence at (@) 20 °C [ = 0.104 Pa - s], and (b) 100 °C [u = 0.0056 Pa - 5]?

I Assume transition to turbulence occurs at Ng = 2300. N = pdv/p.
(a) 2300=(869)(0.100)(v)/0.104 v =2.753m/s

Q = Av = [(x)(0.100)°/4](2.753) = 0.0216 m*/s or 77.76 m*/h

(®) 2300 = (869)(0.100)(v)/0.0056 v =0.1482m/s
Q = Av = [(7)(0.100)>/4)(0.1482) = 0.00116 m*/s or 4.18 m’/h

A fluid at 20 °C flows at 0.8 L/s through an 100-mm-diameter pipe. Determine whether the flow is laminar or
turbulent if the fluid is (a) hydrogen (v = 1.08 x 10™* m?/s), (b) air, (c) gasoline (v = 4.06 X 1077 m?/s),
(d) water, (e) mercury (v = 1.15 X 107" m*/s), or (f) glycerin.

[ Ne=dv/v  v=0/A=(0.8x 107%)/[(7)(0.100)%/4] = 0.1019 m/s
(@ Ng = (0.100)(0.1019)/(1.08 X 10~*) =94  (laminar)

®) Nk = (0.100)(0.1019)/(1.51 X 10~%) =675  (laminar)

© N =(0.100)(0.1019)/(4.06 X 10-7) =25099 (turbulent)
@ Ne = (0.100)(0.1019)/(1.02 X 10-%) =9990 (turbulent)
) Ng=(0.100)(0.1019)/(1.15 X 10"7) = 88609 (turbulent)
1)  Ng=(0.100)(0.1019)/(1.18 X 10~%)=9  (laminar)

Oil (s.g. =0.9, v =0.0003 m’/s) enters a 50-mm-diameter tube. Estimate the entrance length if the flow rate is
1L/s.

d Ne=dv/v
v=Q/A=0.001/[()(0.050)°/4] =0.5093m/s N = (0.050)(0.5093)/0.0003 = 85 (laminar)
L,./d =0.06Ng L, = (0.050)(0.06)(85) = 0.255m
What is the Reynolds number for a flow of oil (s.g. = 0.8, u = 0.00200 Ib - s/ft°) in a 6-in-diameter pipe at a flow
rate of 10 ft*/s. Is the flow laminar or turbulent?
I - v=0/A=10/[(x)(5)*/4] = 50.9 ft/s
Ng = pdv/u =[(0.8)(1.94)}(£)(50.9)/0.00200 = 19 749 (turbulent)
Gasoline at a temperature of 20 °C flows at the rate of 2 L/s through a pipe of inside diameter 60 mm. Find the
Reynolds number. .
[} v=0/A=(2x107%)/[(x)(0.060)*/4] = 0.707 m/s
Nr = pdv/u = (719)(0.060)(0.707)/(2.92 x 10™*) = 104 452

The Reynolds number for fluid in a pipe of 10 in diameter is 2000. What will be the Reynolds number in a
6-in-diameter pipe forming an extension of the 10-in pipe? Take the flow as incompressible.

@ N, =dv/v. Since v is constant, [Ng/(dv)]; = [Nz/(dv)]:, A1v; = A, [(7)(9)*/4](v)) = [(7w)(5)*/4](v2),
v, = 0.360v,, 2000/[(13)(0.360v,)] = (Nz)./ [(D)(v2)], (Nr).=3333.

Water is flowing through capillary tubes A and B into tube C, as shown in Fig. 9-2. If @, =3 mL/s in tube A,
what is the largest O, allowable in tube B for laminar flow in tube C? The water is at a temperature of 40 °C.
With the calculated Qp, what kind of flow exists in tubes A and B?

I For laminar flow, assume Ny < 2300. Ng = dv/v. In tube C, 2300 = (0.006)(v¢)/(6.56 X 1077), vo =
0.2515m/s; Qc = Acvc = [()(0.006)%/4](0.2515) = 7.11 X 10 °m’/s, or 7.11mL/s, Q5 =7.11 -3 =4.11mL/s.
Intube A, v, = Q./A, = (3 X 107%)/[(;r)(0.005)*/4] = 0.1528 m/s,

" Nk =(0.005)(0.1528)/(6.56 x 10~7) = 1165 (laminar)
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In tube B, vy = Qp/A, = (4.11 X 1075)/[()(0.004)2/4] = 0.3271 m/s,
Ng = (0.004)(0.3271)/(6.56 X 10~7) = 1995  (turbulent)

J~,-=5mm

o, = 4 mm Fig. 9-2

9.14 Incompressible steady flow of water occurs in a tube of constant cross section, as shown in Fig. 9-3. What is the
head loss between sections A and B? :

[} ] Paly+Vif2g +za=pgly+vif2g+z5+h,
(90)(144)/62.4 + v4/2g + 0 = (30)(144)/62.4 + v3/2g + 100 + h,
vi/2g =v%/2g h, =38.51ft

Fig. 9-3

'

9.15 Water flows through a pipe at 5 L/s, as shown in Fig. 9-4. If gage pressures of 12.5 kPa, 11.5 kPa, and 10.3 kPa
are measured for p,, p, and p,, respectively, what are the head losses between 1 and 2 and 1 and 37

I ply+ 032 +2=ply+ 0328 + o+ ()i 12.5/9.79 + v3/2g + 10 = 11.5/9.79 + v3/2g + 10 + (hy);_s
V28 =132  (h)i.=01021m  pi/y + V32 + 5 =psly + V328 + 2+ (A
vy = Q/A; = (5 X 107%)/[()(0.050)7/4] = 2.546 m/s  vs=Q/A;=(5 X 10~%)/[()(0.030)2/4] = 7.074 m/s
12.5/9.79 + 2.5462/[(2(9.807)] + 10 = 10.3/9.79 + 7.074*/[(2)(9.807)] + 0+ (h)1—s  (hi)1_s=8.00m

Q—»x@ _¥

®

d, =30 mm Fig. 94

9.16 A large oil reservoir has a pipe of 3 in diameter and 7000-ft length connected to it, as shown in Fig. 9-5.
Assuming laminar flow through the pipe, compute the amount of oil issuing out of the pipe as a free jet.
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Compute the velocity and Reynolds number to see if the flow is laminar. v.; =1 X 107* f*/s. Neglect entrance
losses to the pipe.

I pi/y+v32g+z,=pily+vi/2g +zs+h,  p/62.4+v3[2g +0=0+v3/2g+0+h, v328=0%2g

pal62.4=h, )
_ mpgd'hy
128ulL
= BOUL _ I8 I@IINL _ 209 (DEIAXI09T000) (o (2)
npgd® mpgd* gd® (32.2)(3/12)°
Py +vi2g+zi=p,Jy +vi2g+ z+h,  0+0+10=p,/62.4+ v3/[(2)(32.2)] +0+0
P2/62.4 =10 — v3/[(2)(32-2)] 3
Equating h, from Egs. (1) and (2),.
D./62.4=11.13v, (4)

Equating p,/62.4 from Eqs. (3) and (4), 11.13v, = 10 — v3/[(2)(32.2)], v5+ 716.8v, — 644 =0, v, = 0.8973 ft/s;
Q = Av = [(%)(2)*/41(0.8973) = 0.0440 £6*/s; Ny = dv/v = (3)(0.8973)/(1 x 10*) = 2243 (barely laminar).

Y n A atmeas
= =
7000 ft

Fig. 9-5

9.17 If 140 L/s of water flows through the system shown in Fig. 9-6, calculate the total head loss between 2 and 3.
! _ Py + V328 + 2 =psly + V328 + m+ b,
v, = Q/A, = (140 X 107%)/[(7)(0.300)*/4] =1.981 m/s  vs= Q/A,= (140 X 10~%)/[(x)(0.150)*/4} = 7.922 m/s
P2/9.79 + 1.981%/[(2)(9.807)] + 0 =0+ 7.922°/[(2)(9.807)} + 15+ h,  h.=p./9.79—18.00
Py + Vi 2+ =p.ly+vif2g+z,+h,  0+0+30=p,/9.79 + 1.981%/[(2)(9.807)] + 0+ 0

P2/9.79=29.80m h; =29.80—18.00=11.80m
Elageees ':-_——_:g A
= resenvoir === = 150 mm
— 30 m]
K { B O
B Z) ’ L 1 q
i
o = 300 mm Fig. 96 ‘

9.18  Determine the maximum velocity for laminar flow for (a) medium fuel oil at 60 °F (v =4.75 x 10~° ft’/s) flowing
through a 6-in pipe and (b) water at 60 °F flowing in the 6-in pipe. ;

# For laminar flow, assume Ny =< 2000. Ng = dv/v.
(a) 2000,~= H)(v)/(4.75 x 107%) v=0.190ft/s

®) | 2000=(£)(v)(1.21X107%) v =0.0484 ft/s
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Determine the type of flow occurring in a 12-in pipe when (@) water at 60 °F flows at a velocity of 3.50 ft/s and
(b) heavy fuel oil at 60 °F (v =221 x 10~° ft*/s) flows at the same velocity.

’ NR = dv/V
@) Ne = (2)(3.50)/(1.21 X 10~%) = 289256 (turbulent)
®) Ne = (2)(3.50)/(221 x 10%) = 1584 (laminar)

For laminar flow conditions, what size pipe will deliver 90 gpm of medium fuel oil at 40 °F
(v =6.55 x 107° ft*/s)?

I 0= (90)(0.002228) = 0.2005 ft*/s. For laminar flow, assume Nz <2000. Ny =dv/v, v=Q/A =
0.2005/(7 d*/4) = 0.2553d 2, 2000 = (d)(0.2553d%)/(6.55 X 107°), d = 1.95 ft.
What is the Reynolds number of flow of 0.4 m*/s of oil (s.g. =0.86, u = 0.025 Pa - s) through a
450-mm-diameter pipe?
1 v = Q/A =0.4/[(x)(0.450)*/4] = 2.515m/s
Ng = p dv/pu = [(0.86)(1000)](0.450)(2.515)/0.025 = 38 932
An oil with s.g. =0.85 and v = 1.8 X 10" m?/s flows in a 10-cm-diameter pipe at 0.50 L/s. Is the flow laminar or
turbulent?
I v = Q/A = (0.50)(1000)/[(x)(35)>/4] = 0.06366 m/s
Nr =dv/v =(3%)(0.06366)/(1.8 x 10 °) =354  (laminar)

Fluid with kinematic viscosity 0.00015 ft*/s flows through a pipe of diameter 9in. What is the maximum velocity
for laminar flow?

I For laminar flow, assume Ng < 2000. Ng = dv/v, 2000 = ()(v)/0.00015, v = 0.400 ft/s.

An oil with v = 0.005 ft*/s flows through a 6-in-diameter pipe at 10 ft/sec. Is the flow laminar or turbulent?
i1 Ng =dv/v=(£)(10)/0.005= 1000  (laminar)

Hydrogen at atmospheric pressure and 50 °F has a kinematic viscosity of 0.0011 ft*/s. Determine the maximum
mass flow rate for laminar flow in a 3-in-diameter pipe. y = 0.00540 Ib/ft>.

I For laminar flow, assume N =< 2000. N = dv/v, 2000 = (£)(v)/0.0011, v = 8.80 ft/s; W = yAv =
(0.00540)[(m)(%)*/4](8.80) = 0.001037 Ib/s.
Air at 1500 kPa abs and 100 °C flows in a 20-mm-diameter tube. What is the maximum laminar flow rate?

# For laminar flow, assume Ny =< 2000. Ni = pdv/u, p =p/RT = (1.5 x 10°)/[(287)(273 + 100)] = 14.01 kg/m>,
2000 = (14.01)(0.020)(v)/(2.17 X 107%), v = 0.1549 m/s; Q = Av = [(a)(0.020)*/4](0.1549) = 0.0000487 m*/s, or
0.0487 L/s.

What is the hydraulic radius of a rectangular air duct 8 in by 14 in?

1 R,=A/p,=[(8)(14))/(8 +8+14+14)=2.55in or 2.55ft

What is the percentage difference between the hydraulic radii of 30-cm-diameter circular and 30-cm square
ducts?

1 R, = A/Pw
(Ri)circutar = [(7£)(30)*/4]/[(%)(30)] =7.50cm  (Ri)aquare = (30)(30)/(30 + 30 + 30 + 30) = 7.50 cm

Since they are equal, the percentage difference is zero. Note that the hydraulic radius of a circular section is
one-fourth its diameter.

Two pipes, one circular and one square, have the same cross-sectional area. Which has the larger hydraulic
radius, and by what percentage?
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I Let d = diameter of the circular pipe and a = the side of the square one. Since they have the same
cross-sectional area, nd*/4 = a2, @ = V7d/2; (Rn)crcune = d/4 = 0.2500d, (Rh)square = A/p., = a*/4a = a/4. Since
a=Vnd/2, (Rh)square = (V7d/2)/4 = 0.2216d, hence, the circular pipe has the larger hydraulic radius by
(0.2500 — 0.2216)/0.2216 = 0.128, or 12.8 percent.

Steam of weight density 0.26 1b/ft* flows at 100 fps through a circular pipe. What is the shearing stress at the
wall, if the friction factor is 0.015?
1 o= (f/4)(y)(v?/2g) = (0.015/4)(0.26) {100°/{(2)(32.2)]} = 0.151 Ib/ft>

Glycerin at 68 °F flows 120 ft through a 6-in-diameter new wrought iron pipe at a velocity of 10.0 ft/s.
Determine the head loss due to friction.

1 he = (f)(L/d)(v*/2g) Ni = pdv/u = (2.44)(£)(10.0)/(3.11 X 1072) = 392

Since N <2000, the flow is laminar and f = 64/Ny = £ = 0.1633, h, = 0.1633[120/()]{10.0%/{(2)(32.2)]} =
60.9 ft. :

SAEI10 oil flows through a cast iron pipe at a velocity of 1.0 m/s. The pipe is 45.0 m long and has a diameter of
150 mm. Find the head loss due to friction.

I he = (F)LId)vY2g) N = pdv/u = (869)(%3)(1.0)/0.0814 = 1601
Since Ng < 2000, the flow is laminar and f = 64/Ny = 15 = 0.0400, h, = 0.0400[45.0/()]{1.0%/[(2)(9.807)]} = |
0.612m.

A 60-mm-diameter pipe (Fig. 9-7) contains glycerin at 20 °C flowing at 8.5 m*/h. Verify that the flow is laminar.
For the pressure measurements shown, is the flow ascending or descending? What is the head loss for these
pressures?

1 v = Q/A = (8.5/3600)/[()(0.060)*/4] = 0.835 m/s
Ny = pdv/p = (1258)(0.060)(0.835)/1.49 = 63 (laminar)
HGL=z+p/pg HGL, =0+ (2.0)(101 400)/[(1258)(9.807)} = 16.44 m
HGLjg = 12 + (3.8)(101 400)/[(1258)(9.807)] = 43.23 m
Hence, the flow is from B to A (i.e., descending). Head loss = 43.23 — 16.44 = 26.79 m.

38.atm

20(atin

Fig. 9-7

For the data of Prob. 9.33, compute the theoretical head loss if the pipe length is 30 m between A and B.
Compare with the head loss corresponding to the measured pressures.

mpgd*h, 8.5  (m)(1258)(9.807)(0.060)*(h,)
128uL 3600 (128)(1.49)(30)

which is only 10 cm greater than the value found in Prob. 9.33.

(] 0= h, =26.89m

Two horizontal infinite plates keep a distance k4 apart as the upper plate moves at speed V, as in Fig. 9-8. There
is a fluid of constant viscosity and constant pressure between the plates. If V =5 m/s and & =20 mm, compute
the shear stress at the plates, given that the fluid is SAE 30 oil at 20 °C.
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I N; = phV /u = (888)(0.020)(5)/0.440 = 202. Since the flow is laminar,

where u = (V/h)(y), T = (u)(V/h) = 0.440[5/(2.0/100)] = 110 Pa.
ey

y o 14 h

x
—T—’wv\wwiv Fixed Fig. 9-8

Find the head loss per unit length when a fluid of s.g. 0.86 and kinematic viscosity 0.008 ft*/s flows in a
3-in-diameter pipe at a rate of 5 gpm.

I 0=(5)(0.002228)=0.01114 /s  h, = (f)(L/d)(v*/2g) v =Q/A=0.01114/[(x)(3Z)*/4] = 0.2269 ft/s
Ne = dv/v = ()(0.2269)/0.008 = 7.09

Since N < 2000, the flow is laminar and f = 64/N, = 64/7.09 = 9.03, h, = 9.03[1/()]{0.2269°/[(2)(32.2)]} =
0.0289 ft per foot of length.

Tests made on a certain 12-in-diameter pipe showed that, when V = 10 fps, f = 0.015. The fluid used was water
at 60 °F. Find the unit shear at the wall and at radii of 0, 0.2, 0.3, 0.5, and 0.75 times the pipe radius.

I To=(f/8)(Y)(V?/2g) = (0.015/4)(62.4){10%/[(2)(32.2)]} = 0.3634 Ib/ft*

The stress distribution is linear; hence,

rir, T, Ib/f¢
0 0

0.2 0.0727
0.3 0.1090
0.5 0.1817
0.75 0.2726

938  If oil with a kinematic viscosity of 0.005 ft*/s weighs 54 Ib/ft>, what will be the flow rate and head loss in a
3600-ft length of 4-in-diameter pipe when the Reynolds number is 800?

1 Nz =dv/v 800 = (i)(v)/0.005 v =12.00ft/s Q = Av =[(m)($)*/4](12.00) = 1.047 ft*/s
f = 64/Ng = 64/800 = 0.0800 hy = (f)(L/d)(v?/2g) = 0.0800[3600/(:5)}{12.00%/[(2)(32.2)]} = 1932 ft

939  How much power is lost per kilometer of length when a viscous fluid (4 = 0.20 Pa - s) flows in a

200-mm-diameter pipeline at 1.00 L/s? The fluid has a density of 840 kg/m>.

1 v=0Q/A = (1.00 X 1073)/[(r)(0.200)*/4] = 0.03183 m/s

Ni = pdv/u = (840)(0.200)(0.03183)/0.20 = 26.74 h./L = (f)(1/d)(v*/2g)

Since N <2000, the flow is laminar and f = 64/Ng = 64/26.74 = 2.393, h;/L =

2.393[1/(0.200)]{0.03183%/[(2)(9-807)]} = 0.0006180 m, P/L = Qvh,/L = Qpgh,/L =

(1.00 x 107%)(840)(9.807)(0.0006180) = 0.00509 W/m = 5.09 W/km.
940  Calculate the discharge of the system in Fig. 9-9, neglecting all losses except through the pipe.

I Assume laminar flow and use the conversion 1.0 centipoise = 0.0002089 Ib - s/ft*.

_yARd__(55)(18)[()/12P
32ul  (32)(0.0002089)(16)

Ng = pdv/u = (v/g)(d)(v)/p =(55/32.2)[(3)/12](4.017)/0.0002089 == 684  (laminar)
0 = Av = {(m)[(3)/12]*/4}(4.017) = 0.00137 £t*/s

=4.017 ft/s
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| L B --1/4 in
1 diam

1§ u=10 centipoise Fig. 99

In Fig. 9-10, H=25m, L =40m, 6 =30°, d =8 mm, y = 10kN/m’, and u = 0.08 Pa - s. Find the head loss per
unit length of pipe and the discharge in liters per minute.

I Assuming laminar flow,

_YARd®  (10%)(25)(8 X 107%)?
T 32uL  (32)(0.08)(40)

Ng = pdv/p = (y/g)(d)(v)/p = [10°/9.807](8 X 10°)(0.1563)/0.08 =16  (laminar)
Q = Av = [(x)(8 X 1073)?/4](0.1563) = 7.857 X 10° m*/s = 0.471 L/min
Ah/L=%=0.625m/m

=0.1563 m/s

Fig. 9-10

For the data of Prob. 9.41, find H if the velocity is 0.1 m/s.

I By proportion, H = (0.1/0.1563)(25) = 16.0 m.

Water flows at 0.20 m®/s through a 300-mm-diameter, 120-m-long pipe, under a pressure difference of
280 mmHg. Find the friction factor. _

§ h, = (f)(L/d)(v*/2g). From the pressure gradient, h, = (13.6/1)(0.280) =3.808 m; v=Q/A =
0.20/[(7)(0.300)*/4] = 2.829 m/s, 3.808 = (f)[120/ (0.300)]{2.829%/[(2)(9.807)]}, f = 0.0233.

Use the Blasius equation for determination of friction factor to find the horsepower per mile required to pump
3.0 ft*/s of liquid (v = 3.3 x 107*ft*/s, y = 60 1b/ft*) through an 18-in pipeline.

] he = (f)(L/d)(v*/2g) f=0.316/N3* v=0Q/A=3.0/[(7)(})*/4] = 1.698 ft/s
Ng=dv/v=(1)(1.698)/(3.3 x 107*) = 7718 f =0.316/7718" = 0.03371
hy = 0.03371[5280/(38)]{1.698%/[(2)(32.2)]} = 5.312 ft
P = Qyh, = (3.0)(60)(5.312) = 956.2 ft - Ib/s per mile 956.2/550 = 1.74 hp per mile

Determine the head loss per kilometer required to maintain a velocity of 3 m/s in a 20-mm-diameter pipe, if
v=4x10"°m?/s.

1 h, = (f)(L/d)(v*/2g) Ng =dv/v=(0.020)(3)/(4 X107°)=1500  (laminar)
f=64/Ng = 64/1500 = 0.04267  h, =0.04267[1000/(0.020){3*/[(2)(9-807)]} = 979.0 m per km
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Fluid flows through a 10-mm-diameter tube at a Reynolds number of 1800. The head loss is 30 m in a 120-m
length of tubing. Calculate the discharge in liters per minute.

I h, =(f)(L/d)(v*/2g). Since N <2000, flow is laminar and f = 64/ N = 64/1800 = 0.03556,
30=0. 03556[120/(0 010)1{v*/[(2)(9.807)]}, v =1.174 m/s; Q = Av = [(7)(0.010)*/4](1.174) =
92.21 X 107° m*/s = 5.53 L/min.

Oil of absolute viscosity 0.002101b - s/ft* and specific gravity 0.850 flows through 10 000 ft of 12-in-diameter cast
iron pipe at the rate of 1.57 cfs. What is the lost head in the pipe?

I hy = (f)(L/d)(v*/2g) = Q/A = 1.57/[(%)(2)*/4] = 1.999 ft/s
Ne = pdv/p = [(0. 850)(1 94)]( 2)(1.999)/0.00210 = 1570 (laminar)
f = 64/Ng = 1% = 0.04076 = 0.04076[10 000/(32)]{1.999%/[(2)(32.2)]} = 25.3 ft

When first installed between two reservoirs, a 4-in-diameter metal pipe of length 6000 ft conveyed 0.20 cfs of
water. (a) If after 15 years a chemical deposit had reduced the effective diameter of the pipe to 3.0in, what then
would be the flow rate? Assume f remains constant. Assume no change in reservoir levels. (b) What would be
the flow rate if in addition to the diamater change, f had doubled in value?

I @ (fn)(L;/ d,)(v}/28) = (£)(L./d,)(v3/2g). Since f, L, and g are constant and v = Q/A = Q/(nd*/4),
Q3/d; = Q3/d3, 0.20°/4° = 03/3.0°, Q, = 0.0974 cfs.

() (iXQ1/dY) = (£)(Q3/d3). Since f, =2f,, Qi/d] = (2)(Q3/d3), 0.20°/4° = (2)(Q3/3.0°),
Q,=0.0689 cfs. :

A liquid with y = 58 Ib/ft’ flows by gravity through a 1-ft tank and a 1-ft capillary tube at a rate of 0.15 ft*/h, as
shown in Fig. 9-11. Sections 1 and 2 are at atmospheric pressure. Neglecting entrance effects, compute the
viscosity of the liquid in slugs per foot-second.

I p/y+v¥2g+z,=p,ly+vi2g+z+h, v,=Q/A,=(0.15/3600)/[(7)(0.004)>/4] = 3.316 ft/s
0+0+(1+1)=0+3.316%/[(2)(32.2)] +0+h,  h,=1.829ft
Assuming laminar flow, )

_ (32)(#)(1)(3.316)
yd? 1.829= (58)(0.004)

= pdv/p = (v/g)(d)(v)/u = (58/32.2)(0.004)(3.316)/(1.600 X 10°) = 1493  (laminar)

p = 1.600 % 10" slug/(ft - s)

‘ )

Q=0.151/hn Fig. 9-11

In Prob. 9.49, suppose the flow rate is unknown but the liquid viscosity is 2.1 X 10~* slug/(ft - s). What will be
the flow rate in cubic feet per hour? Is the flow still laminar?

I puly + V328 +z,=p,ly +vi2g + m+ by
0+0+(1+1)=0+v*/[(2)(32.2)]+0+h,  h,=2-0.0155307
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Assuming laminar flow,
h,’= 2pLu/yd®  2-0.01553v> = (32)(2.1 X 10~°)(1)(v)/[(58)(0.004)?]
v’ +46.63v —128.8=0 v =2616ft/s
Q0 = Av = [(7)(0.004)*/4](2.616) = 0.00003287 ft*/s = 0.118 ft*/h
N = pdv/u = (v/g)(d)(v)/n = (58/32.2)(0.004)(2.616)/(2.1 x 10~5) = 897 (laminar)
9.51 In the syringe of Fig. 9-12 the drug has p = 900 kg/m> and u = 0.002 Pa - s. What steady force F is required to
produce a flow of 0.4 mL/s through the needle? Neglect head loss in the larger cylinder.
I PalPg +v3/28 + 24 =palpg + v3/28 + 25 + by,
vp=Q/Ap=0.4 X 10%/[(#)(0.25 X 1073)?/4] =8.149 m/s
Nr = pdv/p = (900)(0.25 x 107%)(8.149)/0.002 = 917 (laminar)

_ 32uLv_ (32)(0.002)(0.020)(8.149)
7™ pgd® ~ (900)(9.807)(0.25 x 10~%)?

P4/[(900)(9.807)] + 0 + 0 = p/[(900)(9.807)] + (8.149)*/[(2)(9.807)] + 0 + 18.91
Pa—Ps=196788 N/m?
F= (P — P5)(Apison) = 196 788[()(0.010)2/4] = 15.5 N

=18.91m

s =10mm

6(1 = (.25 mm
-—

g

A
Q .

PR

-
20 mm——I-— 30mm——» ﬁg- 9.12

9.52  Paint issues from the tank in Fig. 9-13 at Q =45 ft*/h. Find the kinematic viscosity. Is the flow laminar?
U pu/pg+vil2g+za=palpg + V428 +25+h,  vs=Q/As = (355)/[(m)(0.5/12)?/4]) = 9.167 ft/s
0+0+9=0+9.167/[(2)(32.2)] + 0+ h;  h, =7.695ft

\ARNNANNNN

Assuming laminar flow,

_128vLQ _ _(128)(")(©6)GEs = 0.0002444 2
M= T "meznoszy V= f/s

Ng =dv/v =(0.5/12)(9.167)/0.0002444 = 1563 (laminar)

| Z_A
9 ft
| &
.—.».Q
L=6"ft
d=jin Fig. 9-13

9.53  InProb. 9.52, what will the flow rate be if the paint properties are p = 1.78 slugs/ft> and p = 0.00217 1b - s/ft*?
[ ] PalPg +Va/28 + 24 =ppslpg + V328 + za+hy  0+0+9=0+v¥/[(2)(32.2)] +0+h,
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Assuming laminar flow,

B, < 328Ly _ (32)(0.00217)(6)(v) _
77 pgd®  (1.78)(32.2)(0.5/12)%

0+0+9=0+v*/[(2)(32.2)] +0+4.18Tv  v?+269.6v—579.6=0 v =2.133ft/s
0 = Av = [(x)(0.5/12)*/4)(2.133) = 0.002908 /s or 10.47 f*/h
Ng = pdv/p = (1.78)(0.5/12)(2.133)/0.00217 =73 (laminar)

4.187v

9.54 The smaller tank in Fig. 9-14 is 50 m in diameter. If the fluid is ethanol at 20 °C, find the flow rate.

1 PalY+Va/28 + 2 =pply+V3/28 +2zp+h, 0+ 0+(0.4+0.6)=0+0+0+h,
128uLQ (128)(1.20 x 107%)(0.8 + 0.4)(Q)
= 1_ = — . =
hy=100m=""rgn 1000 (7)(788)(9.807)(0.002)°

Q=2107x10"°m’s or 7.59L/h

Z_A
l 0.6m
= t—2mm 0.4m
\V4 B
0.8m
I'm
X
Fig. 9-14

- 955  For the system in Fig. 9-14, if the fluid has density of 920 kg/m® and the flow rate is unknown, for what value of
' viscosity will the capillary Reynolds number exactly equal the critical value 2300?

_ _32ulv
I hs =1.000m = P (from Prob. 9.54)
1000 < GDWO8+0.H@w) _ 0.0009398
T (920)(9.807)(0.002)> T

Ne=pdv/u 2300 = (920)(0.002)(0.0009398/u)/u  u =0.000867 Pa-s

9.56 For the pressure measurements shqwn in Fig. 9-15, determine (a) whether the flow is up or down, and (b) the
flow rate. Use p =917 kg/m® and 4 = 0.290 Pa - s.

I HGL=z+p/pg
(@) HGL; = 15 + (200)(1000)/[(917)(9.807)] = 37.24 m
~ HGL, = 0+ (600)(1000)/[(917)(9.807)] = 66.72 m

Since HGL,, > HGL, the flow is from A to B (i.e., up).
(b) Assume flow is laminar.

by = 128uLQ

_ _ _ e _ (128)(0.290)(25.00)(Q)
gd® 0672~ 37.24=29.48m L=VIF+20°=2500m  29.48 (OO 807500305

0 =0.000727m*/s or  2.617m*/h v=0Q/A =0.000727/[(5)(0.030)*/4] = 1.028 m/s
: Ng = pdv/p = (917)(0.030)(1.028)/0.290 =98  (laminar)
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Pg =200kPa

dz=30mm

Fig. 9-15

9.57 Repeat Prob. 9.56 if the pressures are the same but there is a pump between A and B which adds a 10-m head
rise in the flow direction. Is the flow still laminar?
[ ) hy =HGL, — HGLjp + h,,p,. Using values of HGL, and HGL; from Prob. 9.56,

128ul.Q

h; =66.72—37.24 + 10=39.48m = 2
npgd

L=25.00m (from Prob. 9.56)

(128)(0.290)(25.00)(Q)
(0)(917)(9.807)(0.030)"

v = Q/A = 0.000974/[(r)(0.030)*/4] = 1.378 m/s
N = pdv/p = (917)(0.030)(1.378)/0.290 =131  (laminar)

39.48 = Q0 =0.000974m*/s or 3.51m*h

9.58 Water at 40 °C flows from tank A to tank B as shown in Fig. 9-16. Find the volumetric flow, neglecting entrance
losses to the capillary tube as well as exit losses.

[ ] PalY+Vi/28 +2,=psly+v3/28 +25+h.  0+0+(0.22+0.1)=0+0+0+h, h, =0.32
Assume laminar flow. '

., < 12840
f ”pgd4

(128)(6.51 x 10™%)(0.22 + 0.08)(Q)
()(992)(9.807)(0.001)"
v = Q/A = 3.912 x 10”"/[()(0.001)*/4] = 0.4981 m/s
Ng = pdv/p = (992)(0.001)(0.4981)/(6.51 X 10™*) =759 (laminar)

0.32= 0=3912%x10"m%/s=1.41L/h

Ar——
tormm [
TN 022m
== | Dt= EPS
B"' _ .* m
T Fig, 9416

9.59 In Prob. 9.58, what should the internal diameter of the tube be to permit a flow of 2.16 L/h?
# Assuming laminar flow, Q «d* or d Q"; hence

3 1 1/4
(fo) (1 mm) = 1.534 mm

Computation of Ny shows the flow to be indeed laminar.’

d=




9.61

9.62

9.63

9.64
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A hypodermic needle has an inside diameter of 0.3 mm and is 60 mm in length, as shown in Fig. 9-17. If the
piston moves to the right at a speed of 18 mm/s and there is no leakage, what force F is needed on the piston?
The medicine in the hypodermic has a viscosity u of 0.980 x 107> Pa - s and its density p is 800 kg/m>.

Consider flows in both needle and cylinder. Neglect exit losses from the needle as well as losses at the juncture
of the needle and cylinder.

1 For cylinder:

Q = Av = [()(0.005)?/4)(0.018) = 3.534 X 10~ " m®/s
Nr = pdv/u = (800)(0.005)(0.018)/(0.980 x 10™*)=73  (laminar)

_128uLQ _ (128)(0.980 x 107)(0.050)(3.534 X 10~7)
== = (2)(0.003) =1.129Pa

For needle:
v =0/A =3.534 X 10~7/[(;r)(0.3/1000)?/4] = 5.000 m/s
Nz = (800)(0.3/1000)(5.000)/(0.980 X 10™%) = 1224  (laminar)

_(128)(0.980 X 10-)(0.060)(3.534 X 10°7)
p2= ()(0.3/1000)*

F = (AP)(Acyinger) = (104 525 — 1.129)[(7)(0.005)2/4] = 2.05 N

=104525Pa

/Cylinder /Needle
V= 18 mm/s s = 0.3 mm
/ L‘SO mm 60 mm — Fig. 9-17

In Prob. 9.60, suppose that medicine is drawn from a bottle at atmospheric pressure. What is the largest flow of
fluid if the fluid has a vapor pressure of 4.8 kPa abs? Neglect losses in the cylinder.
128ulQ (128)(0.980 x 1072)(0.060)(Q max)

nd* (M3 x107%*

1 Ap = 101 400 — 4800 = 96 600 Pa = 96 600 =

Qoax =3.27% 107" m*/s = 0.327mL/s

In Prob. 9.60, it took a force of 2.05 N to move the piston to the right at a speed of 18 mm/s. What should the
inside diameter be for the cylinder if the force needed is only 1.2 N for the same piston speed? Neglect losses in
cylinder.

F_ 12 _1284LQ (128)(0.980 x 10~)(0.060)(3.534 x 10~")
I r==oosya=S116P2  p=—1% o

d =0.343 mm Ni = pdv/p = (800)(0.343/1000)(0.018)/(0.980 X 10~%) =5 (laminar)

61116=

Water at 70 °F flows through a new cast iron pipe at a velocity of 9.7 ft/s. The pipe is 1200 ft long and has a
diameter of 6 in. Find the head loss due to friction.

I hy = (f)(L/d)(v*/2g) Nr =dv/v=(£)(9.7)/(1.05 x 10~5) = 461 905

From Table A-9, € = 0.00085 ft for new cast iron pipe; €/d = 0.00085/(%) = 0.0017. From Fig. A-5, f = 0.0230;
hy = 0.0230[1200/(£)){9-7°/((2)(32.2)]} = 80.6 ft.

A 96-in-diameter new cast iron pipe carries water at.60 °F. The head loss due to friction is 1.5 ft per 1000 ft of
pipe. What is the discharge capacity of the pipe?

[ hy = (F)LIdYv¥2g)  1.5=(H1000/CHH/I@(B22)]}  f*=0.7728

Assume f = 0.0150; (0.0150)(v?) = 0.7728, v = 7.178 ft/s; Ny = dv/v = (5)(7.178)/(1.21 x 10~°) = 4.75 x 10°.
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From Table A-9, € = 0.00085 ft for new cast iron pipe, €/d = 0.00085/(3%) = 0.000106. From Fig. A-5,

f =0.0124. Evidently, the assumed value of f of 0.0150 was not the correct one. Try a value of f of 0.0124.
(0.0124)(v*) = 0.7728, v = 7.894 ft/s; N = (35)(7.894)/(1.21 x 10~°) = 5.22 x 10°. From Fig. A-5, f =0.0124.
Hence, 0.0124 must be the correct value of f, and v = 7.894 ft/s. Q = Av = [(x)(33)*/4](7.894) = 397 ft*/s.

9.65 Water at 70 °F is being drained from an open tank through a 24-in-diameter, 130-ft-long new cast iron pipe, as
shown in Fig. 9-18. Find the flow rate at which water is being discharged from the pipe. Neglect minor losses.
I Py + V28 +2,=p,/y+v3/28 +z, + by

hy = by = (F)(LId)(v*/2g) = (F)[130/G)K{v3/[(2)(32.2)]} = 1.009fv}

0+ 0+ 150.5 = 0 + v3/[(2)(32.2)] + 98.4 + 1.009fv3
Assume f = 0.0240.

150.5 = v3/[(2)(32.2)] + 98.4 + (1.009)(0.0240)(v3)  v,=36.211t/s
Ng =dv/v = (%)(36.21)/(1.05 X 10™5) = 6.90 x 10°

From Table A-9, € = 0.00085, €/d = 0.00085/(33) = 0.000425. From Fig. A-5, f =0.0162. Evidently, the
assumed value of f of 0.0240 was not the correct one. Try a value of f of 0.0162.

150.5 = v3/[(2)(32.2)] + 98.4 + (1.009)(0.0162)(v})  v,=40.43ft/s
Nr = (%)(40.43)/(1.05 x 10~%) = 7.70 x 10°

From Fig. A-5, f =0.0162. Hence, 0.0162 must be the correct value of f, and v =40.43 ft/s. O = Av =
[(7)(34)%/4](40.43) = 127 ft*/s.

v @ Elev. 1505t

Water

@ Elev. 98.4 ft
he L1

Fig. 9-18

9.66 Gasoline is being discharged from a pipe, as shown in Fig. 9-19. The pipe roughness (€) is 0.500 mm, and the
pressure at point 1 is 2500 kPa. Find the pipe diameter needed to discharge gasoline at a rate of 0.10 m®*/s.
Neglect any minor losses.

I p/y+v32g+2,=ply+v3/2g + 2z, +h,
hy = hy = (f)(L/d)(v*/2g) = (£)(965.5/d){v3/[(2)(9.807)]} = 49.23fv}/d
2.500/7.05 + v3/2g + 82.65 = 0 + v/2g +66.66 + 49.23fv3/d  v3/2g = v¥/2g
f2/d=03320  v,=Q/A;=0.10/(xd?/4) =0.1273/d*  (f)(0.1273/d%?/d =0.3320  d = (0.04881f)"

Assume f = 0.0200. d = [(0.04881)(0.0200)]"° = 0.2500 m, v, = 0.1273/0.2500% = 2.037 m/s; Ng = pdv/pu =
(719)(0.2500)(2.037)/(2.92 x 10™*) = 1.25 x 10°. From Table A-9, € = 0.00050 m. €/d = 0.00050/0.2500 =
0.0020. From Fig. A-5, f =0.0235. Evidently, the assumed value of f of 0.0200 was not the correct one. Try a
value of f of 0.0235.

d = [(0.04881)(0.0235)]"* = 0.2582 m v =0.1273/0.2582> = 1.909 m/s
Ng = (719)(0.2582)(1.909)/(2.92 X 10™*) = 1.21 X 10°

€/d = 0.00050/0.2582 = 0.00194 f =0.0235
Hence, 0.0235 must be the correct value of f, and d = 0.2582 m.
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Elev. 8265 m

3 Elev. 66.66 m
N A “g. 9-19

9.67  Water at 20 °C flows through a new cast iron pipe at a velocity of 4.2 m/s. The pipe is 400 m long and has a
diameter of 150 mm. Determine the head loss due to friction.

965.5 m

J hy = (F)(L/d)(v*/28) Nr=dv/v=(3%)(4.2)/(1.02 X 107°) = 6.18 x 10°

From Table A-9, € =0.00026 m. €/d = 0.00026/0.150 = 0.00173. From Fig. A-5, f = 0.0226. h, =
0. 0226[400/( ) 1{4.2%/1(2)(9.807)]} = 54.20 m.

9.68 SAFEI10 oil at 68 °F is to be pumped at a flow rate of 2.0 ft*/s through a level 6-in-diameter new wrought iron
pipe. Determine the pressure loss in pounds per square inch per mile of pipe and compute the horsepower lost
to friction.

! hy = (F)(L/d)(v*/2g) v =Q/A=2.0/[(%)(%)*/4] = 10.19 ft/s
N = pdv/u = (1.68)(5)(10.19)/(1.70 x 10~?) = 5035 (turbulent)

From Table A-9, € =0.00015 ft. €/d = 0.00015/(:5) = 0.00030. From Fig. A-5, f =0.038. h, =
0.038[5280/(5)}{10.19%/[(2)(32.2)]} = 647 ft of oil; p = yh = (54.2)(647)/144 = 244 psi/mile.

9.69  Water at 20 °C flows in a 100-mm-diameter new cast iron pipe with a velocity of 5.0 m/s. Determine the
pressure drop in kilopascals per 100 m of pipe and the power lost to friction.

1 ke = (F)(L/d)(v*/2g) Ng=dv/v=({%%)(5.0)/(1.02 X 107%) = 4.90 x 10°
From Table A-9, € =0.00026 m. €/d = 0.00026/(%%) = 0.0026. From Fig. A-5, f = 0.0252.

hy =0.0252[100/(3656)1{5.0°/[(2)(9.807)]} =32.12m  p =(9.79)(32.12) = 314 kN/m?’ per 100 m of pipe
Q = Av = [(7)(33%)*/4)(5.0) = 0.03927 m*/s
Power lost = Qvh, = (0.03927)(9.79)(32.12) = 12.35 kW per 100 m of pipe

970  Determine the discharge capacity of a 150-mm-diameter new wrought iron pipe to carry water at 20 °C if the
pressure loss due to friction may not exceed 35 kPa per 100 m of level pipe.

] ’ =dv/v = (£3)(v)/(1.02 X 10-6) =1.47 x 10°

Trial No. 1
Assume v =3.0m/s: Ng = (1.47 X 10°)(3.0) = 4.41 x 10°, €/d = 0.000046/(35%) = 0.000307. From Fig. A-5,
f=0. 0/164 hy = (f)(L/d)(v*/2g) =p/v = 35/9.79 = 3.575 m, 3.575 = 0.0164[100/ (%) {v*/[(2)(9.807)]}, v =
2.53m/s

Trial No. 2
Assume v =2.53 m/s: Ng = (1.47 X 10°)(2.53) = 3.72 x 10°, f = 0.0166, 3.575 =
0.0166[100/(3556)1{v>/[(2)(9.807)]}, v =2.52 m/s; Q = Av = [(n)(F5%)*/4](2.52) = 0.0445 m%/s.

971  SAE30 oil at 68 °F is to be pumped at a flow rate of 3.0 ft’/s through a level new cast iron pipe. Allowable pipe
friction loss is 10 psi per 1000 ft of pipe. What size commercial pipe should be used?

I p=vh (10)(144) =55.4h;  hy =26.01t of oil per 1000 ft of pipe
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9.72

9.73

9.74

Trial No. 1
Assume v = 5.0 ft/s:

Q=Alv 3.0=(#d*4)(5.0) d=0.874ft ,
Ng = pdv/p = (1.72)(0.874)(5.0)/(9.2 X 107°) =817  (laminar)
he = (f)(L/d)(v*/2g)  f =64/Ng =1 =0.0783
26.0 = (0.0783)(1000/0.874) {v*/[(2)(32.2)]}  v=4.32ft/s

Trial No. 2 ,
Assume v = 4.32 ft/s:

3.0=(nd*/4)(4.32) d=0.940ft N =(1.72)(0.940)(4.32)/(9.2 X 107%) =759 (laminar)
f=%5=0.0843  26.0=(0.0843)(1000/0.940){v*/[(2)(32.2)]} v=4.321t/s
Hence, a pipe diameter of 0.940 ft, or 11.28 in, would be required. A 12-in-diameter commercial pipe should be
used, which would result in a pipe friction loss somewhat less than the allowable 10 psi per 1000 ft of pipe.
SAE10 oil at 20°C is to flow through a 300-m level concrete pipe. What size pipe will carry 0.0142 m’/s witha
pressure drop due to friction of 23.94 kPa?
' : p=yh 23.94=8.52h, h,=28lm

Trial No. 1
Assume v = 1.5m/s:
Q=A/v 0.0142 = (zd*/4)(1.5) d=0.110m

Ng = pdv/p = (869)(0.110)(1.5)/(8.14 x 107%) = 1761 (laminar)
hy = (F)(L/d)(v*/2g) f =64/ Ny = 15 = 0.0363
2.81 = (0.0363)(300/0.110){v*/[(2)(9.807)]} v =0.746m/s

Trial No. 2
Assume v =0.746 m/s:

0.0142 = (er2/4)(0.746) d=0.156m Nz = (869)(0.156)(0.746)/(8.14/1072) = 1242 (laminar)
f =15 =0.0515 2.81 = (0.0515)(300/0.156){v*/[(2)(9.80T)]} v=0.746 m/s
Hence, a pipe diameter of 0.156 m, or 156 mm, would be required.
Compute the friction factor for flow having a Reynolds number of 5 X 10? and relative roughness (€/d) of 0.015
(transition zone). Use the Colebrook formula, the Swamee-Jain formula, and the Moody diagram.
I Colebrook formula: '
1/VF=1.14—2.0log [€/d + 9.35/(N- V)] = 1.14 — 2.010g [0.015 + 9.35/(5 X 10°V)]

f=0.0515 (by trial and error)
Swamee-Jain formula:

f=0.25/[log (¢/3.7d) + (5.47/N%2)J? = 0.25/{log (0.015/3.7) + [5.47/(5 x 10°)°9]}* = 0.0438
Moody diagram (Fig. A-5): £=0.0512
Repeat Prob. 9.73 for flow having a Reynolds number of 4 X 10° and relative roughness (€/d) of 0.0001
(rough-pipe zone).
I Colebrook formula:

f=1/[1.14 - 2.0log (¢/d)}* = 1/[1.14 — 2.0 log (0.0001)}* = 0.0120

Swamee-Jain formula: ,

£ =0.25/[log (€/3.7d) + (5.74/ N%)]> = 0.25/{log (0.0001/3.7) + [5.74/(4 x 10°)*°]}* = 0.0120
Moody diagram (Fig. A-5):

f=0.0125
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We have oil of kinematic viscosity 8 x 107 ft*/s going through an 80-ft horizontal pipe. If the initial pressure is
5.0 psig and the final pressure is 3.5 psig, compute the mass flow if the pipe has a diameter of 3 in. At a point
10 ft from the end of the pipe a vertical tube is attached to be flush with the inside radius of the pipe. How high
will the oil rise in the tube? p = 50 Ibm/ft>. Pipe is commercial steel (e = 0.000145 ft).

1 : Py +vi2g +zi=p./y+vif2g + z, + hy,
(5.0)(144)/(50/32.2) + v2/2g + 0 = (3.5)(144)/(50/32.2) + v3/2g + O+ b,
v2g=vi2g  h=139.1ft=(F)LIWY2) 139.1=(F)80/(R)]v*2)  fv?=0.8694

Try f =0.020: 0.020v* = 0.8694, v = 6.593 ft/s; Ng = dv/v = ($)(6.593)/(8 X 10~°) =2.06 X 10%; €/d =
0.000145/() = 0.000580. From Fig. A-5, f =0.0265. Try f = 0.0265: 0.0265v> = 0.8694, v = 5.728 ft/s;

Ne = (£)(5.728)/(8 X 107%) = 1.79 x 10%; f = 0.0267, 0.0267v> = 0.8694, v = 5.706 ft/s; M = pAv =
50[(x)(5)?/4](5.706) = 14.0 1bm/s. To find the pressure at the point 10 ft from the end of the pipe (call it point
A), apply the Bernoulli equation between point 1 and point A:

(5.0)(144)/(50/32.2) + v3/2g + 0 = p,/(50/32.2) + v3/2g + O + k,
hy = 463.7 — 0.6440p,, = 0.0267[70/(S))(5.706*/2) = 121.7 ft
121.7=463.7—0.6440p,  p.=531.11bm/ft? h=p/p=531.1/50 = 10.62 ft
How much water is flowing through the pipe shown in Fig. 9-20? Take v = 0.114 X 10° m?/s and
€ =0.0000442 m.
i1 pily+ V328 +zi=p,/y+vi2g +z,+h,  1.6+v}28+0=0.3+v3/2g+0+h,
vi/2g =v3/2g hy =1.3m = (f)(L/d)(v*/2g)
Try f =0.015:
1.3 = 0.015[10/(0.150)}{v*/[(2)(9.807)]} v =5.050 m/s
Ng =dv/v =(0.150)(5.050)/(0.114 x 107°) = 6.64 x 10° €/d = 0.0000442/(0.150) = 0.000295
From Fig. A-5, f =0.016.
1.3 =0.016[10/(0.150)}{v*/[(2)(9-807)]} v =4.889m/s
M = pAv = 1000[()(0.150)*/4](4.889) = 86.4 kg/s

o -150 mm 0'?’“ ;

o 73

}

10m

Fig. 9-20

Whiskey (s.g. = 0.6, v = 5.0 X 107" m?/s) is drawn from a tank through a hose of inside diameter 25 mm (see
Fig. 9-21). The relative roughness for the hose is 0.0004. Calculate the volumetric flow and the minimum
pressure in the hose. The total length of hose is 9 m and the length of hose to point 4 is 3.25 m. Neglect minor
losses at head entrance.

1 Py +vi/2g+z=pJy+vi/2g+n+h,  0+0+(5-1.5) =0+ v/[(2)(9.807)] + 0 + h,
hy =3.5 - 0.05098v2 = (f)(L/d)(v*/2g)
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Try f = 0.016:

hy =0.016[9/(0.025)}{v3/[(2)(9.807)]} = 0.2937v3  0.2937v3=3.5-0.05098vF v =3.187m/s

Ng = dv/v = (0.025)(3.187)/(5.0 X 10~7) = 1.59 x 10°

From Fig. A-5 with €/d = 0.0004, f =0.019. Try f =0.019:

h, =0.019(9/(0.025)]{v2/[(2)(9.807)]} = 0.3487v  0.348703=3.5—0.05098v3 v =2.959m/s

Ne=dv/v=(0.025)(2.959)/(5.0x 10y =1.48 X 16° £ =0.019
Q = Av = [(7)(0.025)%/4])(2.959) = 1.45L/s Py + V328 + 2y =paly +Vil2g + 24+ hy
0+ 0+ (5—1.5) = p./[(0.6)(9.79)] + 2.959/[(2)(0.807)] + 5+h,  p,=—11.43 — 5.874h,
hy = 0.019[3.25/(0.025)[{2.959°/[(2)(9.807)]} =1.103m ~  p,. = —11.43 — (5.874)(1.103) = —17.91 kPa

/k

1 g____
Fig. 9-21

9.78 In using the Darcy—Weisbach equation for flow in a pressure conduit, what percentage error is introduced in Q
when f is misjudged by 20 percent?

I h, = (f)(L/d)(v*/2g) = K,fQ®  (where K, is a constant)
Assume h;is constant. Q = Ko/Vf=Kof 2, dQ = —3(K,)(f >*)(df)

do_ ~MKIU)a) _ _1dF_

—(L =— -
0 Kof 72 27 (3)(0.20)= —0.10 or —10 percent

9.79 For the system in Fig. 9-13, find the flow rate if the liquid is water at 68 °F.

# Assume smooth-wall turbulent flow. p/y + v3/2g + 24 =ps/y + v3/28 + 2z + h, 0+ 0+ 10=0+
v3/[(2)(32.2)] + 0 + hy, hy = 10— 0.01553v% = (F)(L/d)(v*/2g). Try f =0.02:

hy =0.02[6/(0.5/12)|{v3/[()(32.2)]} =0.044720% 10— 0.01553v3 =0.04472v}3 v, =12.88ft/s
Nr = pdv/p = (1.93)(0.5/12)(12.88)/(2.04 X 10°) = 5.08 x 10*  (turbulent)
From Fig. A-5, f =0.0208. Try f = 0.0208:
h, =0.0208[6/(0.5/12){v3/[(2)(32.2)]} = 0.04651v3 10— 0.01553v3 =0.04651v3  v5=12.70ft/s
Ng = pdv/p = (1.93)(0.5/12)(12.70)/(2.04 X 10~%) =5.01 X 10*  (turbulent)
£=0.0208 0 = Av = [(7)(0.5/12)*/4](12.70) = 0.0173 ft*/s

|
|
é
:
;
|

9.80 If 1 mile of 3-in-diameter wrought iron pipe carries water at 68 °F and v = 23 ft/s, compute the head loss and the

pressure drop.
1 hy = (f)(L/d)(v*/2g) Ni = pdv/u = (1.93)(5)(7/0.3048)/(2.04 % 107°) = 5.43 x 10°
€/d = 0.00015/(s5) = 0.000600
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From Fig. A-5, f = 0.0182.
h, = 0.0182[5280/(£)}{(23)¥/[(2)(32.2)]} =3157ft  p = yh; = (62.4)(3157)/144 = 1368 Ib/in’

Mercury at 20 °C flows through 3 m of 6-mm-diameter glass tubing with average velocity 2.0 m/s. Compute the
head loss and the pressure drop.

1 hy = (f)(L/d)(v*/2g) Ng = pdv/u = (13 570)(0.006)(2.0)/(1.56 X 107°) = 1.04 x 10°
From Fig. A-5, f =0.0180 (assuming glass to be “‘smooth”).
h, = 0.0180[3/(0.006)}{2.0%/[(2)(9.807)]} = 1.835m p = vhs =[(13.6)(9.79)](1.835) = 244 kPa

Gasoline at 20 °C is pumped at 0.2 m*/s through 16 km of 180-mm-diameter cast iron pipe. Compute the power
required if the pumps are 75 percent efficient.

1 hy = (f)(L/d)(v*/2g) v = Q/A = 0.2/[()(0.180)*/4] = 7.860 m/s
Ng = pdv/p = (719)(0.180)(7.860)/(2.92 X 10~*) = 3.48 x 10° €/d = 0.00026/(0.180) = 0.00144
From Fig. A-5, f =0.0216.

h; = 0.0216[(16)(1000)/(0. 180)}{7.860%/[(2)(9.807)]} = 6048 m
P = pgQh,/n = (719)(9.807)(0.2)(6048)/0.75 = 11.37 x 10°W or 11.37 MW

Vinegar (s.g. = 0.86, v = 0.00003 ft*/s) flows at 1 ft*/s through a 6-in asphalted cast iron pipe. The pipe is 2000 ft
long and slopes upward at 10° in the flow direction. Compute the head loss and the pressure change.

[ he = (F)(L/d)(v*/2g) v=0/A =1/[(7)(%)*/4] = 5.093 ft/s
Ni = dv/v = (£)(5.093)/0.00003 = 8.49 x 10* €/d =0.0004/(%) = 0.000800

From Fig. A-5, f =0.0219.

hy =0.0219[2000/(:%)]{5.093%/[(2)(32.2)]} = 35.28 ft h,. = 35.28 + 2000 sin 10° = 382.6 ft

p = vh; =[(0.86)(62.4)](382.6)/144 = 142.6 Ib/in*

The pipe flow in Fig. 9-22 is driven by pressurized air in the tank. What gage pressure p, is needed to provide a
flow rate of 50 m*/h of water? Assume a “smooth” pipe.
1 Py + V28 +z,=poly +vi2g +n+h,  v,=Q/A,=(50/3600)/[()(0.050)*/4] =7.074 m/s

hy=h, = (f)(L/d)(v*/2g) Ng = pdv/p = (998)(0.050)(7.074)/(1.02 % 107%) = 3.46 x 10°
From Fig. A-5, f = 0.0140. , ,

k. = 0.0140[(40 + 80 + 20)/0.050]{7.074*/[(2)(9.807)1} ~100.0m
P:/9.79 + 0 + 10 =0 + 7.074*/[(2)(9.807)] + 80 + 100.0 = p, = 1689 kPa gage

20m
Smooth pipe: "_" 2 0

d =50mm —-

Open jet

Fig. 9-22
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9.85 In Fig. 9-22 suppose the fluid is methanol at 20 °C and p, = 900 kPa gage. What flow rate Q results?
1 Py +vi/28+2=p./y +v3/2g +z+h,  900/7.73+ 0+ 10 =0+ v2/[(2)(9.807)] + 80 + h,

h. =46.43 — 0.05098v3 = h, = (f)(L/d)(v*/2g)
Try f =0.02:

h. = 0.02{(40 + 80 +20)/0.050]{v3/[(2)(9.807)]} = 2.855v3  2.855v2=46.43 —0.05098v2 v, =4.000m/s
Ng = pdv/p = (788)(0.050)(4.000)/(5.98 X 10™*) = 2.64 x 10°
From Fig. A-S, f = 0.0150. Try f =0.0150:
b, =0.0150[(40 + 80 +20)/0.050){v3/[(2)(9.807)]} =2.141v%  2.141v3=46.43—0.05098v2 v, =4.602m/s

2
Ng = (788)(0.050)(4.602)/(5.98 X 10~*) = 3.03 x 10°
Try f =0.0145:

h, =0.0145[(40 + 80+ 20)/0.050) {v2/[(2)(0.807)]} =2.070v%  2.070v2=46.43—0.05098v  v,=4.679m/s
N = (788)(0.050)(4.679)/(5.98 X 10~ =3.08 x 10°  f =0.0145
At this Reynolds number, Q = Av = [(x)(0.050)?/4](4.679) = 0.00919 m*®/s or 33.1 m*/h.

9.86 In Fig. 9-22 sﬁppose the fluid is carbon tetrachloride at 20 °C and p, = 1300 kPa. Calculate the pipe diameter
needed for a volumetric flow of 5.555 L/s.

[ | Py +vi/2g+zi=p./y+v3/2g+ o+ h,  pi/y+0+2z,=0+v32g + 2, + (f)(L/d)(v3/2g)
2 @iy + 21— 2) _(2)(9.807)(1300/15.57 +10—80) _ 264.7
2 1+fL/d T 1+()(@0+80+20)/d 1+ 140f/d
= (Q/A,)* =[(5.555 x 107%)/(nd?/4) = 0.00005004/d*
v, =0.007074/d>
0.00005004  264.7 g L+ 140 /d)™
d*  1+140f/d T 47.96

Try d = 50 mm, or 0.050 m: Ny = pdv/u = (1588)(0.050)(0.007074/0.050%)/(9.67 x 10~*) =2.32 x 10°. From
Fig. A-5, f = 0.0151. d = [1 + (140)(0.0151/0.050)]4/47.96 = 0.0535 m. Try d = 0.0535 m:

Ny = (1588)(0.0535)(0.007074/0.0535%)/(9.67 x 107%) =2.17x 10°  f =0.0155
d =1 + (140)(0.0155/0.0535)}'*/47.96 = 0.0529 m
Try d =0.0529 m:
Ny = (1588)(0.0529)(0.007074/0.0529%)/(9.67 x 107*) =2.20 x 10°  f =0.0155
d = (1 + (140)(0.0155/0.0529)]"/47.96 = 0.0531 m
Tryd =0.0531m:
Ng = (1588)(0.0531)(0.007074/0.0531%)/(9.67 x 107*) =2.19 x 10° f =0.0155
d =1+ (140)(0.0155/0.0531)]4/47.96 =0.05301 m
Hence, use d =0.053 m, or 53 mm.

9.87 The reservoirs in Fig. 9-23 contain water at 20 °C. If the pipe is smooth, with L =7 km and d = 50 mm, what will
the flow rate be for Az =98 m?

I p/y+vi2g+2,=p,Jy+vi2g+z+h, 0+0+100=0+0+0+h, h,=98m=(f)(L/d)(v*/2g)
98 = (£)[7000/0.050){v*/[(2)(9.807)]} = v=0.1172/Vf

Tryf =0.02: v = 0.1172/V0.02 = 0.8287 m/s, N = pdv/u = (998)(0.050)(0.8287)/(1.02 x 10‘3) =4.05 x 10*.
From Fig. A-S, f =0.022. Try f = 0.022:

v=0.1172/V0.022=0.7902m/s N = (998)(0.050)(0.7902)/(1.02 X 10~?) = 3.87 x 10*
£=002 (OK.)
0 = Av = [(%)(0.050)2/4)(0.7902) = 0.00155 m*/s or 5.58m’/h
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Fig. 9-23

988  Repeat Prob. 9.87 to find Q if L =25001t, d = 3in, and Az = 82 ft.
I p/y+vi2g+2,=p./y+v32g + 2, +h, 0+0+82=0+0+0+h,  h =82ft=(f)(L/d)(v*/2g)
82=()[2500/GHv*/[(D(32.2)]}  v=0.7267/Vf
Try f = 0.02:
v=0.7267/V0.02=5.139ft/s  Np= pdv/p = (1.93)(£)(5.139)/(2.04 x 10~%) = 1.22 x 10°
From Fig. A-5, f =0.0175. Try f = 0.0175:
v=0.7267/V0.0175=5.493ft/s  Np=(1.93)(%)(5.493)/(2.04 X 10) =1.30x 10°  f =0.0170

Try f = 0.0170:
v =0.7267/V0.0170 = 5.574 ft/s Ng = (1.93)(£)(5.574)/(2.04 X 10~5) = 1.32 x 10°

f=00170 (OK) Q=Av=[(n)($)/4](5.574)=0.2736 f*/s or 985ft/h

9.89 Repeat Prob. 9.88 if the pipe has a roughness of 0.2 mm.
I From Prob. 9.88, v = 0.7267/V¥. Try f =0.02:
Ne=1.22 x10° €/d =0.2/[(3)(25.4)] = 0.00262
From Fig. A-5, f =0.0265. Try f = 0.0265: |
v =0.7267/V0.0265 = 4.464 ft/s Ng = (1.93)()(4.464)/(2.04 X 10~%) = 1.06 x 10°
f=0.0265 (OK.) Q = Av = [(n)(£)*/4](4.464) = 0.2191 f*/s or 789 ft’/h
This is (985 — 789)/985 = 0.199, or 19.9 percent less than whenl the pipe is smooth.

9.90  Water at 20 °C flows through a 598-m pipe 150 mm in diameter at 60 L/s. Determine the pipe roughness if the
head loss is 49 m.

[ hy = (F)(L/d)(v*/2g) v = Q/A = 0.06/[()(0.150)?/4] = 3.395 m/s
49 = (f)[598/(0.150)]{3.395%/[(2)(9.807)]} £ =0.0209
Ng = pdv/p = (998)(0.150)(3.395)/(1.02 x 10~3) = 4.98 x 10°
From Fig. A-5 with f =0.0209 and Ni =4.98 X 10°, €/d = 0.0012; € = (150)(0.0012) = 0.180 mm.

9.91 A 4-in-diameter commercial steel pipe is to be sloped so that 198 gpm of water at 20 °C passes through it in
gravity flow. Find the declination @ of the pipe.

1 0 = (198)(0.002228) = 0.4411 ft*/s v =Q/A =0.4411/[(7)(i5)*/4) = 5.055 ft/s
€/d =0.00015/(%) = 0.00045 Ng =dv/v = ()(5.055)/(1.05 x 10~5) = 1.60 x 10°
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gronll P3‘6§ A-5, f =0.0190. sin 8 = Az/L =h;/L = (f)(1/d)(v*/2g), sin 8 = 0.0190[1/(35)]{5.055*/[(2)(32.2)]},
9.92 In Prob. 9.91 find the volume flow corresponding to 8 = 3°.
I From Prob. 9.91, (f)(1/d)(v*/2g) =sin 6, ( HI/GEKv/(2)(32.2)]} = sin 3°, v = 1.060/VF. Try f =0.02:
v = 1.060/V0.02 = 7.495 ft/s Ng = dv/v = (£)(7.495)/(1.05 x 10~%) = 2.38 x 10°
€/d=0.00045  (from Prob. 9.91)
From Fig. A-5, f = 0.0182. Try f = 0.0182:
v=1.060/V0.0182=7.857ft/s  Ng = (£)(7.857)/(1.05/10 %) = 2.49 x 10°
f=00182 (OK) Q = Av = [(w)(75)*/4)(7.857) = 0.6857 ft’/s = 0.6857/0.002228 = 308 gpm
9.93 A tank containing 1 m® of water at 20 °C has an outlet tube at the bottom, as shown in Fig. 9-24. Find the
instantaneous volume flux Q, if the roughness of the tank is € = 1.5 ym.
1 Py +vi28 +z,=ply +vi2g + z,+ h;
hy = hy = (f)(L/d)(v*/2g) = (£)[0.82/0.04]{v3/[(2)(9-807)]} = 1.045fv3
0+ 0+ (1+0.82) = 0+ v3/[(2)(9.807)] + 0+ 1.045f3 v, = 1.349/1/0.05098 + 1.045f
Try f =0.02:

v, = 1.349/V0.05098 + (1.045)(0.02) = 5.032 m/s
Ng =dv/v =(0.04)(5.032)/(1.02 X 107%) = 1.97 x 10° €/d = 0.0000015/0.04 = 0.0000375
From Fig. A-5, f =0.016. Try f = 0.016:
v, =1.349/V0.05098 + (1.045)(0.016) =5.185m/s N = (0.04)(5.185)/(1.02 x 10~°) = 2.03 x 10°
f=0.016 (OK) 0 = Av = [(#x)(0.04)%/4](5.185) = 0.006516 m*/s = 6.516 L/s

L =82cm
4= 4cm

Q ‘ z Fig. 9-24

9.94 Repeat Prob. 9.93 for a fluid with p =917 kg/m® and = 0.29 Pa - s.
I p./y+v¥2g + z,=p,/y + v3[2g + 2, + h,. Assume laminar flow.

B, = 32uLv _ (32)(0.29)(0.82)(v)
7™ pgd®  (917)(9.807)(0.04)

0+0+(1+0.82) =0+ v3/[(2)(9.807)] + 0+0.5288v,  v2+10.37v,—35.70=0 v =2.726m/s
Ng = pdv/p = (917)(0.04)(2.726)/0.29 =345  (laminar)
Q = Av = [()(0.04)*/4)(2.726) = 0.003426 m’/s = 3.426 L /s

hL=

=0.5288v,
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What depth of water behind a dam (Fig. 9-25) will yield a flow rate of 0.02 ft*/s through the 0.5-in commercial
steel exit pipe?
1 Py + 028+ 2, =prly + V328 + 2+ hy  v,=QJA=0.02/[(7)(0.5/12)*/4] = 14.67 ft/s
hy = h; = (f)(L/d)(v*/2g) Ng=dv/v=(0.5/12)(14.67)/(1.05 X 10 %) = 5.82 x 10*
€/d =0.00015/(0.5/12) = 0.00360

From Fig. A-5, f = 0.0295: h, = 0.0295[100/(0.5/12)]{14.67*/[(2)(32.2)]} =236.6 ft,0+ 0+ H =
0+ 14.674/[(2)(32.2)] + 0 + 236.6, H =239.9 ft.

L =100t
d=4in

S

2 Fig. 9-25

In Fig. 9-25, imagine the fluid to be benzene at 20 °C and H = 100 ft. What pipe diameter is required for the
flow rate to be 0.02 ft3/s?

1 pily +V32g+zy=p,ly +vi2g + z,+ h, ,
hy = he = (f)(L/d)(v*/2g) = (f)(100/d){v3/[(2)(32.2)]} = 1.553fv}/d
0+0+100=0+v3/[(2)(32.2)] + 0+ 1.553fvi/d  v,=Q/A,=0.02/(xd’/4) = 0.02546/d*
100 = (0.02546/d?)*/[(2)(32.2)] + (1.553)(£)(0.02546/d??*/d  d =[(1.007 x 10~7) + (1.007 x 107 /d)]"*

Try d = 0.05 ft: Ng = pdv/p = (1.70)(0.05)(0.02546/0.05%)/(1.36 X 10~%) = 6.36 x 10°, €/d = 0.00015/0.05 =
0.00300. From Fig. A-5, f = 0.028. d = [(1.007 X 10~7) + (1.007 x 10~°)(0.028)/0.05]" = 0.0489 ft. Try d =
0.00489 ft:

Ny = (1.70)(0.0489)(0.02546/0.0489%)/(1.36 X 10~°) = 6.51 x 10* f=0.028 (OK)
d=0.0489ft or 0.59in

Water at 70 °F flows through 102 ft of 0.5-in-diameter piping whose roughness is 0.01 in. Find the volumetric
flow if the pressure drop is 60 psi.

I pily+vi/2g +z=p,ly+vi/28+ 2+ h,
hy = by = (f)(L/d)(v*/28) = (£)[102/(0.5/12){v*/[(2)(32.2)]} = 38.01fv

(60)(144)/62.3 + v3/2g + 0=0+v2/2g + 0+ 38.01fv>  v/2g=v3[2g  wv,=1.910/Vf
Try f =0.05:

v, =1.910/V0.05 = 8.542 ft/s N =dv/v =(0.5/12)(8.542)/(1.05 X 107%) = 3.39 x 10*

€/d =0.01/0.5 = 0.0200
f=0050 (OK) 0O = Av = [(7)(0.5/12)?/4](8.542) = 0.0116 ft*/s
Ethanol at 20 °C flows at 3.2 m/s through a 10-cm-diameter pipeline (€ = 1.5 yum). Compute (a) the head loss
per kilometer of tube and (b) the wall shear stress.
I hy = (f)(L/d)(v*/2g) N = pdv/p = (788)(0.10)(3.2)/(1.20 X 10~3) = 2.10 x 10°
€/d =0.0000015/0.10 = 0.0000150
From Fig. A-5, f = 0.0158. h, = 0.0158[1000/0. 10}{(3.2)*/[(2)(9.807)]} = 82.5 m per 1000 m.
® u* = vVf/8 = (3:2)V0.0158/8 = 0.1422 m/s Tuan = (P)(*)? = (788)(0.1422)* = 15.9 Pa
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9.99 In Fig. 9-26, the 50-m duct is 60 mm in diameter. Compute the flow rate if the fluid has p = 917 kg/m’ and
p=029Pa-s.

I Assume laminar flow from 1 to 2.
Pr/pg +vif2g + 2z, =p./pg +vi/2g + 2+ h,

b —p < 1280L0 _  (128)(0.29)(50(Q)
LT T Tmpgd®  (w)(917)(9.807)(0.060)

0+ 0+ 12 = (205)(1000)/[(917)(9.807)] + 0+ 0+ 5069Q  Q =—0.002130m’/s or —7.67m’/h

Since Q is negative, flow is from 2 to 1.

v = Q/A =0.002130/[(s)(0.060)*/4] = 0.7533 m/s
Ne = pdv/p = (917)(0.060)(0.7533)/0.29 =143 (laminar)

= 5069Q

EL-AE .
12m 205 kPa
gage
2 2
- J
L=50m Fig. 9-26

9.100 Compute the diameter of duct in Fig. 9-26 required to maintain a flow rate of 25 m*/h.
p: U3 [ Kt 128uLQ  (128)(0.29)(50)(25/3600) 4.5621 x 10~
=4 z=—+—+2z+h h,=h;= = =
pg 2 g g T T T pedt T (m)O17)(9.807)(@)" dt
(205)(1000)/{(917)(9.807)] + 0+ 0=0+ 0+ 12+ 4.5621 X 10"*/d*  d =0.0806 m
v = Q/A = (25/3600)/[(x)(0.0806)*/4] = 1.361 m/s
Nr = pdu/p = (917)(0.0806)(1.361)/0.29 = 347 (laminar)

9.101 A 40-ft-long conduit, having an annular cross section with @ = 1in and b = 0.5 in, connects two reservoirs which

differ in surface height by 21 ft. Compute the flow rate if the fluid is water at 20 °C and the conduit is made of
commercial steel.

§ Hydraulic diameter = D, = (2)(a —b) = (2)(1 —0.5)=1.00in  p,/y + v}[2g + z, =p2/y‘+ V28 ++h
0+0+21=0+0+0+h,  h, =21ft=h,=(f)(L/d)(v*/2g)
21 = (£)[40/(1.00/12)){v¥/[(2)(32.2)]} v =1.679/Vf
Try f =0.02: '
v =1.679/V0.02 = 11.87 ft/s Ng = dv/v = (1.00/12)(11.87)/(1.05 X 10~%) = 9.42 x 10*
€/d = 0.00015/(1.00/12) = 0.00180

From Fig. A-5, f =0.0246. Try f = 0.0246: '

v=1.679/V0.0246 =10.70ft/s  Ng = (1.00/12)(10.70)/(1.05 X 10~%) =8.49 X 10*  f =0.0250
Try f = 0.0250: ' ‘ ~

v = 1.679/V0.0250 = 10.62 ft/s N = (1.00/12)(10.62)/(1.05 x 10~%) = 8.43 x 10*

f=0025 (OK.) Q = Av = {(m)[(1.00/12)* — (0.5/12)*]}(10.62) = 0.174 ft*/s
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An annular capillary causes a very large pressure drop and is useful in an accurate measurement of viscosity. If
a smooth annulus 1 m long with @ = 50 mm and b = 49 mm carries an oil flow at 0.0012 m*/s, what is the oil
viscosity if the pressure drop is 260 kPa?

I Q = (x/8u)(Ap/L)[a* - b* — (a’ — b*)*/1n (a/b)]
0.0012 = (7/8)(260 000/1){0.050* — 0.049* — (0.050% — 0.049%)/In (0.050/0.049)] 1 =0.0738Pa-s

A metal ventilation duct (e = 0.00015 ft) carries air at 20 °C and 1 atm. The duct section is an equilateral
triangle 1 ft on a side, and its length is 100 ft. If a blower can deliver 1 hp to the air, what flow rate can occur?

! From Fig. 9-27,
A=11DEV3) =0.4330 it
P=Qvh, Q=Av=0.4330v h,=(f)(L/d)(v*/2g) d=D,=4A/p.
D, = (4)(0.4330)/[(12 + 12 + 12)/12] = 0.5773 ft hy = (£)(100/0.5773){v*/[(2)(32.2)]} = 2.69fv*
(1)(550) = (0.4330v)(0.0750)(2.69fv?) v=18.47/f"?
Try f =0.02:
= 18.47/0.02"° = 68.04 ft/s Ng =dv/v =(0.5773)(68.04)/(1.64 X 107*) = 2.40 x 10°
€/D,, = 0.00015/0.5773 = 0.000260
From Fig. A-5, f =0.0176. Try f = 0.0176:
v =18.47/0.0176"° = 71.00 ft/s Ng = (0.5773)(71.00)/(1.64 X 107*) = 2.60 x 10°
f=00176 (O.K) Q = (0.4330)(71.00) = 30.7 ft’/s

ol
=,
l " l Fig. 9-27

A fluid with p =917 kg/m> and p =0.29 Pa - s flows between two smooth parallel plates 5 cm apart (k2 = 5 cm) at
an average velocity of 3 m/s. Compute the pressure drop, centerline velocity, and head loss for each 100 m of

length. .
I d=D,=2h=(2)(0.05=0.1000m Na = pdv/p = (917)(0.1000)(3)/0.29 = 949 (laminar)
v=(/12u)Ap/L) 3 ={(0.05/[(12)(0.29)]}(Ap/100)  Ap =417 600 Pa
h = Ap/pg = 417 600/{(917)(9.807)] = 46.44m ug =1.5v=(1.5)(3)=4.50m/s

ts/

Air at STP is forced at 25 m/s through a 30-cm-square steel duct 148 m long. Compute the head loss, pressure
drop, and power required if the blower efficiency is 60 percent. Use € = 0.000046 m.

[ d = D, = 4A/p,, = (4)[(0.30)(0.30)}/[(4)(0.30)] = 0.3000 m
hy = (F)(L/d)(v*/2g) = (f)(148/0.3000){25/[(2)(9.807)}} = 15 720f
Nr = pdv/p = (1.20)(0.3000)(25)/(1.81 X 10%) = 4.97 x 10°  €/d = 0.000046/0.3000 = 0.000153
From Fig. A-5, f =0.0150.
h; = (15 720)(0.0150) = 235.8 m Ap = pgh, = (1.20)(9.807)(235.8) = 2775 Pa

0 = Av =[(0.30)(0.30)}(25) =2.25 m*/s _
P = pgQh, /1 = (1.20)(9.807)(2.25)(235.8)/0.60 = 10406 W or 10.4kW
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9.109

A 50-m-long wind tunnel has a wooden (e = 0.0001 m) rectangular section 40 cm by 1 m. The average flow
velocity is 45 m/s for air at STP. Compute the pressure drop, assuming fully developed conditions, and the
power required if the fan has 70 percent efficiency.

1 d=D,=4A/p, = D[GE%)(1)])/(i%+ 1% +1+1)=0.5714m
hy = (F)L/d)(v*/2g) = (f)(50/0.5714){45%/[(2)(9.807)]} = 9034f

Ni = pdv/p = (1.20)(0.5714)(45)/(1.81 X 10~°) = 1.70 x 10° €/d =0.0001/0.5714 = 0.000175

From Fig. A-5, f =0.0140.
hy = (9034)(0.0140) = 126.5m Ap = pgh, = (1.20)(9.807)(126.5) = 1489 Pa
Q = Av = [(i5%)(1)](45) = 18.00 m3/s
P = pgQh;/n = (1.20)(9.807)(18.00)(126.5)/0.70 =38 281 W or 38.3kW

A smooth rectangular duct 82 m long, of aspect ratio 6 : 1, is designed to transport 0.6 m*/s of hydrogen at STP.

If the pressure drop is 75 Pa, calculate the dimensions of the cross section. For hydrogen, p = 0.0838 kg/m’ and
#=9.05uPa-s.

I Let h = height of duct; then duct width = 6h.
d=D,=4A/p, = (4)[(6h)(h)}/(6h + 6h + h +h)=1.T14h v = Q/A = 0.6/[(6h)(h)] = 0.1000/h*
ke = (F)(L/d)(v*/2g) = (f)(82/1.714h){(0.1000/h2)*/[(2)(9.807)]} = 0.02439f /n°
Ap =pgh,  75=(0.0838)(9.807)(0.02439f/h°)  h =0.1929f"*

Try f = 0.02: h = (0.1929)(0.02)"* = 0.08821 m, Ng = pdv/p =
0.0838[(1.714)(0.08821)](0.1000/0.08821%)/(9.05 X 10~%) = 1.80 X 10*. From Fig. A-5, f =0.0265. Try f =
0.0265: h = (0.1929)(0.0265)"° = 0.09332 m, N, = 0.0838[(1.714)(0.09332)](0.1000/0.09332%)/(9.05 X 10~%) =
1.70 X 10%, f =0.0267. Try f = 0.0267: h = (0.1929)(0.0267)"° = 0.09346 m, N =
0.0838[(1.714)(0.09346)](0.1000/0.09346%)/(9.05 x 10~°) = 1.70 x 10*.

f=0.0267 (OK)
Hence, & = 9.35 cm and width =6k = 56.1 cm.
Kerosene at 10 °C flows steadily at 15 L/min through a 150-m-long horizontal length of 5.5-cm-diameter cast
iron pipe. Compare the pressure drop of the kerosene flow with that of the same flow rate of benzene at 10°C

through the same pipe. At 10°C, p = 820 kg/m* and 4 = 0.0025 N - s/m* for kerosene, and p = 899 kg/m* and
u = 0.0008 N - s/m? for benzene.

I For kerosene:
v = Q/A = [(55)/60)/[(%)(5.5/100)/4] = 0.1052 m/s
Ni = pdv/p = (820)(5.5/100)(0.1052)/0.0025 = 1898 (laminar)
Ap = 8uvL/r3 = (8)(0.0025)(0.1052)(150)/[(5.5/100)/2] = 417 Pa
For benzene:
Ni = (899)(5.5/100)(0.1052)/0.0008 = 6502 (turbulent)
Ap = (f)(L/d)(p)v*/2) €/d =0.00026/(5.5/100) = 0.00473

From Fig. A-5, f = 0.040: Ap = (0.040)[150/(5.5/100)](899)(0.1052%/2) = 543 Pa. The pressure drop is greater
for the benzene than the kerosene, although the benzene has a lower viscosity. If both flows had been laminar
or both turbulent, the lower-viscosity fluid, benzene, would have had the lower pressure drop. However, the
viscosity of the kerosene is high enough to give laminar flow, while the lower viscosity of the benzene causes a
high enough Reynolds number for turbulent flow.

Water at 60 °F flows through a 250-ft length of horizontal 2-in-diameter drawn tubing. If the pressure drop
across the tubing is 10 psi, what is the flow rate?

1 Assume turbulent flow. he = (f)(L/d)(v?/28), h; = (10)(144)/62.4 = 23.08 ft, 23.08 =
(NI250/(F)Hv*/[(2)(32.2)]}, v =0.9954/ V. Try v =5 ft/s: N = pdv/pu = (1.94)(£)(5)/(2.35 X 10~°) = 6.88 x
10* (turbulent). €/d = 0.000005/(%) = 0.000030. From Fig. A-5, f = 0.0195. v = 0.9954/V/0.0195 = 7.13 ft/s.
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Try v =7.13 ft/s: Ng = (1.94)(&)(7.13)/(2.35 X 107%) = 9.81 x 10*, f = 0.0180, v = 0.9954/0.0180 = 7.42 ft/s.
Try v =7.42 ft/s: N = (1.94)(%)(7.42)/(2.35 x 10~%) = 1.02 x 10°, f = 0.0180 (O.K.); Q=Av =
[(x)(Z)*/4](7.42) = 0.162 ft*/s.

Air at 200 °F and 15 psig is to be passed through a 150-ft length of new galvanized iron pipe at a rate of 15 ft’/s.
If the maximum allowable pressure drop is 5 psi, estimate the minimum pipe diameter.
I he = (f)}L/d)(v*/28) =ply y=p/RT = (15 + 14.7)(144)/[(53.3)(200 + 460)] = 0.1216 Ib/ft’
hy = (5)(144)/0.1216 = 5921 ft v =Q/A=15/(nd*/4) =19.10/d?
5921 = (£)(150/d){(19.10/d*)*/[(2)(32.2)]}  d =0.6782f"°
Try d = 0.5 ft:
Nr = pdv/u = (y/g)(dv)/u = (0.1216/32.2)(0.5)(19.10/0.5%)/(4.49 x 1077) = 3.21 x 10°

€/d = 0.0005/0.5 = 0.0010
From Fig. A-5, f =0.0205; d = (0.6782)(0.0205)"° = 0.3117 ft.

Try d = 0.3117 ft:
N = (0.1216/32.2)(0.3117)(19.10/0.3117%)/(4.49 x 10"") =5.15x 10°  €/d =0.0005/0.3117 = 0.0016
F=00225  d=(0.6782)(0.0225)"° = 0.3175 ft
Try d =0.3175 ft: ‘
Nr = (0.1216/32.2)(0.3175)(19.10/0.3175%)/(4.49 X 1077) = 5.06 x 10° €/d =0.0005/0.3175 = 0.0016

Hence, d = 0.3175 ft, or 3.81 in. f=0.0225 (OK)

Compute the loss of head and pressure drop in 200 ft of horizontal 6-in-diameter asphaited cast iron pipe
carrying water with a mean velocity of 6 ft/s.

I h = (f)(L/d)(v?*/2g) Nz =dv/v = (5)(6)/(1.05 X 10~°) = 2.86 x 10° €/d =0.0004/(%) =
0.00080
From Fig. A-5, f = 0.020:

hy = (0.020)[200/()]{6°/[(2)(32.2)]} = 4.47 ft Ap = vhy = (62.4)(4.47) = 279 Ib/ft?

Oil with p =900 kg/m® and v = 0.00001 m*/s flows at 0.2 m*/s through 500 m of 200-mm-diameter cast iron
pipe. Determine (a) the head loss and (b) the pressure drop if the pipe slopes down at 10° in the flow direction.

I hy = (F)(L/d)(v*/2g) v=0/A=0.2/[(x)(&%)*/4] = 6.366 m/s
Ni = dv/v = (#%)(6.366)/0.00001 = 1.27 X 10° €/d = 0.00026/ (&%) = 0.00130
From Fig. A-5, f =0.0225, h, = 0.0225[500/(£%%)]{6.366°/[(2)(9.807)]} = 116.2 m.
(b) h;=Ap/(pg) + Lsin10°  116.2 = Ap/[(900)(9.807)] + (500)(sin 10°)

Ap=259300Pa or 259.3kPa

Oil with p = 950 kg/m® and v = 0.00002 m*/s flows through a 30-cm-diameter pipe 100 m long with a head loss
of 8 m. The roughness ratio €/d is 0.0002. Find the average velocity and flow rate.

J B =(FXLId)(v*/28)  8=(H100/(Z%){v/[(2)(9.807)]} v =0.6861/V}

Try v =5m/s: Ng = dv/v = (#5)(5)/0.00002 = 7.50 x 10*. From Fig. A-5, f =0.020, v = 0.6861/1/0.020 =
4.851 m/s. Try v =4.851 m/s: Nx = (345)(4.851)/0.00002 = 7.28 X 10*, f =0.020 (0.K.). Q=Av=
[(7)(%)?/4)(4.851) = 0.343 m*/s.

Fluid flows at an average velocity of 6 ft/s between horizontal parallel plates a distance of 2.4 in apart
(h =2.4in). Estimate the head loss and pressure drop for each 100 ft of length for p = 1.9 slugs/ft* and
v = 0.00002 ft*/s. Assume smooth walls.

I he=(f)(L/d)(v*/2g) d=D,=2h  D,=(2)(2.4/12) =0.400 ft
Ng = dv/v =(0.400)(6)/0.00002 = 1.20 X 10°  (turbulent)
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From Fig. A-5, f = 0.0173.

hy = (0.0173)(100/0.400){6*/[(2)(32.2)]} =2.42ft  Ap = pgh, = (1.9)(32.2)(2.42) = 148 Ib/f¢’

9.115 Repeat Prob. 9.114 if v =0.002 ft*/s.
I Ni = dv/v =(0.400)(6)/0.002=1200  (laminar) f =96/Ng = £ = 0.0800
he = (f)(L/d)(v*/2g) = (0.0800)(100/0.400){6*/[(2)(32.2)]} = 11.18 ft
Ap = pgh; = (1.9)(32.2)(11.18) = 684 Ib/ft*
9.116  Estimate the reservoir level & needed to maintain a flow of 0.01 m*/s through the commercial steel annulus 30m
long shown in Fig. 9-28. Neglect entrance effects and take p = 1000 kg/m® and v = 1.02 X 10~° m?/s for water.
1 Py +vi28+n=pily +vi/2g+ nthy  v=Q/A=0.01/{(#)[(%)’ - ()]} = 1.989 m/s
he=(f)(L/d)(v*/2g) d=D,=(@2)a-b) Dy=(2)(:%— 1) =0.0400m
hy = (£)(30/0.0400){1.989%/[(2)(9.807)]} = 151.3f 0+ 0+h =0+ 1.989°/[(2)(9.807)] + 0 + 151.3f
h =0.2017 + 151.3f Ny = du/v = (0.0400)(1.989)/(1.02 X 107%) = 7.80 x 10
' €/d = 0.000046/0.0400 = 0.00115
From Fig. A-5, f =0.0232, A =0.2017 + (151.3)(0.0232) = 3.71 m.

J. a=5cm
/b=3cm )
Qm—*a,v

Water L=30m

9.117  Air with p = 0.00237 slug/ft> and v = 0.000157 ft*/s is forced through a horizontal square 9-in by 9-in duct 100 ft
long at 25 ft*/s. Find the presssure drop if € = 0.0003 ft.

1 he=(f)(LId)(v*/28) Ng=dv/v  D,=4A/p, =4(Z)@I/[(4)G:)] = 0.7500 ft
From Table A-10, for b/a = 3, or 1.0, the effective diameter is d = Do = (64/56.91)(D5) = (64/56.91)(0.7500) =
0.8434 ft, v = Q/A =25/[(2)()] = 44.44 ft/s, Ny = (0.8434)(44.44)/0.000157 = 2.39 X 10°, e/d =

0.0003/0.8434 = 0.000354. From Fig. A-5, f = 0.0177; h; = (0.0177)(100/0.7500){44.44/[(2)(32.2)]} = 72.37ft,
Ap = pgh, = (0.00237)(32.2)(72.37) = 5.52 Ib/ft*.

9.118  Find the head loss in 1 ft of 6-in-diameter pipe (€ = 0.042 in) when turpentine (s.g. = 0.86) having a viscosity of
0.0008 1b - s/ft* flows at a rate of 16 cfs. Also find the shear stress at the wall of the pipe.

1 b =(H)LIDW2g)  v=0/A=16/[(x)(5)*/4] = 81.49 ft/s

Ne = pdv/p = [(0.86)(1.94))(£)(81.49)/0.0008 = 8.50 X 10*  ¢/d = 0.042/6 = 0.00700
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From Fig. A-5, f =0.0324.
h, = 0.0324[1/(£)1{81.49*/[(2)(32.2)|} = 6.68 ft

To = fou?/8 = 0.0324](0.86)(1.94)](81.49)/8 = 44.9 Ib/ft>

' 9,119 When water at 150 °F flows in a 0.75-in-diameter copper tube at 1.0 gpm, find the head loss per 1000 ft. Also
find the centerline velocity.

] 0 = (1.0)(0.002228) = 0.002228 f£*/s v = Q/A =0.002228/[()(0.75/12)*/4] = 0.7262 ft/s
hy = (f)(L/d)(v*/2g) Ng = dv/v = (0.75/12)(0.7262)/(4.68 x 10~5) = 9.70 x 10°
€/d = 0.000005/(0.75/12) = 0.0000800
From Fig. A-5, f = 0.030.
hy = (0.030)[1000/(0.75/12)]{0.7262/[(2)(32.2)]} =3.93 ft
Monar = (0)(1 + 1.33fV2) = 0.7262{1 + (1.33)(0.030)?] = 0.893 ft/s
8, = 32.8v/(uf*?) = (32.8)(4.68 X 107%)/{(0.7262)(0.030) “} = 0.00\ 2 it

9120 Refer to Prob. 9.119. How thick is the viscous boundary layer for a flow of 20 gpm?

I The Reynolds number is now (20/1.0)(9.70 x 10°) = 1.94 x 10°. From Fig. A-5, f = 0.016. Then,

8, = 32.8v/(uf'?) = (32.8)(4.68 x 10-°)/[(20)(0.7262)(0.016)%] = 8.36 X 10~ ft

' 9121  Find the maximum velocity in a 100-mm-diameter pipe (€ = 0.00085 m) when oil (s.g. = 0.84), of viscosity
0.0052 Pa - s flows at a rate of 40 L/s.

1 v =Q/A = (40 X 107%)/[(r)(0.100)*/4] = 5.093 m/s
Ne = pdv/p = [(0.84)(1000)](0.100)(5.093)/0.0052 =8.23 x 10*  €/d = 0.00085/(0.100) = 0.0085

From Fig. A-5, f =0.0365. Hence,

Unmax = (U)(1 + 1.33f"2) = 5.093[1 + (1.33)(0.0365)"2] = 6.387 m/s

L 9122 The head loss in 240 ft of 6-in-diameter pipe is known to be 30 ft when oil (s.g. = 0.90) flows at 2.0 ft*/s.
’ Determine the shear stress at the wall of the pipe.

[} v=Q/A=2.0/[(x)(%)*/4] =10.19 ft/s
Nr = pdv/p = [(0.90)(1.94))($)(10.19)/0.0008 = 1.11 X 10°  (turbulent)
he = (f)(L/d)(v*/2g)  30=(f)[240/(£)]{10.19°/(2)(32.2)]}  f =0.0388
7o = fpv?/8 = 0.0388[(0.90)(1.94)](10.19)*/8 = 0.879 Ib/ft?

9.123  If, in a 1-m-diameter pipe, velocities are 5.03 m/s on the centerline and 4.85 m/s at r = 100 mm, what is the flow
rate?

I U = Uar — (5.75)(To/ p)? log [0/ (o — 1)]
4.85 =5.03 - (5.75)(1o/ p) ' log [500/(500 - 100)]  (7o/p)"?=10.3230

U= lar — (3)(2.5VT0/p) =5.03 - (3)(2.5)(0.3230) = 3.819m/s Q@ = Av = [(x)(1)?/4)(3.819) = 3.00 m’/s
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The velocities in a 30-in-diameter pipe are measured as 15.0 and 14.5 ft/s at r = 0 and r = 4 in, respectively.
Approximate the flow rate.

1 U= Umax — (5.75)(To/ p) *lo0g [ro/ (ro — 7)]  14.5 =15.0 — (5.75)(to/ p)"* log [15/(15 — 4)]
(To/p)2=0.6456  To/p=f/8  (To/p)"=(fv*/8)2=0.6456 [ =3.3344/v>
Upax = (V)(1 +’ 1.33f"%)  15.0=(v)(1 +1.33f"®)  15.0= (v)[1 + (1.33)(3.3344/v%)'?]
15.0=v+2.4286 v=12.57ft/s Q = Av = [(7)(32)*/4](12.57) = 61.7 £t*/s

With turbulent flow in a circular pipe, prove that the mean velocity occurs at a distance of approximately 0.78r,
from the centerline of the pipe.

[ ] u=(1+133"%)(v) — 2.04)(f D) log[re/(ro—r)]  0=1.33F"%v — (2.04f"*v){log [ro/(ro — )]}
log [ro/(ro—1)] =0.65196  ro/(r, — r) = antilog 0.65196 =4.487  r =0.776r,
The flow rate in a 12-in-diameter pipe is 8 cfs. The flow is known to be turbulent, and the centerline velocity is
12.0 fps. Determine the velocity profile, and determine the head loss per foot of pipe.
I v=0/A=8/[(n)(5)/4] =10.191t/s  Uma=(v)(1+1.33f"?) 12.0 = (10.19)(1 + 1.33f'?)
f=0.01784 hy = (f)(L/d)(v*/2g) = 0.01784[1/(33){10.19%/[(2)(32.2)]} = 0.0288 ft per foot
To=(f/4)(p)(v*/2) = (0.01784/4)(p)(10.19*/2)  (70/p)"*=0.4812

U= Upar — 5.75(10/ p)* log [ro/(rs — 1)]

Forr =0, u=12.0~(5.75)(0.4812) log [6/(6 — 0)] = 12.0ft/s. For r =2, u =12.0 — (5.75)(0.4812) log [6/(6 -
2)1=11.51t/s. Forr =4, u=12.0— (5.75)(0.4812) log [6/(6 — 4)] = 10.7 ft/s. For r=5, u=12.0—
(5.75)(0.4812) log [6/(6 — 5)] = 9.85 ft/s. For r =5.5, u =12.0 — (5.75)(0.4812) log [6/(6 — 5.5)] =9.01 ft/s. For |
r=5.9, u=12.0-(5.75)(0.4812) log [6/(6 — 5.9)] = 7.08 ft/s. For r =5.99, u = 12.0 — (5.75)(0.4812) log [6/(6 -
5.99)] =4.31 ft/s.

Tung oil (s.g. = 0.82) flows at a temperature of 80 °F (v = 2.21 x 1077 ft*/s) in a 2-in-diameter smooth brass
pipeline at 10 gpm. Find the head loss per mile.

I 0 = (10)(0.002228) = 0.02228 ft*/s v =Q/A = 0.02228/[(w)(Z)*/4] = 1.021 ft/s
hy = (f)(L/d)(v*/2g) Ng = dv/v = (&)(1.021)/(2.21 X 10~%) = 7.70 X 10°
From Fig. A-5 for smooth pipe, f = 0.0333. h, = 0.0333[5280/(%)]{1.0213/[(2)(32.2)]} = 17.1 ft per mile.

Water at 40 °C flows in a 20-cm-diameter pipe with v = 5.1 m/s. Head loss measurements give f = 0.022.
Determine the value of € and find the shear stress at the wall of the pipe and at r =3 cm.

I N =dv/v=(0.20)(5.1)/(6.56 X 10~7). From Fig. A-5, €/d =0.0015, € = (20)(0.0015) = 0.0300 cm; 7o =
fov?/8 = (0.022)(992)(5.1)*/8 = 71.0 Pa; v = (7o)(r/r,) = (71.0)(0.03) = 21.3 Pa.

Water at 15 °C flows through a 200-mm-diameter pipe with € = 0.01 mm. (a) If the mean velocity is 3.6 m/s,
what is the nominal thickness 8, of the viscous boundary layer? (b) What will be the boundary layer thickness if
the velocity is increased to 6.0 m/s?

I o 8, = 32.8v/(uf?) Ng = dv/v = (0.200)(3.6)/(1.16 X 10~°) = 6.21 x 10°
€/d = (0.01/10)/20 = 0.0000500
From Fig. A-5, f = 0.0133. &, = (32.8)(L.16 x 10~°)/[(3.6)(0.0133)*?] = 9.16 x 10~° m, or 91.6 um.
®) Ne =(0.200)(6.0)/(1.16 X 10~%) =1.03 X 10°  f =0.0126
8, = (32.8)(1.16 X 107%)/[(6.0)(0.0126)'*] =5.65 X 10°m or 56.5 um
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When water at 50 °F flows at 3.2 cfs in a 2-ft pipeline, the head loss is 0.0004 ft per foot. What will be the head
loss when glycerin at 68 °F flows through the same pipe at the same rate?

1 hy = (FY(L/d)(v*/2g) v=0/A=3.2/[(m)(33)*/4] = 1.0186 ft/s
For water:
0.0004 = (f)[1/(2)]{1.0186°/[(2)(32.2)]}  f =0.04966
Ny = pdv/u = (1.94)(2)(1.0186)/(2.72 x 107°) = 1.45 x 10° (turbulent)
From Fig. A-5, €/d =0.021.
For glycerin: .
Nz = (2.44)(2)(1.0186)/(3.11 X 10 =160  (laminar)
f =64/ Ny = 64/160 = 0.4000 hy = 0.4000{1/(2)}{1.0186%/[(2)(32.2)]} = 0.00322 ft per ft
Air flows at 50 Ib/min in a 4-in-diameter welded steel pipe (€ = 0.0018 in) at 100 psia and 60 °F. Determine the
head loss and pressure drop in 200 ft of this pipe. Assume the air to be of constant density.
I h =(f)(L/d)(v*/2g) Ng=pdv/u p =p/RT = (100)(144)/[(1716)(460 + 60)] = 0.01614 slug/ft’
W = yAv = pgAv 2 =(0.01614)(32.2)[(7x)(35)*/4](v) v =18.37ft/s
N = (0.01614)($)(18.37)/(3.74 X 1077) =2.64 x 10° €/d =0.0018/4 = 0.00045

From Fig. A-5, f =0.018. h; = 0.018{200/(i%)]{18.37%/[(2)(32.2)]} = 56.6 ft of air, Ap = pgh, =
(0.01614)(32.2)(56.6) = 29.4 1b/ft?, or 0.204 Ib/in>.

Air flows at an average velocity of 0.5 m/s through a long, 3.2-m-diameter, circular tunnel. Find the head-loss
gradient at a point where the air temperature and pressure are 16 °C and 109 kPa abs, respectively. Assume
€ = 2 mm. Find also the shear stress at the wall and the thickness of the viscous sublayer.

I he/L = (f/d)(v*/2g) p =p/RT = (109)(1000)/[(287)(273 + 16)] = 1.314 kg/m®
Ng = pdv/p = (1.314)(3.2)(0.5)/(1.79 X 10~%) = 1.17 x 10° €/d = (0.002)/3.2 = 0.000625
From Fig. A-S, f =0.021.
hy/L = (0.021/3.2){0.5*/[(2)(9.807)]} =8.36 X 10 °m/m or 83.6 um/m
To = fpu?/8 = (0.021)(1.314)(0.5)?/8 = 0.862 mPa
8, =32.8v/(uf'?) = (32.8)(u/ p)/ (uf ?) = (32.8)(1.79 X 107/1.314)/[(0.5)(0.021)*?] = 0.00620m or 6.20 mm

Repeat Prob. 9.132 for the average velocity 5.0 m/s.
I From Fig. A-5, for N = (5.0/0.5)(1.17 X 10°) = 1.17 x 10° and €/d = 0.000625, f = 0.018.
hy/L = (f/d)(v*/2g) = (0.018/3.2){5.0%/[(2)(9-807)]} = 7.17 X 10> m/m
To=fpv?/8 = (0.018)(1.314)(5.0)*/8 = 73.9 mPa
8= 32.8v/(uf*™) = (B2.8)(w/ P/ (of ™) |
= (32.8)(1.79 x 1075/1.314)/[(5.0)(0.018)"?] =6.66 X 10™*m or 0.660 mm

Air at 20 °C and atmospheric pressure flows with a velocity of 6 m/s thiough a 50-mm-diameter pipe. Find the
head loss per meter of pipe if € = 0.0025 mm. ‘

! h;/L=(f)(1/d)(v*/2g)  Ng=dv/v=(0.050)(6)/(1.51 X 10~°) = 1.99 x 10
€/d = 0.0025/50 = 0.000050
From Fig. A-5, f = 0.026. h, /L = 0.026[1/0.050]{6/[(2)(9.807)]} = 0.954 m/m.
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9.135  What is the head loss per foot of pipe when oil (s.g. = 0.88) having a viscosity of 1.9 x 10™*Ib - s/ft* flows in a
2-in-diameter welded steel pipe at 0.15 cfs?

1 he/L=(fld)(v*/2g) v=Q/A=0.15/[(x)(%)*/4]=6.875ft/s

Nr = pdv/u = [(0.88)(1.94)}(2)(6.875)/(1.9 X 107 = 1.03 x 10*  €/d =0.00015/(%) = 0.00090

From Fig. A-5, f = 0.033. /L = [0.033/(%)}{6.875/[(2)(32.2)]} = 0.145 ft/ft.

9.136 Water at 50 °F flows in a 36-in-diameter concrete pipe (€ = 0.02 in). For a flow rate of 202 cfs, determine Ny, and
to.

1 v=Q/A=202/[(n)(}¥)*/4] =28.58ft/s  Ng=dv/v=(%)(28.58)/(1.40 X 10°) = 6.12 x 10°

To=fpv?*/8 €/d =0.02/36 = 0.000556

From Fig. A-5, f =0.0175.
7o = (0.0175)(1.94)(28.58)%/8 = 3.47 Ib/ft*

9.137 What is the flow regime in Prob. 9.136?
I 8, = 32.8v/(uf %) = (32.8)(1.40 x 10~°)/[(28.58)(0.0175)"?] = 0.000121 ft

Since [6, = 0.000121] < [0.3€ = (0.3)(0.02/12) = 0.000500], regime is “rough.”

9.138  Find the flow rate if water at 60 °F experiences a head loss of 335 ft/ft in 6-in cast iron pipe.

I h/L=(F)1/d)*28)  #s=(OIVESHIR)GE22)]}  v=02809/Vf

Try v=21t/s: Ne =dv/v=(5)(2)/(1.21 x 107°) = 8.26 X 10%, €/d = 0.00085/(5) = 0.00170. From Fig. A-5,
£ =0.0245. v =0.2809/V/0.0245 = 1.79 ft/s. Try v = 1.79 ft/s: N = (&)(1.79)/(1.21 x 10~%) = 7.40 x 10*,
f=0.025, v =0.2809/V/0.025 = 1.78 ft/s. Try v = 1.78ft/s: N = (&)(1.78)/(1.21 x 10~%) = 7.40 x 10*,
£=0.025 (0.K.); O = Av = [(7)(5)*/4)(1.78) = 0.350 ft*/s.

9.139  Kerosene with kinematic viscosity 5.1 X 10”7 m*/s flows in a 30-cm-diameter smooth pipe. Find the flow rate
when the head loss is 0.4 m per 100 m.

1 he=(f)L/d)(v*/2g)  0.4=(F)[100/(GH){v*/[(2)(9-807)]}  v=0.1534/Vf

Try v=1m/s: Ny =dv/v = (§%)(1)/(5.1 X 1077) =5.88 x 10°. From Fig. A-5, f =0.0128. v =
0.1534/V/0.0128 = 1.36 m/s. Try v = 1.36 m/s: Ny = (33)(1.36)/(5.1 X 10~7) = 8.00 x 10°, f = 0.0122, v =
0.1534/0.0122 = 1.39 m/s. Try v = 1.39 m/s: N = (£3)(1.39)/(5.1 x 10~7) =8.18 X 10°, f = 0.0122 (O.K.);
Q = Av = [(7)(%)?/4](1.39) = 0.0983 m*/s.

9.140 A pipe with € =0.00015 ft is required to carry fluid of kinematic viscosity 0.00021 ft*/s at the rate of 8.0 cfs. If
the head loss is to be 0.004 ft/ft, calculate the pipe diameter.

I h/L=(fld)(v*/2g) v=0Q/A=8.0/(nd*/4)=10.19/d> 0.004 = (f/d){(10.19/d*)*/[(2)(32.2)]}
d =3.320f"" Ng = dv/v = (d)(10.19/d?)/0.00021 = 48 524/d

Try d = 11ft: N = 48524/1 = 4.85 x 10°, €/d =0.00015/1 = 0.00015. From Fig. A-5, f =0.0215. d =
(3.320)(0.0215)"* = 1.54 ft. Try d = 1.54 ft: Ng =48 524/1.54 =3.15 x 10%, €/d = 0.00015/1.54 = 0.0000974,
f£=0.0235, d = (3.320)(0.0235)° = 1.57 ft. Try d =1.57 ft: Nr =50950/1.57 =3.25 x 10%, €/d = 0.00015/1.57=
0.0000955, f =0.0235 (O.K.). Hence, d = 1.57 ft, or 18.8 in.
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9141 (a) Find the shear stress on 40-in-diameter asphalted iron pipe if the fluid is water at 72 °F and the average
velocity is 10 fps. () What will be the shear stress if the average velocity is reduced to 5 fps?

1 To=fpv?/8 Nep=dv/v
(@) Ne= (42)(10)/(1.02 X 10%) = 3.27 X 10° €/d = 0.0004/(%) = 0.00012
From Fig. A-5, f =0.0127.
7o = (0.0127)(1.93)(10)?/8 = 0.306 Ib/ft>
(b) Nr =($)(5)/(1.02x 107%) = 1.63 x 10° f=0.0132
7o = (0.0132)(1.93)(5)%/8 = 0.0796 Ib/ft?

9.142 A straight steel pipeline (€ = 0.00015 ft) slopes downward at a small angle 6, where sin 8 = 8 = 0.01523. For
gravity flow of oil (v = 0.0006 ft*/s) at 10 ft*/s, what pipe size is needed?

] sin@=h/L=(f/d)(v*/2g) v=Q/A=10/(nd*/4)=12.73/d>
0.01523 = (f/d){(12.73/d**/[(2)(32.2)]}
d =2.777f" Ni = dv/v = (d)(12.73/d%)/0.0006 = 21 217/d

Try d = 1ft: N =21217/1 =2.12 x 10*, €/d =0.00015/1 = 0.00015. From Fig. A-S, f =0.0265. d =
(2.777)(0.0265)"* = 1.34 ft. Try d = 1.34 ft: Nx =21217/1.34 = 1.58 X 10%, €/d = 0.00015/1.34 = 0.00011, f =
0.0284, d = (2.777)(0.0284)" = 1.36 ft. Try d = 1.36 ft: Nx =21217/1.36 = 1.56 x 10*, €/d = 0.00015/1.36 =
0.00011, f =0.0284 (O.K.). Hence, d =1.36 ft, or 16.3 in.

9143  Water at 140 °F flows in a 0.824-in-diameter iron pipe (€ = 0.00015 ft) of length 400 ft between points A and B.
At point A the elevation of the pipe is 104.0 ft and the pressure is 8.50 psi. At point B the elevation of the pipe
is 100.3 ft and the pressure is 9.00 psi. Compute the flow rate.

[ paly +Va28 + 2 =pply +va/28 + 25 + Ay ;
(8.50)(144)/61.4 + v%/2g + 104.0 = (9.00)(144)/61.4 + v3/2g + 100.3 +h,  vi/2g = v3/2%g
ho=2.526t b =h, = ()LIDOYZR)  2.52=(F)400/(0.824/1))v*/[G2D])  v=0.1669/VF

Try v =1ft/s: Nx = dv/v = (0.824/12)(1)/(5.03 X 10~°) = 1.37 x 10*, €/d = 0.00015/(0.824/12) = 0.0022. From
Fig. A-5, f =0.0325. v = 0.1669/V0.0325 = 0.926 ft/s. Try v = 0.926 ft/s: Ny = (0.824/12)(0.926)/(5.03 X

10-%) = 1.26 X 10%, f = 0.0330, v = 0.1669/V/0.0330 = 0.919 ft/s. Try v = 0.919 ft/s: Ng =
(0.824/12)(0.919)/(5.03 x 10~%) = 1.25 x 10%, f =0.0330 (O.K.); O = Av = [()(0.824/12)%/4](0.917) =
0.00339 ft*/s.

9.144  Air at 50 psia and 160 °F flows in a 1-ft by 1.5-ft by 1000-ft duct at the rate of 1 1b/min. Find the head loss if

€ = 0.0005 in.
1 h, =b(f)(L/d)(v2/2g) d=4R, R,=A/p,=Q)1.5/1+1+1.5+1.5)=0.3001t
d = (4)(0.300) = 1.20 ft W = yAv y =p/RT = (50)(144)/[(53.3)(460 + 160)] = 0.2179 Ib/f¢’

1/60 =0.2179[(1)(1.5)[(v) v =0.05099ft/s  h, = (£)(1000/1.20){0.05099%/[(2)(32.2)]} = 0.03364f
Ng = dv/v = (1.20)(0.05099)/(2.06 X 10~*) =297  (laminar)
f = 64/Ng = 64/297 = 0.2155 hy = (0.03364)(0.2155) = 0.00725 ft

9.145 Find the approximate rate at which 60 °F water will flow in a conduit shaped in the form of an equilateral
triangle if the head loss is 2 ft per 100 ft. The cross-sectional area of the duct is 120in?, and € = 0.0018 in.

I First, find the length of each side (s) of the cross section (see Fig. 9-29):
A=bh/2 120=(x +x)(V3x)/2 x=8324in s=2x=(2)(8.324)=16.65in
hy = (F)L/d)(v*/2g) R, = A/p,, =120/[(3)(16.65)] =2.402in or 0.2002ft
d = 4R, = (4)(0.2002) = 0.8008 ft 2= (£)(100/0.8008){v*/[(2)(32.2)]} v =1.016/Vf
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Try v = 10 ft/s: Ng = dv/v = (0.8008)(10)/(1.21 x 1075) = 6.62 x 10°, €/d = (0.0018/12)/0.8008 = 0.000187.
From Fig. A-S, f =0.0150. v = 1.016//0.0150 = 8.30 ft/s. Try v = 8.30 ft/s: Ng = (0.8008)(8.30)/(1.21x |
107%) = 5.49 X 10°, f = 0.0155, v = 1.016/V0.0155 = 8.16 ft/s. Try v = 8.16 ft/s: Nx = (0.8008)(8.16)/(1.21x
107°) =5.40 X 10°, f =0.0155 (0.K.); O = Av = (129)(8.16) = 6.80 ft*/s.

i
|
4
2
X%

1 "1 Fig. 9-29

9,146  When fluid of weight density 50 Ib/ft* flows in a 6-in-diameter pipe, the frictional stress between the fluid and - 1

the pipe wall is 0.5 Ib/ft*. Calculate the head loss per mile of pipe. If the flow rate is 2.5 cfs, how much power is
lost per mile? 4

I R,=d/4=(8)/4=0.1250ft  h, = (to)(L/R,y) = 0.5{5280/[(0.1250)(50)]} = 422.4 ft per mile
P = Qyh, = (2.5)(50)(422.4) = 52 800 ft - Ib/s per mile = 52 800/550 = 96.0 hp per mile

9.147  Prove that for a constant rate of discharge and a constant value of f the friction head loss in a pipe varies
inversely as the fifth power of the diameter.

J v=0Q/A=4Q/ad* ke = (f)(L/d)(v*/28) = (FY(L/D(4Q/nd*)/2g] = (f)(L/d°)(8Q*/’g)
Thus for constant f and constant Q, h, «1/d°.
9.148 Two long pipes are used to convey water between two reservoirs whose water surfaces are at different

elevations. One pipe has a diameter twice that of the other. If both pipes have the same value of f and if minor |
losses are neglected, what is the ratio of the flow rates through the two pipes?

1 hy = (FY(L/d)(v*/2g) = A elevation h; < Q?/d®  (from Prob. 9.147)
(B)r = (he), _
Therefore, Q3/d5 = Q3/d3, 0./ Q.= (d,/d,)”* =2°*=5.66. Thus the flow in the larger pipe will be 5.66 times

that in the smaller one.

9.149 Points C and D, at the same elevation, are 500 ft apart in an 8-in pipe and are connected to a differential gage

by means of small tubing. When the flow of water is 6.31 cfs, the deflection of mercury in the gage is 6.43 ft.
Determine the friction factor f.

I pc/y+vi/2g + zc =pply + v}h/2g + zp + hy. Since vi/2g =vh/2g and zc = zp, P./y —pply =h; =
(6.43)(13.6 — 1) =81.02 ft, v = Q/A = 6.31/[(7)(&)*/4] = 18.08 ft/s, h; = (f)(L/d)(v*/2g) =
(H)[500/(£)]{18.08%/[(2)(32.2)]} = 3807f, 81.02 = 3807f, f = 0.0213.

9.150  Oil flows from tank A through 500 ft of 6-in new asphalt-dipped cast iron pipe to point B, as shown in Fig. 9-30.

What pressure in pounds per square inch will be needed at A to cause 0.450 cfs of oil to flow? (s.g. = 0.840;
v=2.27x 107" ft*/s; € = 0.0004 ft.)

I PalY +V2/28 + 24 =pp/y +v3/28 + 25 +h,  vp=Q/Ap= 0.450/[(:?)(,%)2/4] =2.292ft/s
h.=h, = (F)(L/d)(v*/2g) = (£)[500/()]{2-2927/[(2)(32.2)]} = 81.57f
P4/[(0.840)(62.4)] + 0+ 80.0 = 0 +2.292°/[(2)(32.2)] + 100.0 + 81.57f  p, = 1053 + 4276f
Np=dv/v=($5)(2.292)/(2.27 X 10~%) = 5.05 x 10* €/d = 0.0004/() = 0.000800
From Fig. A-5, f =0.0235. p, = 1053 + (4276)(0.0235) = 1153 Ib/£t2, or 8.01 Ib/in>.

¥
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Fig. 9-30

An old 12-in by 18-in rectangular duct carries air at 15.2 psia and 68 °F through 1500 ft with an average velocity
of 9.75 ft/s. Determine the loss of head and the pressure drop, assuming the duct to be horizontal and the size
of the surface imperfections is 0.0018 ft.

I R, =A/p.=(D(D)/E+E+8+13)=0300ft d=4R,= (4)(0.300) = 1.20 ft
hy = (f)(L/d)(v*/2g) = (£)(1500/1.20){9.75*/[(2)(32.2)]} = 1845f
N = dv/v = (1.20)(9.75)/[(14.7/15.2)(1.64 x 107%)] = 7.38 x 10" (turbulent) €/d = 0.0018/1.20 = 0.00150
From Fig. A-5, f =0.024.
h; = (1845)(0.024) = 44.28ft of ait  Ap =yh; = [(15.2/14.7)(0.0750)](44.28)/144 = 0.0238 Ib/in’

What size of new cast iron pipe, 8000 ft long, will deliver 37.5 cfs of water at 70 °F with a drop in the hydraulic
grade line of 215 ft?

I paly +vi/2 +2z,=pply+vs/28+zathe [(PA/Y+ZA)—(PB/Y+ZB)] =h,
[(paly + 24) — (Paly + 25)] = HGL =215 ft v=0/A=315/(nd*/4) = 47.75/d*
hy=h;= (FIL/d)(?/2g) = (f)(SOOO/d){(47.75/d2)2/[(2)(32.2)]} =283 238f/d’
215 =283 238f/d° d =4.207f'" Ng =dv/v = (d)(47.75/d*)/(1.05 X 107%) = 4.55 x 10°/d

Try d = 2 ft: Np = (4.55 X 10°)/2=2.28 X 10°, e/d =0.00085/2 = 0.000425. From Fig. A-5, f = 0.0164. d=
(4.207)(0.0164)"° = 1.85 ft. Try d = 1.85ft: Np = (4.55 x 10%)/1.85 = 2.46 x 10°, €/d = 0.00085/1.85 = 0.000459,
f=0.0164 (O.K.). Hence, d =1.85ft, or 22.21n. )

What rate of flow of air at 68 °F will be carried by a new horizontal 2-in-diameter steel pipe at an absolute
pressure of 3 atm and with a drop of 0.150 psi in 100 ft of pipe? Use € =0.00025 ft.

§ At 68 °F and standard atmospheric pressure, y = 0.0752 Ib/ft> and v = 1.60 x 107* ft*/s. At a pressure of
3atm, y = (0.0752)(3) = 0.2256 Ib/ft’ and v = (1.60 X 107%)/3=5.333x10"" f2/s. h; = (f)(L/d)(v*/28),
(0.150)(144)/0.2256 = (NI100/(H)Kv*/[(2)(32.2)]}, v = 3.206/Vf. Try v =10ft/s: Np =dv/v =
(%)(10)/(5.333 x 107%) =3.13 X 10*, e/d = 0.00025/(%) = 0.00150. From Fig. A-5, f = 0.027.

v =3.206/V0.027 = 19.51 ft/s. Try v = 19.51 ft/s: N = (3)(19.51)/(5.333 x 107%) = 6.10 X 10%, f =0.0248,
v = 3.206/V0.0248 = 20.36 ft/s. Try v = 20.36 ft/s: Ny = (%)(20.36)/(5.333 x 107°) = 6.36 X 10°,

f=0.0248 (OK.);Q=Av= [(7)(%)?/4](20.36) = 0.444 ft/s.

Determine the nature of the distribution of shear stress at a cross section in a horizontal, circular pipe under
steady flow conditions.

I For the free body in Fig. 9-31a, since the flow is steady, each particle moves to the right without
acceleration. Hence, the summation of the forces in the x direction must equal zero. ( p)(@r?) — (pa)(ar®) —
(r)2nrL)=0or

7=(p:—p)(r)/(2L) (1

When r = 0, the shear stress 7 is zero; and when r =r, the stress 7, at the wall is a maximum. The variation is
linear and is indicated in Fig. 9-31b. Equation (I) holds for laminar and turbulent flows as no limitations
concerning flow were imposed in the derivation. Since (p: — p2)/v represents the drop in the energy line, or the
lost head h;, multiplying Eq. (1) by y/y yields = = (yr/2L){(p: —p2)lylor

1= (vho/2L)(r) (2

Develop the expression for shear stress at a pipe wall.

I h.=(f)(L/d)(v*/2g). From Prob. 9.154, h; =21,L/yro=47,L/vyd, 4oL/ yd = (FYL/d)(v?/28), To=
frv*/8g = fpv*/8.
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9.156 For steady, laminar flow (@) what is the relationship between the velocity at a point in the cross section and the 1
velocity at the center of the pipe, and (b) what is the equation for velocity distribution?

I @ t=—(u)(dv/dr)=(p,—p)(r)/2L)  (from Prob. 9.154)

—(u)(dv/dr) = (p, — p2)(r)/(2L)
Since (p, — p,)/L is not a function of r,

_Pi=p v PPz _Bi-p)r”
f dv = L rar k=B o=
(Pl‘l’z)"2 !

But the lost head in L feet is h, = (p, — p,)/v; hence,

Yhor?
(b) Since the velocity at the boundary is zero, when r =r,, v =0in Eq. (1), we have
_ 2
v, = (—1-)—‘2”—%2& (at centerline) 3)
Thus, in general,
= 4
v=(E2)ei-r) 4
9.157  Develop the expression for the loss of head in a pipe for steady, laminar flow of an incompressible fluid. Refer
to Fig. 9-31d.
f vdA [ (v)(2nrdr) .
’ Q (2”)(1’1 pZ) I (rg - r2)(r dr)
0

A f M ar? (wr2)(4uL)

—_ 2
Uy = (pl pZ)(ro) (1)
S8ulL
Thus for laminar flow, the average velocity is half the maximum velocity v, in Eq. (3) of Prob. 9.156.
Rearranging Eq. (1), we obtain

pl Pz 8 "Lvav 32#Lvav
h, = —_ o 2
L r(z) !2 ( )

These expressions apply for laminar flow of all fluids in all pipes and conduits.

9.158 Determine (a) the shear stress at the walls of a 12-in-diameter pipe when water flowing causes a measured head
loss of 15 ft in 300 ft of pipe length, (b) the shear stress 2 in from the centerline of the pipe, (c) the shear
velocity, (d) the average velocity for an f value of 0.50, and (e) the ratio v/v,.
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I (a) 1, = yhor,/2L = (62.4)(15)[(22)/2)/[(2)(300)] = 0.780 Ib/f%, or 0.00542 Ib/in’.
(b) Since 7 varies linearly from centerline to wall, 7 = (0.00542)(%) = 0.00181 Ib/in’.
(©) v,=V1,/p=V0.780/1.94 = 0.634 ft/s.
) 1, =fpv?/8, 0.780 = (0.050)(1.94)(v?)/8, v = 8.02 ft/s.
© T, =W)V/y), v=mnlp, o= pv(vly), t./p = (v)(v/y) =vi=(V)W/y), v/vi=y/v, vIv,=v,y/v.

If in Prob. 9.158 the water is flowing through a 3-ft by 4-ft rectangular conduit of the same length with the same
lost head, what is the shear stress between the water and the pipe wall?

1 R.=A/p,=3)@)/(B+3+4+4)=0.85711t

7= (yho/L)(R,) = [(62.4)(15)/300](0.8571) = 2.67 Ib/ft> or 0.0186Ib/in’
Medium lubricating oil (s.g. = 0.860) is pumped through 1000 ft of horizontal 2-in pipe at the rate of 0.0436 cfs.
If the drop in pressure is 30.0 psi, what is the absolute viscosity of the oil?

I  Assuming laminar flow,
P17 P2 = 32MLvav
Y yd®

Vo= QJA =0.0436/[(7)(3)?/4] = 1.998 ft/s
(30.0)(144)/[(0.860)(62.4)] = (32)(1)(1000)(1.998)/{[(0.860)(62.4)](%)"}  p =0.001881b - s/ft*
\ N = pdv/p = [(0.860)(1.94)](3)(1.998)/0.00188 =296  (laminar)

(from Prob. 9.157)

A horizontal wrought iron pipe, 6-in inside diameter and somewhat corroded, is transporting 4.50 Ib of air per
second from A to B. At A the pressure is 70 psia and at B the pressure must be 65 psia. Flow is isothermal at
68 °F. What is the length of pipe from A to B? Use € = 0.0013 ft.

I P1—P2_ 2[2In (va/vy) + (FYL/))(vi/2g)
Y1 1+ Pz/P1
v = (0.0752)(70/14.7) = 0.3581 Ib/ft’ ¥ = (0.0752)(65/14.7) = 0.3325 Ib/ft*

W=yAv  4.50 = (0.358)[()(:3)*/4)(v1) v, = 64.00 ft/s
4.50 = 0.3325[(7)(&)*/4](v2) v, = 68.93 ft/s
Ng =dv/v = (£)(64.00)/[(14.7/70.0)(1.60 X 10~*)] = 9.52 x 10° €/d =0.0013/(%) = 0.0026
From Fig. A-5, f =0.025.

(70 — 65)(144) _ 2{2 In (68.93/64.00) + 0.025[L/ ()]} {64.00*/[(2)(32.2)]}
0.3581 1+8 .

L =607 ft

Heavy fuel oil flows from A to B through 3000 ft of horizontal 6-in steel pipe. The pressure at A is 155 psi and at
B is 5.0 psi. The kinematic viscosity is 0.00444 ft*/s and the specific gravity is 0.918. What is the flow rate?

I Assuming laminar flow, from Eq. (2) of Prob. 9.157,
p1—p2_32uLva, (32)(vp)(Lv,,)  (155—5.0)(144) _32{(0.00444)[(0.918)(1.94)]}(3000)(v...)

y yd? yd* (0.918)(62.4) [(0.918)(62.4)](&)*
v, =T7.111t/s Ng =dv/v = ({)(7.11)/0.00444 = 808 (laminar)
Q = Av = [(m)(%)*/41(7.11) = 1.40 {t’/s
What size pipe should be installed to carry 0.785 cfs of heavy fuel oil (v = 0.00221 ft*/s, s.g. = 0.912) at 60 °F if
the available lost head in the 1000-ft length of horizontal pipe is 22.0 ft?
1 Assuming laminar flow,
Rulv
h =
2 ,YdZ
v=0/A=0.785/(nd?*/4) =0.9995/d> 22.0= (32)(0.003910)(1000)(0.9995/d2)/{[(0.912)(62.4)]((12)}
d=0.562ft or 6.75in Ne = du/v = (0.562)(0.9995/0.562%)/0.00221 = 805 (laminar)

1 = pv = [(0.912)(1.94)](0.00221) = 0.003910 Ib - s/ft*
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9.164 Determine the head loss in 1000 ft of new, uncoated 12-in-ID cast iron pipe when water at 60 °F flows at
5.00ft/s. Use €/d = 0.0008.

] ke = (F)(L/d)(v*/2g) N =dv/v = (3)(5.00)/(1.21 X 10~5) = 4.13 x 10°
From Fig. A-5, f =0.0194. h, = 0.0194[1000/(32)]{5.00%/[(2)(32.2)]} = 7.53 ft.

9.165 Rework Prob. 9.164 if the liquid is medium fuel oil at 60 °F (v = 4.75 x 107 ft*/s) flowing at the same velocity.
1 he = (f)(L/d)(v*2g) Ne=dv/v=(3)(5.00)/(4.75 X 10~°) = 1.05 x 10°
From Fig. A-5, f = 0.0213. A, = 0.0213[1000/(2)}{5.00%/[(2)(32.2)]} = 8.27 ft.

9.166 Points A and B are 4000 ft apart along a new 6-in-ID steel pipe. Point B is 50.5 ft higher than A and the
pressures at A and B are 123 psi and 48.6 psi, respectively. How much medium fuel oil at 70 °F will flow from A
to B? Use s.g. = 0.854, v =4.12 X 107> ft*/s, € = 0.0002 ft.

1 Paly +Vi/28 + 24 =psly +v3/2g + 2z + hy
(123)(144)/[(0.854)(62.4)] + v2/2g + 0 = (48.6)(144)/[(0.854)(62.4)] + v%/2g + 50.5 + b,
vi/2g =vi/2g hy =150.5 ft = by = (f}(L/d)(v*/2g)
150.5 = (f)[4000/(£)|{v¥/[((32.2)]}  v=1.101/Vf

Try v =10 ft/s: Ng = dv/v = (£)(10)/(4.12 X 107%) = 1.21 X 10°, €/d = 0.0002/(55) = 0.000400. From Fig. A-5,
£=0.0195. v = 1.101/V0.0195 = 7.884 ft/s. Try v = 7.884 ft/s: Ny = (5)(7.884)/(4.12 x 10~%) = 9.57 x 10",
£=0.0195 (0.K.);Q =Av = [(n)(5)/4](7.884) = 1.55 ft’/s.

9.167 How much water (60 °F) would flow under the conditions of Prob. 9.166.

[ | Paly + V5128 + za=psly +vi/2g + 25+ b,
(123)(144)/62.4 + v2/2g + 0 = (48.6)(144)/62.4 + v3/2g + 50.5 + by,
vi/2g =vi/2g h, =121.2ft = h, = (f)(L/d)(v*/2g)
121.2 = (£)[4000/($)[{v¥/[(2)(32.2)]} v =0.9878/Vf
Try v = 10 ft/s: Ne = dv/v = (£)(10)/(1.21 x 10~%) = 4.13 x 10°, €/d = 0.0002/(5) = 0.000400. From Fig. A-5,
£=0.0172. v = 0.9878/V0.0172 = 7.532 ft/s. Try v =7.532 ft/s: Ny = (£)(7.532)/(1.21 X 10~%) = 3.11 X 10%,

£ =0.0176, v =0.9878/1/0.0176 = 7.446 ft/s. Try v = 7.446 ft/s: Nx = (&)(7.446)/(1.21 X 10~%) = 3.08 x 10°,
£=0.0176 . (O.K.); Q = Av = [(m)(£)*/4](7.446) = 1.46 £*/s.

9.168 To transport 300 cfs of air, p = 16 psia, T = 68 °F, with a head loss of 3 in of water per 1000 ft, what size
galvanized pipe is needed? (e = 0.0005 ft.)
1 d =0.66[(e"*)(LQ*/ghs)*" + (v)(Q)*(L/ghy ) *1"*
y=p/RT = (16)(144)/[(53.3)(460 + 68)] = 0.08187 Ib/ft’ hy = ($£)(62.4/0.08187) = 190.5 ft of air
(1000)(300)* 1*

(32.2)(190.5)]4 T (1.64x 10“‘)(300)9~“[———li~.00——]5'2}0'm =2.841t

d= 0.66{(0-0005”5)[ (32.2)(190.5)

9.169 Two tanks of a solvent (u =0.05 Pa - s, y = 8 KN/m?) are connected by 300 m of commercial steel pipe. What
size must the pipe be to convey 50 L/s, if one tank is 4 m higher than the other?

’ d= 0.66[(61'25)(LQ2/ghf)4'75 + (v)(Q)')A(L/ghf)S.Z]O.M
v=u/p=pugly=(0.05)(9.807)/[8 X 10°] = 6.129 x 10> m?/s

d= 0.66{(0.000046“25)[?70(8)%)-(7;]4 ® o (6.129 10-5)(%)9-‘[(—9—83-.%9)—(—4—)]5'2}0'04 =022m

9.170  Calculate the diameter of a wooden conduit (e = 0.006 ft) that is to carry 300 ft’/s of water at 60 °F a distance of
1000 ft with a head loss of 1.1 ft.

I d =0.66[(e" ) (LQ*/gh;)*™ + (v(Q)**(L/ghs)**]°*

d= 0.66{(0.0006125)[%%;—2]“5 +(1.21% 10*5)(300)9-4[(—31—120)—(2'%5]5‘2}0“ =7.59 ft
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An old pipe 2 m in diameter has a roughness of € =30 mm. A 12-mm-thick lining would reduce the roughness
to € = 1 mm. How much would pumping costs be reduced per kilometer of pipe for water at 20 °C with
discharge of 6 m*/s? The pumps are 75 percent efficient, and the cost of energy is $1 per 72 MJ.

I v, =Q/A, = 6/[(7)(2)*/4] =1.910 m/s Ng=dv/v
(N = (2)(1.910)/(1.02 X 107%) = 3.75x 10°  €,/d, = (0.030)/2 = 0.015
From Fig. A-5, f, = 0.044.
d,=[2-(2)(0.012)] = 1.976 m v, = Q/A, = 6/[(7)(1.976)*/4] = 1.957 m/s
(Ng). = (1.976)(1.957)/(1.02 X 107%) =3.79 X 10°  €,/d, = (0.001)/1.976 = 0.000506
£=0.017 hy = (f)L/d)(v*/2g)
(), = 0.044[1000/2]{1.910?/[(2)(9.807)]} = 4.902 m
(). = 0.017[1000/1.976]{1.957*/[(2)(9.807)]} = 1.680 m
Saving in head =4.092 - 1.680=2.412m P = Qvyh,/n = (6)(9.79 X 10°)(2.412)/0.75 = 0.1889 MJ/s
Savings per year = (0.1889)[(365)(24)(3600)]/72 = $82 738

What size of new cast iron pipe is needed to transport 0.5 m’/s of water at 25 °C for 1000 m with head loss of
2m?
J d =0.66[(e"*)(LQ?/ghy)* ™+ (v)(Q)**(L/ghs)*]**

(1000)(0.5)

] ]m +(9.02 X 10_7)(0.5)“[_&]5.2}0.04 =0.713m

d=0. 66{ (0. 00026"”’)[ (9-807)(2)

Pure water at 70 °F runs at 2.778 1b/s through a smooth tube between two reservoirs 30 ft apart and having a
difference in elevation of 4.1 ft. What size tubing is needed?

(] Q=2.778/62.3=0.04459 /s h, = (f)(L/d)(v*/2g)
v =0/A =0.04459/(nd?/4) = 0.05677/d*> 4.1 =(f)(30/d){(0.05677/d>*/[(2)(32.2)]}  d =0.2055f"
Ng =dv/v = (d)(0.05677/d%)/(1.05 X 10~%) = 5.41 x 10°/d

Try f = 0.020: d = (0.2055)(0.020)"* = 0.09398 ft, Ny = 5.41 X 10°/0.09398 = 5.76 x 10*. From Fig. A-5,
£=0.0205. Try f = 0.0205: d = (0.2055)(0.0205)" = 0.09444 ft, Ny = 5.41 X 10°/0.09444 = 5.73 x 10*,
£=0.0205 (O.K.). Hence, d =0.09444 ft, or 1.13 in. ;

In Fig. 9-10, H=20m, L =150 m, d =50 mm, s.g. = 0.85, u =0.400 N - s/m?, and € = 1 mm. Find the newtons
per second flowing. Neglect minor losses.

J by = (F)(L/d)(v*/28)  20=(F)[150/(%){v*/[(2)(9.807)]} v =0.03616/Vf
Ng = pdv/u = [(0.85)(1000)](3%)(v)/0.004 = 10 625v

Try f =0.050: v = 0.3616/V0.050 = 1.617 m/s, Ny = (10 625)(1.617) = 1.72 X 10*, €/d = (1d5)/ (135 = 0.0200.
From Fig. A-5, f =0.051.

v =0.3616/10.051 = 1.601 m/s Nz = (10625)(1.601) = 1.70 X 10* f=0051 (OK.)
W = yAv = [(0.85)(9.79)][()($3%)*/4)(1.601) = 0.0262kN/s or 26.2N/s
peter;nine the head loss for flow of 140 L/s of oil, v = 0.00001 m?/s, through 400 m of 200-mm-diameter cast
iron pipe.
I he = (F)LIA)YV28)  v=Q/A=(H)/[(x)(Z%)*/4] = 4.456 m/s
Np = dv/v = (Z5)(4.456)/0.00001 = 8.91 X 10*  €/d = 0.00026/(Z%) = 0.00130
From Fig. A-5, f =0.023. h; = 0.023[400/(%)1{4.456*/[(2)(9.807)]} = 46.6 m.

Water at 15 °C flows through a 300-mm-diameter riveted steel pipe, € =3 mm, with a head loss of 6 m in 300 m.
Determine the flow.
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I 1y = (F)(LId)(v"/2g). Try f =0.040: 6 =0.040[300/(H%)}(v*/[(2)(0.807)]}, v =1.715 m/s; Ny =do/v= |
(F%)(1.715)/(1.16 X 10”°) = 4.4 X 10%; €/d = 3% = 0.0100. From Fig. A-S5, f =0.038. Try f =0.038:
6 = (0.038)[300/(X3){v*/[(2)(9.807)]}, v = 1.760 m/s; N = (22%)(1.760)/(1.16 X 10~5) = 4.55 x 10°%;
£=0.038 (0.K.); Q = Av = [(%)(32%)*/4])(1.760) = 0.124 m®/s.

Determine the size of clean wrought iron pipe required to convey 4000 gpm of oil, v = 0.0001 ft?/s, 10 000t ;
with a head loss of 75 ft. '

[} Q = (4000)(0.002228) = 8.912 ft*/s hy = (F)(L/d)(v*/2g)
v=Q/A=8912/(nd*/4) =11.35/d* 75 =(f)(10000/d){(11.35/d>?/[(2)(32.2)]}  d =3.056f"

Try f = 0.020: d = (3.056)(0.020)"* = 1.398 ft, N = dv/v = (1.398)(11.35/1.398%)/0.0001 = 8.12 X 10*,
€/d = 0.00015/1.398 = 0.000107. From Fig. A-5, f = 0.019. Try f = 0.019: d = (3.056)(0.019)"° = 1.383 ft,
Ny = (1.383)(11.35/1.383%)/0.0001 = 8.21 x 10*, f =0.019 (O.K.). Hence, d = 1.383 ft, or 16.6in.

In Prob. 9.177, for d = 16.6 in, if the specific gravity is 0.85, p, = 40 psi, z, = 200 ft, and z, = 50 ft, determine the{
pressure at point 2. '

] pily+vi2g+z,=p,ly +vi2g + 2, + b,
(40)(144)/[(0.85)(62.4)] + v2/2g + 200 = (p,)(144)/[(0.85)(62.4)] + v2/2g + 50 + 75
vi/2g =vi/2g p2=67.61b/in’

What size galvanized iron pipe is needed to be “hydraulically smooth” at N = 3.5 % 10°? (A pipe is said to be
hydraulically smooth when it has the same losses as a smoother pipe under the, same conditions.)

f From Fig. A-5, €/d =0.00001 is equivalent to smooth pipe. 0.0005/d = 0.00001, d = 50.0 ft.

Above what Reynolds number is the flow through a 3-m-diameter riveted steel pipe, € = 30 mm, independent of
the viscosity of the fluid?

I €/d =0.030/3=0.010. From Fig. A-5, Ng = 1.0 x 10° at complete turbulence.

Determine the absolute roughness of a 1-ft-diameter pipe that has a friction factor of 0.032 when N = 1.0x 10%,
I From Fig. A-5, €/d =0.006. €/1 = 0.006, € = 0.006 ft. ‘

Galvanized iron pipe of diameter d has the same friction factor for N = 100 000 as 400-mm-diameter cast iron
pipe. Evaluate d.

I For cast iron: €/d = 0.00026/0.400 = 0.00065.
For galvanized iron: €/d = 0.00015/d = 0.00065, d = 0.231 m, or 231 mm.

Calculate the friction factor for atmospheric air at 80 °F, flowing at v = 40 ft/s in a 2-ft-diameter galvanized pipe.
1 f=1.325/[In(/3.7d + 5.74/N3*)) N =dv/v = (3)(40)/(1.69 x 10*) =710 059
f = 1.325/{In [0.0005/(3.7)(2) + 5.74/710 059°°]}* = 0.0156

Atmospheric air at 92 °F is conducted through a 4-ft-diameter, 1000-ft-long wrought iron pipe. Find the head
loss corresponding to a flow of 266.7 cfs.

[} hy = (F)L/d)(v*/2g) p = p/RT = (14.7)(144)/[(1716)(460 + 92)] = 0.002234 slug/ft*
v =0/A=266.7/[(x)(4)*/4] = 21.22 ft/s
Ng = pdv/u = (0.002234)(4)(21.22)/(3.90 x 10~7) = 4.86 X 10° €/d = 0.00015/4 = 0.0000375

From Fig. A-5, f =0.013. A, = (0.013)(1000/4){21.22%/[(2)(32.2)]} = 22.72 ft.
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A smooth toroidal wind tunnel is 60 m around at the centerline and has cross-sectional diameter 2 m; the fluid is
air at 1 atm and 20 °C. Determine the horsepower rating of a fan that will produce a 500-km/h airstream.

1 hy = (f)(L/d)(v*/2g) v =5x 10°/3600 = 138.9 m/s
N =dv/v = (2)(138.9)/(1.46 X 10™%) = 1.90 x 10’
From Fig. A-5, f = 0.0072 (extrapolated).
hy = (0.0072)(60/2){138.9*/[(2)(9.807)]} =212.5m Q = Av = [(7)(22/4)](138.9) = 436.4 m*/s
P = Qvyh, = (436.4)(11.8)(212.5) =1.09 X 10° W or 1460 hp

Assume that 2.0 cfs of oil (1 = 0.0003342 slug/ft - s, p = 1.677 slug/ft*) is pumped through a 12-in pipeline of
cast iron. If each pump produces 100 psi, how far apart can they be placed?

I hy = (f)(L/d)(v*/2g) = p/pg = (100 X 144)/(1.677)(32.2) = 266.7ft

v=Q/A =2.0/[(x)(}2)*/4] = 2.546 ft/s
1 Ni = pdv/p = (1.667)(12)(2.546)/0.0003342 = 1.27 X 10* €/d = 0.00085/(2) = 0.00085
j From Fig. A-5, f = 0.031. 266.7 = 0.031[L/(i3)]{2.546°/[(2)(32.2)]}, L = 85 473 ft, or 16.2 miles.

9187 A 60-mm-diameter smooth pipe 160 m long conveys 36 m®/h of water at 25 °C from a sidewalk hydrant to the
top of a building 25 m tall. What pressure can be maintained at the top of the building, if the hydrant pressure is
! 1.6 MPa? ;

I Py +vi2g+ 2 =p.ly +vi2g+ 2+ h,  h,=h, =(F)L/d)(v*/2g)
v = Q/A = (36/3600)/[(7)(0.060)*/4] = 3.537 m/s Nz = dv/v = (0.060)(3.537)/(9.10 X 10~7) = 2.33 x 10°
From Fig. A-5, f = 0.016.

h, = 0.016[160/0.060]{3.537%/[(2)(9.807)]} = 27.21 m
(1.6)(1000)/9.79 + v3/2g + 0= (p,)(1000)/9.79 + v3/2g +25+27.21  v}[2g=v3/2g  p.=1.09 MPa

9.188 Calculate the discharge for the pipe of Fig. 9-32; the fluid is water at 150 °F.
I hy=hy = (F)(LId)(v*/2g)  258=(238/(BvY/((D(B2.2)]}  v=3.411/Vf

Try f =0.019: v = 3.411/V/0.019 = 24.74 ft/s, €/d = 0.00015/(%) = 0.000900, Ny = dv/v = (%)(24.74)/(4.68 x
107°) = 8.81 x 10°. From Fig. A-5,f =0.019 (O.K.); Q = Av = [(w)(3)*/4](24.74) = 0.540 ft*/s.

2-in -diam ] i

wrought irm i _L_ Fig. 9-32

1189  In Fig. 9-32 how much power would be required to pump 160 gpm of water at 60 °F from a reservoir at the
bottom of the pipe to the reservoir shown?

1 0 = (160)(0.002228) = 0.3565 ft*/s Py + V28 +z=p./y+vif2g ++ h,
v, = Q/A, = 0.3565/[(7)(%)*/4] = 16.34 ft/s hy = h, = (F)(L/d)(v*/28)
Ng =dv/v =(%)(16.34)/(1.21 x 10~%) = 2.25 x 10° €/d = 0.00015/(;) = 0.000900




238 [ CHAPTER 9

9.190

9.191

9.192

9.193

9.194

From Fig. A-5, f = 0.0205.
h, =0.0205[238/(%)]{16.34*/[(2)(32.2)]} = 121.4 ft pily +16.34%/[(2)(32.2)] + 0 =0+ 0 + 260 + 121.4
Dy =377.31t P = Qy(Ap/y)=(0.3565)(62.4)(377.3) = 8393 ft - Ib/s =15.3 hp
A 12-mm-diameter commercial steel pipe 16 m long is used to drain an oil tank. Determine the discharge when
the oil level in the tank is 2 m above the exit end of the pipe. (4 =0.10Pa - s, y = 8 kN/m>.)
# Assuming laminar flow, ’

_hoyd® 2[(8)(1000)](0.012)°
" 32uL  (32)[(0.1)(0.10)](16)

Nk = pdv/pu = (y/g)(dv)/p = [(8)(1000)/9.807](0.012)(0.4500)/[(0.1)(0.10)] =440  (laminar)
Q = Av = [(7)(0.012)/4](0.4500) = 0.0000509 m*/s or 0.0509 L/s

=0.4500 m/s

Two liquid reservoirs are connected by 198 ft of 2-in-diameter smooth tubing. What is the flow rate when the
difference in elevation is 50 ft? (v = 0.001 ft*/s).

I ply+vif2g+zi=p,/y+vi[2g+ +hy hy=h; =(F)(L/d)(v*/2g)
Assuming laminar flow, -
f=64/Nz  Ng=dv/v=(3%)(v)/0.001=166.7Tv h, = (64/166.7v)[198/()]{v*/[(2)(32.2)}} = 7.082v
0+0+50=0+0+0+7.082v  v="17.060ft/s Nr =($%)(7.060)/0.001 = 1177 (laminar)
0 = Av = [(m)(%)*/4](7.060) = 0.154 ft*/s
Atmospheric air at 16 °C flows for 200 m through a 1.25-m-diameter duct (¢ = 1 mm). Calculate the flow

volume, if the head loss measures 80 mmH,O.

b h=()L/d)v*128)  (Yhp)ue= (Yo  Yur=p/RT =101.4/[(29.3)(273 + 16)] =
0.01197 kN/m®

(0.01197) (A )uir = (9.79)(0.080) ()., =65.43m  65.43 = (£)(200/1.25){v*¥/[(2)(9.807)]} v =2.832/Vf

Try f =0.020: v = 2.832/V/0.020 = 20.03 m/s, N = dv/v = (1.25)(20.03)/(1.46 X 10~%) = 1.71 X 10°, €/d =
0.001/1.25 = 0.000800. From Fig. A-5, f =0.0205. Try f = 0.0205: v = 2.832/V0.0205 = 19.78 m/s, Ng =
(1.25)(19.78)/(1.46 X 107%) = 1.69 x 10°, f =0.0205 (O.K.); Q = Av = [(7)(1.25?/4)](19.78) = 24.3 m?/s.

Water at 20 °C is to be pumped through 2 km of 200-mm-diameter wrought iron pipe at the rate of 60 L/s.
Compute the head loss and power required.

[ | ke = (FY(L/d)(v*/2g) v =0/A=(60x%10"%)/[(7)(0.200)*/4] = 1.910 m/s
N = dv/v = (0.200)(1.910)/(1.02 X 10~) = 3.75 x 10° €/d = 0.000046/(0.200) = 0.000230
From Fig. A-5, f =0.016.
hy; =0.016{2000/0.200}{1.910%/[(2)(9.807)]} = 29.76 m P = Qyh, = (60 x 107%)(9.79)(29.76) = 17.48 kW

An industrial ventilation system contains 4000 ft of 12-in-diameter galvanized pipe. Neglecting minor losses,
what head must a blower produce to furnish 3 ton/h of air at p = 14 psia, T = 90 °F?

I h = (f)(L/d)(v*/2g) Np = pdv/u p = p/RT = (14)(144)/[(1716)(460 + 90)] = 0.002136 slug/f’
M=pAv  6000/3600 = [(0.002136)(32.2)][(w)(2)%/4](v) v =30.85ft/s

Ng = (0.002136)(12)(30.85)/(3.90 X 10~7) = 1.69 x 10° €/d = 0.0005/(:2) = 0.000500
From Fig. A-5, f =0.019.

hy =0.019[4000/($3)}{30.85*/[(2)(32.2)]} = 1123.2ft of air or 1.24 ft of water
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9.195 A 2.0-m-diameter pipe of length 1560 m for which € = 1.5 mm conveys water at 12 °C between two reservoirs at
a rate of 8.0 m’/s. What must be the difference in water-surface elevations between the two reservoirs? Neglect
minor losses.

1 pl/y+vf/2g4-z,=p2/y+v§/2g+zz+h,‘ 0+0+2,=0+0+2z+h,
n=zn=h = (f}(L/d)(v*2g)
v=0/A=8.0/[(7)(2.0)*/4] =2.546 m/s Nr =dv/v=(2.0)(2.546)/(1.24 X 107°) = 4.11 x 10°
€/d = (1.5/1000)/2.0 = 0.000750

From Fig. A-5, f = 0.018. h; = (0.018)(1560/2.0){2.546%/[(2)(9.807)]} = 4.64 m. Hence, the difference in
water-surface elevations between the two reservoirs is 4.64 m.

9.196  Water flows from reservoir 1 to reservoir 2 through a 4-in-diameter, 500-ft-length pipe, as shown in Fig. 9-33.
Assume an initial friction factor (f) of 0.037 and a roughness (€) of 0.003 ft for the pipe. Find the flow rate.

I pi/y+vi2+z=pofy+v¥2 +2,+h,  0+0+700.6=0+0+655.5+h, h,=45.2ft="h, + h,,

(I) Frictionloss:  h, = (f)(L/d)(v*/2g) = 0.037[500/(3)])(v*/2g) = 55.50v%/2g.

(II) Minor losses: N
(a) Due to entrance: From Fig. A-7, take K, = 0.45.
(b) Due to globe valve: From Table A-11, Kopen =5.7. From Table A-12, take K,/ K pn = 1.75. Hence,
K, =(5.7)(1.75) = 9.98.
(c) Due to bend: R/D =} =3.0, €/D =0.003/(s) = 0.00900. From Fig. A-12, K, =0.45.
(d) Due to elbow: From Table A-11, K, =0.23.
(e) Due to exit: From Fig. A-7, Ks=1.0.
Thus,

by + h,, = {*/[(2)(32.2)]}(55.50 + 0.45 + 9.98 + 0.45 + 0.23 + 1.0) = 1.050v>
1.050v2=452 v =6.561ft/s
Ni =Dv/v =(3)(6.561)/(1.90 x 10~%) = 1.15 X 10° €/D = 0.003/(35) = 0.00900

From Fig. A-5, f = 0.037. (Assumed value of f 0.K.) Q = Av = [(7)(3%)*/4](6.561) = 0.573 ft'/s.

————%—Y | Elev. 700.6ft

12-in-bend radius @
v -
Sharp-edged entrance Elev. 655.5 ft = DT

I
—— ®

Globe valve,

25°, closed

[ —
/

Sharp-edged exit

90° long-radius eibow , Fig. 9-33
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- the other reservoir at a lower level as shown. The total length of commercial steel pipe is 100 ft, and the

Determine the head loss in the system shown in Fig. 9-34 and the discharge in the pipe.
1 Py +vi28 +zi=p./y +v32g +z,+h, 04+ 0+100=0+v}/[(2)(32.2)] + 0+ h,
ho=h;+h,  h=(F)LID)v*/28) =f[500/(HNv3/((D(B22)]} =15.53fv]  h.=(K)(v*/2g) K=05
h,, = 0.5{v3/[(2)(32.2)]} = 0.007764v3 h, = 15.53fvZ + 0.007764v3
100 = 0.01553v3 + 15.53fv2 + 0.007764v3 . = V100/(0.02329 + 15.53f)

Try v, = 10 ft/s: Ng = Dv/v = ()(10)/(1.21 X 1075) = 4.13 X 10°, €/D =0.00015/(53) = 0.00030. From
Fig. A-5, f = 0.0165. v, = V100/[(0.02329 + (15.53)(0.0165)] = 18.91 ft/s. Try v, =18.91 ft/s: Nx =
(£)(18.91)/(1.21 X 107%) = 7.81 X 10%, f = 0.0157, v, = V100/[0.02329 + (15.53)(0.0157)] = 19.35 ft/s.
Try v, = 19.35 ft/s: N = ($5)(19.35)/(1.21 x 10~ 5) 8.00 x 10°, f =0.0157 (O.K.); k.=
(15.53)(0.0157)(19.35)> + (0.007764)(19.35)* = 94.2 ft of water, Q = Av = [(x)(:5)*/4](19.35) = 3.80 ft’/s.

100 ft

6-in-diameter new wrought iron pipe

500 ft

Fig. 9-34

Figure 9-35 shows two reservoirs containing water at 60 °F. The water in the upper reservoir is to be drained to

diameter of the pipe is 4 in. What will be the flow rate of water through the pipe when the water surface
elevations are as shown in Fig. 9-35?

I Y+ 28+ =pily +vi28 + 2z, +h,  0+0+335=0+0+300+h,
ho=h;+h,  he=(f)L/D)v*/2g) =f[100/(%)){v3/[(2)(32.2)]} = 4.658fv;  h,, = (K)(v*/2g)

Due to entrance, take K; = 0.45. Due to elbow, K, = 0.64. Due to gate valve, K., = 0.11.
Take Ks/K,pen = 17. Hence, K; = (0.11)(17) = 1.87. Due to exit, K, = 1.0.

B, = (0.45 +0.64 + 1.87 + 1.0){v*/[(2)(32.2)]} = 0.06149v> hy, = 4.658fv* + 0.06149°
335 =300 + 4.658fv> + 0.061490> v = \/35/(4.658f + 0.06149)

Try f =0.019: v = V35/[(4.658)(0.019) + 0.06149] = 15.28 ft/s, Nx = Dvu/v = (5)(15.28)/(1.21 X 10~ =
4.21 x 10°. From Fig. A-5, f =0.0175. Try f = 0.0175: v = \/35/[(4.658)(0.0175) + 0.06149] = 15.64 ft/s,
Ne = (5)(15.64)/(1.21 X 1075 = 4.31 X 10°, f =0.0175 (0.K.); Q = Av = [(%)(5)?/4](15.64) = 1.36 ft’/s.

A 15-in-diameter new cast iron pipe connecting two reservoirs as shown in Fig. 9-36 carries water at 60 °F. The

pipe is 120 ft long, and the discharge is 20 ft/s. Determine the difference in elevation between water surfaces in
the two reservoirs.

1 Py + 0328 +z=p.ly+v3/2g+z+hy  0+0+2,=0+0+2z,+h,
Since z, — z, = H and h, = h; + h,,, H = by + h,,, hy = (f)(L/D)(v*/2g).
v=Q/A=20/[(n)(i3)*/4] = 16.30 ft/s
Ne=Du/v=(5)(16.30)/(1.21 X 10-%) = 1.68x 10°  €/D =0.00085/(3) = 0.00068

From Fig. A-5, f =0.018. h, = 0.018[120/(}3)]{16.30%/{(2)(32.2)]} = 7.13 ft, h,, = (K)(v*/2g). For entrance,
take K, = 0.45. For exit, K, = 1.0. h,, = (0.45 + 1.0){16.30°/[(2)(32.2)]} = 5.98 ft, H = 7.13 + 5.98 = 13.11 ft.
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_____ ¥ ——{Elev. 335t

Water
60°F
90° regular elbow R 1 _{ Elev. 300 £t
q(J[ g-{) Water
b { 60°F
Gate valve, screwed type, 50 %, closed Fig. 9-35
: |
T H=?
i ¢
Water T
at 60°F
Sharp-edged entrance
Water
/ at 60°F
Sharp-edged exit
Fig. 9-36

Repeat Prob. 9.87 by including losses due to a sharp-edged entrance, the exit, and a fully open flanged globe
valve.

§ For entrance, K, =0.5. For exit, K, = 1.0. For globe valve, K; =8.5. From Prob. 9.87, hy, = h; + by =
[((L/d) + K, + K, + K5)(v*/2g), 98 = {f[7000/0.050] + 0.5 + 1.0 + 8.5} {v*/[(2)(9.807)]}, 1922 = (140 000f +
10.0)(v?), v = [1922/(140 000f + 10.0)]'2. Try f = 0.02: v = {1922/[(140 000)(0.02) + 10.0]}"* = 0.8270 m/s,

Nz = pdv/u = (998)(0.050)(0.8270)/(1.02 % 1073) = 4.05 x 10*. From Fig. A-5, f = 0.022. Try f = 0.022:

v = {1922/[(140 000)(0.022) + 10.0}}'* = 0.7887 m/s, Ny = (998)(0.050)(0.7887)/(1.02 x 107%) = 3.86 x 10*,
f=0.022 (0O.K.); Q@ = Av =[()(0.050)>/4](0.7887) = 0.001548 m’/s, or 5.57 m*/h.

Repeat Prob. 9.95 by including losses due to a sharp entrance and a fully open screwed swing-check valve.

I For sharp entrance, K, = 0.5. For swing-check valve, K, =5.1. h,, = (K, + K,)(v*/2g). From Prob. 9.95,
v =14.67ft/s. h,, = (0.5 + 5.1){14.67*/[(2)(32.2)]} = 18.71 ft. From Prob. 9.95,0+0+h=0+
14.67%/[(2)(32.2)] + 0+ (236.6 + 18.71), h = 258.7 ft.

Two lakes (Fig. 9-37) communicate via two 20-ft-long wrought iron pipes joined abruptly. The entrance and exit
are sharp-edged. Including minor losses, compute the flow rate if lake 1 stands 59 ft higher than lake 2, and the
average temperature of the system is 20 °C.

I Py + VY28 + 2, =ply+vi[2g+ 2+ h, h.=h,;+h,,
hy = (F)(LID)(v*/2g) = (£)[20/(H){v2/[(2)(32.2)]} + £:[20/(F){va/[(2)(32.2)]}
Av,=Av, (W) =[(m)(E)/4(v) v,=v,/4
hy = 3.727£,02 + (1.863)(f,)(v,/4)? = 3.727f,v% + 0.01164f, v>
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For sharp entrance, K, = 0.5. For sharp exit, K, = 1.0. For sudden expansion, K, = (1 — 0.5)* = 0.5625.
h, =(0.5+0. 5625){112/[(2)(32 DI} + (1.0){vE/[(2)(32-2)]} = 0.01650v2 + (0.01553)(v,/4)* = 0.01747vZ, 0+ 0 +
59=0+0+0+[(3.727f,v2 + 0.1164f,v2) + 0.01747v2). Try f, =f, = 0.020:

59 = (3.727)(0.020)(v2) + (0.1164)(0.020)(v3) + 0.01747v2 v, =25.01ft/s v, =25.01/4=6.253 ft/s
Ne=Dv/v  (Ng)a=(%)(25.01)/(1.11 x 10-5) = 1.88 X 10° (€/D), =0.00015/(%) = 0.00180

From Fig. A-5, f, =0.024. (Ng), = (%)(6.253)/(1.11 X 107°) = 9,39 x 10*, (¢/D), = 0.00015/(5) = 0.000900,
fo =0.022. Try f, = 0.024 and f, = 0.022:

59 = (3.727)(0.024)(v2) + (0.1164)(0.022)(v2) + 0.0174702 v, =23.21ft/s v, =23.21/4=5.803 ft/s
(Ne)o = (5)(23.41)/(L11 X 1075 = 1.76 X 10° £, = 0.024
(Ne)s = (3)(5.852)/(1.11 X 10 =8.79x 10*  f, =0.022
Therefore, f, =0.024 andﬁ, =0.022is O.K. Q = Av = [(7)(&)*/4](23.21) = 0.127 ft*/s.

= D= 2in
L =20ft e _

Q ) \

@

_\ |
: in

ﬁ 0 ft Fig. 9-37

9.203 Two reservoirs containing water at 20 °C are connected by 800 m of 180-mm cast iron pipe, including a sharp
entrance, a submerged exit, a gate valve 75 percent open, two 1-m-radius bends, and six regular 90° elbows. If
the flow rate is 9 m*/min, find the difference in reservoir elevations.

[ ) pily+vif2g +zi=p,ly+vif2g+z,+ hy h,=hs;+h,, hy = (f)(L/D)(v*[2g)
v = Q/A = (9/60)/[(%)(0.180)%/4] = 5.895 m/s Ng = Dv/v = (0.180)(5.895)/(1.02 x 10~5) = 1.04 x 10°
€/D = 0.00026/0.180 = 0.00144

From Fig. A-5, f =0.0217. hy = 0.0217[800/0.180]{5.895%/[(2)(9.807)]} = 170.9 m. For sharp entrance, K, =0.5.
For exit, K, = 1.0. For gate valve 75 percent open, K; = 0.3. For bends, K, = (2)(0.15) = 0.30. For elbows,

= (6)(0.27) = 1.62. h,, = (0.5 + 1.0 + 0.3 + 0.30 + 1.62){5.895%/[(2)(9.807)]} = 6.6 m, h, =170.9 + 6.6 =
| 177.5m,0+0+21=0+0+zz+177.5, 2, —2,=177.5m.

* 9.204  The system in Fig. 9-38 consists of 1000 m of 50-mm cast iron pipe, two 45° and four 90° flanged long-radius
elbows, a fully open flanged globe valve, and a sharp exit into a reservoir. What gage pressure is required at
point 1 to deliver 5 L/s of water at 20 °C into the reservoir, whose free surface lies 100 m above point 1?

1 ply+vi2g+z,=ply+vi2g+z+h,  h.=h,+h,  h =(f)LID)v?/2g)
v=Q/JA =0.005/[(x)(0.050)>/4] =2.546 m/s  Ng=Du/v = (0.050)(2.546)/(1.02 x 10~%) = 1.25 x 10°
e/D = 0.00026/0.050 = 0.00520

From Fig. A-5, f = 0.0315. h, = 0.0315[1000/0.050}{2.546°/[(2)(9.807)}} = 208.2 m. For 45° elbows, K, =
(2)(0.20) = 0.40. For 90° elbows, K, = (4)(0.30) = 1.20. For the open valve, K, = 8.5. For exit, K, = 1.0.
h,, =(0.40 + 1.20 + 8.5 + 1.0){2.546*/[(2)(9.807)]} =3.7m, h, =208.2 + 3.7=211.9m, p,/9.79 +
2.546%/1(2)(9.807)] + 0= 0+ 0 + 100 + 211.9, p, = 3056 kPa gage.

=L
Sharp
exit

45°
Open
globe

() ' 4 Fig. 9-38
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9205 A l-in-diameter smooth water pipe slopes upward at 30° (Fig. 9-39); the flanged globe valve is fully open.
Calculate the flow rate.

[ | Py +vH2g+ 2, =pJy+vi2g++h,  vi2g=v3/2g  h.=h;+h,
Therefore, py/y +z,=p>/y + z,+ hs + b,
(Pr—p)v=z—z:+h +h, 0)]
From manometer,
P1—P2= (Yug — Yr,0)(55) + (Yn0)(22— 21) (2)

Combining Eqs. (1) and (2), [(Yug — Yu,0)/ Yi,0l($5) = by + ko, By = (F)(L/D)(v?/28) = (f)[(9/c0s 30°)/
EHvY[(2)(32.2)]} = 1.936fv2, h,, = (K)(v*/2g). For globe valve, K = 13. h,, = 13{v?/[(2)(32.2)]} =
0.2019v7, {{(13.6)(62.4) — 62.4]/62.4}() = 1.936fv* + 0.2019v%, v = V/7.350/(1.936f + 0.2019).

Try f =0.02: v = V/7.350/[(1.936)(0.02) + 0.2019] = 5.527 ft/s, Nx = Dv/v = ()(5.527)/(1.05 X 10~%) =

4.39 X 10°. From Fig. A-5, f =0.0217. Try f = 0.0217: v = V7.350/[(1.936)(0.0217) + 0.2019] = 5.489 ft/s,
Ne = (£)(5.489)/(1.05 X 10~%) =4.36 X 10, f =0.0217 (0.K.); O = Av = [(7)()2/4](5.489) = 0.0299 £t'/s.

s
h)
T TSI

Fig. 9-39

. 9206 A pipe system carries water from a reservoir and discharges it as a free jet, as shown in Fig. 9-40. How much

flow is to be expected through a 200-mm steel commercial pipe with the fittings shown?
I Py +vi2g+=pyly +vi/2g +z+h.  h =h;+h,
hy = (F)(L/D)(v*/2g) = FI(60 + 20 + 60)/ (Z2)]{v3/[(2)(9.807)]} = 35.69fv3
hn = (K)(v?/2g) = [0.05 + (2)(0.40)){v3/[(2)(9.807)]} = 0.04334v3
0+ 0+ 30 =0+ v3/[(2)(9.807)] + 20 + (35.69fv3 + 0.04334v2) v, ="V/10/(35.69f + 0.09432)

Try f = 0.014: v, = V10/[(35.69)(0.014) + 0.09432] = 4.103 m/s, N = Dv/v = (£%)(4.103)/(0.0113 x 10™%) =
7.26 X 10°, /D = 0.000046/(Z%) = 0.000230. From Fig. A-5, f =0.0152. Try f =0.0152: v, =
V10/[(35.69)(0.0152) + 0.09432] = 3.963 m/s, Nx = (22)(3.963)/(0.0113 X 10~%) =7.01 x 10°,

£=0.0152 (0.K.); Q = Av = [()(2%)?/4)(3.963) = 0.125 m’/s.

steel commercial
pipe throughout

2-90° elbows
K =0.40

v=.0113 X 10~4 m?/s
p=999 kg/m? Fig. 9-40

. 9207 A pipe system having a given centerline geometry as shown in Fig. 9-41 is to be chosen to transport a maximum

of 1£t*/s of oil from tank A to tank B. What is a pipe size that will do the job?
1 : ply+vi2g+z.=p,ly+vil2g+z,+h,  h,=h;+h,
hy = (f)(L/D)(v*/2g) = f[(100 + 130 + 300)/ D}{v3/[(2)(32.2)]} = 8.230fv/D
h.. = (K)(v*/2g) = (0.05+ 0.5 + 0.5 + 1){v2/[(2)(32.2)]} = 0.03183v2
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(100)(144)/50 + 0 + 130 = (50)(144)/50 + v2/[(2)(32.2)] + 0 + 8.230fv>/D + 0.03183v2
0.04736v2 + 8.230fvZ/D =274 v =274/(0.04736 + 8.230f/D) v, = Q/A, = 1/(xD*/4) = 1.273/D*
(1.273/D?)? = 274/(0.04736 + 8.230f / D)
Try f = 0.015: (1.273/D?) = 274/[0.04736 + (8.230)(0.015)/D]. By trial and error, D = 0.240 ft.
v =1.273/0.240? = 22.1 ft/s Ng = pDv/u = (y/g)(Dv)/u = (50/32.2)(0.240)(22.1)/(50 X 10~%) = 1.65 x 10* §
€/D = 0.00015/0.240 = 0.000625

From Fig. A-5, f =0.0285. Try f = 0.0285: (1.273/D?)? = 274/[0.04736 + (8.230)(0.0285)/D]. By trial and error,
D =0.2721t. 1

v =1.273/0.2722 = 17.2 ft/s Ng = (50/32.2)(0.272)(17.2)/(50 x 10~%) = 1.45 x 10*
f£=0.0285 (0K)

Hence, D =0.272 ft, or 3.26 in.

o

100
1b/in? gage

u=50x107"1b-s/t?

" =50 Ib/tt? Ib/in? gage Fig. 9-41

9.208 What gage pressure p, is required to cause 5 ft*/s of water to flow through the system sho@n in Fig. 9-42?
Assume that the reservoir is large, that minor losses are negligible, and that v =2.11 X 107 ft*/s.
[ ] ply+vi2g +ni=p,ly+vi2g+n+h,  v,=0/A,=5/[(m)(%)*/4]=25.46ft/s
hy =h; = (f)(L/D)(v*/2g) ’NR =dv/v = (%)(25.46)/(2.11 X 107°) = 6.03 % 10°
€/d = 0.00015/(55) = 0.00030
From Fig. A-5, f = 0.016.
hy = 0.016[(400 + 160 + 250)/()]{25.46*/[(2)(32.2)]} = 260.9 ft
(P1)(144)/62.4 + 0+ 120 = 0 + 25.46%/[(2)(32.2)] + 160 + 260.9  p, = 1351b/in” gage

— X
Py -
———=" ——— 120 ft 6-in new commercial
— — pipe
400 — Fig. 9-42

9.209 In Prob. 9.208, let 6 in be the nominal diameter of the pipe. For the entrance fitting, r/d = 0.06. Calculate the
pressure p,. The elbows are screwed elbows and there is now an open globe valve in the pipe system. Include
minor losses. _ ' ,

I Use d=6.065in
ply t V28 +zy=poly +vi2g +z+ hy, v, = Q/A,=5/[(7)(6.065/12)?/4] = 24.92 ft/s
ho=h;+h,  he=(F)L/d)(v*/2g) Ng = dv/v = (6.065/12)(24.92)/(2.11 x 10~%) = 5.97 x 10°
.€/d = 0.00015/(6.065/12) = 0.000297
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; From Fig. A-5, f =0.016. h, = 0.016[(400 + 160 + 250)/(6.065/12)]{24.92%/[(2)(32.2)]} = 247.3ft, h,, =
,‘ (K)(v*/2g). For entrance, K, =0.15. For elbows, K, = (2)(0.45) = 0.90. For globe valve, K;=5.1.

h,, = (0.15+0.90 + 5.1){24.92/[(2)(32.2)]} = 59.3ft  h, =247.3 + 59.3 =306.6 ft
(p)(144)/62.4 + 0 + 120 = 0 + 24.922/[(2)(32.2)] + 160 + 306.6  p, = 154 Ib/in gage

9210  The industrial scrubber B of Fig. 9-43 consumes water (v =0.113 x 10~° m?/s) at the rate of 0.1 m*/s. If the pipe
: is 150-mm commercial pipe, compute the necessary tank pressure p,.

I Paly +Vil28 + 2 =psly +v3/2g + 25 +h,  vp= QA =0.1/[()(0.150)*/4] = 5.659 m/s
hy=h;+h,  h=()LId)(v*/2g) Ng = dv/v = (0.150)(5.659)/(0.113 X 10™°) = 7.51 x 10°
€/d = 0.000046/0.150 = 0.000307
From Fig. A-5, f =0.016.
h=0. 016[(300 + 150 + 295)/0.150]{5. 6592/[(2)(9 807)]} =129.7m
By = (K)(v?/28) = (0.4 + 0.9 + 0.9 + 1){5.659%/[(2)(9.807)]} = 5.2 m h,=129.7+52=1349m
P1/9.79 + 0+ 25 = 40/9.79 + 5.659*/[(2)(9.807)] + 150 + 134.9  p, = 2600 kPa gage

p,=40kPa gauge

K=09 295 m
| K=1
P y B
Air =® 150 m
A ; ‘
B 300m K=09 Figo 9.43

9211  What pressure p, is required in Fig. 9-44 to cause 1 ft*/s of water to flow, given p, =5 psig? Take
p=2.11x 107°Ib - s/ft* for water.

I p.y+vi2g +z,=psly+vi/2g +zs+h,  paly=(p:)(144)/62.4 + (10)(0.8) = 2.308p, + 8.00
= Q/Ap = 1/[(7)(£)*/4] = 5.093 ft/s hpo=h;+h,  h;=(F)LId)(v*/2g8)
N = pdv/p = (1.94)(£)(5.093)/(2.11 x 107%) = 2.34 x 10° €/d =0.00015/(55) = 0.00030
From Fig. A-5, f =0.0175.
hy = 0.0175[2800/(&)}{5.093/[(D)(32.D)]} =39.47ft  h,, = (K)(v*/2g) = (0.5 + 1){5.093*/[(2)(32.2)]} = 0.60 ft
hy = 39.47 + 0.60 = 40,07 ft
(2.308p, + 8.00) + 0 + 25 = (5)(144)/62.4 + 5.093*/[(2)(32.2)} + 0+ 40.07  p, =8.2 psig

Py, 3K

L_mmm'i

10 ft Oll specific gravity
e 8.

—2800 ft ————'1 f

Device

-:r\\ \ 6-in new commercial }

K=05 steel pipe K=1 Fig. -4

e
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9212  Find the flow through the system of Fig. 9-45. Use € = 0.00015 ft.
B p.y+vij2g+za=psly +V3/28+za+he 0+0+(100+100)=0+0+100+h, h, =100ft=h; +h,
hy = (f)(LID)(v*/2g) = F1(500 + 100 + 102)/ () {v*/[(2)(32. D)1} = 21.80fv?
h,, = (K)(v*/2g) =(0.4+ 0.8+ 0.8+ D{v?/[(2)(32.2)]} = 0.04658v° h,, =21.80fv* + 0.04658v>
100 =21.80fv* + 0.04658v> v = 1/100/(21.80f + 0.04658)

Try f = 0.015: v = VI00/[(21.80)(0.015) + 0.04658] = 17.49 ft/s, N = Dv/v = ({)(17-49)/(1.21 % 107%) =
7.23 x 10°, €/D = 0.00015/(:5) = 0.00030. From Fig. A-5, f =0.016. Try f =0.016: v =

VI00/[(21.74)(0.016) + 0.04638] = 15.92 ft/s, Np = (£)(15.92)/(1.21 X 107%) = 6.58 X 10°, f = 0.016 (OK);
0 = Av = [(7)(5)*/4](15.92) =3.13 ft’/s.

A

E:’—s_uzo: I

= —1 100ft

=T D=6

/____- =
K=04 ,
500 ft

T =60°F

K-08

9213 A flow of 170 L/s is to go from tank A to tank B in Fig. 9-46. If v = 0.113 X 10~ m?/s, what should the diameter
be for the horizontal section of pipe?

I p./y+vi/2g+za=psly +vs/28+2z+h, 0+0+(35+35)=0+0+16+h, h,=54m=h; +h.,
v, = Q/A, = (Z%)/(xD*/4) =0.2165/D*  v,= Q/A, = (3%)/[(w)(#%)*/4] = 9.620 m/s
h; = (f)(L/D)(v*/2g) = (£,)(65/D){(0.2165/ D*)*/[(2)(9.807)]}
+ £[35/(5%)}{9.620%/[(2)(9.807)]} = 0.1553f;/ D° + 1101f;
h,, = (K)(v*/2g) = (0.4 + 0.9){(0.2165/ D?)?/[(2)(9.807)]}
+1.0{9.620%/[(2)(9.807)]} = 0.003107/D* + 4.718

hy =0.1553f,/D* + 1101f, + 0.003107/D* + 4.718
54 =0.1553f,/D° + 1101f, + 0.003107/D* + 4.718

Try f, = f, = 0.015: 54 = (0.1553)(0.015)/D* + (1101)(0.015) + 0.003107/D* + 4.718.
By trial and error, D =0.154 m.

v, =0.2165/0.154*=9.129 m/s ~ Ng=Du/v
(No): = (0.154)(9.129)/(0.113 X 10~%) = 1.24 x 10° (¢/D), = 0.000046/0.154 = 0.00030
From Fig. A-5, f, = 0.0155. (Nx), = (#%)(9.620)/(0.113 x 10~%) = 1.28 X 10°, (¢/D), = 0.000046/(i5%5) =

0.00031, f, =0.0155. Try f; = f, = 0.0155: 54 = (0. 1553)(0.0155)/D° + (1101)(0.0155) + 0. 003107/D* + 4.718. By
trial and error, D =0.155 m.

v, =0.2165/0.155=9.011m/s ~ (Ng)y=(0.155)(9.011)/(0.113 X 10~) = 1.24 X 10°
(€/D), =0.000046/0.155 = 0.00030 £,=0.0155

(Ng)2 = (3%)(9.620)/(0.113 x 107°) = 1.28 X 108 f,=0.0155 (0.X)
Therefore, D = 0.155 m, or 155 mm.
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A
- 35m
K=04
D
q=170L/s
»=0.113 X 1075 m2/s
commercial steel pipe Fig. 9-46

In Prob. 9.208, if p, = 200 Ib/in® gage, what should the inside pipe diameter be to enable transport of 12 ft*/s of
water? Again neglect minor losses.

1 pi/y+vi/2g +zi=ply + v§/2g +z+h, v,=Q/A,=12/(xd?*/4) = 15.28/d?
= h, = (f)(L/d)(v*/28)
h; = (f)[(400 + 160 + 250)/d]{(15.28/d2)2/ [(2)(32.2)]} = 2937f /d®

(200)(144)/62.4 + 0 + 120 = 0 + (15.28/d%)*/[(2)(32.2)] + 160 + 2937f /d° 421.5 =3.625/d* + 2937 /d°
Try f =0.015: 421.5 = 3.625/d* + (2937)(0.015)/d°. By trial and error, d = 0.643 ft. v = 15.28/0.643* =
36.96 ft/s, Ng = dv/v = (0.643)(36.96)/(2.11 x 107°) = 1.12 x 10°%, €/d = 0.00015/0.652 = 0.00023. From Fig.
A-5,f=0.015 (O.K.). Therefore, d =0.643 ft, or 7.72in.
Under the pressures established in Prob. 9.210, what size pipe is needed to double the flow?
1 paly +Vi/28 +za=paly+va/2g+z5+h,  vp=Q/As=0.2/(nd*/4)=0.2546/d*

hy = (FY(L/d)(v*/2g) = f[(300 + 150 + 295)/d]{(0.2546/d°)*/[(2)(9.807)]} = 2.462f /d*
h,, = (K)(v*/2g) = (0.4 4+ 0.9 + 0.9 + 1){(0.2546/d%)*/[(2)(9.807)]} = 0.01058/d*
hy = h + h,, =2.462f /d® + 0.01058/d*
2600/9.79 + 0 + 25 = 40/9.79 + (0.2546/d7)*/[(2)(9.807)] + 150 + 2.462f /d° + 0.01058/d*
136.5 =2.462f /d® + 0.01388/d*

Try f =0.015: 136.5 = (2.462)(0.015)/d* + 0.01388/d". By trial and error, d = 0.196 m. v = 0.2546/0.196% =
6.627 m/s, Ng = dv/v = (0.196)(6.627)/(0.113 x 107°) = 1.15 X 10°, €/d = 0.000046/0.196 = 0.000235. From Fig.
A-5,f =0.015 (O.K.). Therefore, d =0.196 m, or 196 mm.

A 12-in-diameter pipe with a friction factor of 0.02 conducts fluid between two tanks at 10 fps. The ends of the
pipe are flush with the tank walls. Find the ratio of the minor losses to the pipe friction loss if the length of the
pipe is (a) 10 ft, (b) 250 ft, and (¢) 1500 ft.

J hy = (F)(L/d)(v*/28) ho = (K)(v*/28)
(a) hy =0.02[(10/B)](v*/2¢) =0.20v°/2g¢ = h,, = (0.5+ 1.0)(v*/2g) = 1.5v%/2g
h../hy = (1.50%/28)/(0.200%/2g) =7.5  (7.5:1)
) hy = 0.02[250/(B))(v*/2g) = 5.00%/2g h,, =(0.5+1.0)(v*/2g) = 1.5v%/2g
' ks = (1.50%/28)/(5.00%/2g) = 0.3 (0.3:1)
© by =0.02[1500/(i3)](v*/2g) = 30v*/2g . = (0.5 + 1.0)(v*/2g) = 1.5v*/2g

h,./hs = (1.5v%/2g)/(300%/2g) = 0.05 (0.05:1)
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9.217

9.218

9.219

9.220

9.221

9.222

A smooth pipe 30 cm in diameter and 100 m long has a flush entrance and a submerged discharge. The velocity
is 3m/s. If the fluid is water at 15 °C, what is the total loss of head?

I h,=h, +h, hy =(F)(L/d)(v*/2g)  Nr=dv/v=(0.30)(3)/(1.16 X 107%) = 7.76 x 10°
From Fig. A-5, f =0.0122. h, = 0.0122[100/0.30]{3%/[(2)(9.807)]} = 1.87 m, h,,, = (K)(v*/2g) =
0.5+ 1.0){3%*/[(2)(9.807)]} =0.69m, h, = 1.87 + 0.69 = 2.56 m.
The water of Prob. 9.217 is replaced by oil with kinematic viscosity 9.3 X 107> m?/s and specific gravity 0.925.
Determine the pressure loss.
[} hy=h;+h,  h=(f)L/d)(v*/2g) Ng=dv/v=(0.30)(3)/(9.3 X 10~5) = 9.68 x 10°
From Fig. A-S, f =0.031. '
hy = 0.031[100/0.30}{3%/[(2)(9.807)]} =4.74m  h,, = (K)(v*/2g) = (0.5 + 1.0){3%*/[(2)(9.807)]} =0.69m
h,=4.74+0.69 =5.43 m of oil Ap = yh; =[(0.925)(9.79)}(5.43) = 49.2 kPa

A smooth pipe consists of 100 ft of 8-in pipe followed by 200 ft of 24-in pipe, with an abrupt change of cross
section at the junction. It has a flush entrance and a submerged exit. If it carries water at 60 °F in the smaller leg
with a velocity of 18 fps, what is the total head loss?

I ho=h+h, h=)L/d)W?*/28) Ne=dv/v  (Nr)a=s=(£)(18)/(1.21 x 10%) =9.92 x 10°
From Fig. A-5, (f)-s = 0.0117. _
Av =Av, A =[(T)(E)/4]=0.34911> A,=[(z)(E)/4]=3.142
(0.3491)(18) = (3.142)(v,) v, =2.000 ft/s (NR)amze = (2)(2.000)/(1.21 x 10~%) = 3.31 x 10°
(f)a=2s = 0.0142 hy =0.0117[100/(£)1{18%/[(2)(32.2)]} + 0.0142[200/(3)]{2.000%/[(2)(32.2)]} =8.92ft
h,. = (K)(v*/2g)

For entrance, K, = 0.5. For abrupt change, K, = (1 — A,/A,)* = (1 — 0.3491/3.142)* = 0.7901. For exit, K;= 1.0,
= (0.5 +0.7901){18%/[(2)(32.2)]} + 1.0{2.000%/[(2)(32.2)]} = 6.55 ft, h, = 8.92 + 6.55 = 15.47 ft.

A 6-in-diameter pipe (f = 0.032) of length 110 ft connects two reservoirs whose water-surface elevations differ
by 10 ft. The pipe entrance is flush, and the discharge is submerged. (@) Compute the flow rate. (b) If the last
10 ft of pipe were replaced with a conical diffuser with a cone angle of 10°, compute the flow rate. '

[} pily+vi2g+z,=p,/y+vi2g +z,+ h,
(@) he = (f)(L/d)(v*/2g) = 0.032[110/(£)]{v*/[(2)(32.2)]} = 0.1093v?
h. = (K)(v*/2g) = (0.5 + 1.0){v*/[(2)(32.2)]} = 0.02329v*
hy, = h; + h,, = 0.1093v* + 0.02329v* = 0.1326v>
0+0+10=0+0+0+0.13260> v =8.684ft/s

Q = Av = [(m)(5)?/4](8.684) = 1.71 ft*/s |

(b) hy =0.032[(110 — 10)/(%)1{v*/[(2)(32.2)]} = 0.09938v>  h,, = (0.5 + 0.40){v*/[(2)(32.2)]} = 0.01398¢*
hy = 0.09938v% + 0.01398v> = 0.11340> 0+ 0+ 10=0+0+0+0.11341°
v =9.391ft/s Q = Av =[(7)(5)*/4](9.391) = 1.84 ft*/s

Given two pipes in series with a diameter ratio of 1:2 and flow velocity of 15 fps in the smaller pipe, find the
loss of head due to abrupt (a) contraction and (b) enlargement.

1 ‘ h.. = (K)(v*/2g)
(a) d/D =0.5 K=0.33 hm=0.33{15%/[(2)(32.2)]} = 1.15 ft
®) K=0.55 h,, = 0.55{15%/[(2)(32.2)]} = 1.92 ft

In a 50-ft length of 4-in-diameter wrought iron pipe there are one open globe valve (K = 10), one 45° regular
elbow (K =0.75), and one pipe bend with a radius of curvature of 40 in (K = 0.10). The bend is 90°, and its
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length is not included in the 50 ft. No entrance or discharge losses are involved. If the fluid is water at 72 °F and
the velocity is 6 fps, what is the total head loss?

I ho=hs+h, by =(F)L/d)(v*/28)
Ne=dv/v=(5)6)/(1L02X 107 =1.96x10°  €/d =0.00015/(%) = 0.00045
From Fig. A-5, f = 0.0185. .
L=50+4[(2)(7)(¥)] =552 ft h, = 0.0185[55.2/(&){6*/[(2)(32.2)]} = 1.71 ft
h,, = (K)(v*/2g) = (10 + 0.75 + 0.10){6*/[(2)(32.2)]} = 6.07 ft h,=1.71+6.07="17.78 ft

Compute the friction head per 1000 ft of pipe for laminar flow at Reynolds number 50 000 (the empirical upper
limit). Consider two situations: one where the fluid is water at 60 °F, the other where the fluid is SAE10 oil at
150 °F (v = 0.00016 ft*/s). Pipe diameter is 2.0 in.

1 he = (f)(L/d)(v*/2g)  f = 64/Ng=64/50 000 =0.00128 N =dv/v
For water:
50000 = (2.0/12)(v)/(1.21 X 10%) v =3.630ft/s
h; = 0.00128[1000/(2.0/12)]{3.630?/[(2)(32.2)]} = 1.57 ft
For oil:
50 000 = (2.0/12)(v)/0.00016 v =48.00ft/s
h, = 0.00128[1000/(2.0/12)]{48.00%/[(2)(32.2)]} = 275 ft

Repeat Prob. 9.223 if the flow is turbulent in a smooth pipe.

I h, = (f)(L/d)(v*/2g). From Fig. A-5, f = 0.0207.
For water: From Prob. 9.223, v = 3.630 ft/s. h, = 0.0207[1000/(2.0/12)]{3.630%/[(2)(32.2)]} = 25.4 ft.
For oil: From Prob. 9.223, v = 48.00 ft/s. h, = 0.0207[1000/(2.0/12)]{48.00%/[(2)(32.2)]} = 4443 t.

Repeat Prob. 9.223 if the flow is turbulent in a rough pipe with €/d = 0.05.

I h, = (f)(L/d)(v*/2g). From Fig. A-5, f = 0.072.
For water: From Prob. 9.223, v = 3.630 ft/s. h, = 0.072[1000/(2.0/12)]{3.630%/[(2)(32.2)]} = 88.4 ft.
For oil: From Prob. 9.223, v = 48.00 ft/s. h, = 0.072[1000/(2.0/12)]{48.00?/[(2)(32.2)]} = 15 455 ft.

Water at 60 °F flows through 10 000 ft of 12-in-diameter pipe between two reservoirs whose water-surface
elevation difference is 200 ft. Find the flow rate if € =0.0018in.

1 Py +vi2g+zi=p,/y+vi2g+z+h, 0+0+200=0+0+0+h,
hy =200 ft = h; = (f)(L/d)(v*/2g) = f[10 000/ (£)){v*/[(2)(32.2)]} = 155.3fv*
200 =155.3fv> v =1135/Vf

Try f =0.03: v = 1.135/V0.03 = 6.553 ft/s, N = dv/v = (12)(6.553)/(1.21 x 10~%) = 5.42 x 10°,

€/d =0.0018/12 = 0.00015. From Fig. A-5, f = 0.015. Try f = 0.015: v = 1.135/V0.015 = 9.267 ft/s,

Ne = ()(9.267)/(1.21 X 10~%) = 7.66 X 10°, f = 0.0145. Try f = 0.0145: v = 1.135/V/0.0145 = 9.426 ft/s,

Ne = (8)(9.426)/(1.21 X 107%) = 7.79 X 10°, £ =0.0145 (0.K.); Q = Av = [()(12)*/4](9.426) = 7.40 ft*/s.

Repeat Prob. 9.226 if € is twenty times larger than in Prob. 9.226.

I v=1.135/Vf (from Prob. 9.226). Try f =0.03: v = 1.135/V0.03 = 6.553 ft/s, Ng = dv/v =
($)(6.553)/(1.21 X 107%) = 5.42 x 10°, €/d = (20)(0.0018)/12 = 0.00300. From Fig. A-5, f = 0.027.

Try f =0.027: v = 1.135/V0.027 = 6.907 ft/s, Np = (3)(6.907)/(1.21 X 10~%) = 5.71 X 10°, f =0.027 (O.K.);
0 = Av = [(7)(12)2/4](6.907) = 5.42 ft*/s.
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How large a wrought iron pipe is required to convey oil (s.g. = 0.9, u = 0.0008 Ib - s/ft*) from one tank to
another at a rate of 1.0 cfs if the pipe is 3000 ft long and the difference in elevation of the free liquid surfaces is
40 ft?

I Py +V3 2 +zni=ply +vi2g +z,+h, 0+0+40=0+0+0+4h,
hy =40 ft= b, = (F)(L/d)(v*/2g) v=0/A=1.0/(nd*/4) =1.273/d>
hy = (£)(3000/d){(1.273/d>)/[(2)(32.2)]} =75.49f/d°  40=75.49f/d°  d=1.135f"

Try f =0.03: d = (1.135)(0.03)"* = 0.5629 ft, N = pdv/u = [(0.9)(1.94)](0.5629)(1.273/0.5629%)/0.0008 = 4936,
€/d = 0.00015/0.5629 = 0.00027. From Fig. A-5, f = 0.0375. Try f = 0.0375: d = (1.135)(0.0375)"* = 0.5886 ft,
Ne =[(0.9)(1.94))(0.5886)(1.273/0.5886%)/0.0008 = 4720, f = 0.038. Try f = 0.038: d = (1.135)(0.038)"* =
0.5901 ft, Nx = [(0.9)(1.94)](0.5901)(1.273/0.5901%)/0.0008 = 4708, f =0.038 (O.K.). Therefore, d = 0.5901 ft,
or 7.08in.

If the diameter of a pipe is doubled, what effect does this have on the flow rate for a given head loss if the flow
is laminar?

1 he = (32)(v)(L/gd*)(v) = (constant)(v/d*) v=kd> Q=Av=k'd*

Thus, doubling the diameter will increase the flow rate by a factor of 2, or 16.

If the diameter of a pipe is doubled, what effect does this have on the flow rate for a given head loss if the flow
is turbulent?

I 1f f = constant (complete turbulence): h, = k,v*/d, v = k,d"?, Q = Av = k;d**. Thus, doubling the diameter
will increase the flow rate by a factor of 2°?, or 5.66.

For smooth pipe with Ng < 100 000: f = 0.316/N%*, h, = (f)(L/d)(¥*/2g) = (k)(v"*/d**), v = k,d*”,
Q = Av = k;d"". Thus, doubling the diameter will increase the flow rate by a factor of 27, or 6.56.

A 150-mm-diameter pipeline 100 m long discharges a 50-mm-diameter jet of water into the atmosphere at a
point 60 m below the water surface at intake. The entrance to the pipe is a projecting one, with K =0.9, and the
nozzle loss coefficient is 0.05. Find the flow rate and the pressure head at the base of the nozzle, assuming
f=0.03.

J pily+vi2g+z=ply+vi2g +z+h, (1)
hy = (f)(L/d)(v*/2g) = 0.03[100/0.150]{v*/[(2)(9.807)]} = 1.020v>
h.. = (K)(v*/2g) = (0.9){v*/[(2)(9.907)]} + (0.05){v2./[(2)(9.907)]} = 0.04589v> + 0.002549v%,,
ho=h;+h,= 1.020v° + 0.04589v% + 0.0025491:,-2et = 1.066v* + 0.0025491;,-1,
0+0+60=0+v%,/[(2)(9.807)] + 0 + 1.066v° + 0.002549v7.,

Since velocity varies as the square of the diameter, v, = (¥)*(v) = v, 60 = (9v)*/[(2)(9.807)] + 1.066v +
(0.002549)(9v)?, v =3.333 m/s; Q = Av = [(x)(0.150)*/4](3.333) = 0.0589 m’/s. Applying Eq. (1) to the nozzle,
P1/9.79 +3.333*/[(2)(9.807)] + 0 = 0+ [(9)(3.333)[/[(2)(9.807)] + 0 + 0.05{[(9)(3.333)/[(2)(9.807)]}, p, =
46.9 kPa.

A 2.0-m-diameter, 1600-m-long concrete pipe (€ = 1.5 mm) carries water at 12 °C between two reservoirs at
8.0 m*/s. Find the difference in water-surface elevation between the two reservoirs, considering minor losses at

entrance and exit.
1 ply+vif2g+z,=p,/y+vi/2g+z,+h, h.=hs+h, ke = (F)(L/d)(v*/2g)
v =0/A =8.0/[(7)(2.0)*/4] = 2.546 m/s Ng = dv/v = (2.0)(2.546)/(1.24 X 10"%) = 4.11 x 10°
€/d =0.0015/2.0 = 0.00075
From Fig. A-5, f = 0.0185.
hy = (0.0185)(1600/2.0){2.546%/[(2)(9.807)]} = 4.89 m
h.. = (K)(v*/2g) = (0.5 + 1.0){2.546?/[(2)(9.807)]} = 0.50 m
h,=4.89+050=539m 0+0+2z=0+0+2+539m 2z, —2=539m
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9233 A pipe of mean diameter 5 ft and length 6000 ft delivers water to a facility 1300 ft below the water surféce at
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intake. Assume f = 0.025. When the pipe delivers 300 cfs, what is the horsepower delivered?
I vy = QfA;=300/[(m)($)2/4] = 15.28 ft/s
hy = (f)(L/d)(v*/2g) = 0.025[6000/($3)]{15.28%/[(2)(32.2)]} = 108.76 ft
h.. = (K)(v,/2g) = 0.50{15.287/[(2)(32.2)]} = 1.81 ft
h,=h; +h,, =108.76 + 1.81 = 110.57 ft
P = Qy(Az — h,) = (300)(62.4)(1300 — 110.57) = 2.227 X 10’ ft - Ib/s = (2.227 X 107)/550 = 40 491 hp

Find the kilowatt loss in 500 m of 50-cm-diameter pipe for which € = 0.05 mm when dye at 45 °C (s.g. = 0.86,
v =4.4 % 107° f*/s) flows at 0.22 m*/s. Neglect minor losses.

J hy = (f)(L/d)(v*/2g) v=0/A=0.22/[(®)(3%)*/4] = 1.120 m/s
Ng = dv/v = (0.50)(1.120)/(4.4 X 10™%) = 1.27 x 10° €/d = (5% 107%)/(5 x 10™*) = 0.0001

From Fig. A-5, f = 0.018. h, = 0.018[500/0.50]{1.120?/[(2)(9.807)]} = 1.151 m, P = Qyh, =
0.22[(0.86)(9.79)](1.151) = 2.13 kW.

Linseed oil, of kinematic viscosity 0.0005 ft*/s and weight density 59.8 1b/ft*, is pumped through a 3-in pipe
(e =0.001in). (a) At what maximum velocity would the flow still be laminar? () What would then be the loss

in energy head per 1000 ft of pipe?
§ (a) Assume laminar flow exists for Ng < 2000. N = dv/v, 2000 = (3)(v)/0.0005, v = 4.00 ft/s.
() f=64/Ng=1305=0.032  h, =(f)(L/d)(v*/2g) =0.032[1000/(:3)}{4.00*/[(2)(32.2)]} = 31.80 ft
P = yh; = (59.8)(31.80)/144 = 13.2 psi per 1000 ft

Repeat Prob. 9.235 if the velocity is three times the maximum velocity for laminar flow.
1 v = (3)(4.00) = 12.00 ft/s hy = (f)(L/d)(v*/2g)

Ng = dvu/v = (5)(12.00)/0.0005 = 6000 €/d =0.001/2 = 0.00050
From Fig. A-5, f = 0.036.

h = 0.036[1000/(%)}{12.007/[(2)(32.2)]} = 322.0ft
p = vhy = (59.8)(322.0)/144 = 134 psi per 1000 ft

Water flows upward at 3 m/s through a vertical 150-mm-diameter pipe standing in a body of water with its lower

end 1.0 m below the surface. Considering all losses and with f = 0.022, find the pressure at a point 3 m above
the surface of the water.

I p./y+v/2g + z,=p,/y + v3/2g + 2, + h,. Let point 1 be at the water surface and point 2 be 3 m above the
water surface. h, = h; + h,,,, hy = (f)(L/d)(v?/2g) = 0.022[(3 + 1.0)/0.150}{3%/[(2)(9.807)]} = 0.269 m, h,, =
(K)(v?/2g). For entrance loss, assume K =0.8. h,, =0.8{3?/[(2)(9.807)]} = 0.367 m, h, = 0.269 + 0.367 =
0.636m, 0 + 0 + 0 =p,/9.79 + 3*/[(2)(9.807)] + 3 + 0.636, p, = —40.1 kPa.

Work Prob. 9.237 if the flow is downward.

1 Py + Vi + z=pi/y+vi2g+ 2z, +h, ho=h;+h,,
h;=0.269m  (from Prob. 9.237) . = (K)(v?/2g)
For exit loss, assume K = 1.0.
R, =1.0{34/[(2)(9.807)]} = 0.459 m hy=0.269 +0.459 = 0.728 m

P2/9.79 + 3*/[(2)(9.807)] +3=0+0+0+0.728  p,=—26.7kPa
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A horizontal pipe 20 cm in diameter and for which f = 0.030 projects into a pond 1 m below the surface.
Considering all losses, find the pressure at a point 4 m from the end of the pipe if the flow is at 3 m/s from the
pipe into the pond.

[ ) Py +vi/2g + z, =p,/y + v3/2g + z, + h,.. Let point 1 be 4 m from the end of the pipe and point 2 be

at the water surface. h, = h; + h,,,, hy = (f)(L/d)(v*/2g) = 0.030[4/0.20){3*/[(2)(9.807)]} = 0.275 m,

h,, = (K)(v/2g). For exit loss, K = 1.0. h,, = 1.0{3%/[(2)(9.807)]} = 0.459 m, h, = 0.275 + 0.459 = 0.734 m,
P1/9.79 + 32/[(2)(9.807)] + 0=0+0+ 1 +0.734, p, = 12.5 kPa.

Repeat Prob. 9.239 if the flow is from the pond into the pipe.
/| ply+vi2g+z,=p [y +vif2g+z,+h, hy,=h;+h,,

h;=0.275m  (from Prob. 9.239) h,. = (K)(v¥/2g)

For entrance, K =0.8.

h,» = 0.8{3%/[(2)(9.807)]} = 0.367 m h,=0.275+0.367 = 0.642 m

0+0+1=p,/9.79+3%/[(2)(9.807)] + 0+ 0.642  p,=—0.99kPa

A pipe runs from one reservoir to another, both ends of the pipe being under water. The intake is
nonprojecting; the length of pipe is 480 ft; its diameter is 10.25 in; and the difference in the two water levels is
106 ft. If f = 0.02, what will be the pressure at a point 300 ft from the intake and 120 ft below the surface of the
water in the upper reservoir?

1 ply+vi28+ 2 =ply +vi/2g + 2+ h, 0))
Let points 1 and 2 be at the water surface in the upper and lower reservoirs, respectively.
hy = (f)(L/d)(v*/2g) = 0.02[(480)/(10.25/12) {v*/[(2)(32.2)]} = 0.1745v>
h., = (K)(v*/2g) = (0.5 + 1.0){v*/[(2)(32.2)]} = 0.02329»>
h.=h; + h,, =0.17450> + 0.023290° = 0.1978v> 0+0+106=0+0+0+0.1978v*> v =23.15ft/s
Now apply Eq. (1) between the upper reservoir (point 1) and the point 300 ft from the intake (point 2).
hy= 0.02[(300_)/(10. 25/12)1{23.15%/[(2)(32.2)]} =58.46 ft  h,, = 0.5{23.15%/[(2)(32.2)]} = 4.16 ft
h, =58.46 + 4.16 = 62.62 ft 0+ 0+ 120 = (p,)(144)/62.4 + 23.15%/[(2)(32.2)} + 0 + 62.62  p,=21.3Ib/in’
A 9.5-in-diameter pipeline runs from one reservoir to another, both ends being under water, and the intake end
is nonprojecting. The difference in water levels between the two reservoirs is 110 ft, and the length of pipe is
1000 ft. What is the discharge if f = 0.06?
1 Py + V328 + 2 =p,ly + V328 + .+ h,
h; = (f)(L/d)(v*/2g) = 0.06[(1000)/(9.5/12)}{v*/[(2)(32.2)]} = 1.1769v*
h.. = (K)(v*/2g) = (0.5 + 1.0){v*/[(2)(32.2)]} = 0.02329v*
h.=h, + h,, =1.1769v* + 0.02329v> = 1.2000> 0+ 0+110=0+0+ 0+ 1.2000*
v=9.57ft/s Q = Av = [(m)(9.5/12)*/4](9.57) = 4.7T1 /s

A jet of water is discharged through a nozzle at a point 200 ft below the water level at intake. The jet is 4 in in
diameter, and the loss coefficient of the nozzle is 0.15. If the pipeline is 12 in in diameter, 600 ft long, with a
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nonprojecting entrance, what is the pressure at the base of the nozzle? Assume f = 0.0125.
I puly+vi2g + 2 =p.ly+ 328+ z+h, )]
hy = (F)(L/d)(v*/2g) = 0.0125[600/(33)|{v*/[(2)(32.2)]} = 0.1165v>
h,, = (K)(v*/2g) = 0.5{v*/[(2)(32.2)]} + (0.15){v%./[(2)(32.2)]} = 0.007764v> + 0.002329v},
h. = h; + h,, = 0.1165v> + 0.007764v7 + 0.002329v7%,, = 0.1243v> + 0.002329v%,
0+0+200=0+v%L/[(2)(32.2)]+0+ 0',1243”2 + 0.002329v7,,

Since velocity varies with the square of diameter, v, = (*Z)*(v) = 9v, 200 = (9v)*/[(2)(32.2)] + 0.1243v° +
(0.002329)(9v)?, v = 11.28 ft/s. Applying Eq. (1) to the nozzle, (p,)(144)/62.4 + 11.28%/[(2)(32.2)] + 0=
0+ [(9)(11.28)F/[(2)(32.2)] + 0 + (0.15){[(9)(11.28)/[(2)(32.2)]}, p: = 78.9 Ib/in>.

Compute the losses due to flow of 25 m*/min of air, p = 1 atm, T = 20 °C, through a sudden expansion from
300-mm pipe to 900-mm pipe. How much head would be saved by using a 10° conical diffuser?

{1 For sudden expansion: h,, = [1 — (D,/D,)(v?/2g), v, = Q/A, = (B)/[(7)(3)*/4] = 5.895 m/s,
B = [1— GRY(5.895%/[(2)(9.807)]} = 1.400 m.

For conical diffuser: 4, = 0.152[(v; — v,)*/2g], v» = Q/A; = (Z)/[(%)(22%)*/4] = 0.655 m/s,
h,, = 0.152{(5.895 — 0.655)2/[(2)(9.807)]} = 0.213 m.

Saving in head =1.400-0.213=1.187m or 1.187N-m/N or 1.187J/N

Caiculate the value of H in Fig. 9-47 for 125 L/s of water at 15 °C through commercial steel pipe.

1 Py + V328 +z,=p,/y +vif2g + 2, + h, h,=h; +h,, he = (f)(L/d)(v*/2g)
v=Q/A=(125x 107%)/[(x)(0.30)*/4] = 1.768 m/s

N =dv/v=(0.30)(1.768)/(1.16 x 107°) = 4.57 x 10° -€/d = 0.000046/0.30 = 0.00015

From Fig. A-5, f =0.015.

h, = 0.015[50/0.30]{1.768%/[(2)(9.807)]} = 0.398 m
h,, = (K)(v*/2g) = (0.5 + 1.0){1.768%/[(2)(9.807)]} = 0.239 m
h;, =0.398 +0.239 = 0.637 m 0+0+2,=0+0+ 2 +0.637 2,—-2=H=0.63Tm

“-{ 50m,30-cm-diam. | - -]

Fig. 947

In Fig. 9-47, for H =3 m and a fluid with s.g. = 0.8 and u =0.007 Pa - 5, calculate the discharge through smooth
pipe.
1 pily+vi2g +z,=p./y +v3f2g+z,+ h,
hy = (F)(L/d)(v*/2g) = (£)[50/0.30{v*/[(2)(9.807)}]} = 8.497fv?
h,, = (K)(v?/2g) = (0.5 + 1.0){v*/[(2)(9.807)]} = 0.07648v* h. = h; + h,, = 8.497fv” + 0.07648v*
0+ 0+ 3=0+0+ 0+ 8.497fv* + 0.07648v* v = V3/(8.497f + 0.07648)

Try f =0.02: v = V3][(8.497)(0.02) + 0.07648] = 3.489 m/s, Ny = pdv/p = [(0.8)(1000)](0.30)(3.489)/
0.007 = 1.20 X 10°. From Fig. A-5, f =0.017. Try f = 0.017: v = V/3/[(8.497)(0.017) + 0.07648] =
3.685m/s, Ny, = [(0.8)(1000)](0.30)(3.685)/0.007 = 1.26 X 10°, f =0.017 (O.K.); Q = Av=
[(7)(0.30)*/4)(3.685) = 0.260 m*/s.
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Evaluate KX for a valve that, placed in the line in Prob. 9.246, would reduce the discharge by 50%.

I From Prob. 9.246, H = 3 = [(£)(50)/0.30 + 0.5 + 1.0 + K., J{(3.685/2)*/[(2)(9.807)]}, Kvae = 15.83 —
166.7f, N = pdv/u = [(0.8)(1000)](0.30)(3.685/2)/0.007 = 6.32 X 10°. From Fig. A-S, f =0.0197. K .. =
15.83 — (166.7)(0.0197) = 12.5.

A water line connecting two reservoirs at 70 °F has 4860 ft of 24-in-diameter steel pipe, three standard elbows
(K =0.9), a globe valve (K = 10), a re-entrant pipe entrance (K =1.0), and a submerged pipe exit (K =1.0).
What is the difference in reservoir elevations for 20 cfs?

1 Py +vi/2g +zi=p,/y +v3/2g+ z+h,  h.=h;+h,  h =(F)L/d)N(v*/2g)
v=Q/A=20/[(n)(})*/4] = 6.366 ft/s =dv/v = (%)(6.366)/(1.05 x 10~%) = 1.21 x 10°
€/d = 0.00015/(%) = 0.000075
From Fig. A-5, f =0.013.
hy =0.013[4860/(%)}{6.366%/[(2)(32.2)]} = 19.88 ft
= (K)(v*/2g) = [(3)(0.9) + 10 + 1.0 + 1.0]{6.366*/[(2)(32.2)]} = 9.25 ft

h;, =19.88 +9.25=29.13 ft 0+0+2,=0+0+2+29.13 21— 2,=29.13ft

For the conditions given in Prob. 9.248, determine the discharge if the difference in elevations is 40 ft.

# From Prob. 9.248, 40 = h, + h,, = {v¥/[(2)(32.21H{(F)[4860/(2)] + [(3)(0.9) + 10 + 1.0 + 1.0]},

v = V2576/(2430f + 14.7). Try f = 0.013: v = V2576/[(2430)(0.013) + 14.7] = 7.46 ft/s, Nz = dv/v =
(2)(7.46)/(1.05 x 107%) = 1.42 X 10°, €/d =0.000075 _(from Prob. 9.248). From Fig. A-5,

£ =0.0125. Try f = 0.0125: v = V/2576/[(2430)(0.0125) + 14.7] = 7.560 ft/s, Ne = (2)(7.560)/(1.05 X 10~%) =
14.4x 105, f =0.0125 (O.K.); Q = Av = [(m)(2)*/4](7.560) = 23.8 ft*/s.

What size commercial steel pipe is needed to convey 200 L/s of water at 20 °C a distance of 5000 m with a head
drop of 4 m? The line connects two reservoirs, has a re-entrant (K = 1.0), a submerged outlet (K = 1.0), four
standard elbows (K =0.9), and a globe valve (X = 10).
i1 Py + V328 +zi=p,/y+vi/2g+z,+h, 0+0+4=0+0+0+h, h.=h,+h,
v =0/A = (%55)/(wd*/4) = 0.2546/d*
hy = (F)(L/d)(v*/2g) = (f)(5000/d){(0.2546/d*)*/[(2)(9.807)]} = 16.52f /d*
h,, = (K)(v*/2g) =[1.0 + 1.0 + (4)(0.9) + 10]{(0.2546/d?)*/[(2)(9.807)]} = 0.05156/d*
4=16.52f/d° + 0.05156/d*
Try f =0.02: 4 = (16.52)(0.02)/d’ + 0.05156/d". By trial and error, d = 0.619 m.
v =0.2546/0.619° = 0.6645 m/s Ng =dv/v =(0.619)(0.6645)/(1.02 X 107%) =4.03 X 10° °
€/d =0.000046/0.619 = 0.000074

From Fig. A-5, f =0.0145. Try f =0.0145: 4 = (16.52)(0.0145)/d° + 0.05156/d*, d = 0.588 m, v =
0.2546/0.588% = 0.7364 m/s, N = (0.588)(0.7364)/(1.02 X 1075) = 4.25 x 10°, f = 0.0145. Therefore,
d =0.588 m, or 588 mm.

Find the equivalent lengths of 167-mm-diameter pipe, f = 0.024, for (a) a re-entrant pipe entrance (K = 1.0),
(b) a sudden expansion from 167 mm to 334 mm diameter, and (c) a globe valve and a standard tee?

1 L.=KD/f
(a) = (1.0)(0. 167)/0 024 =6.94m
®) K=[1-(D,/DyP=[1- (5)2]2 =0.5625 = (0.5625)(0.167)/0.024 =3.91m

© K=10+18=11.8 L =(11. 8)(0 167)/0.024 =81.9m




FLOW IN CLOSED CONDUITS [ 255

9.252  Find H in Fig. 9-48 for 200 gpm of oil (u = 1 cP, y = 60 1b/ft’) for the angle valve wide open (K = 5.0).
1 ply+vi2g +zi=p.ly +vi/2g+z+h, h,.=h; +h, hy = (F)(L/d)(v*/2g)
Q = (200)(0.002228) = 0.4456 ft*/s v =Q/A=0.4456/[()(%)*/4] = 9.078 ft/s

By Prob. 9.40, u = 0.0002089 Ib - s/ft%; Ny = (v/g)(dv)/p = (60/32.2)()(9.078)/0.0002089 = 2.02 x 10%,
€/d = 0.00015/() = 0.000600. From Fig. A-5, f =0.0275.

hy = 0.0275[212/(5)1{9.078/[(2)(32.2)]} = 29.84 ft
h,, = (K)(v?/2g) = [0.5 + 5.0 + 1.0]{9.078%/[(2)(32.2)]} = 8.32 ft
h,=29.84+832=38.16ft 0+0+2z,=0+0+2+3816 2z —z=H=38.16ft

212-ft 3-in-diam__ 1 Angle

__________________________ 1] valve

Fig. 948

9.253  Find K for the angle valve in Prob. 9.252 for a flow of 10L/s at the same H.

I v =Q/A = [(1555)/0.3048°] /[()(5)*/4] = 7.194 ft/s

= pdv/u = (y/g)(dv)/p = (60/32.2)(+)(7.194)/0.0002089 = 1.60 x 10*
€/d =0.000600  (from Prob. 9.252)

From Fig. A-5, f =0.0285. From Prob. 9.252, H = [(f)(L/d) + K, + K, + K,](v*/2g), 38.16 =

{(0.0285)[212/(%)} + 0.5 + K, + 1.0} {7. 1942/ [(2)(32.2)]}, K, =21.8.
9.254  Calculate the discharge through the system of Fig. 9-48 for water at 25 °C and H =8 m.

I Py +vi2g+zi=poly + 328 + 2+ by

In British Engineering units, we have

hy = (F)(L/d)(v*/2g) = (F)[212/(H)Nv*/[(2)(32.2)]} = 13.17fv*
h,, = (K)(v*/2g) = (0.5 + 5.0 + 1.0){v?*/[(2)(32.2)]} =0.1009v*>  h, = h; + h,, = 13.17fv> + 0.1009v°
0+0+8/0.3048 =0+ 0+ 0 + 13.17fv* + 0.1009v> v =V26.25/(13.17f + 0.1009)

Try f = 0.02: v = V26.25/[(13.17)(0.02) + 0.1009] = 8.489 ft/s, Ng = dv/v = (:5)(8.489)/(9.56 X 10~°) =
2.22 x 10°, €/d = 0.00015/(%) = 0.000600. From Fig. A-5, f =0.019. Try f =0.019: v =
V26.25/[(13.17)(0.019) + 0.1009] = 8.646 ft/s, Nx = (5)(8.677)/(9.56 x 107%) = 2.27 x 10°, f = 0.019
(0.K.); O = Av =[()(2)*/4](8. 646) = 0.4244 ft* /s = (0.4244)(0.3048)* = 0.0120 m*/s, or 12.0 L/s.

9.255  Find the discharge through the pipeline in Fig. 9-49 for H = 10 m, as shown. Use minor loss coefficients for the
entrance, elbows, and globe valve of 0.5, 0.9 (each), and 10, respectively.

1 Py +vi2g+z,=p/y +v3/2g +z,+ h,
= (F)(L/d)(v*/2g) = (30 + 12 + 60)/ (165) { v3/[(2)(9.807)]} = 34.67fv3
h,,, = (K)(v?/2g) = [0.5 + (2)(0.9) + 10]{v2/[(2)(9.807)]} = 0.6271v2
hy =h; + h,, =34.67fv3 +0.6271v3 0+ 0+ 10 =0+ v3/[(2)(9.807)] + 0 + 34.67fv} + 0.6271v3
v = V10/(34.67f +0.6781)

Try f = 0.02: v = V10/[(34.67)(0.02) + 0.6781] = 2.700 m/s, Ny = dv/v = (£5)(2.700)/(1.02 x 107%) =
3.97 x 10°, €/d = 0.00026/(3%) = 0.00173. From Fig. A-5, f =0.023. Try f = 0.023: v =
V10/[(34.67)(0.023) + 0.6781] = 2.603 m/s, Nx = (5%)(2.603)/(1.02 X 10~%) = 3.83 x 10°, f =0.023
(0.K.); Q = Av = [(7)(£53)2/4](2.603) = 0.0460 m’/s, or 46.0 L/s.
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|/ — — T N .di .
H=10m 153 mm-diam clean cast iron pipe 2
t+— eV X =S

L]
L Globe valve I

12m

Standard elbows

’ 60 m
Square-edged entrance Fig. 949

Rework Prob. 9.255 to find Hif Q =60L/s.
I Py +vil2g+zi=p/y+ V328 +,+h,  h,=h;+h,  h =(f)(L/d)(v*/2g)
v =0/A=(:8%)/[(7)(£%)*/4] = 3.395m/s Ne =dv/v = (#%)(3.395)/(1.02 X 10~%) = 4.99 x 10°

€/d=0.00173 (from Prob. 9.255)
From Fig. A-S, f =0.0225.

hy =0.0225[(30 + 12 + 60)/(F5%)]{3.395°/[(2)(9.807)]} =8.99 m
h,, = (K)(v*/28) = [0.5 + (2)(0.9) + 10]{3.395%/[(2)(9.807)]} = 7.23 m
h.=899+7.23=16.22m 0+ 0+ z, =0+ 3.395%/[(2)(9.807)] + z, + 16.22 2 —2z=H=16.81m

Assume that water at 10 °C is to be conveyed at 300 L/s through 500 m of commercial steel pipe with a total
head drop of 6 m. Minor losses are 12v?/2g. Determine the required diameter.

p Ne=Rs/D )
f =Ry/[In (Rs/D + Ro/NL)P @

x=Re+R.D/f &

D = (R)(&*™ + Ryx*3°® @

where R, = (0.66)(e*Q>*)*%, R, = v/e'*Q%", R,=5.74, R, = €/3.7, R,= K/gh,, Rs=4Q/nv, Rs= L/gh,,
R;=1.325, € =0.000046 m, Q =300 L/s, or 0.300 m*/s, v = 1.30 X 10~% m?/s.

K=12 h; =6 mm R, = (0.66)(0.000046'%°0.300%°)** = 0,25351
R, = 1.30 x 107°/(0.000046"*°0.300°*) = 0.38707 R,=0.000046/3.7 = 1.2432 x 10>
R, =12/[(9.807)(6)] = 0.20394 Rs=(4)(0.300)/[(x)(1.30 x 107%)] = 2.9382' 10°
Rq = 500/[(9.807)(6)] = 8.4973
Assume D =1 m. Substituting into Eqgs. (1), (2), (3), and (4),
Ng =2.9382 x 10°/1 = 2.9382 x 10° f=1.325/{In[(1.2432 x 107%)/1 + 5.74/(2.9382 x 10°)*°]}> = 0.014938
x = 8.4973 + (0.20394)(1)/0.014938 =22.150 D = (0.25351){22.150*"° + (0.38707)(22.150%%)]°% = 0.47418 m

Try D = 0.47418 m: Ny = 2.9382 X 10°/0.47418 = 6.1964 x 10°, f = 1.325/{In [(1.2432 x 10~%)/0.47418 +
5.74/(6.1964 X 10°%)°7])? = 0.014086, x = 8.4973 + (0.20394)(0.47418)/0.014086 = 15.363, D =
(0.25351)[15.363*™ + (0.38707)(15.363°2)]>* = 0.44063 m. Try D = 0.44063 m: Ny = 2.9382 X 10°/0.44063 =
6.6682 X 10°, f = 1.325/{In [(1.2432 X 107°)/0.44063 + 5.74/(6.6682 X 10°°°])? = 0.014075, x = 8.4973 +
(0.20394)(0.44063)/0.014075 = 14,882, D = (0.25351)[14.882*7 + (0.38707)(14.88252)** = 0.43783 m. Try D =
0.43783 m: N = 2.9382 x 10°/0.43783 = 6.7108 X 10°, f = 1.325/{In [(1.2432 x 107%)/0.43783 + 5.74/(6.7108 x
10°)°%])? = 0.014074, x = 8.4973 + (0.20394)(0.43783)/0.014074 = 14.842, D = (0.25351)[14.842*™ +
(0.38707)(14.842°%)]°% = 0.43759 m. Therefore, D = 0.438 m, or 438 mm.

One equation for determining the friction factor is 1/Vf=0.869 In (N=VF) -0.8. Compare the smooth pipe
curve on the Moody diagram (Fig. A-5) with results from the equation above for values of Reynolds number of
10°, 10%, and 10°.

I For N, = 10°, from Fig. A-5, f = 0.0178. From the equation, 1/Vf = 0.869{In [(10°)(V/)]} — 0.8. By trial and
error, f =0.0183. For Ng = 10°, from Fig. A-5, f = 0.0116. From the equation, 1/Vf= 0.869{In [(10°)(VP)]} -
0.8. By trial and error, f = 0.0116. For N = 10, from Fig. A-5, f = 0.0082. From the equation,

1/Vf = 0.869{In [(10")(VF)]} — 0.8. By trial and error, f = 0.00810.
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An equation for determining the friction factor developed by Colebrook is 1/Vf= —0.869 In [(e/D)/3.7 +
2.523/(NxVf)]. Check the location of line €/D = 0.0002 on the Moody diagram (Fig. A-5) with the equation
above for a Reynolds number of 10°.

I From Fig. A-5, f = 0.0190. From the equation, 1/Vf= —0.869 In {0.0002/3.7 + 2.523/[(10*)(Vf)]}. By trial
and error, f =0.0192. .

Find the head loss in a pipeline consisting of 200 ft of 4-in steel pipe, a 90° bend on 24-in radius (K = 0.15), 4-in
gate valve (fully open) (K = 0.20), 100 ft of 4-in steel pipe, expansion to 6 in with a 20° taper (K = 0.4), 300 ft of
6-in steel pipe, abrupt contraction to 3-in diameter (K = 0.35), and 50 ft of 3-in steel pipe. The discharge rate is
1.5 cfs.

I h, = (F)(L/d)(v?*/2g), h,, = (K)(v?/2g). For 200 ft of 4-in pipe: v, = Q/A = 1.5/[(%)(&)*/4] = 17.19 ft/s,
Ng = dvy/v = (%)(17.19)/(1.05 X 107°) = 5.46 X 10°, €/d.= 0.00015/(35) = 0.00045. From Fig. A-5, f =0.0175.
hy = 0.0175[200/(5)1{17.19*/[(2)(32.2)]} = 48.2 ft.

For bend: h,, = 0.15{17.19%/[(2)(32.2)]} = 0.7 ft.

For gate valve: h,, =0.20{17.19*/[(2)(32.2)]} = 0.9 ft.

For 100 ft of 4-in pipe: i, = 0.0175[100/(:%)]1{17.19%/[(2)(32.2)]} = 24.1 ft.

For expansion: v, = 1.5/[(7)(&)?/4] = 7.639 ft/s, h,, = 0.4{17.19 — 7.639)*/[(2)(32.2)]} = 0.6 ft.

For 300 ft of 6-in pipe: N = (5)(7.639)/(1.05 X 107%) = 3.64 X 10°, €/d = 0.00015/(%) = 0.00030, f = 0.0170,
hy = 0.0170[300/(:5)1{7.639%/[(2)(32.2)]} = 9.2 ft.

For abrupt contraction: v; = 1.5/[(7)($)?/4] = 30.56 ft/s, h,, = 0.35{30.56*/[(2)(32.2)]} = 5.1t.
For 50 ft of 3-in pipe: N = ()(30.56)/(1.05 X 10™%) =7.28 x 10°, €/d = 0.00015/(%) = 0.00060, f = 0.0180,
h, = 0.0180[50/()]{30.56*/[(2)(32.2)]} = 52.2ft, h, =48.2+ 0.7+ 0.9+ 24.1 + 0.6 + 9.2 + 5.1 + 52.2 = 141.0 ft.

Using the Darcy—Weisbach formula, find the head loss in 1000 ft of 6-ft-diameter smooth concrete pipe cérrying
80 cfs of water at 50 °F.

I ke =(f)(L/D)(v*/2g) v =Q/A=80/[(w)(6)*/4] =2.829ft/s
Ng = Dv/v = (6)(2.829)/(1.40 X 10~°) = 1.21 x 10° €/D =0.001/6 = 0.:000167
From Fig. A-5, f =0.014,
hy = (0.014)(*¥9){2.829%/[(2)(32.2)]} = 0.290 ft
Solve Prob. 9.261 using the Manning formula.

1 v = (1.486/n)(R)**(s)"*=2.829ft/s  (from Prob. 9.261)
n=0.013  (from Table A-13) R=D/4=5=1.5001t
2.829 = (1.486/0.013)(1.500)*(s)"* s =0.0003567 h, = (0.0003567)(1000) = 0.357 ft

Solve Prob. 9.261 using the Hazen—Williams formula.

[ v =1.318CR*%s*% =2.829ft/s  (from Prob. 9.261)
C=120 (from Table A-14) R=1500ft (from Prob. 9.262)
2.829 = (1.318)(120)(1.500)>%(s)>** s =0.0003618 h, = (1000)(0.0003618) = 0.362 ft

Using the Darcy—~Weisbach formula, find the head loss in 100 ft of 3-ft-diameter welded steel pipe carrying
15 cfs of water at 60 °F.

I hy = (f)(L/D)(v?/2g) v = Q/A=15/[(%)(3)*/4] =2.122 ft/s
Ne = Du/v = (3)(2.122)/(1.21 X 10~%) = 5.26 x 10° €/D = 0.00015/3 = 0.000050
From Fig. A-5, f = 0.0135. h, = (0.0135)(2){2.122%/[(2)(32.2)]} = 0.031 t.
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. pipe diagram, find the pipe friction loss per 100 m of pipe.

Solve Prob. 9.264 using the Manning formula with » = 0.012.
1 v =(1.486/n)(R)**(s)*=2.122ft/s  (from Prob. 9.264)
R=D/4=35=0.7500ft  2.122 = (1.486/0.012)(0.7500)**(s)"* s = 0.0004309
h, = (0.0004309)(100) = 0.043 ft

Solve Prob. 9.264 using the Hazen—Williams formula with C = 120.
1 v'=1.318CR*%*% =2.122ft/s  (from Prob. 9.264)
R =0.7500 ft (from Prob. 9.265)
2.122 = (1.318)(120)(0.7500)*%(s)>** s =0.0004769 h; = (100)(0.0004769) = 0.048 ft

A 36-in-diameter concrete pipe is 4000 ft long and has a head loss of 12.7 ft. Find the discharge capacity of water
for this pipe by the Hazen-Williams formula

1 v = 1.318CR®%s%5 = (1.318)(120)[(3)/4]°(12.7/4000)*** = 5.906 ft/s
0 = Av = [(7)(%)%/4](5.906) = 41.7 £t*/s

Solve Prob. 9.267 using the Manning formula.
] v = (1.486/n)(R)*"(s)"* = (1.486/0.013){(35)/417*(12.7/4000)"* = 5.317 ft/s
Q = Av = [(7)(%)*/4](5.317) = 37.6 ft*/s
A 1-m-diameter new cast iron pipe is 845 m long and has a head loss of 1.11 m. Find the discharge capacity of
water for this pipe by the Hazen-Williams formula.
1 v = 0.8492CR*%s*>* = (0.8492)(130)(3)**(1.11/845)*** =1.281 m/s
Q = Av = [(7)(1)?/4)(1.281) = 1.01 m*/s

Solve Prob. 9.269 using the Manning formula. :
1 v = (1.0/n)(R)**(s)"* = (1.0/0.013)(})**(1.11/845)"* = 1.106 m/s
Q = Av =[(x)(1)*/4](1.106) = 0.869 m’/s

A riveted steel pipe must transport 2.4 ft*/s of water a distance of 190 ft with a head loss of 2.7 ft. Find the
necessary pipe diameter using the Hazen—Williams formula.

1 v =1.318CR*%s*> = Q/A = 2.4/(xD?/4) = 3.056/ D?

3.056/D*= (1.318)(110)(D/4)*%*(2.7/190)*** D =0.7695ft or 9.23in
A square concrete conduit must transport 4.0 m>/s of water a distance of 45 m with a head loss of 1.80 m. Find
the necessary conduit size using the Hazen—-Williams formula.
I v =0.8492CR">®s**. Let a = length of conduit side. v = Q/A = 4.0/a? 4.0/a*=
(0.8492)(120)(a*/4a)**(1.80/45)**, a = 0.788 m.
Solve Prob. 9.267 using the Hazen—Williams pipe diagram.
I Let h, = unit head loss. k, = 12.7/4000 = 0.003175. From Fig. A-13 with A, = 0.003175 and D = 3 ft, or 36in,
Q =41.51t/s. :
Solve Prob. 9.269 using the Hazen—Williams pipe diagram.

I h,=1.11/845 = 0.001314. From Fig. A-14 with &, =0.001314 and D = 1 m, or 1000 mm, Q = 0.91 m*/s. This
value of Q is for C = 120 (since the pipe diagram is for C = 120). Inasmuch as C = 130 for new cast iron (Table
A-14), this value of Q must be adjusted. Since Q varies directly with C, 0.91/(Q)c_130 = 128, (Q)c130 =

0.99 m®%/s.

Water is flowing in a 500-mm-diameter new cast iron pipe at a velocity of 2.0 m/s. Using the Hazen—Williams
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I C =130 for new cast iron pipe. In order to use the pipe diagram (Fig. A-14) for which C =120, the given
velocity must be adjusted for a value of C of 120. Since velocity varies directly with C, 2.0/(v)c-120 = 139,
(v)c=120 = 1.85 m/s. From Fig. A-14 with v = 1.85 m/s and D = 500 mm, A, = 0.0067 m/m, or 0.67 m per 100 m.
p = vh =(9.79)(0.67) = 6.6 kPa per 100 m.

A new cast iron pipe must carry 30 cfs of water at a head loss of 19.0 ft per mile of pipe length. Find the
required pipe diameter using the Hazen—Williams pipe diagram.

I h,=19.0/5280 = 0.003598. C = 130 for new cast iron pipe. In order to use the pipe diagram (Fig. A-13) for

_which C =120, the given discharge must be adjusted for a value of C of 120. Since discharge varies directly with

C, 30/(Q)c=120 = 129, (Q)c120=27.7 cfs. With Q =27.7 cfs and h, = 0.003598, a pipe diameter of 30in is
determined from Fig. A-13.

Solve Prob. 9.270 using the Manning pipe diagram with n = 0.012.

I h,=1.11/845=0.001314. With D = 1 m, or 1000 mm, and A, = 0.001314, a discharge of 0.88 m®/s is
determined from Fig. A-16. Inasmuch as Fig. A-16 is for n = 0.013 and # is 0.012 in this problem, this discharge
must be adjusted. Since discharge varies inversely with 7, 0.88/(Q),~0.012 = 0.012/0.013, (Q), 0,012 = 0.95 m’/s.

A concrete pipe must carry 80 cfs of water at a head loss of 1.5 ft per 100 ft of pipe length. Find the required
pipe diameter using the Manning pipe diagram.

I h,=1.5/100=0.015. With Q = 80 cfs and h, = 0.015, a pipe diameter of about 36 in is determined from
Fig. A-15.

Solve Prob. 9.278 for the same given conditions except that the pipe has an n value of 0.015.
i1 hy=0.015  (from Prob. 9.278)

The Manning pipe diagram (Fig. A-15) is for a value of n of 0.013. The given discharge (80 cfs) is for a value of
n of 0.015. In order to use Fig. A-15, the given discharge must be adjusted for a value of n of 0.013. Since
discharge varies inversely with 7, 80/(Q),-¢.013 = 0.013/0.015, (Q),=.013 = 92.3 cfs. With Q =92.3 cfs and
h,=0.015, a pipe diameter of about 38 in is determined from Fig. A-15.

A capillary tube of inside diameter 6 mm connects tank A and open container B as shown in Fig. 9-50. The
liquid in A, B, and capillary CD is water having a specific weight of 9780 N/m? and a viscosity of
0.0008 kg/(m - s). The pressure p, = 34.5 kPa gage. Which direction will the water flow? What is the flow rate?

I Assume laminar flow from B to A.
2
Pay Vi, PayVhLo L, 128410 (1289)0.008)43)Q)_
Yy 28 Yy 2 ayD ()(9780)(36x)
0+0+ (1.4+4.35in45°)=34.5/9.79+ 0+ 1 + 11 058Q

Q0=-755x10"°m?/s or —7.55x1073L/s

11 058Q

Since Q is negative, the flow must be from A to B. Check for laminar flow: v = Q/A = (7.55 X
1079)/[()(8%)?/4] = 0.2670 m/s, Nr = pDv/p = (9780/9.807)(15%)(0.2670)/0.0008 = 1997 (laminar).

VY
Container B

/TankA

T Fig. 9-50




260 U CHAPTER 9

9.281

9.282

9.283

9.284

An equivalent length of pipe is one whose head loss for the same value of flow is equal to that of some other
system of different geometry for which it is equivalent. Consider a steel pipe of inside diameter 10.02 in having
in it an open globe valve (K = 4.8) and four screwed 90° elbows (K = 0.42 each). The length of the pipe is

100 ft, and 5 ft*/s of water at 60 °F flows through the pipe. What is the equivalent length of pipe with inside
diameter 13.00 in?

d For the given pipe: h, =h, + h,,, b, = (f)(L/d)(v*/2g), v = Q/A = 5/[(7)(10.02/12)*/4] = 9.131 ft/s,
Nr=dV [v=(10.02/12)(9.131)/(1.21 X 10~°) = 6.30 % 10°, €/d = 0.00015/(10.02/12) = 0.00018. From
Fig. A-5, f =0.015. h, = 0.015[100/(10.02/12)]{9.131%/[(2)(32.2)]} = 2.33ft, h,, = (K)(v*/2g) = [4.8 +
(4)(0.42)){9.131%/[(2)(32.2)]} = 8.39ft, h, =2.33 + 8.39 = 10.72 t.

For the equivalent pipe: v = 5/[(7)(13.00/12)%/4] = 5.424 ft/s, Ny = (13.00/12)(5.424)/(1.21 X 10~5) = 4.86 X
10°, €/d = 0.00015/(13.00/12) = 0.000138, f = 0.015, 10.72 = 0.015[L./(13.00/12)]{5.424%/[(2)(32.2)]}, L. =
1695 ft.

A 100-ft-long duct transports air at 50 °F (assumedy constant) at the rate of 8000 ft*/min. The duct is made of
galvanized iron and has a cross section of 2 ft by 1 ft. Find the outlet pressure, if the inlet pressure is 16.7 psia.

¥ Assume incompressible, isothermal, fully turbulent flow.
ply+ 0328 +z,=p./y+vif2g+mn+h,  ho=h,=(f)L/d)(v*/2g) Ng=pdv/u
p =p/RT = (16.7)(144)/[(1716)(460 + 50)] = 0.002748 slug/ft’ y = pg = (0.002748)(32.2) = 0.08849 Ib/ft’
d=D,=4A/p., =4Q2)D)]/[(2)2+ 1)]=1.333 1t v=0/A=(8Y/[(2)(1)] = 66.67 ft/s
Ni = (0.002748)(1.333)(66.67)/(3.68 X 10") =6.64 x 10° (0.K.) €/d = 0.0005/1.333 = 0.000375
From Fig. A-5, f = 0.0165.
h, = (0.0165)(100/1.333){66.67°/[(2)(32.2)]} = 85.43 ft

P1/0.08849 + v}/2g + 0= p,/0.08849 + v3/2g + 85.43
vi/2g =vif2g p1— p.=1.56 Ib/ft? p2=16.7—7.56 = 9.1 psia

In a heating system, there is a run of insulated duct of 50 m carrying air at a temperature of 35 °C at a pressure
at the inlet of 100 kPa. The duct has a rectangular cross section of 650 mm by 320 mm. If there is a pressure
drop from inlet to outlet of 5 mm of mercury, what is the volumetric flow? For such a small pressure drop in the
duct, treat the flow as incompressible. Take R =287 J/(kg - K). The duct is galvanized iron. Consider that the
flow is entirely turbulent.

1 Py +vi2g+zi=p./y+vi/2g++ by h,=h, = (F)(L/d)(¥*/28) Ng = pdv/u
p =p/RT = (100)(1000)/[(287)(273 + 35)| = 1.131 kg/m*  y = pg = (1.131)(9.807) = 11.09 N/m’
d =D, =4A/p,, = 4({5)(G)/[(2) (3o + {50)] = 0.4289 m k. = (£)(50/0.4289){v*/[(2)(9.807)]} = 5.944f’
P — P2= 150l(13.6)(9.79)] =0.6657kPa or 665.7Pa  p,/y—p,/y +vi/2g+2z,=v3/28 +z,+h,
v¥2g =v3/2g  665.7/11.09+0=0+594f> v=3.178/Vf
Try f£=0.016: v=3.178/V0.016 =25.12m/s, Ng=(1.131)(0.4289)(25.12)/(1.88 x 10~5) = 6.48 X 10°, €/d=
0.00015/0.4289 = 0.000350. From Fig. A-S, f =0.0165. Try f = 0.0165: v = 3.178/V0.0165 =24.74 m/s,

Ne = (1.131)(0.4289)(24.74)/(1.88 X 10~ = 6.38 X 10°, f=0.0165 (O.K.); O =Av = [(E2)(Z2)](24.74) =
5.15m’/s.

Water.at 60 °F flows through a smooth pipe of 12 in diameter at 9 ft*/s. Estimate the shear stress at the wall and
the thickness of the viscous sublayer.

(] v =Q/A =9/[(n)(2)*/4] = 11.46 ft/s
7o = 0.03325pv%(v/Ru)"* = (0.03325)(1.94)(11.46)2{(1.21 X 10~%)/[(£)(11.46)]} " = 0.323 Ib/fe®
8, ="5v/v, = 5vVp/to= (5)(1.21 X 10~%)V1.94/0.323 = 0.000148 ft or 0.00178 in
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Solve Prob. 9.284 if the shear stress is given by 1, = (f/4)(pv?/2).
1 =dv/v=($)(11.46)/(1.21 X 10~°) = 9.47 X 1¢°
From Fig. A-5, f =0.0118.
7o = (0.0118/4)[(1.94)(11.46)?/2] = 0.376 Ib/ft
8, =5v/v, =5vVp/To= (5)(1.21 X 10"%)V1.94/0.376 = 0.0001374 ft or 0.00165 in

What head H is needed in Fig. 9-51 to produce a discharge of 0.3 m>/s? Use minor loss coefficients of 0.5 for the
entrance and 0.12 for the diffusers.
I p.y+vil2g+z,=psly+vi2g+zs+h, h =h+h,  h=()L/Id)(V*/ 2g) Ng =dv/(u/p)

v, = Q/A, =0.3/[(7)(0.210)*/4] = 9.549 m/s (N=): = (0.210)(9.549)/[(0.04)(0.1)/1000] = 5.01 X 10°
From Fig. A-5, f; =0.013.

= Q/A,=0.3/[(x)(0.305)*/4] = 4.244 m/s (Nr). = (0.305)(4.244)/[(0.04)(0.1)/1000] = 3.24 x 10°
£=0.014 hy = 0.013[30/(0.210)]{9.549%/[(2)(9.907)]} + 0.014[60/(0.305)]{4.244%/[(2)(9.907)]} = 11.64 m

For entrance: h,, = (K)(v*/2g), (h,.)y=0.5{9.549%/[(2)(9-907)]} =2.32 m.
For first diffuser: h,, = (K)(v, — v,)*/2g, (h,,). = (0.12)(9.549 — 4.244)*/[(2)(9.807)] = 0.17 m.

For second diffuser: v, = Q/A, = 0.3/[()(0.450)*/4] = 1.886 m/s, (h.»), = (0.12)(4.244 — 1.886)*/[(2)(9.807)] =
0.03m.

For exit: (h,,), = 1.0{1.886%/[(2)(9.807)]} = 0.18 m,
H=h,=11.64 +2.32+0.17 + 0.03 +0.18 = 14.34 m.

Smooth pipe Fig. 9-51

Calculate the discharge through the siphon of Fig. 9-52 (H = 4 ft) without the conical diffuser. Use minor loss
coefficients of 1.0 for both the entrance and exit, and 0.9 for each elbow.

[ Paly +V2i/28 + 2o =paly + V528 + 25+ hy
= (f)(L/d)(v*/2g) = f[(10 + 18 + 12)/ (F){v*/[(2)(32.2)]} = 0.9317fv*
B = (K)(v%/28) = [(1.0+ ()(0.9) + LOKVH/[()(32.D)]} = 0.059010>  h, = hy +h,, = 0.9317fv + 0.05901v>
0+0+4=0+0+0+0.9317fv>+0.05901v> v =V/4/(0.9317 +0.05901)

Try f =0.016: v = V4/[(0.9317)(0.016) + 0.05901] = 7.356 ft/s, Nx = dv/v = (£)(7.356)/(1.21 x 10~°) =
4.05 x 10°, €/d = 0.00015/(%) = 0.000225. From Fig. A-5,f =0.016 (0.K.). Q = Av = [(w)(%)*/4](7.356) =

2.57 ft*/s. Standard elbo ‘
_— tandard elbow
¥ 2 N
= T
6l 18—} Elf
- ~‘k);ﬂ }I{ lzl ft
; B
% T |
. Water 8md|am l
60°F steel pipe
[}
-~ l1sp
Fig. 9-52
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- Calculate the discharge in the siphon of Fig. 9-52 for H = 8 ft and with diffuser included. Use minor loss

coefficients of 1.0 for both the entrance and exit, 0.9 for each elbow, and 0.15 for the diffuser.
i1 Paly +Vi/28 + 2 =pply +vi/2g + 25 + by, (n
ho=h; +h,  he=(f)L/d)(v*/28) =f[(10 + 18 + 12)/ (H)Hv1/[(2)(32.2)]} = 0.9317fv}
h,, = (K)(v?/2g) for entrance, exit, and elbows. h,, = (K)(v, — v,)?/2g for diffuser.
A =A0,  [(R)(@)/41(v:) = {(®IAS)E)F/4}(v) v, =0.44440,
By =[1.0+ (2)(0.9)]{v3/[(2)(32.2)]} + 0.15(v, — 0.4444v,)*/[(2)(32.2)]
+ 1.0{(0.4444v,)2/[(2)(32.2)]} = 0.047260>

h.=0.9317fv} +0.04726v7 0+ 0+8=0+ 0+ 0+ 0.9317fv? + 0.04726v*
v =V8/(0.9317f + 0.04726)

Try f =0.015: v = V8/[(0.9317)(0.015) + 0.04726] = 11.43 ft/s, Nx = dv/v = (£)(11.43)/(1.21 X 10™5) =

6.30 X 10°, €/d = 0.00015/(%) = 0.000225. From Fig. A-5, f = 0.0155. Try f = 0.0155: v =
V8/[(0-9317)(0.0155) + 0.04726] = 11.39 ft/s, N = (£)(11.39)/(1.21 X 10~) = 6.28 X 10°,
£=0.0155 (0.K.); @ = Av = [(w)(£)?/4](11.39) = 3.98 t*/s.

Find the discharge through the siphon of Fig. 9-53, as well as the minimum pressure in the system. Use minor
loss coefficients of 1.0 for the entrance, 0.1 for the nozzle, and 2.2 for the bend.

I Let v = velocity of water in the pipe and v, = velocity through the nozzle. Since velocity varies with the
square of diameter, v, = 4v.

pily+vi/2g+z,=p,/y +vif2g+ 2, +h, (H
hy = (F)(L/d)(v*/28) = F[(6 + 1.8 + 3.6)/0.100]{v*/[(2)(9.807)]} = 5.812fv*
h = (K)(v*/2g) = (1.0 + 2.2){v*/[(2)(9.807)]} + (0.1){v/[(2)(9.807)]}
= (1.0 +2.2){v*/[(2)(9.807)]} + (0.1){(4v)2/[(2)(9.807)]} = 0.24470>
hy=hy +h, =5.812f07 + 024470 0+ 0+ (6 — 1.8) = 0+ (40)2/[(2)(9.807)]
 +(6-1.8-3.6)+5812/2+0.2447v* v =3.6/(5.812f + 1.060)

Try f = 0.03: v =V3.6/[(5.812)(0.03) + 1.060] = 1.708 m/s, N = pdv/u = [(0.81)(1000)](0. 100)(1.708)/0.01 =
1.38 x 10°. From Fig. A-5, f =0.028. Try f =0.028: v = V/3.6/[(5.812)(0.028) + 1.060] = 1.716 m/s, Ng =
[(0.81)(1000)](0.100)(1.716)/0.01 = 1.38 x 10%, f =0.028 (O.K.); Q = Av = [(%)(0. 100)*/4])(1.716) =
0.0135 m?/s, or 13.5L/s.

Minimum pressure would occur at point 3. Apply Eq. (1) between points 1 and 3: h; =
0.028[6/0.100]{1.716*/[(2)(9.807)]} = 0.2522 m, h,, = (1.0 + 2.2){1.716*/[(2)(9.807)]} = 0.4804 m, h, =
0.2522 +0.4804 = 0.7326 m, 0 + 0 + 0 = p,/[(0.81)(9.79)] + 1.716*/[(2)(9.807)] + 1.8 + 0.7326, p, = —21.3 kPa.

~Close return bend

1 150 mm diam
"~ smooth pipe
T T
67m
R 36m
. |
>
T ~150 mm
Ftuid,s.4= 0.81

u =001Pas 50 mm diam nozzle - Fig. 9-53
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With reference to Fig. 9-54, what is the maximum height of point A for no cavitation? Barometer reading is
29.5 in of mercury. Use minor loss coefficients of 1.0 for both entrance and exit, and 4.5 for the globe valve.

I First calculate the flow velocity v.
Py +vi2g +zi=p,/y +v3/2g + 2+ hy (1)
hy = (f)(L/d)(v*/2g) = f[(100 + 70 + 105)/(:5)[{v*/[(2)(32.2)]} = 6.405fv*
b, = (K)(v*/28) = (1.0 + 4.5 + 1.0){(v¥/[(2)(32.2)]} = 0.1009v
h,=h;+h, = 6.405fv* + 0.1009v° 0+0+12=0+ 0+ 0+ 6.405fv” + 0.1009v>
v = V12/(6.405f + 0.1009)

Try f =0.013: v = V12/[(6.405)(0.013) + 0.1009] = 8.072 ft/s, Ng =dv/v = (5)(8.072)/(1.21 X 10 %) =

4.45 x 10°. From Fig. A-5, f =0.0135. Try f = 0.0135: v = V12/[(6.405)(0.0135) + 0.1009] = 8.003 ft/s,

Nz =(£)(8.003)/(1.21 X 107°) =4.41 x 10°, f =0.0135 (O.K.). Now, to find the maximum height of point A,
apply Eq. (1) between points 1 and A: h, = 0.0135[100/(35)1{8.003%*/[(2)(32.2)]} = 2.014 ft, h,, =0, h, =

2.014 + 0 =2.014 ft. From Table A-1, p, = 36.51b/ft>. p.um = [(13.6)(62.4)](29.5/12) = 2086.2 Ib/ft>. At
cavitation, p = (2086.2 — 36.5)/62.4 = 32.85 ft (vacuum), or —32.85ft, 0+ 0+ 0= —32.85+0.995 + z, + 2.014,
24 =29.8 ft. (z, is the height of point A above the water surface in the left reservoir.)

Globe valve

8.in.-diamefer ¢ 1h pipe §
Water a{’te60‘me pe Fig. 9-54

What diameter smooth pipe is required to convey 8 L/s of kerosene (v = 1.93 X 10~° m?/s) at 32 °C, 150 m with
a head of 5 m? There are a valve and other minor losses with total K of 7.6.
i1 Py +vi2g +i=p.ly+v3/2g + n+h,  v=Q/A=(Te)/(xD*/4)=0.01019/D*
hy = (f)(L/d)(v*/2g) = (£)(150/ D){(0.01019/ D*)*/[(2)(9.807)]} = 0.0007941f / D*
h., = (K)(v*/2g) = 7.6{(0.01019/ D?)*/[(2)(9.807)]} = 0.00004023/D*
h. = hs + h,, =0.0007941f /D’ + 0.00004023/ D* pily+z—pily—2z=5
vif2g =v3/2g 5 =0.0007941f/D° + 0.00004023/D*

Try f = 0.02: 5= (0.0007941)(0.02)/D? + 0.00004023/ D*. By trial and error, D =0.0826 m. Ny = Dv/v =
(0.0826)(0.01019/0.0826%)/(1.93 X 107°) = 6.39 X 10*. From Fig. A-5, f =0.0195. Try f = 0.0195: 5=
(0.0007941)(0.0195)/ D° + 0.00004023/D*, D = 0.0822 m, N = (0.0822)(0.01019/0.0822%)/(1.93 x 10™°) =
6.42 x 10*, f = 0.0195. Therefore, D = 0.0822 m, or 82.2 mm.

Find the value of the Hazen—Williams coefficient for the water flow in Prob. 9.130.
1 v =1.318CR*%s"** = Q /A =3.2/[(7)(%)*/4] = 1.0186 ft/s
1.0186 = (1.318)(C)[(35)/4]>%*(0.0003/1)*** C=0955
Find the value of the Hazen—Williams coefficient for the case where water flows at 0.20 m*/s in a 1-m-diameter
pipeline with a head loss of 0.0012 m/m.
1 v = 0.8492CR%%s*% = 0/ A = 0.20/[(7)(1)*/4] = 0.2546 m/s
0.2546 = (0.8492)(C)[1/4]*%(0.0012)>>* C=27.1

Manning’s n equals 0.0132 when water at 50 °F flows at a Reynolds number of 1.10 X 107 through a tunnel that is
16 ft in diameter. Determine the average value of €.

2

P50 e (gm) w0 06
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Equating s and h, /L gives

(e -06) (el - (i) r-so

From Fig. A-5 with f =0.0128 and N = 1.10 X 107, €/d = 0.00015; € = (16)(0.00015) = 0.00240 ft, or 0.0288 in.

9.295  Prepare a computer program that will determine for a single pipe with constant diameter either the flow rate or
the required conduit diameter for closed conduit, incompressible flow. The program must be usable for
; problems in both the USCS and the SI.

THIS PROGRAM DETERMINES THE FLOW RATE OR THE REQUIRED CONDUIT
DIAMETER FOR CLOSED CONDUIT, INCOMPRESSIBLE FLOW. IT CAN BE USED
FOR PROBLEMS IN BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTER-
NATIONAL SYSTEM OF UNITS. THE APPLICATION OF THE PROGRAM IS
LIMITED TO CASES INVOLVING A SINGLE PIPE WITH CONSTANT DIAMETER.

THIS PROGRAM IS BASED ON THE SOLUTION OF THE BERNOULLI EQUATION;
ACCORDINGLY, CERTAIN DATA MUST BE ENTERED FOR EACH OF TWO POINTS
IN A PIPE SYSTEM. HOWEVER, BOTH THE VELOCITY AT POINT 1 AND THE
VELOCITY AT POINT 2 ARE NOT CONSIDERED AS KNOWN VALUES INITIALLY.
IF EITHER VALUE OF VELOCITY IS ESSENTIALLY ZERO (SUCH AS AT A
RESERVOIR OR TANK SURFACE), ENTER O (ZERO) FOR THAT VELOCITY (OR
FOR BOTH VELOCITIES IF BOTH ARE ESSENTIALLY ZERO). OTHERWISE,
ENTER 1.0 FOR ALL OTHER VELOCITIES.

INPUT DATA MUST BE SET UP AS FOLLOWS.

CARD 1 COLUMN 1 ENTER O (ZERO) OR BLANK IF ENGLISH SYSTEM
OF UNITS IS TO BE USED. ENTER 1 (ONE)
IF INTERNATIONAL SYSTEM OF UNITS IS TO
BE USED.
COLUMNS 2-79 ENTER TITLE, DATE, AND OTHER INFORMATION,
IF DESIRED.
CARD 2  COLUMNS 1-10 ENTER NUMBER. INCLUDING DECIMAL GIVING
GAUGE PRESSURE AT POINT 1  (IN POUNDS
PER SQUARE INCH OR KILOPASCALS).
COLUMNS 11-20 ENTER NUMBER INCLUDING DECIMAL GIVING
GAUGE PRESSURE AT POINT 2 (IN POUNDS
PER SQUARE INCH OR KILOPASCALS).
COLUMNS 21-30 ENTER O (ZERO) OR BLANK IF VELOCITY AT
POINT 1 IS ESSENTIALLY ZERO; OTHERWISE,
ENTER 1.0.
COLUMNS 31-40 ENTER O (ZERO) OR BLANK IF VELOCITY AT
POINT 2 IS ESSENTIALLY ZERO; OTHERWISE,
ENTER 1.0.
COLUMNS 41-50 ENTER NUMBER INCLUDING DECIMAL GIVING
ELEVATION AT POINT 1 (IN FEET OR METERS).
COLUMNS 51-60  ENTER NUMBER INCLUDING DECIMAL GIVING
. . ELEVATION AT POINT 2 (IN FEET OR METERS).
COLUMNS 61~70  ENTER NUMBER INCLUDING DECIMAL GIVING
ACTUAL ENERGY ADDED (IN HORSEPOWER OR
KILOWATTS) .
COLUMNS 71-80  ENTER NUMBER INCLUDING DECIMAL GIVING
ACTUAL ENERGY REMOVED (IN HORSEPOWER OR
KILOWATTS) .
CARD 3  COLUMNS 1-10 ENTER NUMBER INCLUDING DECIMAL GIVING
TOTAL "MINOR LOSSES" (IN FEET OR METERS).
COLUMNS 11-20  ENTER NUMBER INCLUDING DECIMAL GIVING
DIAMETER OF CONDUIT (IN INCHES OR
MILLIMETERS) .
COLUMNS 21~-30  ENTER NUMBER INCLUDING DECIMAL GIVING
LENGTH OF CONDUIT (IN FEET OR METERS).

COLUMNS 31-40 ENTER NUMBER INCLUDING DECIMAL GIVING
KINEMATIC VISCOSITY OF FLUID (IN SQUARE
FEET PER SECOND OR SQUARE METERS PER
SECOND) .

COLUMNS 41-50 ENTER NUMBER INCLUDING DECIMAL GIVING
ROUGHNESS OF CONDUIT MATERIAL (IN FEET
OR METERS). ENTER A VALUE OF O (ZERO)
FOR "SMOOTH" CONDUITS.
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COLUMNS 51-60 ENTER NUMBER INCLUDING DECIMAL GIVING
SPECIFIC (OR UNIT) WEIGHT OF FLUID (IN
POUNDS PER CUBIC FOOT OR KILO-
NEWTONS PER CUBIC METER).

COLUMNS 61-70 ENTER NUMBER INCLUDING DECIMAL GIVING
FLOW RATE OF FLUID (IN CUBIC FEET PER
SECOND OR CUBIC METERS PER SECOND).

CARD 4 COLUMNS 1-24 ENTER TYPE OF FLUID
COLUMNS 25-48 ENTER TYPE OF CONDUIT.

tl’t**ﬂﬁ***ﬁt*tt**iﬁ*i**i**ﬁi**ttt*****'k*i**'***ti**ﬁtfﬁi!iiti*****ﬁ*i*

NOTE WELL....EITHER THE FLOW RATE (COLUMNS 61-70) OR THE
CONDUIT DIAMETER (COLUMNS 11-20), WHICHEVER ONE IS TO BE DETER~
MINED BY THIS PROGRAM, SHOULD BE LEFT BLANK ON CARD 3.

* % ¥ ¥ *
* % b ¥ %

**i****l‘*tﬁf*tl*******i*t****iit*******ii**t*'httt**t’t*iit*i*i*’*it'tt

MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE
INCLUDED FOR PROCESSING. .

REAL L
DIMENSION TITLE (13),FLUID(4)},PIPE(4)
INTEGER UNITS
COMMON F,ED,RN
PI=3.14159265
READ(5,100,END=2) UNITS, TITLE
FACTOR=12.0
IF (UNITS.EQ. 1)FACTOR=1000.0

100 FORMAT(I1,13A6)
WRITE(6,101)TITLE

101 FORMAT('1',13R6,////)

READ{(5,102)P1,P2,V1,V2,21,22 HA,HR,HM,D,L, VIS ,E,SW,Q,FLUID,PIPE
102 FORMAT (8F10.0/7F10.0/8A6)
P1SW=P1/SW*FACTOR**2
IF (UNITS.EQ.1)P1SW=P1/SW
G=32.2
IF (UNITS.EQ.1)G=9.807
P2SW=P2/SW*FACTOR**2
IF (UNITS.EQ.1)P2SW=P2/SW
FF=0.02
IF(Q.GT.0.0001)GO TO 117
IF(V1.GT.0.0001)Vi=1.0/2.0/G
1F(V2.GT.0.0001)v2=1.0/2.0/G
105 HF=FF*L/D*FACTOR/2.0/G
HAT=550.*HA/SW
IF (UNITS.EQ. 1) HAT=HA/SW
HRT=550. *HR/SW
IF (UNITS.EQ. 1)HRT=HR/SW
©=0.001
VTRY=(Q/(PI*{D/FACTOR)**2/4.0))**2
TRY1=P1SW+VTRY *V1+2 1 +HAT /Q-HRT /Q- (P2SW+VTRY*V2+22+HF *VTRY)
116 Q=0+0.001
VTRY= (Q/ (PI*{D/FACTOR) **2/4.0)) **2
TRY?2=P1 SW+VTRY *V1+21 +HAT /Q-HRT/Q~ (P2SW+VTRY *V2+Z2+HF *VTRY)
IF (TRY1*TRY2) 114,114,115
115 TRY1=TRY2
GO TO 116
114 ©=Q-0.0005
v=Q/(P1*(D/FACTOR)**2/4.0)
‘RN=D /FACTOR*V/VIS
ED=E/D*FACTOR
CALL ROUGH
DIFF=ABS (F-FF)
IF(DIFF.LT.0.0001)GO TO 104
FF=F
GO TO 105
104 IF(V1.GT.0.0001)V1=V
IF (V2.GT.0.0001)V2=V
IF (UNITS.EQ.O)WRITE(6,106)P1,P2,21,22,HA,HR,HM,D,L,FLUID,PIPE,Q,
*y1,V2
106 FORMAT (1X,'GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM
*PRESSIBLE FLOW',//5X,"PRESSURE AT POINT i =',F7.1,' PSI',//5X,'PRE

\
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*SSURE AT POINT 2 =',F7.1,' PSI',//5X,'ELEVATION AT POINT 1 =',
*F7.1,' FT',//5X,'ELEVATION AT POINT 2 =',F7.1,' FT',//5X,'ACTUAL E
*NERGY ADDED BETWEEN POINTS 1 AND 2 =',F5.1,' HP',//5X,'ACTUAL ENER
*GY REMOVED BETWEEN POINTS 1 AND 2 =',F5.1,' HP',//5X,'MINOR HEAD L
*OSSES BETWEEN POINTS 1 AND 2 =',F5.1,' FT',//5X,'DIAMETER OF CONDU
*IT =',F6.2,"' IN',//S5X,'LENGTH OF CONDUIT =',F8.1,' FT',//5X,'FLUID
* FLOWING IS ',64A6,//5X,'CONDUIT MATERIAL IS ',4A6,////1X,'THE FLOW
* RATE WILL BE',F7.1,' CU FT/S',//SX,'VELOCITY AT POINT 1 =',F6.2,
*' PT/S',//5X,'VELOCITY AT POINT 2 =',6F6.2,' FT/S')
IF (UNITS.EQ.1)WRITE(6,107)P1,P2,21,22,HA ,HR,HM,D,L,FLUID,PIPE,Q,
*Vi,v2

107 FORMAT (1X,'GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM
*PRESSIBLE 'FLOW',//5X,'PRESSURE AT POINT 1-=',F7.1,' KPA',//5X,'PRE
*SSURE AT POINT 2 =',F7.1,' KPA',//5X,'ELEVATION AT POINT 1 =',
*F7.1," M ',//5X,'ELEVATION AT POINT 2 =',F7.1,'' M ',//S5X,'ACTUAL E
*NERGY ADDED BETWEEN POINTS 1 AND 2 =',F5.1,' KW',//5X,'ACTUAL ENER
*GY REMOVED BETWEEN POINTS 1 AND 2 =',F5.1,' KW',//5X,'MINOR HEAD L
*OSSES BETWEEN POINTS i AND 2 =',F5.1,' M ',//5X,'DIAMETER OF CONDU
*IT =',F7.1,' MM',//5X,'LENGTH OF CONDUIT =',F8.1,' M ',//5X,'FLUID
* FLOWING IS ',4A6,//5X,'CONDUIT MATERIAL IS ',4A6,////1X,'THE FLOW

* RATE WILL BE',F7.3,' CU M/S',//5X,'VELOCITY AT POINT 1 =',F6.2,
*' M/S ',//5X,'VELOCITY AT POINT 2 =',F6.2,' M/S ')
GO TO 1

117 V1=V1*(Q/PI1*4.0)
V2=V2*(Q/PI1*4.0)

103 HF=FF*L*(Q/PI*4.0)**2/2.0/G
HAT=550. *HA/SW/Q

IF (UNITS.EQ.1)HAT=HA/SW/Q

HRT=550. *HR/SW/Q

IF (UNITS.EQ.1)HRT=HR/SW/Q

D=0.001

TRY1=HF/D**5+ (V2**2/2.0/G) /D**4~(V1**2/2.0/G) /D**4-P1SW-Z1 ~HAT

*+HRT*P2SW+22+HM
110 D=D+0.001

TRY2=HF/D**5+(V2**2/2.0/G) /D**4-(V1**2/2.0/G) /D**4~-P1SW-Z1-HAT

*+HRT+P2SW+Z2+HM

IF(TRY1*TRY2) 108,108,109
109 TRY1=TRY2

co TO 110
108 D=D-0.0005

RN=D*Q/(PI*D**2/4.0) /VIS

ED=E/D

CALL ROUGH

DIFF=ABS (F-FF)

IF(DIFF.LT.0.0001)GO TO 111

FF=F

GO TO 103
111 V1=V1/D**2

V2=V2/D**2°

D=D*FACTOR

IF (UNITS.EQ.O)WRITE(6,112)P1,P2,21,22,HA ,HR,HM,Q,L,FLUID,PIPE,D,

*V1,v2 : )

112 FORMAT(1X,'GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM
*PRESSIBLE FLOW',//5X,'PRESSURE AT POINT 1 =',F7.1,' PSI',//5¥,'PRE
*SSURE AT POINT 2 =',F7.1,' PSI',//5X,'ELEVATION AT POINT ! =',
*F7.1,' FT',//5X,'ELEVATION AT POINT 2 =',F7.1,' FT',//5X,'ACTUAL E
*NERGY ADDED BETWEEN POINTS .1 AND 2 =',F5.1,' HP',//5X,'ACTUAL ENER
*GY REMOVED BETWEEN POINTS 1 AND 2 =',FS5.1,' HP',//5X,'MINOR LOSSES
* BETWEEN POINTS 1 AND 2 =',F5.1,' FT',//5X,'FLOW RATE =',F7.1,

** CU FT/S',//5X,'LENGTH OF CONDUIT =',F8.1,' FT',//5X,'FLUID FLOWI
*NG IS ',4A6,//5X,'CONDUIT MATERIAL IS ',4A6,///iX,'THE CONDUIT DIA
*METER REQUIRED WILL BE',F6.2,' IN',//5X,'VELOCITY AT POINT 1 =',
*F6.2,' FT/S',//5X,'VELOCITY AT POINT 2 =',F6.2,' FT/S')

IF(UNITS.EQ.1)WRITE(6,113)P1,P2,21,22,HA,HR,HM,;Q,L,FLUID,PIPE,D,

*V1,y2
113 FORMAT(1X,"GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM
*PRESSIBLE FLOW',//5X,'PRESSURE AT POINT 1 =',F7.1,' KPA',,//3X,'PRE

*SSURE AT POINT 2 =',F7.1,' KPA',//5X,'ELEVATION AT POINT 1 =',
*F7.1," M ',//5X,'ELEVATION AT POINT 2 =*,F7.1,' M ',//5X,"'ACTUAL E
*NERGY ADDED BETWEEN POINTS 1 AND 2 =',FS5.1,' KW',//5X,'ACTUAL ENER
*GY REMOVED BETWEEN POINTS 1 AND 2 =',F5.1,' KW',//5X,'MINOR LOSSES
* BETWEEN POINTS 1 AND 2 =',F5.1,' M ',//5X,'FLOW RATE =',6F7.3,
*' CU M/S ',//5X,'LENGTH OF CONDUIT =',F8.1,' M ',//5X,'FLUID FLOWI
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*NG IS ',4A6,//5X,'CONDUIT MATERIAL IS ‘' ,4A6,///1X,'THE cONDUIT DIA
E *METER REQUIRED WILL BE',F7.1,' MM',//5X,'VELOCITY AT POINT 1 =',
Q *F6.2,' M/S ',//5X,'VELOCITY AT POINT 2 =',F6.2,' M/S ')
i Go TO | :
E 2 STOP
3 END .
E . SUBROUTINE ROUGH
1 COMMON F,ED,RN
IF (RN.LE.2000.0)F=64.0/RN
IF (RN.LE.2000.0) RETURN
IF (RN.LT.4000.0)WRITE (6,103}

103 FORMAT (1X,'A REYNOLDS NUMBER IS IN THE CRITICAL ZONE, FOR WHICE TH
*E FRICTION FACTOR IS UNCERTAIN. HENCE, PROGRAM EXECUTION 'WAS TERM
*INATED. ')

IF (RN.LT.4000.0)STOP
F=0.006
TRY1=1.0/SQRT(F)+2.0*AL0610(ED/3.7+2.51/RN/SQRT(F))
102 F=F+0.00001
TRY2=1.0/SQRT (F)+2.0*ALOG10 (ED/3.7+2.51/RN/SQRT(F))
IF (TRY1*TRY2) 100,100,101
101 TRY!=TRY2
GO TO 102
100 F=F-0.000005
RETURN
END

9296  For the data given in Prob. 9.65, find the flow rate at whlch water is being dlscharged from the pipe, utllxzmg
: the computer program of Prob. 9.295.

INPUT
1224567 890NN HITHINGNNNMNIBTNININ JIJJ)4!!1‘!7””‘4‘4]41“‘5“47.0'”“ﬂ!lk!!“ifl‘!’ﬂﬂﬂ‘)“““ﬁ“”nn7171’4"76""".
OSAMPLE ANALYSIS @F INC@MPRESSIBLE FL@W
_ 1.0 150.5 98.4
24.0 130.0 0.0000105 0.00085  62.4
WATER NEW CAST IR@N

OUTPUT
SAMPLE ANALYSIS OF INCOMPRESSIBLE FLOW

GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOMPRESSIBLE FLOW

PRESSURE AT POINT 1 = 0.0 PSI
PRESSURE AT POINT 2 = 0.0 PSI
ELEVATION AT POINT 1 = 150.5 FT
ELEVATION AT POINT 2 = 98.4 FT

ACTUAL ENERGY ADDED BETWEEN POINTS 1 AND 2 = 0.0 HP
ACTUAL ENERGY REMOVED BETWEEN POINTS 1 AND 2 = 0.0 HP
MINOR HEAD LOSSES BETWEEN POINTS 1 AND 2 = 0.0 FT
DIAMETER OF CONDUIT = 24.00 IN

LENGTH OF‘CONDUiT = 130.0 FT

FLUID FLOWING iS WATER

CONDUIT MATERIAL IS NEW CAST IRON

THE FLOW RATE WILL BE 127.0 CU FT/S
VELOCITY ‘AT POINT 1 = 0.00 FT/S

VELOCITY AT POINT 2 = 40.44 FT/S
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9.297

For the data given in Prob. 9.66, find the pipe diameter, utilizing the computer program of Prob. 9.295.

INPUT

11345670 9101162131415169718192021222324252627 20290001 32330435 36 37 M0 3940 41 424044 4506 4740493051 S25 5435 56 57 S059 6061 A2 6) 46564 67849 T0TE 72T P48 A TI TR TV OO

ISAMPLE ANALYSIS @F INC@MPRESSIBLE FL@W

2.5 1.0 1.0 82.65 66.66

965.5 .000000406. 00050 7.05 .10 -
GAS@LINE (RGUGHNESS = 0.500 MM)
OUTPUT

SAMPLE ANALYSIS OF INCOMPRESSIBLE FLOW

GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOMPRESSIBLE FLOW

PRESSURE AT POINT 1 = 2.5 KPA
PRESSURE AT POINT 2 = 0.0 KPA
ELEVATION AT.POINT 1 = 82.7 M
ELEVATION AT POINT 2 =  66.7 M

ACTUAL ENERGY ADDED BETWEEN POINTS 1 AND 2 = 0.0 KW
ACTUAL ENERGY REMOVED BETWEEN POINTS 1 AND 2 = 0.0 KW
MINOR LOSSES BETWEEN POINTS | AND 2 = 0.0 M

FLOW RATE = 0.100 CU M/S

LENGTH OF- CONDUIT = 965.5 M

FLUID FLOWING IS GASOLINE

CONDUIT MATERIAL IS (ROUGHNESS = 0.500 MM)

THE CONDUIT DIAMETER REQUIRED WILL BE 257.5 MM
VELOCITY AT POINT 1 = 1.92 M/S

VELOCITY AT POINT 2 = 1.92 M/S




ﬂ CHAPTER 10
Series Pipeline Systems

10.1  For a 12-in-diameter concrete pipe 12 000 ft long, find the diameter of a 1000-ft-long equivalent pipe.

I Assumea flow rate of 3.0 cfs. (The result should be the same regardless of the flow rate assumed.) From Fig.
A-13, with D =12in and Q =3.0ft*/s, h, = 0.0052 ft/ft. Therefore, A, = (0.0052)(12 000) = 62.40 ft. For a
1000-ft-long equivalent pipe with the same head loss, &, = 62.40/1000 = 0.06240 ft/ft. From Fig. A-13, with

hy = 0.06240 ft/ft and Q = 3.0ft>/s, D =7.3in.

10.2 A 480-ft-long, 18-in-diameter concrete pipe and a 590-ft-long, 12-in-diameter concrete pipe are connected in
series. Find the length of an equivalent pipe of 10 in diameter.

§ Assume a flow rate of S cfs through the two given pipes. For the 18-in-diameter pipe, from Fig. A-13,

h, =0.00180 ft/ft. For the 12-in-diameter pipe, k, = 0.0137 ft/ft. The total head loss for both pipes is

h, = (0.00180)(480) + (0.0137)(590) = 8.947 ft. For a 10-in-diameter pipe with Q = 5.0 cfs, from Fig. A-13,
h, = 0.032 ft/ft. Since the equivalent pipe must have the same head loss as that of the system it replaces (i.e.,
8.947 ft), the required length of a 10-in-diameter equivalent pipe can now be determined by 0.032L = 8.947,
L =280 ft. Note that the required length of pipe can be determined in a single computation as follows:

L = (0.00180)(480)/0.032 + (0.0137)(590)/0.032 = 280 ft.

10.3 A 225-m-long, 300-mm-diameter concrete pipe and a 400-m-long, 500-mm-diameter concrete pipe are
connected in series. Find the diameter of a 625-m-long equivalent pipe.

I Assume a flow rate of 0.1 m*/s. For the 300-mm-diameter pipe, from Fig. A-14, k, = 0.0074 m/m. For the
500-mm-diameter pipe, k1, = 0.00064 m/m. The total head loss for both pipes is 4, = (0.0074)(225) +
(0.00064)(400) = 1.921 m. For a 625-m-long equivalent pipe with this head loss, 4, = 1.921/625 = 0.00307 m/m.
From Fig. A-14, D = 360 mm.

104 Water flows at a rate of 0.020 m®/s from reservoir A to reservoir B through three concrete pipes connected in
series, as shown in Fig. 10-1. Find the difference in water-surface elevations in the reservoirs. Neglect minor
losses.

1 Paly +V3i/28 + 2 =pgly +v3/2g +25+h, 0+0+2,=0+0+25+h,  h =h=2z,—2,

With Q =0.020 m*/s and D = 160 mm, from Fig. A-14, h, = 0.0082 m/m. With Q =0.020 m*/s and D =
200 mm, A, = 0.0028 m/m. With Q = 0.020 m?/s and D = 180 mm, A, = 0.0046 m/m. H = h; = (0.0082)(1000) +
(0.0028)(1600) + (0.0046)(850) = 16.59 m.
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10.5 Compute the flow rate of water through the three concrete pipes connected in series as shown in Fig. 10-2 by
the equivalent length method.

I hy=2z,— 25 =20ft/ft. Assume Q =1 cfs. From Fig. A-13, (A)12. = 0.00067 ft/ft; (h:)10:, = 0.0016 ft/ft;
(hl)s-in = 0.00475 ft/ft.

Consider a 10-in-diameter equivalent pipe: L, = 120 + (0.00475)(150)/0.0016 + (0.00067)(100)/0.0016 = 607 ft.
With D =10in and A, = & =0.0329 ft/ft, from Fig. A-13, Q = 5.1 cfs.

Fig. 10-2
10.6 Solve Prob. 10.5 by the equivalent diameter method.

I Using values obtained from Prob. 10.5, k, = (0.00067)(100) + (0.00475)(150) + (0.0016)(120) = 0.972 ft.
With Q =1 cfs and k, = 0.972/(100 + 150 + 120) = 0.00263 ft/ft, D =8.9in. With D =8.9in and h, = 2 =
0.0541 ft/ft, Q = 5.1 cfs.

10.7 Two concrete pipes are connected in series. The flow rate of water through the pipes is 0.14 m*/s with a total
friction loss of 14.10 m for both pipes. Each pipe has a length of 300 m. If one pipe has a diameter of 300 mm,
what is the diameter of the other one? Neglect minor losses.

I For first pipe: With Q =0.14m*/s and D =300 mm, h, = 0.014 m/m. k, = (0.014)(300) = 4.20 m.
For second pipe: h; =14.10—4.20=9.90m, &, = 9.90/300 = 0.033 m/m. With Q =0.14 m?*/s and h, =
0.033 m/m, D =250 mm.

10.8 Three concrete pipes are connected in series, as shown in Fig. 10-3. Determine the length of an 8-in-diameter
equivalent pipe.

I Assume Q =1cfs. (hy)g, = 0.00475 £t/£t; (hy)e0 = 0.0195 ft/ft; (B1)10.0 = 0.0016 ft/ft; L, = 1200 +
(0.0195)(1000)/0.00475 + (0.0016)(2000)/0.00475 = 5979 ft.

1200 ft, 8-ln dismeter 1000 ft, 6-in diameter 2000 ft, 10-ia diameter

: |
Hd v _ L 6

4200
I ‘ | Fig. 103

109 For the three pipes in Fig. 10-3, determine the diameter of a 4200-ft-long equivalent pipe.

I Using values obtained from Prob. 10.8, for a 4200-ft-long equivalent pipe, h, = (0.00475)(1200) +
(0.0195)(1000) + (0.0016)(2000) = 28.4 ft, h, = 28.4/4200 = 0.00676 ft/ft. With Q = 1 cfs and h, = 0.00676 ft/ft,
D =175in. ‘ ‘
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For three pipes in series, the total pressure drop is p, — p = 150 000 Pa, and the elevation drop is
z4 — zz = 5 m. The pipe data are ‘

pipe Lim | d,em €, mm €/d
1 100 8 0.24 0.003
2 150 6 0.12 0.002
3 80 4 0.20 0.005

The fluid is water, p = 1000 kg/m>, and v = 1.02 X 10~ m?/s. Calculate the flow rate in cubic meters per hour
through the system. Neglect minor losses.

I The total head loss in the system is &, = (p4 — ps)/pg + (24 — z5) = 150 000/[(1000)(9.807)] + 5=20.30m =
ke = (f)(L/d)(v*/2g). From the continuity relation, v, = (d,/d2)*(v,) = (§)*(v,) = 1.778v,, v; = (d,/d3)*(v,) =
(3)*(v,) = 4.000v,, and

(Vo). = (”de)(NR)l (ST vy = 339,

(e = (25 v = [ 25 v, = 2 000y,

20.30 = £,[100/ (165)] {v3/[(2)(9-807)]} + £:[150/(365)]{ (1. 778v,)*/[(2)(9.807)]} + £:[80/ (v8)}{ (4.000v,)*/[(2)(9.807)]}
' 20.30 = (63.73f; + 402.9f, + 1631£,)(v,)*
From Fig. A-5 from the fully rough regime, estimate f, = 0.0262, f, =0.0234, and f; = 0.0304.

20.35 = [(63.73)(0.0262) + (402.9)(0.0234) + (1631)(0.0304)](v,)* v, =0.5791m/s  Ng=dv/v
(Ne) = (%5)(0.5791)/(1.02 X 107°) = 4.54 x 10*
(Ng): = (1.333)(4.54 X 107%) = 6.05 X 10*  (Ng)s = (2.000)(4.54 x 10~*) =9.08 x 10*

From Fig. A-5, f; =0.0288, f, = 0.0260, and f, = 0.0314. 20.35 = [(63.73)(0.0288) + (402.9)(0.0260) +
(1631)(0.0314)](v,)? v, =0.5660 m/s; Q = Av = [(7)(185)>/4](0.5660) = 0.002845 m*/s, or 10.2 m*/h. An
additional iteration (not shown) gives essentially the same result.

For a head loss of 5.0 ft/1000 ft, and using C = 120 for all pipes, how many 8-in pipes are equivalent to a 16-in
pipe? To a 24-in pipe?

I From Fig. A-13, for h, = 5.0/1000, or 0.005, and d = 8in, Q = 1.0 cfs. For d =16 in, Q = 6.6 cfs. For

d =24in, Q =17 cfs. Thus it would take 6.6/1.0, or 6.6 eight-in pipes to be hydraulically equivalent to a 16-in
pipe of the same relative roughness. Likewise, 17/1.0, or 17 eight-in pipes are equivalent to a 24-in pipe for a
head loss of 5.0 £t/1000 ft, or for any other head loss condition.

A series piping system consists of 6000 ft of 20-in new cast iron pipe, 4000 ft of 16-in, and 2000 ft of 12-in pipe.
Convert the system to an equivalent length of 16-in pipe.

I Assume a value of Q of 3.8 cfs. For new cast iron, C = 130. In order to use Fig. A-13, change Q13 t0 Q12-
Q120 = (33)(3.8) = 3.5 cfs. From Fig. A-13, (h,); = 0.00064 ft/ft, (h,), = 0.00187 ft/ft, and (h,), = 0.0070 ft/ft.
h, = (0.00064)(6000) + (0.00187)(4000) + (0.0070)(2000) = 25.32 ft. The equivalent 16-in pipe must carry 3.8 cfs
with a head loss of 25.32 ft (C = 130). Hence, 25.32/L, = 0.00187, L, =13 540 ft.

Convert the system of Prob. 10.12 to an equivalent size pipe 12 000 ft long.
I The 12000 ft of pipe, C =130, must carry 3.8 cfs with a head loss of 25.32 ft. Hence, A, = 25.32/12 000 =
0.00211. From Fig. A-13, using Q@ =3.5cfs, d =15.5in.

Suppose in Fig. 10-4 pipes 1, 2, and 3 are 300 m of 30-cm-diameter, 150 m of 20-cm-diameter, and 250 m of
25-cm-diameter, respectively, of new cast iron and are conveying water at 15 °C. If A = 10 m, find the rate of
flow from A to B by the equivalent velocity method. Neglect minor losses.

I (e/d), =0.00026/(33) =0.000867  (€/d), =0.00026/(%%)=0.00130  (e/d), = 0.00026/(Z) = 0.00104
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From Fig. A-5, assume f; = 0.019, £, =0.021, and f; =0.020. h; = (f)(L/d)(v*/2g) =10 =

0.019[300/ (%) {v3/[(2)(9-807)}} + 0.021[150/ (&)} { v2/[(2)(9-807)]} + 0.020[250/ ()} {v3/[(2)(9-807)]},
10 = 0.9687v? + 0.8030v2 + 1.020v2. From the continuity relation, v, = (d./d,)*(vy) = (B)*(vy) = 2.250v,,
v; = (di/d3)(vy) = (B)*(v,) = 1.440v,, and

_ (v2ds _ [(2.2500,)(20)
(Ne). = <uld1)(N“)‘ N [ (v,)(30)

_ (V% _ [.44001)(25) -
(Ng)s= (Uldx)(NR)l = [ ©)(30) ](NR)I = (1.200)(Nxh
10 = 0.9687v? + (0.8030)(2.250v,)* + (1.020)(1.440v,) v,=1.183 m/s Ng=dv/v
(Nr): = (3%)(1.183)/(1.16 x 107%) = 3.06 x 10° (Nz). = (1.500)(3.06 x 10°) =4.59 x 10°

(Ne)s = (1.200)(3.06 X 10°) = 3.67 x 10°
From Fig. A-5, f, =0.021, f,=0.021, and f; = 0.020.

hy =10 = 0.021[300/(3%)]{v3/[(2)(9-807)]} + 0.021[150/(#5)]{v3/[(2)(9-807)1} + 0.020[250/ () {v3/[(2)(9-807)}}- ¢
10 = 107113 + 0.803002 + 1.02002 = 1.071v? + (0.8030)(2.250v,)* + (1.020)(1.440v,)?
v,=1174m/s Q= Av =[(n)(#%)*/4](1.174) = 0.0830 m*/s

|, = 1500,

' Fig. 104
10.15  Solve Prob. 10.14 by the equivalent length method.
# Using data from Prob. 10.14 and choosing a 30-cm pipe as the standard,
(L.), = (150)(0.021/0.020)(33)° = 1196 m of 30-cm pipe
(L.)s = (250)(0.020/0.020)(33)° = 622 m of 30-cm pipe
(LYo = 300 + 1196 + 622 = 2118 m of 30-cm pipe k= 10 = 0.020[2118/(3%)]{v*/[(2)(9.807)]}
v=1179m/s Q = [(7)(#%%)*/4](1.179) = 0.0833 m’/s

10.16 In Fig. 10-4 pipes 1, 2, and 3 are 500 ft of 3.068-in, 200 ft of 2.067-in, and 400 ft of 2.469-in wrought iron pipe.
Given a head loss of 19.5 ft from A to B, find the flow of water at 60 °F.

I (€/d), =0.00015/(3.068/12) = 0.000587  (€/d), = 0.00015/(2.067/12) = 0.000871
(e/d); = 0.00015/(2.469/12) = 0.000729
From Fig. A-5, assume f; =0.0172, f, = 0.0190, and f; = 0.0181.
hy= (F)(L/d)(v*/2g) = 19.5 = 0.0172[500/(3.068/12) {v3/[(2)(32.2)]} + 0.0190[200/(2.067/12)}{v3/[(2)(32.2)]}
+0.0181{400/(2.469/12)){v3/[(2)(32.2)1} '
19.5 = 0.5223v% + 0.3426v2 + 0.5464v3

From the continuity relation, v, = (d,/d,)*(v;) = (3.068/2.067)*(v,) = 2.203v,, v3 = (d\/d3)*(v)) =
(3.068/2.469)%(v,) = 1.544v,, and

= (229 (), = [ 2:2030)(2.067)
(Ng)2 = (U‘ d!)(NR)l = [ 0.068)

v;3d, 1.544v,)(2.469
(Nr)s = (‘U_lz)(NR)x = [—‘—_‘_—( (v,)(3)§)68) )
20 = 0.5223v7 + (0.3426)(2.203v,)* + (0.5464)(1.544v,)* v, =2.365ft/s
Ng=dvlv (Ng): = (3.068/12)(2.365)/(1.21 x 107%)=5.00 x 10*
(Ngr), = (1.484)(5.00 X 10%) = 7.42 x 10* (Nr)s = (1.243)(5.00 x 10*) = 6.22 x 10*

|, = asav),

| GARIEEZOTAY
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From Fig. A-5, f; = 0.0228, f, =0.0225, and f, = 0.0225. ,
hy =19.5 = 0.0228[500/(3.068/12)]{v3/[(2)(32.2)]} + 0.0225[200/(2.067/12){v3/[(2)(32.2)]}
+0.0225[400/(2.469/12){v¥/[(2)(32.2)}}
19.5 = 0.6924v7 + 0.4057v3 + 0.6792v3 = 0.6924v% + (0.4057)(2.203v,)* + (0.6792)(1.544v,)? v, =2.134ft/s
QO = Av = [()(3.068/12)*/4](2.134) = 0.110 ft*/s
An additional iteration (not shown) produces an insignificant difference.
10.17  Suppose that 100 ft of 1-in (e = 0.000005 ft) pipe and 500 ft of 6-in (€ = 0.0008 ft) pipe are connected in series.

For a total head loss of 24 ft, find the flow of water at 60 °F.

1 (e/d), = 0.000005/(s) = 0.0000600 (e/d), = 0.0008/(s5) = 0.00160

From Fig. A-5, assume f; = 0.0110.and £, = 0.0215.

hy = (f)(L/d)(v*/2g) = 25 = 0.0110[100/(35)[{v}/[(2)(32-2)]} + 0.0215[500/(3){v3/[(2)(32.2)]}

25 = 0.2050v3 + 0.3339v3

From the continuity relation, v, = (d,/d,)*(v,) = (¢)*(v,) = 0.02778v, and

(Nr)2 = (;;E)(NR)I = [@%{1’717)?;,‘—)1)@2](1\/’?)1 = (0.1667)}(Ngh

24 = 0.2050v% + (0.3339)(0.02778v,)> v, =11.04 ft/s Ne=dv/v
(Ne)r = (5)(11.04)/(1.21 X 107%) =7.60 X 10*  (Ng), = (0.1667)(7.60 x 10*) = 1.27 x 10*
From Fig. A-5, f, =0.0195 and f, = 0.032.
hy =24 = 0.0195[100/(35)){vi/[(2)(32-2)]} +0.032[500/(5)}{v3/[(2)(32.2)]}
24 = 0.3634v7 + 0.4969v% = 0.3634v? + (0.4969)(0.02778v,)* v, =8.122 ft/s
(No)y = (£)(8.122)/(1.21 X 107) = 5.59 X 10*  (Ng), = (0.1667)(5.59 x 10*) = 9.32 x 10°
From Fig. A-S, f, =0.0203 and f, = 0.033.
hy =24 = 0.0203{100/(5)|{v/[(2)(32.2)]} + 0.033[500/(£)] (v/[(2)(32.2)]}
24 = 0.3783v + 0.5124v% = 0.3783v2 + (0.5124)(0.02778v,)> v, =7.961 ft/s
Q = Av = [(7)(£)?/4](7.961) = 0.0434 ft*/s

vd,

An additional iteration (not shown) produces an insignificant difference.

10.18 Repeat Prob. 10.16 for the case where the fluid has s.g. = 0.9 and u = 0.0008 Ib - s/ft?,
I First apply h, = (f)(L/d)(v*/2g), using values from Prob. 10.16 and assuming f = 0.03 for all pipes.

19.5 = 0.03[500/(3.068/12)){v3/[(2)(32.2)]} + 0.03[200/(2.067/12)]{vZ/{(2)(32.2)]}
+ 0.03[400/(2.469/12)){v3/[(2)(32.2)]}
= 0.9110v?% + 0.5409v3 + 0.9056v3
=0.9110v7% + (0.5409)(2.203v,)* + (0.9056)(1.544v,)*
v; = 1.850 ft/s Nr = pduv/u (Nr): = [(0-9)(1.94)](3.068/12)(1.850)/0.0008 = 1032
(Nr), = (1.484)(1046) = 1532 (Nr)s = (1.243)(1046) = 1283
Therefore, the flow is laminar and &, = (32)(u/y)}(L/d*)(v).
19.5 = 32{0.0008/[(0.9)(62.4)]}[500/(3.068/12)*}(v,)
+ 32{0.0008/[(0.9)(62.4)]}[200/(2.067/12)*](2.203v,)
+ 32{0.0008/[(0.9)(62.4)]}[400/(2.469/12)*](1.544v,)
v, = 1.074 ft/s 0O = Av = [(7r)(3.068/12)?/4](1.074) = 0.0551 ft*/s
10.19  One end of a 150-m-long, 300-mm-diameter pipe is submerged in a reservoir; the other end abuts on a

90-m-long, 200-mm-diameter pipe at a point 30 m below the reservoir surface. Water discharges freely (K = 1.0)
from the free end of the shorter pipe, which is 15 m below the junction. [This implies a 2° bend at the junction.]
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Determine the pressure heads just above and just below the junction, if f =0.04, K = 0.8 for the entrance, and
K =0.24 for the contraction-bend at the junction.

I Py +Vi2g+zi=p.ly+vif2g+z,+h, )
he=(f)(L/d)(v*/2g) =0.04[150/0.300]{v}/[(2)(9.807)]} + 0.04[90/0.200]{v3/[(2)(9.807)]} = 1.020v2 + 0.9177v2
h,, = (K)}(v*/28) = 0.8{v}/{(2)(9.807)]} + 0.24{v3/[(2)(9.807)]} = 0.04079v2 + 0.01224v2
hy = hy + h,, = (1.02007 + 0.9177v3) + (0.04079v% + 0.01224v3) = 1.061v3 + 0.9299v2

Av, = Ay, [(n)(0.300)2/4](v1) = [(7)(0.200)*/4](v,) v, = 0.4444vy,
h, = (1.061)(0.44440,)* + 0.9299v3 = 1.139v3 0+ 0+ 45 =0+ v3/[(2)(9.807)] + 0 + 1.13912
v,=6.149m/s v, = (0.4444)(6.149) = 2.733 m/s Q = A,v, = [(7)(0.200)*/4](6.149) = 0.193 m*/s
Now apply Eq. (1) between the water level at intake and a point just above the junction. 0+ 0 + 30 =
paly + 2.733%/[(2)(9.807)] + 0 + (1.020v7 + 0.04079v3), 30 = p,/y + 0.3808 + (1.020 + 0.04079)(2.733%), p,/y =
21.70 m. Finally apply Eq. (1) between the water level at intake and a point just below the junction.

0+0+30=p,/y +6.149%/[(2)(9.807)] + 0 + (1.020v2 + 0.04079v2 + 0.01224v2), 30 = p,/y + 1.928 + [(1.020 +
0.04079)(2.733?) + (0.01224)(6.149)], p./y = 19.69 m.

10.20  Repeat Prob. 10.19 neglecting minor losses.

1 Py +vi2g+z=p,/y +vif2g +z,+h, (D
ho=h+h,  hn=0

Using data from Prob. 10.19, &, = 1.020v7 + 0.9177v3, h, = (1.020)(0.4444v,)> + 0.9177v2 = 1.119v%, 0+ 0+

45 =0+ v2/[(2)(9.807)] + 0 + 1.119v2, v, = 6.202 m/s, v, = (0.4444)(6.202) = 2.756 m/s; O = A, v, =

[(7)(0.200)*/4](6.202) = 0.195 m*/s. For the pressure head just above the junction, 0+ 0 + 30 = p,/y +

2.756°/[(2)(9.807)] + 0 + 1.020v3, 30 = p,/y + 0.3873 + (1.020)(2.756%), p,/v = 21.87 m. For the pressure head

just below the junction, 0+ 0+ 30 = p,/y + 6.202%/[(2)(9.807)] + 0 + 1.020v2, 30 =p,/y + 1.961 +
(1.020)(2.756%), p,/y =20.29 m.

10.21 Three new cast iron pipes, having diameters of 30 in, 24 in, and 18 in, respectively, each 500 ft long, are
connected in series. The 30-in pipe leads from a reservoir (flush entrance), and the 18-in pipe discharges into the
air at a point 11.5 ft below the water surface in the reservoir. Assuming all changes in section to be abrupt, find
the rate of discharge of water at 60 °F.

[ Py +03i2g +zi=p,ly+vi2g+z+h,  hi=hs+h, k. =(f)(L/d)(v/2g8)
Assume f = 0.016 for each pipe. v, = velocity for 18-in pipe, velocity for 24-in pipe = (3§)*(v,) = 0.5625v,,
velocity for 30-in pipe = (33)*(v,) = 0.3600v.,.
hy = 0.016[500/(12)]{(0.3600v,)*/[(2)(32.2)]} + 0.016[500/(32)}{(0.5625v)*/[(2)(32.2)1}
+0. 016[500/( H1{v3/[(2)(32.2)]} = 0.108%v3
h,, = (K)(v*/2g)

For entrance take K = 0.5 (Fig. A-7). For sudden contractions, with d/D =%, or 0.80, K = 0.15 and with
d/D =%, or0.75, K =0.18 (Fig. A-9). For exit, K = 1.0 (Fig. A-7).

h,,, = (0.5)(0.3600v,)% + (0.15)(0.5625v,)? + 0.18v = 0.2923v3 h, = 0.1089v2 + 0.2923v2 = 0.401202
0+0+11.5=0+ v3/[(2)(32.2)] + 0 +0.401202 v, =5.253ft/s Ne=dv/v
(Ne)sosn = 2[(0.3600)(5.253)])/(1.21 X 1075y = 3.91 X 10° (Ni)zain = 2[(0.5625)(5.253)}/(1.21 x 10~5) = 4.88 x 10°
(Nedisin = (28)(5.253)/(1.21 X 107%) = 6.51 x 10° (€/d)s0.m = 0.00085/(32) = 0.000340

(€/d)2a:n = 0.00085/(33) = 0.000425 (€/d)15.:n = 0.00085/(13) = 0.000567
From Fig: A-5, fi0.in = 0.0168, f,4:, =0.0172, and fig,, = 0.0176.

h, = 0.0168[500/(32)]){(0.3600v,)*/[(2)(32.2)]} + 0.0172[500/(%)}{(0.5625v,)*/[(2)(32.2)]}
+0.0176[500/(32)}{v3/[(2)(32.2)]} = 0.1190v3
h,=0.1190v2 + 0.2923v3 =0.4113v2 0+ 0+ 1L.5=0+v3/[(2)(32.2)] + 0+ 0.4113v2 v, =5.191ft/s

An additional iteration (not shown) gives no significant change in v,. Q = Av = [(®)(13)*/4}(5.191) = 9.17 ft’/s.
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In Fig. 10-5, K, =0.5, L, =300m, D, =600 mm, €, =2mm, L,=240m, D,=1m, €, =0.3 mm,
v=3x10"°m?/s, and H = 6 m. Determine the discharge through the system. ,
1 Py +vl2g+n=poly +v¥2g +n+hy  ho=h.+h, . ho=(F)L/d)(*/2g)
Assume f, = 0.026 and f, = 0.015. v, = [(55)/1](v,) = 0.3600v,, h; = 0.026[300/(:2%)1{v3/[(2)(9.807)]} +
(0.015)(240/1){(0.3600v,)*/[(2)(9.807)]} = 0.6866v>,
For entrance: h,, = (K)(v*/2g) = 0.5{v3/[(2)(9.807)]} = 0.02549v2.
For exit: 4, = 1.0{v3/[(2)(9.807)]} = 0.05098v3 = (0.05098)(0.3600v,)* = 0.006607v>.
For sudden contraction:
B = (U1 — 0,)%/28 = (v, — 0.3600v,)*/[(2)(9.807)]
= 0.020883(An Yrorar = 0.02549v3 + 0.006607v2 + 0.02088v2 = 0.05298v>
h, =0.6866v% +0.05298v2 =0.7396v> 0+0+6=0+0+0+ 0.7396v3 v, =2.848m/s
, v, = (0.3600)(2.848) = 1.025 m/s
Ne=dv/v  (Ng):=({55)(2.848)/(3 x 107°) =5.70 x 1¢° (Nr): = (1)(1.025)/(3 x 107%) = 3.42 x 10°
(e/d), = g = 0.00333 (e/d), = (0.3/1000)/1 = 0.000300
From Fig. A-5, f;=0.0265 and f, = 0.0168. .
hy = 0.0265[300/ (35%)]{v3/[(2)(9.807)]} + (0.0168)(240/1){(0.3600v,)*/[(2)(9.807)]} = 0.7022v2
hy = 0.7022v7 + 0.05298v3 = 0.7552v3  0+0+6 =0+ 0+ 0+ 0.7552v> v; =2.819m/s

An additional iteration (not shown) gives no significant change in v,. Q = Av = [(m) (o) /4](2.819) =
0.797 m’/s. ‘ ‘

Fig. 10-5

Solve Prob. 10.22 by means of equivalent pipes.

I Expressing the minor losses in terms of equivalent lengths gives for pipe 1: K; = 0.5 + [1 — (£%)*® = 0.9096,
(Lo = KiDy/f = (0.9096)(:5%)/0.026 = 20.99 m; and for pipe 2: K, = 1.0, (L,), = K;Dy/f, = (1.0)(1)/0.015 =
66.67 m. The values of f; and f; are selected for the fully turbulent range as an approximation. The problem

is now reduced to 300 + 20.99, or 320.99 m of 600-mm pipe and 240 + 66.67, or 306.67 m of 1-m pipe.
Expressing the 1-m pipe in terms of an equivalent length of 600-m pipe, L. = (L/A)L.}D,/D,)’ =
(0.015/0.026)(306.67)[(35)/ 1] = 13.76 m. By adding to the 600-mm pipe, the problem is reduced to finding the
discharge through 320.99 + 13.76, or 334.75 m of 600-mm pipe, €; =2 mm, H =6 m: k, = (f)(L/D)(v*/2g),
6= (f)[334.75/ () 1{v*/[(2)(9.807)]}, v = 0.4593/VF. Try f = 0.026: v = 0.4593/1/0.026 = 2.848 m/s, Ng =
Du/v = (£2%)(2.848)/(3 X 1075) = 5.70 X 10°. From Fig. A-5, with Nx = 5.70 X 10° and €/D = 0.00333,
f=0.0265. Try f = 0.0265: v = 0.4593/V/0.0265 = 2.821 m/s, Ny = (£22)(2.821)/(3 x 10~%) = 5.64 x 10°,
F=0.0265 (0.K.); Q= Av = [(7)($5)*/4](2.821) = 0.798 m®/s.

Two reservoirs are connected by three clean cast iron pipes in series: L, =300 m, D, = 200 mm; L,=400m,
D, =300 mm; L;=1200m, D, = 450 mm. If the flow is 360 m*/h of water at 20 °C, determine the difference in
elevation of the reservoirs.

(] v=0/A v, =(360/3600)/[(x)(0.200)*/4] = 3.183 m/s
v, = (360/3600)/[(%)(0.300)?/4] = 1.415m/s v, = (360/3600)/[(r)(0.450)>/4] = 0.6288 m/s
Ne=Du/v  (Ng),=(0.200)(3.183)/(1.02 x 10~°) = 6.24 x 10° ,
(Nr)2 = (0.300)(1.415)/(1.02 X 109) = 4.16 X 10°  (Ng)s = (0.450)(0.6288)/(1.02 X 107°) = 2.77 x 10°
(€/D), =0.00026/0.200 = 0.00130  (&/D), = 0.0026/0.300 = 0.000867
(€/D), = 0.00026/0.450 = 0.000578

From Fig. A-5, f, = 0.0215, f,=0.020, and f; = 0.0185. H = h, = (f)(L/D)(v*/2g) =
0.0215[300/0.200]{3.183%/[(2)(9.807)]} + 0.020[400/0.300]{1.415%/[(2)(9.807)]} +
0.0185[1200/0.450]{0.62882/[(2)(9.807)]} = 20.37 m.
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10.25 Solve Prob. 10.24 by the method of equivalent lengths.

f Express pipes 2 and 3 in terms of pipe 1:
L. = (H/AL)(Dy/ Doy
(L.), = (0.020/0.0215)(400)(335)° = 49.00 m (L.); = (0.0185/0.0215)(1200)(38)’ = 17.91 m
(Le)owm =300 + 49.00 + 17.91 = 366.9 m
H = h, = (f)(L/D)(v*/2g) = 0.0215[366.9/0.200]{3.183?/{(2)(9.807)]} =20.37 m

10.26  Air at atmospheric pressure and 60 °F is carried through two horizontal pipes (€ = 0.06 in) in series. The
upstream pipe is 360 ft of 24 in diameter, and the downstream pipe is 120 ft of 36 in diameter. Estimate the
equivalent length of 18-in (€ = 0.003 in) pipe. Neglect minor losses.

I €/D,=0.06/24=0.0025  €/D,=10.06/36 =0.00167
From Fig. A-5, assuming high Reynolds numbers, f; = 0.025 and f, = 0.022.

L, = (0.025/£,)(360)(35)° + (0.022/£:)(120)(38)° = 2.218/f;
€:/D;=0.003/18 = 0.000167  £;=0.013 L.=2.218/0.013 =171 ft

10.27  What pressure drop is required for flow of 6000 ft*/min in Prob. 10.267 Include losses due to sudden expansion.
I ' h.=h; +h, hy = (f)(L/D)(v*/2g)
From Prob. 10.26, /D, = 0.0025, €/D, = 0.00167.
: vi=Q/A, = ()/[(x)(}5)'/4]=31.83ft/s  vo=Q/A,=(B)/[(®)(#)/4] =14.15 ft/s
Ne=Du/v (N =(%)(31.83)/(1.58 x 107 =4.03 x 10°  (Ng). = (¥)(14.15)/(1.58 x 107%) = 2.69 x 10°
From Fig. A-5, f; = 0.025 and f, = 0.022.
h, = 0.025[360/(3)]{31.83%/[(2)(32.2)]} + 0.022[120/(3$)]1{14.15/[(2)(32.2)]} = 73.53 ft
h,= (v, — v,)*/2g = (31.83 - 14.15)*/[(2)(32.2)] =4.85m  h, =73.53+4.85=78.38 1t
Ap = vh y=p/RT
y = (14.7)(144)/[(53.3)(460 + 60)] = 0.07637 Ib/ft>  Ap = (0.07637)(78.38) = 5.99 Ib/ft*

1028 Two pipes, D, =3 in, L, =300 ft, and D, =2in, L, = 180 ft, are joined in series with a total pressure drop of
3ib/in®. What is the flow rate of syrup (p = 1.78 slugs/ft>, u = 0.00606 1b - s/ft?) at 20 °C?

I hy = Ap/y = Ap/pg = (3)(144)/[(1.78)(32.2)] = 7.537 ft
Assume laminar flow
128uLQ (128)(0.00606)(300)(Q) = (128)(0.00606)(180)(Q) s
h, = 7.537 = + = (.00564 ft/s
= gD’ @ABEID | @OBERE O
Computation of Nj (not shown) indicates the flow is indeed laminar.
10.29  Convert the piping system shown in Fig. 10-6 to an equivalent length of 6-in pipe.
I paly +Va/28 +za=puly +Vi/28 + 2y +h,  h =h; +h,
hy = (f)(L/d)(V?/2g) = 0.025[150/ () [{V%./[(2)(32.2)]} + 0.020[100/ () { V&/[(2)(32-2)1}

=0.05823V%, + 0.06211V?
h.. = (K)(V?/2g) = [8.0 + (2)(0.5) + 0.7 + 1.0}{V%,/[(2)(32.2)]}
+[0.7+ 6.0+ (2)(0.5) + 3.0 + 1.O{VZ/[(2)(32.2)]}
=0.1661V2, +0.1817V?
h, =0.05823V%, + 0.06211V2 + 0.1661V%, + 0.1817V2 = 0.2243V3, + 0.2438V%
0+0+h=0+0+0+0.2243V2%,+0.2438V2  V;, = (5)%(Vs) = 0.2500V,
h = (0.2243)(0.2500V,)? + 0.2438V% = 0.2578V 2

For a 6-in equivalent pipe, & = 0.020(L./(£)]{V2/[(2)(32.2)]} = 0.0006211L_V?, 0.2578V%=0.0006211L,V?,
L.=415ft.




10.30

1031

SERIES PIPELINE SYSTEMS [ 277

A i Factors K
B; . k Strainer B = 8.0
[ 1) 12" Bends C, F (each) = 0.5
12" Tee D = 0.7
R 12” Valve & = 1.0
D 12 X 6 Cross G (X V§/2g) = 0.7
160'~12" (f = .026) — 6’ Meter H = 6.0
G L oo = 020, 6’ Bends J, K (each) = 05
6’ Valve L = 3.0

Fig. 10-6

For the compound piping system described in Prob. 10.12, what fiow will be produced for a total head loss of
70.0 £t?

I From Prob. 10.12, 13 540 ft of 16-in pipe is equivalent to the compound system. For a head loss of 70.0 ft,
h1 = 70 0/13 540 = 0.00517. From Fig. A-13, Q 6.3 cfs. This is for C = 120. For new cast iron pipe (C = 130),
12)(6.3) = 6.8 cfs.

For the system shown in Fig. 10-7, when the flow from reservoir A to main D is 3.25 mgd, the pressure at D is
20.0 psi. The flow to D must be increased to 4.25 mgd with the pressure at 40.0 psi. What size pipe, 5000 ft long,
should be laid from B to C (shown dashed) parallel to the existing 12-in pipe to accomplish this?

I The elevation of reservoir A can be determined as follows: Q = (3.25 x 10°)/[(7.48)(86 400)] = 5.03 cfs.
From Fig. A-13, (h,)ic = 0.0038 ft/ft, (h,),, = 0.0150 ft/ft. These values of h, are for C = 120; they must be
adjusted for C = 100:

(h1)ss = (22)(0.0038) = 0.0046 ft/ft (hy)e = (33)(0.0150) = 0.018 ft/ft
(hy)16 = (0.0046)(8000) = 36.8 ft (k)12 = (0.018)(5000) = 90.0 ft (B¢ eorm = 36.8 +90.0 = 126.8 fit

The hydraulic grade line drops 126.8 ft to an elevation of 46.2 ft above D (the equivalent of 20.0 psi). Thus
reservoir A is 126.8 + 46.2, or 173.0 ft above point D. For a pressure of 40.0 psi, the elevation of the hydraulic
grade line at D will be 92.4 ft above D, or the available head for the flow of 4.25 mgd will be 173.0 — 92.4, or
80.6 ft. In the 16-in pipe with Q = 4.25 mgd, or 6.58 cfs, (h,),s = 0.0062 ft/ft for C = 120.

For C=100: (h,):c = (133)(0.0062) = 0.0074 ft/ft, (h,)16 = (0.0074)(8000) = 59.2 ft, (k)5 o c = 80.6 — 59.2 =
21.41t. »

For the existing 12-in pipe: (h,);, = 21.4/5000 = 0.0043 ft/ft, Q,, = 2.7 cfs for C = 120.

For C =100, Oy, = (1%)(2.7) = 2.3 cfs. The flow in the new pipe must be 6.58 — 2.3, or 4.28 cfs with an available
head (drop in the hydraulic grade line) of 21.4 ft from B to C. h, = 21.4/5000 = 0.0043 ft/ft. From Fig. A-13,

D =14 in, approximately.

i
So00 H nm!
C =100 ‘D

-
ey
——T
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Figure 11-1 shows a looping pipe system. Pressure heads at points A and E are 70.0 m and 46.0 m, respectively.
Compute the flow rate of water through each branch of the loop. Assume C = 120 for all pipes.

1 (Rs)a-e="70.0 — 46.0 = 24.0 m. From Fig. A-14, for pipe ABE, with h, = 24.0/3000, or 0.0080 m/m, and
D =300 mm, Q5 =0.105 m*/s. For pipe ACE, with h, = 24.0/1300, or 0.0185 m/m, and D =200 mm,
Q.ace=0.056 m*/s. For pipe ADE, with h, = 24.0/2600, or 0.0092 m/m, and D =250 mm, Q 5z = 0.070 m%/s.

B

/ 3000 m, 300-mm diameter \

- A < E
1300 m, 200-mm diameter

N 2 v

2600 m, 250-mm diameter ) Fig. 11-1

)

A looping concrete pipe system is shown in Fig. 11-2. The total flow rate of water is 18.0 cfs. Determine the
division of flow and the loss of head from point B to péint E.

I Assume a head loss of 20 ft from point B to point E. With (h;)ack = 5%, or 0.0040 ft/ft and D = 15in,
Qe =4.75 cfs. With (h))ppr = 7505, or 0.0050 ft/ft and D = 18 in, Q= 8.60 cfs. Fraction of flow through
pipe BCE = 4.75/(4.75 + 8.60) = 0.356. Fraction of flow through pipe BDE = 8.60/(4.75 + 8.60) = 0.644.
Qsce=(18.0)(0.356) = 6.4 cfs, Qppr = (18.0)(0.644) = 11.6 cfs. With Qpcr =6.4cfs and D =15in, (h,)p =
0.0070 ft/ft. (h;)s_g = (0.0070)(5000) = 35.0 ft.

C
[~ 5000 ft 15-in diameter
3000 ft, 30-in diameter ‘ 4000 ft, 24-in diameter
A 0=181s B E  0=181s F
N 2 J

4000 ft, 18-in diameter Fig. 11-2

" The discharge of water in the concrete pipe looping system shown in Fig. 11-3 if 15.0 ft*/s. Compute the head

loss from point A to point G.

I with Q.. p=15.0cfs and D =30in, (h,) 4.5 =0.00116 ft/ft. With Qr; = 15.0cfs and D =24 in, (h))rc =
0.00345 ft/ft. (h;)an = (0.00116)(2500) = 2.90 ft, (h;)r; = (0.00345)(3000) = 10.35 ft. Assume (hs)sr = 30 ft.
With D = 18in and (h,)pcr = 2% = 0.020 ft/ft, Qpcr = 18.1cfs. With D = 12in and (h,) zpr = 155 = 0.030 ft/ft,
Qspr=71.7cfs. With D = 15in and (h,)zer = 7955 = 0.015 ft/ft, Qpzr= 9.6 cfs. Fraction of flow through pipe
BCF =18.1/(18.1 + 7.7 + 9.6) = 0.511, fraction of flow through pipe BDF =7.7/(18.1 + 7.7 + 9.6) = 0.218,
fraction of flow through pipe BEF =9.6/(18.1+ 7.7 + 9.6) = 0.271; Qpcr = (15.0)(0.511) = 7.67 cfs. With
Qscr="7.67 and D = 18in, (k) 5cr = 0.0040 ft/ft. (h,) 5= (0.0040)(1500) = 6.00 ft; ()4 = (k) an +
(hs)5-5+ (Ay)r = 2.90 + 6.00 + 10.35 = 19.25 ft.




PARALLEL PIPELINE SYSTEMS [ 279

<

( 1500 ft, 18-in diameter \

2500 ft, 30;in diameter 3000 ft, 24;in diameter

Yo

A g=1510s B 1000 ft, 12-in diameter F o=i5ts G
L E _J
2000 ft, 15-in diameter Fig. 11-3

If the flow rate of water through the pipe system shown in Fig. 11-4 is 0.050 m*/s under total head loss of 9.0 m,
determine the diameter of pipe C. Assume a C coefficient of 120 for all pipes.

I With Q, =0.050 m*/s and D, = 200 mm, (h,),, = 0.015 m/m and (%), = (0.015)(300) = 4.50 m. With
Qp =0.050 m*/s and D, = 250 mm, (h,)p = 0.0049 m/m and (k) = (0.0049)(510) = 2.50 m. (h;)s = (bs)c =
9.0 — 4.50 — 2.50 =2.00 m. With (h,) = 2.00/266 = 0.0075 m/m, Qp = 0.019 m*/s. Q. = 0.050 — 0.019 =
0.031 m*/s. With Q. = 0.031 m*/s and (h,)=2.0/190 = 0.0105 m/m, D, = 180 mm.

Pipe B

266 m, 160-mm diameter

Pipe A Pipe D
300 m, 200-mm diameter 510 m, 250-mm diameter
Pipe C
190 m Fig. 114

For the looping pipe system shown in Fig. 11-5, the head loss between points A and Fis 160.0 ft of water.
Determine the flow rate of water in the system. Assume C = 120 for all pipes.

# Assume a head loss of 12 ft from point B to point E. With (h;)scx = 766 = 0.0030 ft/ft and D =15 in,

Qscr = 4.0 cfs. With (1) a5z = 3080 = 0.0040 ft/ft and D = 12in, Qppg = 2.6 cfs. Fraction of flow through pipe
BCE =4.0/(4.0 + 2.6) = 0.606; fraction of flow through pipe BDE =2.6/(4.0+2.6) = 0.394; Q5= Qrr =
4.0+2.6=6.6cfs. With Q.5 = 6.6 cfs and D =24 in, (h,).5 = 0.00075 ft/ft; (h;) .5 = (0.00075)(8000) = 6.0 ft.
With Qgr =6.6cfs and D = 18in, (h,)gr = 0.0030 ft/ft; (k;)zr = (0.0030)(6000) = 18.0 ft. Fraction of total head
loss through pipe AB = 6.0/(6.0 + 12.0 + 18.0) = 0.167, fraction of total head loss from B to E = 12.0/(6.0 +
12.0 + 18.0) = 0.333, fraction of total head loss through pipe EF = 18.0/(6.0 + 12.0 + 18.0) = 0.500. Actual head
losses are, therefore, (k)5 = (160)(0.167) = 26.72 ft, (k¢ ) - = (160)(0.333) = 53.28 ft, () = (160)(0.500) =
80.00 ft. With (h,),.p = 26.72/8000 = 0.00334 ft/ft and D =24in, Q.5 = 14.5 cfs. With (h;) g = 80.00/6000 =
0.0133 ft/ft and D = 18 in, Qgr = 14.5 cfs. Qpcr = (14.5)(0.606) = 8.8 cfs, Qppr = (14.5)(0.394) = 5.7 cfs.

C

4000 ft, 15-in diameter
8000 ft, 24-in diameter 6000 ft, 18-in diameter
A K E F
D

3000 ft, 12-in diameter Fig. 11-§

A flow of 570 L/s is proceeding through the pipe network shown in Fig. 11-6. For a pressure of 690 kPa at node
A, what pressure may be expected at node B? Neglect minor losses, Take p = 1000 kg/m®.

I p./y+vi/2g + 2z, =psly +v3/2g + 25 + h,. Assume that a flow Q} of 170 L/s is proceeding through
branch 1.

he = (f)(L/D)(v*/2g) v = Q1 = ({0)/[(7)(76%)*/4] = 2.405 m/s Ng=Dv/v
(Ne)r = (£%%)(2.405)/(0.0113 X 10™%) = 6.38 x 10° €/D, = 0.00026/(3%) = 0.00087
From Fig. A-5, f =0.0198. h, = (h,), = 0.0198[600/(3%)]{2.405%/[(2)(9.807)]} = 11.68 m. For branch 1,
Paly +(vDa/28 +6=ps/y + (v))s/28 +15+11.68  (v)a/28 =(D)s/28  [(pa—pP5)/¥]1=20.68m
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Using this pressure head, which must be the same for each loop, for branch 2,
20.68+ (v)a/28 +6=(VD)s/2g + 15+ (1),  (VDal28=(Ds/28  (B;),=11.68m
11.68 = £,[460/(:35)]{v2/[(2)(9.807)]} = 49.90%,v2  (€/D), = 0.00026/(:5%) = 0.00055
Estimate f, = 0.018.
11.68 = (49.90)(0.018)(v3)  v,=3.606m/s
0; = A,v, = [(7)(755)*/4](3.606) = 0.6256 m*/s or 625.6L/s

Now the desired actual flows @, and Q, may be computed so as to maintain the ratio Q1/Q5 and to satisfy
continuity so that @, + @, =570L/s.

Q, =[170/(625.6 + 170)](570) = 121.8 L/s Q, =[625.6/(625.6 + 170)}(570) = 448.2 L/s
v, = (121.8/1000)/[(7)(#%)*/4] = 1.723 m/s v, = (448.2/1000)/[()(36)*/4] = 2.583 m/s
(N = (#5%)(1.723)/(0.0113 X 107%) = 4.57 x 10° (Ng)2 = (3%)(2.583)/(0.0113 x 10™%) = 1.07 x 10° {
£,=0.0198 £=0.0180 (y), = 0.0198[600/ (35%)]{1.723%/[(2)(9.807)]} =5.99 m '

Paly + (v)a/28 +6=psly + (v3)5/28 + 15+ 5.9 [(Pa—p3)/7]:=14.99m
(hy), = 0.0180[460/ (%) 1{2-583%/[(2)(9.807)]} = 5.99 m
Paly + (V3)al28 + 6=pp/y+ (V2)s/2g +15+5.99
[(pa—ps)/y:=1499m  [(690—p5)/9.79] =14.99  pp=543kPa

1
Branch 1, L = 600 m, D = 300 mm

Cast iron pipe
throughout

» =00113x 10™* m?/s

—_ y4=6m ys=15m

Branch 2, L = 460 m, D = 470 mm
ull L , Fig. 11-6
1.7 The system shown in Fig. 11-7 receives at A 66 ft*/min of water at a pressure of 95 psig. Neglecting minor losses,
find the pressure at B. The pipe is commercial steel and u =2.11 X 107°Ib - s/ft%.

I Paly +Vi/28 + zu=pcly +vE/2g +zc + hy.
Assume that a flow Q; of 30 ft*/min = 0.5 ft*/s is proceeding through branch 1.
ke = (F)(L/D)(v*/2g) v, = Qi/A, = 0.5/[(m)()*/4) = 2.546 ft/s Nr=pDv/u
(Nr): = (1.94)(£)(2.546)/(2.11 X 107%) = 1.17 x 10° €/D, = 0.00015/(55) = 0.00030
From Fig. A-5, f =0.0195. A, = (), = 0.0195[(35 + 1200 + 35)/(5)}{2.546°/[(2)(32.2)]} = 4.985 ft.

For branch 1, p./y + (v3)a/28 + 0=pp/y + (v])s/2g + 0+ 4.985, (v])a/28 = (v})5/28, [(Pa —P5)/ Y] =
4.985 ft. Using this pressure head, which must be the same for each loop, for branch 2,

4.985+ (v2)a/28 +0=(V)s/28 + 0+ (hy).  (vDa/28=(vD)s/28  (hy),=4.9851t
4.985 = £[(35 + 1200 + 35)/(£)1{v3/[(2)(32.2)]} = 29.58f,v3 (€/D), = 0.00015/(3%) = 0.000225
Estimate f, = 0.018.

4,985 = (29.58)(0.018)(v3) v, =3.060 ft/s Q)= A,v, = [(x)(£)*/4](3.060) = 1.068 ft*/s
Now the desired actual flows @, and Q, may be computed so as to maintain the ratio Q1/Q} and to satisfy
continuity so that Q, + O, = 66 ft*/min = 1.1 ft*/s.
Q,=1[0.5/(0.5 + 1.068)](1.1) = 0.3508 ft*/s Q,=[1.068/(0.5 +1.068)](1.1) = 0.7492 ft*/s
v; = (0.3508)/[()(5)*/4] = 1.787 ft/s v, = (0.7492)/[(7)(£)*/4] = 2. 146 ft/s
(N=)1 = (1-94)(£)(1.787)/(2.11 x 107°) = 8.22 x 10* (Nr): = (1.94)($)(2.146)/(2.11 x 107°) = 1.32 X 10°
£, =0.0205 £=0.0190 () = 0.0205[(35 + 1200 + 35)/(:3)]{1.787%/{(2)(32.2)]} = 2.582 ft
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Paly +(¥)al28 +0=pc/y + (v)c/2g + 0+ 2.582 [(pa—ps)/ YL =2.5821t
(hy)2 = 0.0190[(35 + 1200 + 35)/(3%5)]{2.146*/[(2)(32.2)]} = 2.588 ft
Paly +(v9)a/28 +0=pc/y + (vD)c/28 +0+2.588  [(pa—pc)/y].=2.588 1t
(95 — pc)(144)/62.4] = 2.588 fit Pc=93.91b/in®

For pipe CB, :
v=Q/A=11/[(n)()*/4] =3.151 ft/s N = (1.94)($%)(3.151)/(2.11 X 107%) = 1.93 x 10° f=0.0178
h, =0.0178[3200/(£)]{3-151%/[(2)(32.2)]} = 13.17 ft Pa=93.9 — (13.17)(62.4)/144 = 88.2 psig

/—D=8in
yd

(o -] i W= 77— -3

‘ ] 3200 ft — ———
351t} | ~D=8in
4

I
/L Fig. 117

Repeat Prob. 11.7 using nominal pipe sizes (6.065 in and 7.981 in diameters) and supposing an open globe valve
in the 8-in pipe just before B. The fittings are all screwed fittings. Use K = 0.45 for a 6-in standard tee, 0.30 for
elbows, and 4.8 for the globe valve.

I pu/y+vi/2g+ 24 =pcly +v2/28 + zc + h,. Assume that a flow Q) of 0.5 ft*/s is proceeding through
branch 1.

h,=h;+h, h; = (f)(L/D)(v*/2g) v, = Q1/A, =0.5/[(7)(6.065/12)*/4] = 2.492 ft/s
Nr=pDv/u (Ng)1 = (1.94)(6.065/12)(2.492)/(2.11 X 107%) = 1.16 X 10° €/D, = 0.00015/(%%2) = 0.00030
From Fig. A-5, f =0.0198.

(h;), = 0.0198[(35 + 1200 + 35)/(6.065/12)}{2.492%/[(2)(32.2)]} = 4.798 ft
h,, = (K)(v*/2g) (h.)1 = [(2)(0.30) + (2)(0.45)1{2.492%/[(2)(32.2)]} = 0.145 ft
(h.)1=4.798 +0.145=4.943 ft
For branch 1,
Paly + (V)al28 +0=pps/y + (v])s/28 +0+4.943  (v])a/28=(vD)s/28  [(Pa—pPs)/7]i=4.943ft
Using this pressure head, which must be the same for each loop, for branch 2,
4.943 + (v2)a/28 +0=(V3)s/28 + 0+ (h),  (VD)a/28=(vD)a/2g  (h).=4.9431t
4.943 = f[(35 + 1200 + 35)/(7.981/12){v3/[(2)(32-2)]} + [(2)(0.30) + (2)(0.45)]{v3/[(2)(32.2)]}
= 29.65f,v3 + 0.0232903
(e/D),=0.00015/(7.981/12) = 0.000226

Estimate f; = 0.018. ‘
4.943 = (29.65)(0.018)(v3) + 0.02329v3 v, =2.979ft/s Q4= A,u, = {(7)(7.981/12)?/4](2.979) = 1.035 ft*/s

Now the desired actual flows Q, and 0, may be computed so as to maintain the ratio Q/Q} and to satisfy
continuity so that Q, + 0, =1.1t%/s.

Q. =[0.5/(0.5 + 1.035)}(1.1) = 0.3583 ft*/s Q, =[1.035/(0.5 + 1.035)|(1.1) = 0.7417 t*/s
v, = (0.3583)/[()(6.065/12)*/4] = 1.786 ft/s v, = (0.7417)/[(x)(7.981/12)%/4] = 2.135 ft/s
(Ng)1 = (1.94)(6.065/12)(1.786)/(2.11 X 10~%) = 8.30 X 10*
(Ng)2 = (1.94)(7.981/12)(2.135)/(2.11 X 1075) = 1.31 X 10°
£,=0.0205 £=0.019
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(hs), = 0.0205[(35 + 1200 + 35)/(6.065/12)]{1. 786%/[(2)(32.2)}} =2.551 ft
(A.)1 = [(2)(0.30) + (2)(0.45)]{1.786°/[(2)(32.2)]} = 0.074 ft (h));=2.5514+0.074 =2.625 ft
Paly + (W)al28 +0=pc/y + (v)c/28 +0+2.625 [(pa—p5)/ 7] =2.625ft
(k)2 = 0.019[(35 + 1200 + 35)/(7.981/12)]{2. 135%/[(2)(32.2)]} = 2.568 ft
(h.)2 = [(2)(0.30) + (2)(0.45)]{2.135%/[(2)(32.2)]} = 0.106 ft
(hp), =2.568 + 0.106 = 2.674 ft paly+ (WDal28 +0=pc/y + (V)28 +0+2.674
[(pa—pc)/ 7] =2.674 ft [(95 — pc)(144)/62.4] = 2.674 ft pc =93.81b/in*
For pipe CB,
v=0/A=11/[(x)(7.981/12)*/4] = 3.166 ft/s Ng = (1.94)(7.981/12)(3.166)/(2.11 X 107°) = 1.94 x 10°
f=0.0178 hy =0.0178[3200/(7.981/12)1{3.166°/[(2)(32.2)]} = 13.33 ft
h,, =4.8{3.166%/[(2)(32.2)]} =0.75 ft h; =13.33+0.75=14.08 ft
P = 93.8 — (14.08)(62.4)/144 = 87.7 Ib/in®

A two-branch, commercial steel pipe system (Fig. 11-8) delivers 0.42 m*/s of water at 5 °C. The pressure at B is
22 kPa gage. What is the pressure at A? Neglect minor losses.

[ ) paly+ V3128 + 2. =paly + v3/2g + z5 + h,. Assume that a flow Q] of 0.20 m*/s is proceeding through
branch 1.

= (f)(L/D)(v*/2g) (V1)2s0= Q1/A, = 0.20/[()(0.250)*/4] = 4.074 m/s
(¥1)200 = Q1/A, = 0.20/[(7)(0.200)%/4] = 6.366 m/s Nz =Du/v
[(Ne)ilaso = (0.250)(4.074)/(1.52 x 107%) = 6.70 x 10° (€/D,).50 = 0.000046/0.250 = 0.000184
From Fig. A-5, (f,)250 = 0.015.
[(Ng)1]200 = (0.200)(6.366)/(1.52 X 107%) = 8.38 X 10°  (€/D,)200 = 0.000046/0.200 = 0.00023  (f,)200=0.015
h, =0.015[(60 + 110 + 40)/0.250]{4.074%/[(2)(9.807)]} + 0.015[(110 + 40)/0.200]{6.3667/[(2)(9.807)]} = 33.91m
For branch 1,

paly+ (vn)A/Zg +0=pa/y+(v))s/28 +0+33.91  (v)a/28=(v)s/28  [(Pa—pPs)/7v]i=33.91m
Using this pressure head, which must be the same for each loop, for branch 2,
33.91+ (V)a/28 + 0= (vD)a/28 +0+ ()2 (vDal28=(vDal2g (). =3391m
33.91 = £](20 + 220)/0.200}{v3/[(2)(9.807)]} = 61.18fv3 (€/D), =0.000046/0.200 = 0.00023
Estimate f, = 0.015.

33.91 =(61.18)(0.015)(v2) v, =6.079m/s 0} = A,v, = [()(0.200)*/4](6.079) = 0.1910 m*/s

Now the desired actual flows @, and Q, may be computed so as to maintain the ratio Q1/Q; and to satisfy
continuity so that Q, + Q, = 0.42 m?/s.

= [0.20/(0.20 + 0.1910)](0.42) = 0.2148 m*/s Q- =1[0.1910/(0.20 + 0.1910)](0.42) = 0.2052 m’/s
(v1)2s0 = 0.2148/[()(0.250)*/4] = 4.376 m/s (V1) 200 = (0.2148)/[(;r)(0.200)*/4] = 6.837 m/s
 uy=(205.2/1000)/[(7)(0.200)?/4] = 6.532 m/s .
Since the assumed value of Q, is close to 0.2148 m’/s, the values of f of 0.015 should be close enough.
(hs): = 0.015[(60 + 110 + 40)/0.250]{4.376/[(2)(9.807)]}

+ 0.015[(110 + 40)/0.200]{6.837%/[(2)(9.807)]} =39.11 m

Pl Y+ (V)28 +0=ps/y + (v3)s/2g + 0+ 39.11 [(pa—ps)/y]i=39.11m
(h,), = 0.015[(20 + 220)/0.200]{6.532%/[(2)(9.807)]} = 39.16 m

paly+(D)A/28 +0=pp/y + (vD)s/28 +0+39.16  [(pa—ps)/v)=39.16 m

These values of [(p4 — ps)/y] are close enough, so take an average value of (39.11 + 39.16)/2, or 39.14 m:
(pa—22)/9.79 = 39.14, p, = 405 kPa. ,
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220 m Fig. 11-8

The vertical, commercial steel pipe system shown in Fig. 11-9 (D = 300 mm throughout) carries 0.82 m*/s of
water. Find the pressure drop between A and B if B is 100 m higher than A. Neglect minor losses. The water is
at5°C.

1 paly +VAI28 4+ za=paly +V5/28 + 25+ h,

For branch I: Estimate Q= 0.25 m*/s, h; = (f)(L/D)(v?/2g). Let f = 0.014: v{ = Q{/A, =
0.25/[()(0.300)*/4) = 3.537 m/s, h, = 0.014[(250 + 550 + 250)/0.300]{3.5372/[(2)(9.807)]} = 31.25m, p, /7y +
v3i/2g + 0=pp/y + vi/2g + 100 + 31.25, v /2g = v%/2g, (pa —ps)/y=131.25m.

For branch IE: Let f = 0.015: h, = 0.015[550/0.300}{(v})*/[(2)(9.807)]} = (1.402)(v}n)?, pa/y + v3/2g + 0=
paly + v}:/2g + 100 + (1.402)(vir)?, (pa — Ps)/y = 100 + (1.402)(v{;)*. Use (pa — ps)/y =131.25m. 131.25 =
100 + (1.402)(v}y)?, v} = 4.721 m/s. :

For branch IIE: Let f = 0.013: h, = 0.013[(350 + 550 + 350)/0.300}{ (vi)*/[(2)(9.807)]} = (2.762)(vin)?, paly +
v4/2g + 0=pg/y + v%/2g + 100 + (2.762)(vin)?, (pa — ps)/y = 100 + (2.762)(viy)*. Use (p. — ps)/y =

131.25 m. 131.25 = 100 + (2.762)(viy)?, vin = 3.364 m/s. The new values of Q are Q, =250L/s;

On = [()(0.300)%/4](4.721) = 0.3337 m®/s, or 333.7 L/s; Qux = [(,r)(0.300)?/4](3.364) = 0.2378 m°/s, or

237.8 L/s. Find new values of Q: Q; = [250/(250 + 333.7 + 237.8)](820) = 249.5 L/s, Ou = [333.7/(250 +

333.7 + 237.8)](820) = 333.1 L/s, O = [237.8/(250 + 383.4 + 237.8)](820) = 237.4 L/s.

For branch I: v, = (249.5/1000)/[(7r)(0.300)*/4] = 3.530 m/s, Nx = Dv/v = (0.300)(3.530)/(1.52 X 10~) =

6.97 X 10°, €/D =0.000046/0.300 = 0.00015. From Fig. A-5, f = 0.0146.

For branch II: vy, = (333.1/1000)/[(%)(0.300)%/4] = 4.712 m/s, Ny = (0.300)(4.712)/(1.52 X 10~°) = 9.30 X 10°,
£=0.0141.

For branch IN: vy, = (237.4/1000)/[(7r)(0.300)%/4] = 3.359 m/s, Ny = (0.300)(3.359)/(1.52 x 10~%) = 6.63 X 10",
f =0.0146. Compute (p, — ps)/y for each branch.

For branch I: A, = 0.0146[(250 + 550 + 250)/0.300){3.530%/[(2)(9.807)]} = 32.46 m, p./y + v3/2g + 0= ps/y +
v}3/2g + 100 + 32.46, (p4 — ps)/y =132.46 m.

For branch II: k, = 0.0141[550/0.300]{4.712%/[(2)(9.807)]} =29.26 m, p/y + vi/2g + 0=p,/y + v3/2g +

100 +29.26, (pa — p5)/y = 129.26 m.

For branch III: k, = 0.0146[(350 + 550 + 350)/0.300}{3.359*/[(2)(9.807)]} = 34.99 m, p./y + vi/2g + 0=
psly +v%/2g + 100+ 34.99, (p,—ps)/y =134.99 m.

We could go through another cycle. Instead, we stop here and take an average value of (p, — ps)/v:

(13246 + 129.26 + 134.99)/3, or 132.24m. (p—py) = (132.24)(9.79) = 1295 kPa gage.

In Fig. 11-10, L, = 3000 ft, D, = 1 ft, €, = 0.001 ft; L, = 2000 ft, D, = 8 in, €, = 0.0001 ft; L; = 4000 ft, D, = 16in,
€, =0.0008 ft; p = 2.00 slugs/ft>, v = 0.00003 ft*/s, p,, = 80 psi, z, = 100 ft, z; = 80 ft. For a total flow of 12 cfs,
determine the flow through each pipe and the pressure at B.

I h = (f)(L/D)(v*/2g). Assume Q; =3 cfs.
vi=Q1/A; =3/[(n)(1)*/4] = 3.820 ft/s Ng=Duv/v
(NR), = (1)(3.820)/0.00003 = 1.27 x 10° €/D,=0.001/1 = 0.0010
From Fig. A-5, f{ = 0.022. (h,); = (0.022)(33){3.820%/[(2)(32.2)}]} = 14.95 ft. For pipe 2, assume f} = 0.020.
14.95 = 0.020[2000/(S){v/[(D)(32.2)]} v} =4.006ft/s (Na)5 = (5)(4.006)/0.00003 = 8.90 x 10*
/D, =0.0001/(5)=0.00015  f3=0.019 14.95 = 0.019[2000/(£){v3/[(2)(32.2)]}
v;=4.110ft/s Q: = [(w)()°/4](4.110) = 1.43 ft’/s
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For pipe 3, assume f; = 0.020.
14.95 = 0.020[4000/ () {v/[(2)(32.2)]}  vi=4.006ft/s (NR)5 = (35)(4.006)/0.00003 = 1.78 x 10°
€5/ Dy = 0.0008/(15) = 0.00060 £3=0.020 Q5 = [(®)(3£)/4](4.006) = 5.59 ft*/s

ZQ =3+143+5.59=10.02ft*/s 0, =(3/10.02)(12) =3.59 ft*/s
0,=1(1.43/10.02)(12) = 1.71 ft*/s Q5 =(5.59/10.02)(12) = 6.69 ft*/s

Check the values of h,, h,, and h;:

vy =3.59/[(x)(1)*/4] = 4.571 ft/s (N&): = (1)(4.571)/0.00003 = 1.52 x 10°
£1=0.021 (hp), = (0.021)(32){4.571%/[(2)(32.2)]} = 20.44 ft v, = 1.71/[(7)(£)?/4] = 4.899 ft/s
(Ng)> = ($5)(4.899)/0.00003 = 1.09 x 10° £,=0.018 (k). = 0.018[2000/(%)]}{4.899*/[(2)(32.2)]} = 20.12t
v3 = 6.69/[(7)(13)°/4] = 4.791 ft/s (Ng)s = (35)(4.791)/0.00003 = 2.13 x 10°
£=0.019 (hy)s = 0.019[4000/(3$)1{4.791%/[(2)(32.2)]} = 20.32 ft

Since these values of h, are close, accept the flow values determined above and take an average value of
(20.44 + 20.12 + 20.32)/3, or 20.29 ft for calculating pp: p./y + v3/2g + za =paly + V3/28 + 2z + by,
(80)(144)/62.4 + v5/2g + 100 = (p5)(144)/62.4 + v3/2g + 80 + 20.29, v5/2g = v5/2g, ps =79.91b/in’.

— Fig. 11-10

11.12  Prepare a computer program to solve for the head drop and flow distribution through N pipes in parallel. Check
it out with the data in Prob. 11.11.

) 10 REM B: SOLUTION OF PARALLEL PIPE PROBLEMS
20 DEFINT I,N: DEF FN@(D1,D2,D3,DH) =D1 $DHELOG (D2+D3/DH)
30 READ N,@Q,RHO,KVIS.PA, ZA, ZB,G, 11
40 DATA 3,12.,2.,3E-5,80.,100.,80.,32.2,15
S0 LPRINT: LPRINT"N, @, RHO, KV1S="; N; Q@; RHO; KVIS

60 LPRINT: LPRINT"PA, ZA, IB,6, 1 1=*;PA; ZA; IB;6; 111 LPRINT

70 FOR I=1 TO N: READ L (1),D(1),EP(I)3 NEXT I

80 DATA 3000.,1.,.001,2000.,.6667,.0001, 4000, ,1.3333, .0008

90 FOR 1=1 TO N: LPRINT"I,L,D,EPS="31;L(1);D(1);EP(I): NEXT 1:  LPRINT
100 FOR I=1 TO N: C=SOR(GED(1) /L(1) )3 E1(1)=—.96500018D (1) ~23C

110 E2(1)=EP(1)/(3.78D(1) )3 E3(1)=1.7848KVIS/(D(1)IC) ¢ NEXT 1

120 X=.028L(1)8QQ"2/(.7B548D(1)~582'8G) ’ MAX POSS. HEAD WITH FLOW THRU PIPE 1
130 HMA=SAR(X) : HMI=0!

140 FOR Ii=1 TO II: §=01: HF =, 8 (HMA+HMI) * START OF BISECTION METHOD
150 FOR I=1 TO N: S=S+FNR(E1(1),E (1) ,E3(1) ,HF): NEXT I

160 IF S-Q@>0' THEN HMA=HF ELSE HMI= f
170 PRINT"S,0Q, HF="3;5; 00; HF
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180 NEXT 1It: HER=.5% (HMA+HMI) 1 HFF=HFR~2 * FINAL VALUE OF HEAD DROP
190 FOR 1=1 TO N: LPRINT"I,HFF,0="31;HFF;FNQ(E1(1),E2(1),E3(1),HFR): NEXT I
200 LPRINT: LPRINT"PB=";: LPRINT USING" ###.### “;PA+(ZA-IB-HFF)SRHOG/ 144"
N,QQ,RHO,KVIS= 3 12 2 .00003

PA,2A,2B,6,11= B0 100 80 32.2 15

1,L,D,EPS= 1 3000 1 .001

I,L,D,EPS= 2 2000 .6667 .0001

1,L,D,EPS= 3 4000 1.3333 .0008

1,HFF,B= 1  20.68776 3.576553

I,HFF,0= 2 20.68776 1.710832

I,HFF,@= 3 20.68776 &.713136

PB= 79.692

1113 Two pipes are connected in parallel between two reservoirs: L, =2600m, D, = 1.3 m, C =90; L, =2400 m,
D, =0.9m, C = 100. For a difference in elevation of 3.8 m, determine the total flow of water at 20 °C.

1 v =0.8492CR*%s*>*
v, = (0.8492)(90)(1.3/4)*%(3.8/2600)*** = 1.109 m/s
v, = (0.8492)(100)(%2)"(3.8/2400)*** = 1.020 m/s
0 = Av = [(2)(1.3)/4](1.109) + [(7)(0.9)*/4)(1.020) = 2.12 m*/s

11.14 For 5.4m’/s of flow in the system of Prob. 11.13, determine the difference in elevation of reservoir surfaces.

1 Q = Av = 0.8492ACR" 5"
5.4 = 0.8492[()(1.3)*/4](90)(1.3/4)*s*** + 0. 8492[(::)(0.9)2/4](100)(9;.—")°'63s°‘5“
s =0.008455 m/m A elevation = (0.008455)(2400) = 20.3 m

11.15 Three smooth tubes are connected in parallel: L, =45ft, D, =% in; L, =55ft, D,=1in; L, =60ft, D; = 3in.
Given Q = 33 gpm, y = 55Ib/ft>, and u = 0.13 Pa - s, what is the drop in hydraulic grade line between junctions?

128ulL
] hy = —J;;‘FQ—
Therefore, L,Q,/D} = L,Q,/D3= L;Q5/D5.
0 =0, +Q,+ Q= (33)(0.002228) = 0.07352 ft*/s 450,/[(5)/121* = 55Q./(%)* Q,=0.07639Q,
55Q.,/(%)* = 600,/[(3)/12])* Q5= 0.29000, 0.076390, + 0O, + 0.2900Q, = 0.07352 Q,=0.05381ft*/s
_ (0.13)(0.3048)* _ (128)(0.002716)(55)(0.05381)

=0.0027161b - s/f€ h =123.4
4.448 s/ 4 @GS)E) .41

116 IfH=11m, u=8x10"%Pa-s, and s.g. = 0.9 in Fig. 11-16, find the discharges through pipes 1, 2, and 3.

1 he = (f)(L/D)(v*/2g) (€e/D), = 0.006/0.050 = 0.120 f,=0.114
(e/D), = 0.009/0.120 = 0.075 £=0.088 (e/D)s=0.012/0.100 = 0.120 f£,=0.114
()= (hs), v, =0,/A, = Ql/[(”)(o-050)2/4] =509.3Q, v,=Q,/A,= Qz/[(”)(0~120)2/4] =88.420Q,
0.114[70/0.050]{(509.3Q,)*/[(2)(9.807)]} = 0.088[80/0.120]{(88.42Q.)*/[(2)(9.807)]}
Q,=9.500Q, Q> =01+ Q> =0, +9.500Q, = 10.500Q,
v; = Qs/A; = 10.500Q,/[(%)(0.100*/4] = 1337Q,  H = (), + (h)s
11 = 0.114[70/0.050]{(509.3Q,)*/[(2)(9.807)]} + 0.114{110/0.100]{1337Q,)*/[(2)(9.807)]}
0,=0.000901 m*/s=0901L/s  Q,=(9.500)(0.901)=8.56L/s  Q,=(10.500)(0.901) =9.46 L/s

_4Qp _ (4)(0.00946)(0.9)(1000) _

Ne = aDu - (x)(0.100)(8 X 1073)

13550

Hence, both f’s are O.K.
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11.17

11.18

4 I 80 m 120-mm-diam. €=0012 m
e=0009 m

Fig. 11-11

Find H in Fig. 11-11 for Q5=20L/s, u=5x10">Pa-s,s.g. =0.9.

I 0, and Q, will be in the same proportion as in Prob. 11.16. Hence, Q, = (0.901/9.46)(20) = 1.90 L/s,
Q. =1(9.500)(1.90) = 18.0 L /s.

H = (k)i + ()3 he = (f)(LID)(v*/2g)
vy = Q1/A; =0.00190/[()(0.050)*/4] = 0.9677 m/s v; = Q3/A; = 0.020/[()(0.100)*/4] = 2.546 m/s
Using values of f from Prob. 11.16,
H = 0.114[70/0.050]{0.9677%/[(2)(9.907)]} + 0.114[{110/0.100]{2.546?/[(2)(9.907)]} = 49.06 m

What length of 300-mm-diameter, clean cast-iron pipe could replace the system of Fig. 11-12?
I (e/D),=0.00026/0.200=0.0013  (€/D),=0.00026/0.300 = 0.00087  (€&/D), = 0.00026/0.500 = 0.00052
(e/D), = 0.00026/0.300 = 0.00087 (e/D)s = 0.00026/0.300 = 0.00087
Try f,=0.023, £, =0.021, f;=0.018, f, = 0.021, and f; = 0.021: Assume a head loss in pipes 1 and 2 of 3 m.
h; = (f)(L/D)(v*/2g) 3 = 0.023[310/0.200]){v3/[(2)(9-807)]} v;=1.285m/s
Q1 = A,v, = [(7)(0.200)%/4](1.285) = 0.04037 m*/s 3 =0.021[310/0.300}{v3/[(2)(9-807)]} v,=1.647m/s
0, = A,v, = [(7)(0.300)*/4)(1.647) = 0.1164 m*/s

To find equivalent for 1 and 2, v, = (0.04037 + 0.1164)/[(x)(0.300)*/4] = 2.218 m/s, 3 =
0.021[L./0.300]{2.218%/[(2)(9.807)]}, L. =170.9m (for pipes 1 and 2).

For pipe 3: 20 ) {Q/[(%)(0.500)%/4])> L) {Q/[(%)(0.300)%/4])?
0.500 (2)(9.807) 0.300 (2)(9.807)
L,=537m (for pipe 3)

0.018( = 0.021(

Assume a head loss in pipes 4 and 5 of 3m.
3 =0.021{620/0.300]{v3/[(2)(9.807)]}  v,=1.164m/s
Q.= [(#)(0.300)*/4](1.164) = 0.08228 m*/s 3 =0.021[790/0.300]{v?%/[(2)(9.807)]}
vs=1.032m/s Qs =[(7)(0.300)?/4](1.032) = 0.07295 m*/s

To find equivalent for 4 and 5,

v, = (0.08228 + 0.07295)/[(7)(0.300)%/4) =2.196 m/s 3 =0.021[L./0.300]{2.196*/[(2)(9.807)]}
L.=1743m  (for pipes 4 and 5) (L) =1709+ 537+ 1743 =398.9m

370 '
M 2 |
=L, =
. 290m 500-mm-diam. 620m 300-mm-diam..
3 z

Fig. 11-12
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For a velocity of 1.1 m/s in pipe 1 of Fig. 11-12, calculate the flow through the system and the head H required.
The fluid is water at 15 °C.

I Using values from Prob. 11.18, h, = (f)(L/D)(v*/2g), (), = 0.023[310/0.200]{1.1/[(2)(9.807)]} =2.199 m,
(hy)2 = (hs), = 0.021[310/0.300}{v3/[(2)(9.807)]} =2.199 m, v, = 1.410 m/s; Q = Av = [(x)(0.200)*/4](1.1) +
[()(0.300)%/4](1.410) = 0.134 m*/s. (This is the flow through the system.) v; = Q,/A; = 0.134/[()(0.500)?/4] =
0.6825 m/s, (h;); = 0.018[290/0.500]{0.6825%/[(2)(9.807)]} = 0.363 m. The flow of 0.134 m®/s will split in pipes 4
and 5 in the same proportions as determined in Prob. 11.18. Hence, Q, = [0.08228/(0.08228 +

0.07295)](0.134) = 0.0710 m*/s, v, = 0.0710/[(7)(0.300)°/4] = 1.004 m/s, (h),=
0.021[620/0.300]{1.004>/((2)(9.807)]} =2.230 m, H =2.199 + 0.363 + 2.230 = 4.792 m.

Three pipes are in paralle]l with a total head loss of 20.3 m. The pipe data are

pipe L,m d,cem €, mm €/d
1 100 8 0.24 0.003°
2 150 6 0.12 0.002
3 80 4 0.20 0.005

The fluid is water, p = 1000 kg/m*, and v = 1.02 X 10~° m?/s. Calculate the total flow rate in cubic meters per
hour, neglecting minor losses.

I h = (fY(L/D)(v?/2g), (he )1 = (Be ), = (hy)s. Guess fully rough flow in pipe 1: £, = 0.0262.
(hs)r = 20.3 = 0.0262[100/(35)1{v3/{(2)(9-807)]} v, =3.487m/s
Nr=Dv/v (Nr): = (%)(3.487)/(1.02 X 107%) = 2,73 x 10°
From Fig. A-5, f; =0.0267.
©20.3=0.0267[100/ ()] {v3/[(2)(9.807)]} v, =3.454m/s
0, = A,v; = [(7)(185)?/4)(3.454) = 0.01736 m*/s
Guess f, = 0.0234:
(s)2=20.3 = 0.0234[150/ (:3){v3/[(2)(9-807)]}  v,=2.609 m/s
(Nr): = (3%)(2.609)/(1.02 x 107%) = 1.53 x 10° f.=0.0246 20.3 = 0.0246[150/ (3%)]{v3/[(2)(9.807)]}
v, =2.544m/s Q, = [(7)(35)?/4](2.544) = 0.007193 m*/s
Guess f, = 0.0304: | 4
(1y)s =20.3 = 0.0304[80/ (%) |{vZ/[(2)(9.807)]}  v;=2.559 m/s
(NR)s = (7%)(2.559)/(1.02 x 10™%) = 1.00 x 10°
£,=0.0313 20.3 = 0.0313[80/(z%) {v¥/[(2)(9.807)]}  v5=2.522m/s
Qs = [()(3%)*/4](2-522) = 0.003169 m*/s
This is satisfactory convergence. Hence, Q.o = 0.01736 + 0.007193 + 0.003169 = 0.02772 m>/s, or 99.8 m*/h.
For the parallel pipe system of Fig. 11-13, each pipe is cast iron, and the pressure drop p, — p, equals 2.5 psi.
Compute the total flow rate between 1 and 2 if the fluid properties are y = 57.32 Ib/ft>, u = 0.00606 1b - s/ft>.
I h =(p,—p,)/y=(2.5)(144)/57.32 = 6.281 ft. Assume laminar flow.

= 128ul.Q
f = n,yD4
For the 3-in-diameter pipe:
(128)(0.00606)(225)(Q) _vDv

6.281 =

, = 0.02531 f¢? Ngr
DGL32)E) Q fs >

Uy = Qa/A; = 0.02531/[(m)(2)2/4] =0.5156 ft/s  (Ng)s = (57.32)(£)(0.5156)/(0.00606)(32.2) =38  (laminar)
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For the 2-in-diameter pipe:
(128)(0.00606)(185)(Q-) _ 3 - 212741 =
6.281 = (2)(57.32)(5)" Q, =0.006081 ft’/s v, = 0.006081/[(x)(&)*/4] = 0.2787 ft/s ;
(Nz)s = (57.32)(%)(0.2787)/(0.00606)(32.2) =14  (laminar) Qo = 0.02531 + 0.006081 = 0.0314 ft'/s

D=3in L =225ft

Fig. 11-13

11.22  The system of Fig. 11-14 consists of 60-mm-diameter, wrought iron pipes containing water at 20 °C. If the total
flow rate from 1 to 2 is 13 L/s, compute the total pressure drop p, — p,. Neglect minor losses.

I For pipe c:

v, = Qc/Ac = 0.013/[(7)(0.060)*/4] = 4.598 m/s Ng=dv/v
(Nx). = (0.060)(4.598)/(1.02 X 10~%) = 2.70 X 10° €/d = 0.000046/0.060 = 0.00077
From Fig. A-5, f. = 0.020.
= (f)(L/d)(v*/28) (h,). =0.020[175/0.060]{4.598%/[(2)(9.807)]} = 62.88 m
(Ap). = (7)(hy). = (9.79)(62.88) = 616 kPa

For pipes a and b: (h). = (y)s, Vo = Qu/Au = Qu/[(%)(356)/4] = 353.7Q., v, = Qu/ Ay = Qu/[(7)(s)’/4] =
353.7Q,.

£:[240/0.060]{(353.7Q..)*/[(2)(9-807)]} = £,[120/0.060}{(353.7Q,)*/K(2)(9-807)]} @

Iff,=f, Q,=0.7071Q,, Q. + O, = 1.7071Q, = 0.013 m%/s, Q, = 0.007615 m*/s, Q. = (0.7071)(0.007615) =
0.005385 m*/s; (Ng). = 15[(353.7)(0.005385)]/(1.02 X 1075) = 1.12 X 10°, £, = 0.0219; (Ng), =
15:[(353.7)(0.007615)]/(1.02 X 10~%) = 1.58 X 10°, f, = 0.0208. Substituting these values of finto Eq. (1),
0.0219[240/(:%)1{353.7Q..)*/[(2)(9-807)]} = 0.0208[120/(:%)1{(353.7Q,)*/[(2)(9.807)]}, Q. = 0.6891Q,,

Q. + 0, =0.6891Q, + 0, =0.013, Q, = 0.007696 m’/s, Q, = (0.6891)(0.007696) = 0.005303 m*/s.

(Ne). = 0.060[(353.7)(0.005303)]/(1.02 X 10~%) = 1.10 X 10° £, =0.0219  (O.K.)
(N, =0.060[(3S3T)O.07696)}/(102X 10°) = LEOX 10 £, =0.0208  (O.K)
Hence, @, = 0.005303 m*/s and Q, = 0.007696 m®/s. !
(Br)e = (h,)s = 0.0219[240/0.060]{[(353.7)(0. 005303)]2/[(2)(9\80’7)]} =1571m

(Ap)..» = (9.79)(15.71) = 154 kPa (AP)iora = 616 + 154 = 770 kPa
L =240m
175 m
120m g
b é Fig. 11-14

11.23  Reconsider Prob. 11.22 with the flow rate unknown but with the total pressure drop given as 850 kPa. Find the
resulting flow rate Q.

[ ) Using data from Prob. 11.22, guess Q, = 0.006 m*/s: Q, = 0.006/0.6891 = 0.008707 m*/s, Q. = 0.006 +
0.008707 = 0.014707 m®/s, v, = Q./A, = 0.014707/[(x)(0.060)*/4] = 5.202 m/s, Ng = dv/v, (Ng). =
(0.060)(5.202)/(1.02 x 10~} = 3.06 x 10°, €/d = 0.000046/0.060 = 0.00077. From Fig. A-5, f. = 0.0195:

= (f)(L/d)(v*/2g), (hs). =0.0195[175/0.0601{5.2022/[(2)(9.807)]} = 78.47 m.
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For pi and b:
orpesa (he)a=(he)s v, = Q./A,=0.006/[(x)(0.060)*/4] = 2.122 m/s

vy, = Qb/A, = 0.008707/[(7)(0.060)*/4] = 3.079 m/s
(Ne). = (0.060)(2.122)/(1.02 X 10~%) = 1.25x 10° £, = 0.0205
(Na)s = (0.060)(3.079)/(1.02 X 10~) = 1.81 x 10°  f, =0.020
(k). = 0.0205[240/0.060]{2. 1222/[(2)(9.807)]} = 18.83 m
(hy)» = 0.020[{120/0.060] {3.079%/[(2)(9.807)]} = 19.33 m

Since these are fairly close, forego another iteration and take an average value of (h;),,,:

(hs)as = (18.83 +19.33)/2 = 19.08 m, (A )cora1 = 78.47 + 19.08 = 97.55 m, (AP iorar = (¥) (B )rora = (9.79)(97.55) =
955 kPa. Since this is slightly larger than the required 850 kPa, reduce Q, a small amount; e.g., try

Q, =0.00565 m’/s:

Q, = 0.00565/0.6891 = 0.008199 m*/s Q. = 0.00565 + 0.008199 = 0.013849 m®/s
v, = Q./A. = 0.013849/[()(0.060)*/4] = 4.898 m/s (Ng). = (0.060)(4.898)/(1.02 x 10~°) = 2.88 x 10°
f. =0.0195 (hy)e = 0.0195[175/0.060]{4.898%/[(2)(9.807)]} = 69.57 m
For pipes a and b:
v, = Q,/A, =0.00565/[()(0.060)*/4] = 1.998 m/s v, = Q,/A, = 0.008199/[(7)(0.060)*/4] = 2.900 m/s
' (Ng). = (0.060)(1.998)/(1.02 x 107%) = 1.18 % 10° £, =0.0205
(Ng)» = (0.060)(2.900)/(1.02 X 107%) = 1.71 x 10° f>=0.020
(hy). = 0.0205[240/0.060]{1.998%/[(2)(9.807)]} = 16.69 m
(hy), = 0.020[120/0.060}{2.900%/[(2)(9.807)]} = 17.15m

Since these are fairly close, forego another iteration and take an average value of (k;), ,:
(hs)ap = (16.69 + 17.15)/2 = 16.92 m, (A )iow = 69.57 + 16.92 = 86.49 m, (AP ).ora = (¥)(Fr)rorm = (9.79)(86.49) =
847kPa (close enough). Hence, Q = Q. =0.0138 m*/s =13.8 L/s.

For the piping system of Fig. 11-15, all pipes are concrete with roughness of 0.03 in. If the flow rate is 23 cfs of
water at 20 °C, compute the pressure drop p, — p, and the three volumetric flows.

I For pipe a:
v = QA = /[(n)(2)/4] =29.28ft/s  Np=Duv/v -

(NR). = (32)(29.28)/(1.08 X 107°) = 2.71 x 10° €/D =0.03/12=0.0025
From Fig. A-5, f, = 0.0249. h, = (f)(L/D)(v*/28), (k). = 0.0249[1200/({%)]{29.282/[(2)(32.2)]} =1397.8 ft.
For pipes b, ¢, and d:
B)o=()e=()a  vs= Qul A, = Qu/[(m)(H)/4] = 2.865Q,
ve = Q./A. = Q/[(m)($)*/4] = 1.273Q. va = QulAa= Qu/[(7)($)*/4] = 0.8149Q,

1400\ [ (2.8650,)? 900\ [ (1.273Q.)* 1300\ [ (0.8149Q,)
f"(_%_) [(_(5(3_2%))'] =f<_}~§—>[£(273—2QT;] =f"’( B )[( (2)(32.%)) ] @
If,=f=fs
0, =0.22090. Q. =1.453Q. 0, + Q. +0,=022090, + Q. +1.4530, =23 Q. =8.602£/s
0, = (0.2209)(8.602) = 1.900 ft*/s 0. = (1.453)(8.602) = 12.50 ft*/s
(Ni)» = £[(2.865)(1.900)]/(1.08 X 10~%) = 3.36 x 10° (¢/D), =0.03/8=0.0038  f,=0.028
(Nr). = 2{(1.273)(8.602)]/(1.08 X 10~%) = 1.01 x 10° (/D). =0.03/12 = 0.0025 £,=0.025

(Ngr)a = 13[(0.8149)(12.50)}/(1.08 X 10~%) = 1.18 x 10° (e/D),=0.03/15 = 0.0020 f:=0.0235
Substituting these values of finto Eq. (1),

0.028[1400/(5)1{(2.865Q,)*/[(2)(32.2)]} = 0.025[900/(13)1{(1.273Q.)*/[(2)(32.2)]}
= 0.0235[1300/(13)]{(0.8149Q,)*/[(2)(32.2)]}
0, =0.27490, . =1.499Q. 0, + Q. + 0, =0.2749Q, + Q. + 1.499Q, = 23 Q. =8.292ft/s
0, = (0.2749)(8.292) = 2.279 ft*/s Q. = (1.499)(8.292) = 12.43 ft*/s
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(Ne)s = 4[(2.865)(2.279)]/(1.08 X 10~5) = 4.03 x 10° £=0028 (OK.)
(Nw). = 2[(1.273)(8.292)]/(1.08 X 10~5) = 9.77 x 10° £=0025 (0K.)
(Ni)a = 15[(0.8149)(12.43)]/(1.08 X 10~%) = 1.17 x 10° £,=0.0235 (O.K)
Hence, O, = 2.28 ft*/s, Q. = 8.29 ft*/s, and Q, = 12.43 ft*/s.
(Be)s = (he)e = (B)a (hy)s = 0.028[1400/ (5){[(2-865)(2.28)F/[(2)(32.2)]} = 39.0 ft
(o = 397.8 + 39.0 = 436.8 t (APt = (7)1 o = (62.4)(436.8) =27 256 Ib/f> or 189 Ib/in’

D=8in
b L =1400ft

@ D=aI-2‘in

T L +1200n L =900ft

D=15in
L =1300n  Fig. 11-15

10.25  For the system of Fig. 11-15, with vegetable oil (v =4.62 X 10° ft*/s, y =42.5 Ib/ft*) as the fluid, compute the
flow rate in all pipes if the pressure drop p, — p, is 44 psi. Neglect minor losses.

§ Using data from Prob. 11.24, note that pipe a takes 397.8/436.8 = 0.9107, or 91.07 percent of the total
pressure drop. Hence, take (Ap), = (44)(144)(0.9107) = 5770 Ib/tt*, (k). = (Ap)./y = 5770/42.5 = 135.8 ft,

hy = (f)(L/d)(v*/2g), 135.8 = £,[1200/ (D) ]{v¥/[(2)(32.2)]}, v. = V7.288/F.. Try £. = 0.025: v, = V/7.288/0.025 =
17.07 ft/s, Ng = dv/v, (Nr).= ($3)(17.07)/(4.62 x 107%) = 3.69 x 10°, (¢/d), =0.03/12 =0.0025. From Fig. A-5,
£, =0.0245. Try f, = 0.0245: v, = \/7.288/0.0245 = 17.25 ft/s, (Nx). = (13)(17.25)/(4.62 x 107°) = 3.73 x 1(°,
f,=0.0245 (O.K.); O, =A,v, =[(7)(33)*/4](17.25) = 13.55 {t*/s. This flow of 13.55 ft*/s for Q, will divide
among the three parallel pipes in the same proportions as found in Prob. 11.24. Hence,

Os =[2.28/(2.28 + 8.29 + 12.43)](13.55) = 1.343 ft*/s Q. =[8.29/(2.28 + 8.29 + 12.43)](13.55) = 4.884 ft'/s

Q. =[12.43/(2.28 + 8.29 + 12.43)](13.55) = 7.323 ft*/s v, = 1.343/[()(:5)*/4] = 3.847 ft/s
(e/d), =0.03/8 =0.0038 (Nr)» = (£)(3.847)/(4.62 X 107%) = 5.55'x 10° £, =0.028
(Br)s,c.a = 0.028[1400/(:5)){3.847°/[(2)(32.2)]} = 13.51 ft (Ap)s.c.a=(42.5)(13.51) = 574 1b/ft?

(AP )i = 5770 + 574 = 6344 Ib/f> or 44.11b/in*> (0.K.)
Hence, Q, =13.55cfs, Q, =1.34 cfs, Q. = 4.88 cfs, and Q, = 7.32 cfs.

11.26 In Fig. 11-16 all pipes are cast iron and p, — p, = 49 psi. Compute the total flow rate of water at 20 °C.
[ | hy = (49)(144)/62.4 = 113.1 ft = (f)(L/d)(v*/2g)

© For pipe ¢: (k). = 113.1 = £[2000/(£)[{vZ/[(2)(32-2)]}, v. = V0.9105/f.. Try f, = 0.03: v, = V0.9105/0.03 =
5.509 ft/s, Nx = dv/v, (Ng). = (£)(5.509)/(1.08 X 10~5) = 1.28 x 10°, (&/d), = 0.00085/(:) = 0.0034. From Fig.
A-5, f.=0.0283. Try f. = 0.0283: v, = V/0.9105/0.0283 = 5.672 ft/s, (Ng). = (£)(5.672)/(1.08 X 10~%) = 1.31 x
10°, £.=0.0283 (O.K.); Q. = Av, = [(n)(3)*/4](5.672) = 0.2784 ft’/s.
For pipes a and b: (hy),, = 113.1 = £,[1200/(%)]{v2/[(2)(32.2)]} + £,[1300/(:5)}{v3/[(2)(32.2)]}. From
continuity, v, = v,/4. 113.1=£,[1200/(%)[{v3/[(2)(32.2)]} + £,[1300/(5){(v./4)*/[(2)(32.2)]}, 7284 =
(v2)(7200f, + 243.8f,). Try f, = f, = 0.03:

7284 = (v2)[(7200)(0.03) + (243.8)(0.03)] v, =57111t/s = (Ng).=(H)(5.711)/(1.08 x 10~°) = 8.81 x 10*
(e/d), = 0.00085/(%) = 0.0051 £.=0.031 v, =5.711/4 =1.428 ft/s
(Nr)s = (55)(1.428)/(1.08 x 107%) = 4.41 x 10*
(€/d), =0.00085/(35) =0.0026 £ =0.028
Try f, =0.031 and f, = 0.028:
7284 = (v2)[(7200)(0.031) + (243.8)(0.028)] v, =5.627 ft/s
(Ngr). = (£)(5.627)/(1.08 x 10~°) = 8.68 x 10* f.=0.031 (OK)
U, =5.627/4 = 1.407 ft/s (Nr)» = (£)(1.407)/(1.08 X 107°) = 4.34 x 10* f» =0.028 (OK.)
Q. = [(®)(%)*/4](5.627) = 0.1228 f*/s ‘ Qrorm = 0.2784 + 0.1228 = 0.4012 ft*/s
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4 in. 13001t
1in12001_ O~ b

—

3 in. 2000 ft ¢ Fig. 11-16

1127  Refer to Prob. 11.26. Given Q... = 0.7 ft*/s, compute the pressure drop p, — p, and the division of flow
between the two paths.

I The flow will divide between the two paths in the same proportions as found in Prob. 11.26. Hence,

Q. = [0.2784/(0.2784 + 0.1228)}(0.7) = 0.4857 ft*/s
Q. = Q, = [0.1228/(0.2784 + 0.1228)](0.7) = 0.2143 ft’/s
he = (f)(L/d)(v*/2g) v. = Q./A. = 0.4857/[()({;)*/4] = 9.895 ft/s Ng=dv/v
(Nr). = (5)(9.895)/(1.08 X 107°) =2.29 X 10° (e/d). = 0.00085/(5) = 0.0034

From Fig. A-5, . =0.028. (h,). = 0.028[2000/()]{9.895%/[(2)(32.2)]} = 340.6ft, p, — p, = (Y)(h,). =
(62.4)(340.6) = 21 253 Ib/f*, or 147.6 Ib/in?.

11.28 Two cisterns are connected by cast iron pipes as in Fig. 11-17. Neglecting minor losses, compute the flow rate in
each pipe for water at 20 °C.

I Assume (), =20ft.

o =gdh;/LV* Ng = —V8alog[(e/d)/3.7 + 2.51/V2a]

a, = (32.2)(#%)*(20)/[(1300)(1.08 x 107%)%] = 1.573 x 10° (€/d). = 0.00085/ (%) = 0.00255
(Ne). = —V(B)(1.573 x 10°) log [0.00255/3.7 + 2.51/V(2)(1.573 x 10°9)] = 1.093 X 10° Ny =4Q/nvd
1.093 X 10° = 40, /[(%)(1.08 X 107%)(55)] Q. =0.3090 ft*/s (Bs)a = (hy), =59 — 20 =391t
a, = (32.2)(%)*(39)/[(900)(1.08 x 10~%)?] = 1.869 x 10? (e/d), = 0.00085/() = 0.00340
(Nr). = —V(B)(1.869 X 10°) log [0.00340/3.7 + 2.51/V(2)(1.869 X 107)] = 1.152 X 10°
1.152 X 10° = 4Q,/[(x)(1.08 X 107°)(2)] Q. =0.2443 ft*/s
@, = (32.2)(%)*(39)/[(600)(1.08 x 10~°)*] = 8.308 x 10’ (e/d), = 0.00085/(%) = 0.00510
(Nr)s = —V(8)(8.308 x 107) log [0.00510/3.7 + 2.51/V/(2)(8.308 x 107)] = 7.227 x 10*

7.227 X 10* = 4Q, /[(7)(1.08 X 107°)(B)]  Q, =0.1022 ft*/s Q.+ 0, =0.2443 + 0.1022 = 0.3465 ft*/s
Since this value of Q, + Q, = 0.3465 ft/s is not equal to Q. = 0.3090 ft*/s, the assumed value of (k). =20 ft is
incorrect. Try (k). = 23.3 ft:

a, = (32.2)(:)%(23.3)/[(1300)(1.08 x 1075)*] = 1.833 x 10°
(Ng). = —V(8)(1.833 x 10°) log [0.00255/3.7 + 2.51/V/(2)(1.833 x 10%)] = 1.182 x 10°
1.182 x 10° = 4Q./[(x)(1.08 X 107°)(&)] Q. =0.3341 ft*/s
(By)a = (y)s =59 —23.3=35.71t a, = (32.2)(£)*(35.7)/[(900)(1.08 x 1075)7] = 1.711 x 10
(Nr). = —V(8)(1.711 x 10°) log [0.00340/3.7 + 2.51/V(2)(1.711 X 10%)] = 1.101 x 10°
1.101 X 10° = 4Q,/[(7)(1.08 X 10°)(2)] Q. =0.2336 ft*/s
@, = (32.2)(%)*(35.7)/[(600)(1.08 x 10~%)?] = 7.604 X 10’
(Nr)» = —V(8)(7.604 x 107) log [0.00510/3.7 + 2.51/V(2)(7.604 x 107)] = 6.908 x 10*
6.908 X 10* = 4Q,/[(7)(1.08 X 10°)(Z)]  Q, =0.0977 ft*/s Q. + Q, = 0.2336 + 0.0977 = 0.3313 ft*/s

~ This value of Q, + Q, =0.3313 ft°/s is practically the same as Q. = 0.3341 tt'/s. Hence, take Q, = 0.235 t*/s,
0, =0.098 ft*/s, Q. = 0.333 ft’/s.
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11.29  For the pipe system in Fig. 11-18, the pressure head at A is 120.0 ft of water and the pressure head at E is 72.0t

11.30

11.31

11.32

of water. Assuming the pipes are in a horizontal plane, what are the flows in each branch of the loop? Neglect
minor losses.

1 h =120.0 - 72.0=48.0 ft Q = 1.3184ACR* %%
s = 1.318[()(12)?/4](100)[(12)/4]°(48.0/12 000)** = 2.19 ft*/s
‘Qc = 1.318[(x)(5)*/4](100)[(75)/4]* °(48.0/4000)** = 1.37 ft*/s
- Qs = 1.318[()(i2)*/41(100)[(32)/4]"©(48.0/8000)** = 1.69 ft*/s

B
12,000°=-12",C- = 100
Q A C E  Q
" 1000'—8", € = 100 "
D

8000 —10". C = 100 Fig. 11-18

In Fig. 11-18, if the total flow is 6.50 mgd, how much head loss occurs between A and E and how does Q divide
in the loop?

# The total flow will divide in the loop in the same proportions as in Prob. 11.29. Hence, Qs =

[2.19/(2.19 + 1.37 + 1.69)](6.50) = 2.71 mgd, or 4.20 cfs; Q. =[1.37/(2.19 + 1.37 + 1.69)](6.50) = 1.70 mgd, or
2.62 cfs; Qp = [1.69/(2.19 + 1.37 + 1.69)}(6.50) = 2.09 mgd, or 3.24 cfs; Q = 1.3184CR**s*>*, For pipe B,

4.20 = 1.318[()(13)*/41(100)[(13)/41°#s***, s = 0.01334; (k)5 = (0.01334)(12 000) = 160 ft. This is the head loss
between A and E. It should, of course, be the same when computed by pipes C and D. To confirm this, for pipe
C, 2.62 = 1.318[(7)(&)*/41(100)[(£)/4]*#s*>, s = 0.04010; (h,)c = (0.04010)(4000) = 160 ft. For pipe D,

3.24 = 1.318[(7)(39)*/4](100)1{ (1) /4]>s***, s = 0.02005; (k)5 = (0.02005)(8000) = 160 ft.

For the system shown in Fig. 11-19, what flow will occur when the drop in the hydraulic grade line from A to B
is 200 ft?

# Assume (h;)wz = 30 ft. Using Fig. A-13: For pipe 2, with d = 12in and k, = 2% = 0.0060, Q, = 3.2 ft*/s. For
pipe 3, with d = 16 in and h, = 5395 = 0.0100, Q; =9.0ft*/s. For pipe 1, withd =24inand 0 =3.2+9.0=
12.2ft’/s, (h,), = 0.0024 ft/ft; (h;).w = (0.0024)(10 000) = 24.0 ft. For pipe 4, with d = 20in and Q = 12.2 ft’/s,
(k1) = 0.0060 ft/ft; (h;),s = (0.0060)(8000) = 48.0 ft, (h/) 4.5 = 24.0 +30 + 48.0 = 102.0 ft. This value of

(hs)a_s =24.0 + 30 + 48.0 = 102.0 ft is not equal to the given value of 200 ft, but the actual head losses will be in
the same proportions as those above. Hence, (k) 4w = (24.0/102.0)(200) = 47.06 ft. For pipe 1, with d =24 in
and h, = 47.06/10 000 = 0.0047, Q =18 cfs. B

5000'—12"
@ C =120
A 10,0000-24" W Z  8000'—20" B
C =120 @ ) C =120 @
3000'—16" .
C =120 Fig. 11-19

In Prob. 11.31, what length of 20-in pipe.with C =120 is equivalent to section A-B?

# From Prob. 11.31, it is known that a flow of 18 cfs is produced when the drop in the hydraulic grade line
from A to B is 200 ft. For 18 cfs in a 20-in pipe, from Fig. A-13, A, =0.012 ft/ft, 0.012L, =200, L, = 16 700 ft.
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In Fig. 11-20, when pump YA delivers 5.00 cfs, find the pressure heads at A and B. Draw the hydraulic grade
lines.

I Reduce loop BC to an equivalent pipe, 16 in in diameter, C = 100. By so doing, a single-size pipe of the
same relative roughness is readily handled for all conditions of flow. Assume a drop in the grade line of 22 ft
ftom B to C. Q =1.3184R%%s%%,

For the 10-in pipe: Q,, = 1.318[(7)(13)*/4](90)[(12)/41>*(22/10 000)"** = 0.8843 cfs.

For the 8-in pipe: Q; = 1.318[()(%)*/4](100)[(£)/4]°(22/11 000)*** = 0.5190 cfs. Qrorar = 0.8843 +0.5190 =
1.403 cfs. For a 16-in-diameter equivalent pipe with C = 100, 1.403 = 1.318[(xr)(15)?/4](100)[ (35)/4]* s>,

s =0.0004313 ft/ft; 0.0004313L, =22, L, = 51 000 ft. For a 16-in-diameter pipe from A to C with a length of
16 000 + 51 000 = 67 000 ft and carrying 5.00 cfs, 5.00 = 1.318[(x)(15)*/4](100)[(}5)/4]> s, 5 = 0.004537 ft/ft;
hy = (0.004537)(67 000) = 304.0 ft. Thus the elevation of the hydraulic grade line at A is 217.0 + 304.0 = 521.0 ft,
as shown in the figure. The drop from A to B is (0.004537)(16 000) = 72.6 ft and the elevation of the hydraulic
grade line at B becomes 521.0 — 72.6 = 448.4 ft. Pressure head at A = 521.0 — 50.0 = 471.0 ft, pressure head at
B =448.4 —50.0 =398.4 ft.

Fig. 11-20

In Fig. 11-21, which system has the greater capacity, ABCD or EFGH? Use C = 120 for all pipes.
I Assume Q =3 cfs in ABCD. Using Fig. A-13,
(h)a5=0.0014 ft/ft  (h,)4n = (0.0014)(9000) = 12.6 ft
(h1)pc=0.0053 ft/ft  (h))sc = (0.0053)(6000) = 31.8 ft
(h)cp =0.013 ft/ft  (h)).p = (0.013)(3000) = 39.0 ft (Mot = 12.6 +31.8+39.0=83.4ft (for ABCD)
For EFGH, assume (h/)p; = 24 ft.
(M) ke = 5506 = 0.00480 ft/ft  (h))pe = 7245 = 0.00343 ft/ft Qrc=0.97 cfs Qrc=1.6cfs

Hence, pipe FIG carries 0.97/(0.97 + 1.6) = 0.3774, or 37.74 percent of the flow and pipe FJG carries
1.6/(0.97 + 1.6) = 0.6226, or 62.26 percent. For Q = 3.0 cfs in pipe EF,

(h)er=0.00074ft/ft  (h)gr=(0.00074)(11000) =8.1ft Qe =(0.3774)(3.0) = 1.13 cfs
(B =0.0060 ft/ft (1) = (0.0060)(5000) = 30.0  ft

For Q = 3.0 cfs in pipe GH,
(h)n=0.013ft/ft  (hp)eu = (0.013)(2500) = 32.5 ft (Do =8.1+30.0+32.5=70.6ft  (for EFGH)

Since EFGH carries the assumed flow of 3.0 cfs with a lesser head loss than ABCD, it (EFGH) has the greater
capacity.

9000'—18" 6000'—12" 3000'—10"
A B Cc D
11,000'—18" 5000'—8" 2600'—10"
E F T G H
7000'—10"
J

Fig. 11-21
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11.35  Three pipes A, B, and C are interconnected as shown in Fig. 11-22. The pipe characteristics are as follows:

pipe D,in L,ft [

A 6 2000 0.020
B 4 1600 0.032
C 8 4000 0.024

Find the rate at which water will flow in each pipe. Find also the pressure at point P. Neglect minor losses.

1 Py +vi2g+z,=p,/y +vi/28 + z+ hy )
hy = hy = (f)(L/d)(v*/2g) = 0.020[2000/ () {v2/[(2)(32.2)]}
+0.024[4000/(£)){v/[(2)(32.2)]} = 1.242v3 + 2.236v%
0+ 0+ 200 = 0 + v%/[(2)(32.2)] + 50 + 1.242v% + 2.236vZ
150 = 1.242v3 +2.252v% (2)
Qs+ Q25=0c  [(@(H)/4l(va) + [(7)()*/4)(vs) = [(=)(E)*/4](vc)
0.1963v, + 0.08727vp = 0.3491v¢ : 3
(h)a=(hs)s  0.020[2000/(£)]{v2/[(2)(32.2)]} = 0.032[1600/(H){v3/[(2)(32.2)]}  va=0.7217v,

Substituting into Eq. (3), 0.1963v, + (0.08727)(0.7217v,,) = 0.3491v, v, = 1.346v,. Substituting into Eq. (2),
150 = (1.242)(1.3460C)? + 2.2520%, v = 5. 772 ft/s; Qc = Acve = [()(B)/4](5.772) = 2.01 /s, v, =
(1.346)(5.772) = 1.769 ft/s, Q.0 = [(w)(£)?/41(7.769) = 1.53 f6*/s. Substituting into Eq. (3), (0.1963)(7.769) +
0.08727v, = (0.3491)(5.772), v = 5.614 ft/s; Qp = [(7)(35)*/4)(5.614) = 0.490 ft*/s. To find pp, apply Eq. (1)
between points P and 2. (pp)(144)/62.4 + v}/2g + 120 = 0 + v3/2g + 50 + 0.024[4000/(#)1{5.772*/[(2)(32.2)]},
vi/2g = v3/2g, pp=1.951b/in’.

Fig. 11-22

11.36  Figure 11-23 shows an element of a sugar refinery. Smooth brass pipes 1, 2, and 3 are 550 ft of 2-in diameter,
350 ft of 3-in diameter, and 600 ft of 4-in diameter, respectively. If the net flow of molasses (v = 6.5 X 10~° ft*/s)
is 0.7 ft*/s, find the head loss from A to B and the flow in each pipe.

I hy = (F)L/d)(v*/2g) (he)r = (hy)2 = (hy)s

AIS50/(H)Hvi/[(2)(32.2)]} = £[350/(E){v3/[(2)(32-2)]} = £[600/ () {v3/[(2)(32.2)]} (1)
fi=f=fh
51.24v3=21.74v3=27.95v3 v,=1535v;,  v,=1.354v, o = Q1 + Q2 + Q3= A, + Au; + Ay,

0.7 = [(=)(%)*/4](vy) + [(7) (&) /4]1(1.535v,) + [(w)(55)*/4](1.354v,)
v, =3.251ft/s v, =(1.535)(3.251) =4.990ft/s  v,=(1.354)(3.251) = 4.402 ft/s

Ne = dv/v, (N = (3)(3.251)/(6.5 X 107%) = 8336, (N), = (5)(4.990)/(6.5 X 1075 = 19192, (Ni); =
(£5)(4.402)/(6.5 % 10~%) = 22 547. For Reynolds numbers in this range the Blasius formula can be used to
determine friction factors: f = 0.316/N%>.

£,=0.316/8336"% =0.0331  £,=0.316/19192°% =0.0268  f, = 0.316/22 547°% =0.0258
Substituting these values of finto Eq. (1), '

0.0331[550/ (F)]{v3/[(2)(32.2)]} = 0.0268[350/(3){v2/[(2)(32.2)]} = 0.0258{600/ (i) {v3/[(2)(32-2)]}
1.696v3 = 0.5826v3 =0.7211v} - v,=1706v,  v;=1.534v,
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0.7 = [(F)(R)/41(vy) + [(2)(H)/41(1.706v) + [(mw)(5)*/41(1.534v1)
v, =2.918ft/s v, = (1.706)(2.918) = 4.978 ft/s . vs= (1.534)(2.918) = 4.476 ft/s
(Nei = (%)(2.918)/(6.5 X 107%) = 7482 (Ng).= (£)(4.978)/(6.5 X 107°) =19 146
(Nr):= (£)(4.476)/(6.5 X 107%) =22954
£, =0.316/19 146°% =0.0269  f;=0.316/22 954°% = 0.0257
/1(2)(32.2)]} = 0.0269[350/ &/ (E2. )1
=0.0257[600/ (i)} {¥3/[(2)32.D)1}
v, = 1.726v, v, = 1.557v,

£, =0.316/7482°% = 0.0340
0.0340[550/(&)}{v?

1.74212 = 0.5848v% = 0.7183v3
Y/4)(vy) + [(7)(E)*/41(1.726v1) + [(7)(5)2/41(1.557v1)

0.7=[(=)(&
v, = (1.557)(2.888) = 4.497 ft/s

v, =2.888t/s v, = (1.726)(2.888) = 4.985 ft/s

(Ne)s = (3)(2.888)/(6.5 X 107%) =7405  (Ne)o= (3)(4.985)/(6.5 X 107°) = 19173

(Ne)s = (£)(4.497)/(6.5 X 107°) =23 062

fi= 0.316/7405%% = 0.0341 (O.K)) f,=0.316/19 173%% = 0.0269 (0.K)

|
t £,=0.316/23062° =0.0256  (O.K.)
0, = [(%)(3)*/41(2.888) =0.0630 /s Q2= [()(3)2/41(4.985) = 0.245 ft’/s
0, = [(m)(%)*/41(4.497) = 0.392 ft’/s
(h)as =(hh= 0.0341[550/(%)1{2.8882/[(2)(32.2)]} = 14.6 ft

S
3
Fig. 11-23

11.37  Repeat Prob. 11.36 for a flow rate of 0.07 ft*/s.

J Assume this flow will be laminar. h; = (32v)(L/gD*)(v). Since (hp)1 = (h)2= (Bs)ss
v, = 3.536v, vy =3.667v,

L /D2 = Lo,/ D}=Lvs/D5  5500:/() = 3500,/ (%)* = 60005/ (i)’
O =01+ Q2+ Q5= Ay + Ayu, + Ass
0.07 = [(m)(Z)*/41(v:) + [(w)(E)*/4)(3.536v1) + [(w)(F)*/4)(3.667v1)

v, =0.1358ft/s v, =(3.536)(0.1358) =0.4802 ft/s  vs=(3.667)(0.1358) = 0.4980 ft/s Ne=dvlv
From Fig. A-2, v = 6.5 X 107 ft'/s; |

(Ne): = (3)(0.1358)/(6.5 X 107°) = 348 (laminar)

(Ng), = (5)(0.4802)/(6.5 x 107°) = 1847 (laminar)

(Nx)s = (3)(0.4980)/(6.5 X 107%) = 2554 (laminar)

0, = [(%)(%)*/4)(0.1358) = 0.00296 f*/s Q> = [(7)(%)*/4](0.4802) = 0.0236 ft’/s
0, = [(7)(2)?/41(0.4980) = 0.0435 ft*/s
(1)) ap = () = (32)(6.5 % 10-%)(550/[(32.2)(3)71}(0.1358) = 0.174 ft

parametérs are changed to: 90 m of 30-mm (pipe 1), 120 m of 40-mm (pipe 2), 90 m

1138 Rework Prob. 11.36 if the
m?/s; 6 L/s net flow.

of 50-mm (pipe 3); v=4.8 10"
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I Assume Reynolds numbers between 3000 and 100 000, in which case the Blasius equation can be used to
determine f: h, = (f)(L/d)(v*/2g), f = 0.316/N%*, Ng = dv/v. Therefore,

0.316 J/L\/v* 0.316v*ZLy"" Lv'™

hy = [W]( d)(Zg) =T gl hy = —5 (B)r = (Be)2 = (hy)s

(90)(v17%)/(0.030)% = (120)(v17%)/(0.040)*% = (90)(v}™)/(0.050)*%  v,=0.957v,  v,=1.382y,

Qo =0Q1+ Q2+ Q3=Av,+ Au, + A3v,
6 x 107 = [()(0.030)%/4](0.9597v,) + [(7)(0.040)*/4](v,) + [()(0.050)2/4)(1.382,)
v, =1.291m/s v, = (0.9597)(1.291) = 1.239 m/s vy = (1.382)(1.291) = 1.784 m/s
(Ne)s = (0.030)(1.239)/(4.8 X 10~ =7.74 X 10°  (Ng), = (0.040)(1.291)/(4.8 X 10~) = 1.08 X 10*
(Na)s = (0.050)(1.784)/(4.8 x 10~°) = 1.86 x 10*
Hence, use of the Blasius equation is O.K.

= [(7)(0.030)*/4](1.239) = 0.00088 m*/s or 0.88L/s
0, = [()(0.040)%/4)(1.291) = 0.00162 m*/s or 1.62L/s
Qs = [(%)(0.050)/4](1.784) = 0.00350 m*/s or 3.50L/s

)an = () = (0.316)(4.8 x 107%)**(90)(1.239)* ™
flam = (2)(9.807)(0.030)*%
11.39  Repeat Prob. 11.38 for a net flow of 0.5 L/s; other parameters as in Prob. 11.38.

=791m

# Assume laminar flow, in which case the following equation can be used to determine head loss:
hy = (32v)(L/gd*)(v), hy =« Lv/d>.
(he)i=(he)2=(he)s 90v,/(0.030)* = 120v,/(0.040)* = 90v,/(0.050)* v, =0.7500v, v,=2.083v,
Quota = Q1+ Q2+ Qs =Au, + Arv, + Ajv;
0.5 % 107* = [(7)(0.030)*/4](0.7500v,) + [(7r)(0.040)?/4](v,) + [()(0.050)*/4](2.083v.)
v, = 0.08508 m/s v, = (0.7500)(0.08508) = 0.06381 m/s v; = (2.083)(0.08508) = 0.1772 m/s
(Ne)1 = (0.030)(0.06381)/(4.8 X 107%) =399  (laminar)
(Ng)2 = (0.040)(0.08508)/(4.8 x 10™*) =709  (laminar)
(Ni)s = (0.050)(0.1772)/(4.8 x 10°) = 1846 (laminar)
= [(7)(0.030)*/4](0.06381) = 0.0000451 m’/s or 0.0451L/s
= [()(0.040)*/4](0.08508) = 0.0001069 m*/s or 0.1069L/s
Q; = [()(0.050)?/4](0.1772) = 0.0003479 m*/s or 0.3479L/s
(he)ar = (hy) = (32)(4.8 x 107°){90/[(9.807)(0.030)?]} (0.06381) = 0.0999m or 1lcm

11.40  Figure 11-24 shows a network of cast iron pipes. Given a flow of 24 cfs, find the head loss from A to D. Neglect
minor losses.

1 o, =A,,V2ghL/(_f,,)(L,,/d,,) or Q, = C,Vh,, where C, = A,V2gd,/f.L,. Assume f, =f,=f,=0.019.

= [(x)(15)*/41V(2)(32-2)(33)/[(0.019)(3300)] = 1.170

= [(ﬂ)(i§)2/4]\/(2)(32 2)(:5)/[(0.019)(2600)] = 0.8967
= [()($/4V D (2 2)(5)/[(0.019)(3200)] = 1.659

Qz = [1.170/(1.170 + 0.8967 + 1.659)](24) = 7.537 ft*/s
= [0.8967/(1.170 + 0.8967 + 1.659)](24) = 5.776 ft*/s
=[1.659/(1.170 + 0.8967 + 1.659)](24) =10.687 ft’/s
v,=Q,/A,=1T. 537/[(:1:)( 4)2/4] = 7.050 ft/s =35, 776/ [(m)($3)*/4) = 7.354 ft/s
=10.687/[(7)(}3)*/4] = 7.654 ft/s =duvlv
(NR)2 (3$)(7.050)/(1.05 x 10~%) = 7. 83 x10°
(Nr)s = (2)(7.354)/(1.05 x 10™%) = 7.00 X 10°
(Ne)s= (19)(7.654)/(1.05 X 107°) =9.72 x 10°
(e/d),=0. 00085/(12) = 0.00073 . (€/d); = 0.00085/(}2) = 0.00085 (e/d),=0.00085/(}%) = 0.00064
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From Fig. A-5, f,=0.0185, f3 0.0195, and f, = 0.0185.
2 = [()(1)*/41V(2)(32-2)(5)/[(0.0185)(3300)] = 1.186
= [(w)(%)*/4]V(2)(32.2)(33)/[(0.0195)(2600)] = 0.8852
= [(7)(3)*/41V(2)(32.2)(15)/1(0.0185)(3200)] = 1.585
= [1.186/(1.186 + 0.8852 + 1.585)](24) = 7.785 ft’/s
Q3 = [0.8852/(1.186 + 0.8852 + 1.585)](24) = 5.811 ft*/s
0. =[1.585/(1.186 + 0.8852 + 1.585)](24) = 10.404 ft’/s
vy = 0,/ A, =T1.785/[(m)(34)2/4] = 7.282 ft/s v, =5.811/[(w)(13)*/4] = 7.399 ft/s
v, = 10.404/[()(}3)*/4] = 7.451 ft/s
(Ng)2 = (4)(7.282)/(1.05 X 10~°) = 8.09 x 10°
(Ng)s = (22)(7.399)/(1.05 X 1075) = 7.05 x 10°
(Ne)e = (45)(7.451)/(1.05 X 1075) = 9.46 X 10°
£,=00185 f£,=0.0195 and f=0018 (O.K)
Qo =Vh(Co+C3+C)) 4= \/(hL_)TCu 186 + 0.8852 + 1.585)
(he)sc = 43.09 ft = h; = (f)(L/d)(v*/2g)
vy =24/[(7)(%)*/4] = 7.639 ft/s (NR), = (2)(7.639)/(1.05 x 107%) = 1.46 x 10°
(e/d), = 0.00085/(%) = 0.00042 f1 =0.0168
(ho); = 0.0168[3300/(%)]{7.639*/[(2)(32.2)]} = 25.12 ft = 24/[(7)(33)/4] = 4.889 ft/s
(Ne)s = (32)(4.889)/(1.05 x 107%) = 1.16 x 10° (e/d)s=0. 00085/( %) = 0.00034 £:=0.016
(h)s =0.016[5200/(33)]{4.889*/[(2)(32.2)]} = 12.35 ft (hL)ap =25.12 + 43.09 + 12.35 = 80.56 ft

3300ft,14-in.

2

33001%,24-in. [ 2600ft,12~in. ]5200“, 30-in.

YOl B 3 C s D
32001t,16-in.

4 Fig. 11-24

1141 Find the diameter of the series equivalent of the three parallel pipes in Prob. 11.40.
I h, = (f)(L/d)(v*/2g). Assume f =0.016:
v=0Q/A=24/(xd*/4) =30.56/d*  43.09 = (0.016)(2600/d){(30.56/d>)*/[(2)(32.2)]} d=1.695ft
= dv/v = (1.695)(30.56/1.695%)/(1.05 X 10~°) = 1.72 x 10° €/d =0.00085/1.707 = 0.00050
From Fig. A-S, f =0.017. Try f =0.017:
43.09 = (0.017)(2600/d){(30.56/d2)*/[(2)(32.2)]} d=1716ft
Ny = (1.716)(30.56/1.716%)/(1.05 x 107%) = 1.70 x 10° f=0.017 (O.K)

Therefore, d = 1.716 ft = 20.6 in.

11.42  For the network of Fig. 11-24, determine the five pipe flows, given the head loss from A to D is 91 ft and all
pipes have f = Q.017.
I hy = (F)(L/d)(v*/2g) = (fL/d)(Q?/2gA%) = (fL/2gd)[Q/(nd*|4)]* = (8f | x’g (L Q?/d°)
Hence,
h; < LQ?|d° (hr)a=(hy)s= (hy)s 330003/(12)° = 2600Q§/ )’ = 320007/ (19’
Q,=1.3050Q, Q.=1.8500, 0,=0:=0,4+0,+0,=1. 305Q3 + Q5+ 1.850Q;=4.155Q,
(Br)ap = (he) + (Be)s + (hg)s
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91 = {(8)(0. 017)/ [(%)*(32.2)1}[(3300)(4.155Q:)*/ (32)° + (2600)(Q5)*/ (1)’ + (5200)(4.155Q5)*/ ()]
0,=6.33t*/s = (1.305)6. 33) 8.26 ft*/s
= (1.850)(6.33) =11.71f*/s  Q, = Qs = (4.155)(6.33) =26.301t'/s

11.43  In Prob. 11.42, what percentage increase in the capacity of the system would be achieved by adding another
12-in pipe 2600 ft long between B and C?

§ The additional pipe from B to C is identical to pipe 3. As in Prob. 11.42,
hy = (8f/nPg)(LQ?*/d) Q,=1.305Q, Q.=1.8500;
01=05=0,+203+ 0,=1.3050; + 20, + 1.850Q05 = 5.155Q; (Br)ap = (he)r + (he)s + (By)s
91 = {(8)(0.017)/[()*(32.2)]}[(3300)(5.155Q5)*/ ()’ + (2600)(Q5)*/ ()’ + (5200)(5.155Q5)*/ (%)}
0;=5.611t/s Q.= Qs=(5.155)(5.61) = 28.92 ft*/s

Increase in capacity = (28.92 — 26.30)/26.30 = 0.100, or 10.0 percent.

11.44  Compute the flows in all pipes of the system shown in Fig. 11-25. Pipe AB is 800 ft long, 6 in. in diameter,
f =0.03; pipe u is 500 ft long, 4 in. in diameter, f = 0.02; pipe [ is 700 ft long, 2in. in diameter, f = 0.04; pipe
CD is 300 ft long, 4 in. in diameter, f = 0.02. The tank surface is 84 ft above the free outlet D.

I r = (f)(L/d)(v*/2g). For B to C, (h), = (),
0.02[500/()}{va/[(2)(32.2)]} = 0.04{700/(£){vi/[(2)(32.2)]} v, =2.366y,
0= 0.+ Qi =Av, + Ay, = [(m)(55)°/4](v.) + [(2)(H)*/4)(v) = [(7)(35)*/4]1(2.366v)) + [(w)(FH)*/4)(v)
=0.2283v, Q= Qu + A, = Q, + [(x)($)/4](Q/0.2283)
Q. =0.9044Q = (1 —0.9044)(Q) = 0.0956Q v, = Q./A, =0.9044Q /[(7)(5)*/4] = 10.36Q
=Q/Anp= Q/[(n)(12)2/4] 5.003Q v, =(10.36)(va5/5.093) =2.034vs5 Ay = (A)an + () + (oo |
84 = 0.03[800/()){v45/[(2)(32.2)]} + 0.02[500/(:%)){vi/[(2)(32.2)]} + 0.02[300/(5){vZo/[(2)(32.2)]} !
[(m)(&) /14 (vap) = [(”)(6)2/4](1’0)) Vep =2.250v 45
84 = 0.03[800/(5){v»/[(2)(32.2)]} + 0.02[500/(:%5)]{(2.034v,45)*/[(2)(32.2)]}
+0.02[300/(:5)1{(2.2500,45)*/[(2)(32.2)]}
Vqp = 4.533 ft/s 0 = Q.5 = [(7)(£)*/4](4.533) = 0.890 ft*/s Qcp = Qs =0.890 ft/s
Q.. = (0.9044)(0.890) = 0.805 ft*/s Q, = (0.0956)(0.890) = 0.085 ft*/s

Fig. 11-25

11.45  Rework Prob. 11.44 if pipe AB is 400 m long, 200 mm in diameter, and f = 0.03; pipe u is 300 m long, 100 mm

in diameter, and f = 0.02; pipe / is 200 m long, 150 mm in diameter, and f = 0.025; pipe CD is 700 m long,

300 mm in diameter, and f = 0.018; the tank surface is 94 ft above D.
I (h). = (k). ' 0.02[300/(0.100)}{v%/[(2)(9-807)]} = 0.025[200/(0.150)]{v?/[(2)(9.807)]} v, = 0.7454y,
0 =Q.+ 0= A, + Ay, =[(x)(0.100)°/4)(v.) + [(7)(0.150)*/4](v,) ‘
= [()(0.100)*/4](0.7454v,) + [()(0.150)*/4](v,)
Q =0.02353y, 0=0,+Aw =0, +[(x)(0.150)*/4)(Q/0.02353)
Q. =0.24900 = (1-0.2490)(Q) =0.7510Q v, = Q,/A, =0.2490Q/[(7)(0.100)?/4] = 31.70Q
Usp = Q/AAB = Q/[(=)(0. 200)2/4] 31.830Q v, = (31.70)(v,45/31.83) = 0.9959v,,
=(he)ap + (Be)u + (B)cn
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94 = 0.03{400/0.200} {v2 5/ [(2)(9-807)]} + 0.02[300/0. 100]{v2/ [(2)(9-807)]}
+0.018[700/0.300]{v25/[(2)(9.807)]}
[(7)(0.200)*/4)(v45) = [(%)(0.300)*/4](vcp) ~ vep =0.4444v,45
94 = 0.03[400/0.200] {2 5/ [(2)(9-807)]} + 0.02[300/0.100}{(0.9959v.45)°/[(2)(9.807)]}
+0.018[700/0.300]{(0.4444v,, 5)*/[(2)(9.807)]}
Va5 =3.798 m/s 0 = Q.5 = [(7)(0.200)>/4](3.798) = 0.1193 m’/s Ocp = Qap =0.01193 m*/s
0. = (0.2490)(0.1193) = 0.0297 m’/s 0, = (0.7510)(0.1193) = 0.0896 m’/s

Here, as in Prob. 11.44, the question remains open as to whether the computed flows are physically
realizable. It all depends on the elevations of junctions B and C.

11.46  Pump P in Fig. 11-26 develops 27 ft of head, producing a velocity of flow in pipe C of 5 fps. Neglecting minor
losses, find the flow rates in pipes A and B. The parameters are: pipe A—4200 ft long, 2 ft diameter, f=0.03;
pipe B—4200 ft long, 1 ft in diameter, f =0.03; pipe C—4200 ft long, 2 ft in diameter, f = 0.02.

I b =L ()a= QWG] = 0978305 (r)e=()c = houm
(he)c = (0.02)(*2){5*/[(2)(32.2)]} = 16.30 ft (hy)c=16.30 — 27 = —10.70 ft
Hence the energy is greater at the right end of C and flow will be to the left in A.
0.9783v% =10.70 v, =3.307 ft/s 0. = A,v,=[(7)(2)*/4](3.307) = 10.39 ft*/s (to the left)
Qc = [(®)(2)*/41(5) = 15.71 ft’/s (to the right)
05=04+Qc=-10.39+1571=-5.32 ft*/s (to the right)

Elev. 21.5f%

Fig. 11-26
11.47 In Prob. 11.46, find the elevation (El) of pipe B at discharge.

I Elp = El,ceervoir surtace + Rpump = 24 1y — V3/28
vs = Qp/Ap =5.32/[(n)(1)*/4] = 6.774 ft/s
(h)s = (0.03)(3){6.7747/[(2)(32.2)]} = 89.78 ft S, hy =16.30 + 89.78 = 106.08 ft
Elp =21.5 + 27 — 106.08 — 6.774*/[(2)(32.2)] = —58.3 ft

1148  Repeat Prob. 11.46 given that the velocity in pipe C is 3 fps and all other data remain the same.
I = ()(L/d)(v*/28) ()4 = (0.03)(F) (v/[(2)(32.2)]} = 0.9783v7, (ho)e = (B)c = Ppump
(hy)c = (0.02)(*F){(3*/[(2)(32.2)]} = 5.87 ft (hr)c=5.87—27=-21.13ft
Hence the energy is greater at the right end of C and flow will be to the left in A.
0.9783v% =21.13 v, =4.647 ft/s Q. = A, =[(7)(2)°/4](4.647) = 14.60 ft*/s (to the left)
Oc = [(7)(2)*/4](3) =9.42f*/s  (to the right)
05 =04+ 0c=—14.60+9.42=-5.18ft’/s  (to the left)

11.49 In Prob. 11.48, find the elevation of pipe B at discharge.
1 Ely = Eleeervoir surface + Apump — 0 By + V5/28 v = Qp/Ap = 5.18/[(w)(1)*/4] = 6.595 ft/s
(h)s = (0.03)(*F2){6.595°/[(2)(32.2)]} = 85.10 ft > b, =5.87—85.10=-79.23 ft

Elp = 21.5 + 27 — (—79.23) + 6.595*/{(2)(32.2)] = 127.8 ft
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11.50  Refer to Fig. 11-26. Assume the water surface in the reservoir is at elevation 94 m. Pipes A, B, and C are all
840 m long, and they all have diameter of 0.7 m, with f = 0.022. Neglecting minor losses, find the flow rate in all
pipes, supposing that the pump develops 9 m of head when the velocity in pipe C is 3.6 m/s.

I hy = (f)(L/d)(v*/28) (y) .4 = 0.022[840/(0.7){v4/[(2)(9-807)]} = 1.346v%, (h)e = (he)c = hpump
(hy)c = 0.022[840/(0.7)]{3.6*/[(2)(9.807)]} = 17.44 m (h)c=17.44—9=8.44m
1.346v% =84  v,=2.50m/s
Qa=A.v,=[(n)(0.7)°/4](2.50) = 0.962m?/s  (to the right)
Qc =[(n)(0.7)*/4}(3.6) =1.385m%/s (to the right)
Q=04+ 0c=0.962+1.385=2.347Tm’/s (to the right)

11.51 In Prob. 11.50, find the elevation of pipe B at discharge.
, ElB = Elrcservoir surface T hpump - 2 hf - U%/Zg Up = QB/AB =2, 347/[(”)(0-7)2/4] =6.099 m/S

(hy) s = 0.022[840/(0.7)]{6.099*/[(2)(9.807)]} = 50.07 m Y b, =17.44 4 50.07 = 67.51m
El, =94 + 9 — 67.51 — 6.099%/[(2)(9.807)] = 33.6 m

11.52  Using n = 0.013 and neglecting minor losses, express the head loss through the pipe system of Fig. 11-27 in the
form of h, = KQ".
___nwW'L  nQL A _
" (L486)°(R™)*  (1.486)°R*’A’ (hidas =
(h)en = (0.013)*(Q)*(1000)
- (1.486)°[(13)/4]*°[()(:2)*/4F
QiL, _ O3L, _(©H@0) (0D(5000)
RPAT RFA,  (OAPI@ETAE (B I(m@ T
Q, = 3.269Q, 0=0,+0,=3.2690,+ Q, Q,=0.23420
() = U1 (2 (5000)
(1.486)"[(B)/4]**[(m)(3)*/4F
(hL)src = (3.939)(0.2342Q) = 0.05485Q* (h)ap = 0.009770Q% + 0.090630% + 0.05485Q* = 0.155Q>

(0.013)*(Q)*(500)
(1.486)[(15)/4]**[(=) (2)*/4F°

= 0.090630° (hr)sec = (hi)arc

= 0.009770Q°

[} h,

=3.93903

4000t g
L5000 B c 10008t
24 in. diam 5000 ft 18 in. diam,
12 in. diam F Fig. 11-27

11.53 A pipe system, connecting two reservoirs whose difference in surface elevation is 13 m, consists of 320 m of
60-cm concrete pipe (pipe A), branching into 640 m of 30 cm (pipe B) and 640 m of 45 cm (pipe C) in parallel,
which join again to a single 60-cm line 1300 m long (pipe D). f = 0.032 for all pipes, calculate all flows.

I \ (hy)s = (h)c hy = (f)(L/D)(v*/2g)
()[640/0.30] {v5/[(2)(9.807)]} = f[640/0.45){v/[(2)(9.807)]} ve=1.225v, 0.=Qs+0c
[(7£)(0.60)?/4](v.) = [(7)(0.30)*/4(v) + [(7)(0.45)*/4)(vc)  0.2827v, = 0.07069v, + 0.1590v,
0.2827v, = 0.07069vz + (0.1590)(1.225v,) vy =1.065v,
Convert the parallel pipes to a single equivalent 60-cm-diameter pipe.
£1640/0.30]){v3/[(2)(9-807)]} = f[L./0.60){vZ/[(2)(9.807)]}
108.8V% = 0.08497L.v% (108.8)(1.065v,,)*> = 0.08497L .v% L,=1452m AEl=Y h,

13 = 0.032[(320 + 1452 + 1300)/0.60}{v2/[(2)(9.807)]} v, =1.248m/s
Q.= A,v,=[(m)(0.60)2/4)(1.248) =0.353 m*/s  Qp,=0,=0.353m’/s v, =(1.065)(1.248) = 1.329 m/s
0s = [(7)(0.30)2/4](1.329) = 0.094 m*/s Qc= Q04— Q5 =0.353 - 0.094 = 0.259 m’/s
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11.54 Referto Fxg 11-27. Suppose p,4/y = 6.5 ft, pp/y = 201t, and z, = z;,. A pump in the 4000-ft pipe (ﬂow from left

to right) develops 30 ft of head. Find the flow rate in each pipe. Assume n = 0.013 for all plpes

’ QAB - QBEC QBFC = QCD
6.5~ (hs)an =pgly
PslY + hpump = (Br)pEC = PCl Y
pcly = (W)arc =pslY
pclY = (B)ep =20
he=n v”L/(1.486R™")? Vap=QaslAss = Qas/[(x)(38)’/4] = 0.31830,5
(A7) 4z = (0.013)%(0.3183Q 4 5)(500)/{(1.486)[(%3)/4]*}* = 0.009769Q%
Veec = Qarc/ [(7’)(1%)2/ 4} =0.5659Qpzc
(hy)nec = (0.013)%(0.5659Q 5c)*(4000)/ {(1.486)[($£)/4)*°)* = 0.3625Q%xc
Vsre = Qorc/[(7)($3)%/4] = 1.273Qppc
(hs)src = (0.013) (1 273Q5rc)*(5000)/{(1.486)[(33)/4]>) = 3.938 Q% rc
= Qco/[(7)(38)*/4] = 0.5659Qcp
(Ar)cp = (0. 013)2(0 5659Qco)2(1000)/ {(1.486)[(33)/4°)* = 0.09063Q07%»
Substitute Egs. (6), (7), (8), and (9) into Egs. (2), (3), (4), and (5), respectively, and then solve
simultaneously between Eqs (2), (3), (4), and (5), introducing also Eq (1). Two equatlons result, such as
QBEC —2Q%ecQsrc — 37.400%c = —132 2ec+10.7Q%pc =82
By trial and error, Qprc = 6.25 cfs and Qgpe = 2.00 cfs. Hence, Q45 = 6.25 — 2.00 = 4.25 cfs.
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In Fig. 12-1, find the flows for the following data: L, =200 m, D; = 300 mm, €,/D; = 0.0002, z, = 700 m,
pi=7atm; L, =300m, D, =350 mm, €,/D,=0.00015, z, =400 m, p, =2 atm; L, =400 m, D; = 400 mm,
€3/D;=0.0001, z; = 100 m, p; = 3 atm. The fluid is water with v =0.113 x 107> m?/s.

I We first calculate H,, H,, and H;. Thus, H, = z; + (7)(Paw)/y = 700 + (7)(101 325)/9806 = 772.3 m,

H, = 2, + (2)(Paw)/ ¥ = 400 + (2)(101 325)/9806 = 420.7 m, H; = z; + (3)(Paem)/y = 100 + (3)(101 325)/9806 =
131.0 m. Now estimate H, = 380 m. We will hence use the continuity equation for test purposes. We can then
say that (772.3 — 380) = (1/g)£,(200/0.300)(V?2/2), (420.7 — 380) = (1/g)£:(300/0.350)(V3/2), (380 — 131.0) =
(1/2)£:(400/0.400)(V'3/2). Estimating f, =0.014, £, =0.013, and f, = 0.012, we can compute velocities and the
flows g;. We get

Vi=28.72m/s  q,=(7/4)(0.300%)(28.72) = 2.03 m*/s
V,=8.465m/s  q,=(7/4)(0.3507)(8.465) = 0.814 m*/s
V;=20.18m/s  gs=(w/4)(0.400°)(20.18) = 2.536 m’/s

We see that (g, + g,) > g5. As a second estimate, we increase H, and use more accurate friction factors. Using
the preceding velocities, we now find a second set of friction factors: (Ng), = (28.72)(0.300)/(0.0113 x 1074 =
7.625 % 10°, £, = 0.014; (Nz), = (8.465)(0.350)/(0.0113 x 107*) = 2.622 X 10°, f, = 0.0134; (Ng); =
(20.18)(0.400)/(0.0113 X 10~*) = 7.143 % 10%, f, = 0.012. Suppose we next choose H, to be 400 m. Thus, we still
use the continuity equation. We get the following results: V; =27.98 m/s, g, = 1.977 m’/s; V, =5.95 m/s,
q.=0.5721 m?/s; V; =20.97 m/s, g; = 2.635 m’/s.

Note that (g, + ¢2) < q5. We now interpolate to get the final result. That is, H; = 380 m gave us a value
(g1 + 92) — g5 =0.308, while H, = 400 m gave us a value (g, + ¢;) — ¢ = —0.0859. Hence we choose a final H; to
be H, =380 + [0.308/(0.308 + 0.0859)](400 — 380) = 396 m. For this we get g, = 1.988 m*/s = 1988 L/s, ¢, =
0.6249 m*/s = 624.9 L/s, g; = 2.616 m*/s = 2616 L/s. We come very close to satisfying the continuity equation so
the above are the desired flows.

Datum Fig. 12-1

The three-cistern system of Fig. 12-2 contains water at 5 °C, compute the three volumetric flows, given:
L,=2000m, L,=2300m, L,=2500m; D,=1m, D,=0.60m, D, =1.20 m; €,/D; =0.00015, €,/D,=0.001,
€:/D;=10.002.

§ We assume initially a junction head h; = z; + (p;/ v) = 80 m. Using h; = f(L/d)(v*/2g) for each branch we
get:

(120 — 80) = £,(2000/ 1)(vf/2g) (100 <M =ﬁ(2300/0.60)(v§/2g) (80 — 28) = £,(2500/1.20)(v3/2g)
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Guessing f; = 0.013, £, = 0.020, £; = 0.023, we obtain .
v, =5494m/s  Q,=(w/4)(12)(5.494) = 4.315m*/s
v,=2.262m/s  Q,=(/4)(0.60)*(2.262) = 0.6396 m>/s

v;=4.6136 m/s 05 = (7/4)(1.2)*(4.6136) = 5.218 m*/s
Checking with the continuity equation,
Q,+0,=4.955

0,= 5.2179} A=(Q1+Q2) - Q3—0.2629

we decrease A, to 76 m. Then ‘
(120 — 76) = 0.013(Z2)(v3/2g) v;=57613m/s  Q,=4.5249m’/s
(100-—— 76) = 0.020(2300/0.6)(v3/2g) v,=2.4779m/s Q,=0.7006 m*/s
(76 — 28) = 0.023(2500/1.20)(v3/2g) v, =4.4326 m/s 0;=5.0132m’/s

+Q,=5.226
0 Q2=5.013} A=0.213m/s
Interpolation now yields:
h; =80 —[0.2629/(0.213 + 0.2629)](4) = 77.7903 m
v,=5.643m/s Q,=4.432m’/s
v, =2.3837m/s Q,=0.674m’/s
v; =4.5145m/s Q;=5.106 m*/s
Checking: ,
O+ 0,=4.432+0.674=5.106 g5 =5.106 O.K.

Therefore, Q, = 4.39 m*/s, @, =0.661 m®/s, Q; = 5.048 m?/s.

Datum ) Fig. 12-2

The system of Fig. 12-3(a) holds water at 60 °F. Data are: p =50psig; z, =700 ft, L, = 2000 ft, D, = 3 ft,
. (¢/D), =0.001; z, = 650 ft, L, = 2500 ft D, = 3.5 ft, (¢/D), = 0.002; z, = 100 ft, L, = 2200 ft, D, = 4 ft,
; (€/D); = 0.002. Determine the three pipe flows.

I The heads for the free surfaces are h,=7001t, h,=6501t, h, =100+ (50)(144)/62 4 =215.4 ft. Initially we
take h, to be 450 ft. Applying h, = f(L/d)(v*/2g),

(700 - 450) = £,(2000/3)(v3/2g) - (650 — 450) = £,(2500/3.5)(v2/2g)
(450 - 215.4) = f3(2200/4)(v3/2g)
Guessing f; = 0.02, f, = 0.023, f; = 0.023, we solve for the velocities and flows:

v, =3475ft/s  Q,=245cfs v, =28.0ft/s Q.=269.4cfs
v;=34.56 ft/s Q,=434.3cfs
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Checking continuity: Q; + Q, =245 + 269.4 = 514 cfs, Q, = 434.3 cfs; A =79.7 cfs. We increase h; to 475 ft.

(700 — 475) = (0.02)(2000/3)(v?/2g) (650 — 475) = (0.023)(2500/3.5)v3/2g
(475 — 215.4) = (0.023)(2200/4)(v3/2g)
from which

v, =32.96ft/s Q,=233cfs v,=26.19 ft/s Q,=252cfs v,=36.35 ft/s: Q;=456cfs

Check continuity again: Q, + Q, =485, Q; = 456 ft’/s; A =29.0 cfs. Extrapolating A to zero [Fig. 12-3(b)], we
get h, = 487 ft:

(700 — 487) = (0.02)(2000/3)(v?/2g) (650 — 487) = (0.023)(2500/3.5)(v%/2g)
(487 — 215.4) = (0.023)(2200/4)(v%/2g)
v, =32.07t/s  Q,=226.7cfs v,=25.27ft/s Q,=243.2cfs
v;=37.185ft/s Qs =467.3cfs

Check continuity: Q, + Q, =469.9, Q, = 467.3 ft*/s; close enough. Therefore, Q, = 227 cfs, O, = 243 cfs,
Q3 =467 cfs.

90
801
701
601 \

501 \

401 \
301

20 .‘\
101 A

0 4
A, e Y, 450 470 490 510 530 h;

fa) (b)

Fig. 123

In Fig. 12-4, valve F is partly closed, creating a head loss of 3.60 ft when the flow through the valve is 0.646 mgd
(1.00 cfs). What is the length of 10-in pipe to reservoir A?

1 Q =1.3184CR*®s**  1.00 =1.318[(x)($2)%/4](80)[(})/4]*®(sps)™>>*
sps=0.001414 ft/ft
(h.)ps = (0.001414)(1000) + 3.60 = 5.01 ft

If El; = 0, the grade line elevation at B =20 — 5.01 = 14.99 ft.

sse = (14.99 — 0)/5000 = 0.002998 ft/ft
Qs = 1.318[(w)(13)*/41(120)[ (32)/4]°%(0.002998)* > = 2.25 t*/s
Ous=Q0pe~ Qps=2.25—1.00=1.25ft>/s
1.25 = 1.318[(m)(18)*/41(100)[(12)/41*®(5.45)***
$an=0.003436 ft/ft = (h)an/Las  0.003436=(20—15-2)/Las ~ Lap=8731t
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Fig. 124

For the constant elevations of the water surfaces shown in Fig. 12-5a, what flows will occur?

I Because the elevation of the hydraulic grade line at C cannot be computed (all flows unknown), the problem
will be solved by successive trials. A convenient assumption is to choose the elevation of the hydraulic grade
line at C at 190.0 ft. By so assuming, flow to or from reservoir B will be zero, reducing the number of
calculations thereby. With this assumption,

Q =1.3184CR*%s%** Sac = (212.0 — 190.0)/8000 = 0.002750 ft/ft
Q.45 = 1.318[(x)(3)*/41(100)[(%)/41>%(0.002750)*>* = 11.1 ft*/s
Scp = (190.0 — 100.0)/4000 = 0.02250 ft/ft
Qcp = 1.318[(x)(5)*/4}(100)[(33)/41°(0.02250)>>* = 5.57 ft’/s  (away from C)
Examination of these values of flow indicates that the grade line at C must be higher, thereby reducing the flow

from A and increasing the flow to D as well as adding flow to B. In an endeavor to “‘straddle” the correct
elevation at C, assume a value of 200.0 ft. Thus, for elevation at C = 200.0 ft,

Sac=(212.0 — 200.0)/8000 = 0.001500 ft/ft
Q.5 = 1.318[(n)(%)*/4](100)[(%)/4]"(0.001500)*** = 7.99 ft*/s
Scp = (200.0 - 100.0)/4000 = 0.02500 ft/ft
QOcp = 1.318[(7)(12)%/4)(100)[(}3)/4]°%3(0.02500)>** = 5.90 ft’/s  (away from C)
Sca = (200.0 — 190.0)/4000 = 0.002500 ft/ft
Qcs = 1.318[(w)(15)*/4](120)[(15)/4]>*(0.002500)*** = 4.35 ft’/s  (away from C)
The flow away from C is 5.90 + 4.35, or 10.25 ft*/s compared with the flow to C of 7.90 ft*/s. Using Fig. 12-5b to
obtain a guide regarding a reasonable third assumption, connect plotted points R and S. The line so drawn
intersects the (Q.c — Q.way) Zero abscissa at approximately Q,, = 8.8 ft*/s. Inasmuch as the values plotted do not
vary linearly, use a flow to C slightly larger, say 9.2 ft’/s. For Q =9.2ft*/s to C (i.e., Q45 = 9.2 ft*/s),
9.2 = 1.318[()(%)*/41(100)[(%)/41°®s**, 54 = 0.001948 ft/ft; (k) 4c = (0.001948)(8000) = 15.6 ft. Then, the
hydraulic grade line at C will be 212.0 - 15.6 = 196.4 ft.
Scp = (196.4 — 100.0)/4000 = 0.02410 ft/ft
Qcp = 1.318[()(12)?/4](100)[(13)/4]>%°0.02410°% = 5.78 f’/s  (away from C)
sce = (196.4 — 190.0)/4000 = 0.001600 ft/ft
QOcs = 1.318[(7)(15)?/4](120)[(15)/4]1°%°0.001600°** = 3.42 ft*/s  (away from C)

The flow away from C is 5.78 + 3.42, or 9.20 ft’/s compared with the flow to C of 9.2 ft*/s; hence these values of
Qic» Qcp, and Q- must be O.K.

Three pipes connect three reservoirs as shown in Fig. 12-6 at these surface elevations: z, =20 m, 2, =100 m, and
z; =40 m. The pipe data are

pipe L,m d,m €, mm €/d
1 100 8 0.24 0.003
2 150 6 0.12 0.002
3 80 4 0.20 0.005
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Fig. 12-5
The fluid is water, p = 1000 kg/m®, and v = 1.02 X 10”® m*/s. Find the resulting flow in each pipe, neglecting
minor losses.

I As a first guess, take h, equal to the middle reservoir height, z; = h, = 40 m. This saves one calculation
(Q5 = 0) and enables us to get the lay of the land:

reservoir hy;,m z;—h;,m f V,, m/s Q;,m’/h L,/d,
1 40 -20 0.0267 -3.43 —-62.1 1250
2 - 40 60 0.0241 4.4 45.0 2500
3 40 0 0 0 2000
Yo=-171
Since the sum of the flow rates toward the junction is negative, we guessed k; too high. Reduce h; to 30 m and
repeat:
reservoir h;,m zi—h;,,m A V,,m/s Q,,m’/h
1 30 -10 0.0269 -2.42 —43.7
2 30 70 0.0241 478 48.6
3 30 10 0.0317 1.76 8.0
Yo= 129
This is positive ¥, Q, and so we can linearly interpolate to get an accurate guess: k&, =~ 34.3 m. Make one final
list: .
reservoir hy,m z—hyym J V., m/s © Qs m’/h
1 34.3 -14.3 0.0268 -2.90 —-52.4
2 34.3 65.7 0.0241 4.63 471
3 343 5.7 0.0321 1.32 6.0
YYo= 07

This is close enough; hence we calculate that the flow rate is 52.4 m?/h toward reservoir 3, balanced by
47.1 m*/h away from reservoir 1 and 6.0 m>/h away from reservoir 3.

One further iteration with this problem would give A, = 34.53 m, resulting in Q, = —52.8, Q,=47.0, and
Q5 =5.8m’/h, so that ¥ Q = 0 to three-place accuracy.
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12.7 For the three-reservoir system of Fig. 12-7, z, =29 m, L,=8m,z=129m, L,=150m, z, =69 m, and
L;=110m. All pipes are 250-mm-diameter concrete with roughness height 0.5 mm. Compute the flow rates for
water at 20 °C. '

I h =(f)(L/d)(v*/2g). Guess h, =69 m: (b)), =z, — h, =29 — 69 = —40m, €/d = 0.5/250 = 0.00200 (for all
pipes), Nr = dv/v. Try v, =10 m/s: (Ng), = (0.250)(10)/(1.02 % 10~°) = 2.45 x 10°. From Fig. A-5, f, = 0.0235.
40 = 0.0235{80/0.250){v3/[(2)(9.807)]}  v,=10.21m/s
(Ng) = (0.250)(10.21)/(1.02 % 107%) = 2.50 x 10° f1=0.0235 (OK.)
Q, = A,v, =[(7)(0.250)%/4](10.21) = 0.5012 m*/s  (away from a)
(h)2=2,—h,=129-69=60m
Try v, = 10 m/s:
(Ng)2 = (0.250)(10)/(1.02 x 107%) = 2.45 x 10° £=0.0235
60 = 0.0235[150/0.250]{v3/[(2)(9-807)]}  v,=9.136m/s
(Ng)2 = (0.250)(9.136)/(1.02 x 107°) = 2.24 x 10° fi=0.0235 (OXK)
Q.= [()(0.250)*/4](9.136) =0.4485m?/s  (toward a)
(h)s=23—h,=69—69=0m ‘
Hence, Q5=0; Qo ~ Otoma = 0.4485 — 0.5012 = —0.0527 m*/s. Hence h, must be a little lower. Try
h,=68.5m: (h;),=2z,—h,=29—68.5=—39.5m. Try v, =10 m/s:
(Nr); = (0.250)(10)/(1.02 x 107°) = 2.45 x 10° £1=0.0235
39.5 = (0.0235)[80/0.250] {v3/[(2)(9.807)]} v, =10.15m/s
(Nr): = (0.250)(10.15)/(1.02 x 107%) = 2.49 x 10° £=0.0235 (OK)
0, = [()(0.250)?/4](10.15) = 0.4982 m*/s (away from a)
(hy)y=2,—h,=129—68.5=60.5m

Try v, = 10 m/s:
: (Nr)2 = (0.250)(10)/(1.02 x 107%) = 2.45 x 10° £, =0.0235
; 60.5 = 0.0235[150/0.250}{v2/[(2)(9.807)]}  v,=9.174m/s
| (Nr), = (0.250)(9.174)/(1.02 X 107¢) =2.25 x 10° £=00235 (OK.)
0, = [(7)(0.250)2/4)(9.174) =0.4503m*/s  (toward a)
(hy)s=2,—h, =69 —68.5=0.5m
Try v;=1m/s:

(Nr)s = (0.250)(1)/(1.02 X 10-%) = 2.45 x 10° £,=0.0204
0.5 = 0.0244[110/0.250] {v/[(2)(9.807)]}  v;=0.9558 m/s
(Na)s = (0.250)(0.9558)/(1.02 X 107%) = 2.34 x 10° £=0.0244 (OK)
Q5 =[(7)(0.250)%/4](0.9558) = 0.0469 m*/s  (toward a)
Qoo — Oriom« = (0.4503 + 0.0469) — 0.4982 = —0.001 m*/s
Hence, Q, = 0.498 m*/s from a, and Q, = 0.450 m®/s and Q; = 0.047 m’/s toward a.

Z;

Fig. 127
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The three pipes in Fig. 12-8 are cast iron: d, =7in, L, =2000ft; d, = S in, L, = 1000 ft; d; = 8 in, L, = 1500 ft.
Compute the flow rates for water at 68 °F.

I = (f)(L/d)(v*/2g). Guess h, = 48 ft: (h;), =z, — h, = 18 — 48 = =30 m, (e/d), = 0.00085/(%) = 0.00146,
Nr =dv/v. Try v, = 5ft/s: (Ng); = (E)(5)/(1.02 X 107%) = 2.86 X 10°. From Fig. A-5, f, = 0.0225.
30 =0.0225[2000/(2)]{vi/[(2)(32.2)]} v,=5.004ft/s  (value of f; O.K.)
Q.= A, v, =[(7)(%)*/41(5.004) = 1.337ft’/s  (away from J)
(hy),=2,— h, =98 — 48 =50 ft
Try v, =7 ft/s:
(Ng)2 = (£)(7)/(1.02 X 107°%) = 2.86 x 10°
(e/d), = 0.00085/(+5) = 0.00204 £, =0.024
50 =0.024[1000/(H){v¥/[(2)(32.2)]} v, =7T7.477ft/s
(Ng)2 = (£)(7.477)/(1.02 x 107%) = 3.05 x 10° £=0.024 (0O.K)
Q, =[(r)(&)*/4)(7.477) =1.020f*/s  (towardJ) (hy)s=2z,—h, =48 - 48 =01t
Hence, Q3 =0; Q.oy ~ Qroms = 1.020 — 1.337 = —0.317 ft*/s. Hence h, must be a little lower. Try h, = 47.35 ft:
(hy)y=2,—h, =18 —47.35=-29.35m. Try v, =5 ft/s:
(NR): = (£)(5)/(1.02 X 1075) = 2.86 x 10° £f,=0.0225
29.35 =0.0225[2000/(5){vi/[(2)(32.2)]}  v,=4.950ft/s  (valueoffy O.K.)
Q. =[(®)(%)*/4)(4.950) = 1.323 ft*>/s  (away from J)
(hy). =2z, — h; =98 — 47.35 = 50.65 ft
Try v, =7.5ft/s:
(Ng)2 = (£)(7.5)/(1.02 X 107%) = 3.06 x 10° £,=0.024
50.65 = 0.024{1000/ () {v¥/[(D(B2.2)]}  v,=7.525ft/s  (value of f, O.K.)
Q,=[(7)(£)*/4])(7.525) = 1.026 ft*/s (toward J)
(h)s=1z3—h, =48 — 47.35=0.65 ft
Try v, ='/1 ft/s:
(Ng)s = (£)(1)/(1.02 X 107%) = 6.54 x 10*
(e/d); = 0.00085/(%) = 0.00128 f,=0.024
0.65 = 0.024[1500/(£)Hv¥/[(2)(32.2)]}  v5=0.8804 ft/s
(NR)3 (,2)(0 8804)/(1.02 x 107°) = 5.75 x 10* £,=0.024 (0K
= [(m)(£)?/4])(0.8804) = 0.307 ft*/s  (toward J)
Qm, - Qteoms = (1.026 + 0.307) — 1.323 = 0.010 ft*/s
Hence, Q, = 1.323 ft*/s from J, and QZ- 1.026 ft*/s and Q, = 0.307 ft*/s toward J.

2z, =98 ft

73 =48ft

Fig. 12-8

In Fig. 12-9 find the discharges for water at 20 °C with the following pipe data and reservoir elevations:
L,;=3000m, D, =1m, €,/D,; =0.0002; L, =600m, D, =0.45m, €,/D,=0.002; L;=1000m, D, =0.6 m,
€,/D;=0.001;z,=30m, z,=18m, z;=9m.

I Assume z, + p,/y =23 m. Then 7 =£,(3%°)(V¥/2g), f,=0.014, V, =1.75m/s, Q, = 1.380 m*/s; 5 =
£(600/0.45)(V3/2g), f, = 0.024, V, = 1.75m/s, Q, = 0.278 m*/s; 14 = £,(1000/0.60)(V2/2g), f, = 0.020, Vs =
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- 2.87m/s, Q5 =0.811 m®/s; so that the inflow is greater than the outflow by 1.380 — 0.278 — 0.811 = 0.291 m®/s.
Assume z; + p,/y =24.6 m. Then 5.4 = f;,($)(V3/2g), f, =0.015, V; =1.534 m/s, Q, = 1.205 m*/s;
6.6 = £,(600/0.45)(V¥/2g), £, =0.024, V; = 2.011 m/s, Q, = 0.320 m*/s; 15.6 = £,(1000/0.60)(V2/2g),
f=0.020, V5 =3.029 m/s, Q; = 0.856 m’/s. The inflow is still greater by 0.029 m*/s. By extrapolating linearly,
2 +p,/y=24.8m, Q,=1.183, Q, =0.325, Q, = 0.862 m’/s.

Fig. 129

1210  Prepare a computer program to balance the flows in a system of N reservoirs connected by a common junction.
Use the data of Prob. 12.9 to check out the program.

’ 10 REM B: N reservoirs with a common junction
20 DEFINT 1,N: DEF FNQ(D1,D2,D3X,DH)=D1$DHeLOG (D2+D3/DH)
30 READ N,G,KV1S,II: DATA X,9.806,1.007E-6,15
40 LPRINT: LPRINT"N,G,KVIS, IT=";N;6;KViS;I1
S0 IMA=-1000"': IMI=1000"
60 FOR I=1 TO N: READ L(I),D(I),EP(1),Z(1)
70 LPRINT"L,D,EP,Z=";L(I);D(1);EP(1);Z(I)
BO NEXT I
90 DATA 3000.,1.,.0002,30.,600.,.45,.0009,18.,1000.,.6,.0006,9.
100 FOR I=1 TO N: C=SER(GID(D) /L (1)) E1(I)=—,96500018D(1)~23C
110 E2(I)=EP(I)/(3.78D(1)): E3(1)=1.7848KVIS/ (D(I) L) * FOR EQ. (5.8.15)
120 IF Z(I)>IMA THEN ZMA=Z(I) * ELEV. OF HIGHEST RESERVOIR
130 IF Z(IY<ZMI THEN ZIMI=Z(1) > ELEV. OF LOWEST RESERVOIR
140 NEXT 1
150 FOR 11=1 YD 15: HJUN=. 5% (ZMA+ZM]1) : §=0! > START BISECTION METHOD
160 FOR I=1 TO N sHF=Z(1)-HJUN: HFS=SQR (ABS (HF) )
170 QUIN=FNQ(EL(I),E2(1) ,E3(I),HFS) $SGN (HF)
180 S=S+Q@(1): PRINT"HF,Q,S5=";HF;@(1)3S
190 NEXT I
200 IF S>0! THEN ZMI=HJUN ELSE ZMA=HJUN
210 NEXT 11
220 LPRINT"ELEVATION OF JUNCTION IS “;HJUN
230 LPRINT"PIPE DISCHARGES ARE (POSITIVE INTO THE JUNCTION)*
240 FOR I=1 TO N: LPRINT*@(*;1;")="3: LPRINT USING" ###%.488 “;Q(1);
250 NEXT I: LPRINT
N, G,KVIS, II= 3 9.806001 1.007E-06 15
L,D,EP,Z= 3000 1 .0002 30
L,D,EP,Z= 600 .45 .0009 18
Ly,D,EP,Z= 1000 .6 .000&6 9
ELEVATION OF JUNCTION IS 24.8801

PIPE DISCHARGES ARE (POSITIVE INTO THE JUNCTION)
G( 1 )= 1.198 Q( 2 )= -0.329 Q( 3 )= -0.869

1211  Calculate the three volumetric flows in Fig. 12-10.
1 (e/D)y, = 1/200 = 0.0050 (€/D)g, = 1/200 = 0.0050 (e/D)¢, =3/300 = 0.0100
far=0.032  f5,=0.032 f,=0.038 hy = (f)(L/D)(v*/2g) = (f)(L/D*)(8Q*/gn*)
28 — h, = 0.032{1000/(0.200)°}{8Q3,/[(9.807)(x)*]} = 826502,
25 — h,; = 0.032[300/(0.200)°]{80%,/[(9-807)(x)?]} = 2480Q%,
h; — 15 =0.038{600/(0.300)°1{80%,/[(9.807)(n)*}} = 775.5Q%,
Try by =19 m:
28 — 19 =8265Q%, Q.4,=0.03300 m*/s 25 — 19 = 248003, Qg =0.04919 m®/s
 19-15=775.50% Q¢ =0.07182 m*/s '
Q01 — Qrroms = 0.03300 + 0.04919 — 0.07182 = 0.01037 m®/s
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Try h; =20 m: v
28—-20=282650%, (Q.,=0.03111m%/s 25-20=24800% Qg =0.04490 m*/s
20-15=7755Q%,  Q=0.08030 m’/s

Oror — Otroms = 0.03111 + 0.04490 — 0.08030 = —0.00429 m*/s

Try b, =19.7m:

28 —19.7=8265Q%, 0., =0.03169 m’/s 25— 19.7 = 248003, Qp, =0.04623 m*/s
19.7-15=77550%, Q@ =0.07785m’/s

Qor — Crroms = 0.03169 + 0.04623 — 0.07785 = 0.00007 m>/s

Hence, Q, =77.8 L/s from J, and Q,, =31.7L/s and Qp, = 46.2 L/s toward J.

Fig. 12-10

12.12 - Calculate the five volumetric flows in Fig. 12-11.
J ke = (FULID)(v*/28) = (f)(L/D°)8Q%/gn’)
h; — 78 = 0.025[600/(0.600)°1{8Q%/[(9.807)()*]} = 15.945Q%
h; — 88 = 0.030[600/(0.450)°1{8Q%/[(9.807)()*]} = 80.624Q%
h; — h; = 0.030[900/(0.450)°1{8Q%/[(9.807)(x)*]} = 120.940%,
98 — h; = 0.030[300/(0.450)°1{8Q%/[(9.807)()*]} = 40.312Q%
88 — h; = 0.030[300/(0.450)°1{8Q%/[(9.807)(x)*]} = 40.3120%
Try b, =82 m:
' 82-78=15.945Q0% Q. =0.5009m’/s 82— 88=280.6240%2  Qp=—0.2728 m’/s
h; — 82 = (120.94)(0.5009 — 0.2728)>  h,=88.29m
98 — 88.29 =40.312Q%2 Q. = 0.4908 m*/s
88 — 88.29 = 40.312Q%2, O, = —0.0848 m®/s

If the above values are correct, Q;; (0.5009 — 0.2728 = 0.2281 m®/s) must equal Q. + Q, (0.4908 — 0.0848 =
0.4060 m*/s). Since they are not equal, try h, = 83 m and note that Q;; < Q¢+ Qp:

83—~78=15.94502  Q,=0.5600 m’/s 83— 88=280.6240%  Qp=—0.2490 m’/s
. h;—83=(120.94)(0.5600 — 0.2490)*  h,=94.70m
98 —94.70 =40.3120%2 Q. =0.2861 m*/s
88 -94.70=40.312Q02,  Qp = —0.4077 m*/s

If these values are correct, Q;; (0.5600 — 0.2490 = 0.3110 m*/s) must equal Q¢ + Qp
(0.2861 — 0.4077 = —0.1216 m*/s). Since this time, Q;;> O + Qp, the correct value of i, must be between
82m and 83 m. Try A, = 82.24 m:

82.24 — 78 = 15.9450% Q,=0.5157Tm?/s 82.24 — 88 = 80.624Q% Q5 =-0.2673m’/s
h; — 82.24 = (120.94)(0.5157 — 0.2673)*  h;=89.70m
98 — 89.70 = 40.312Q2 Qc=0.4538 m’/s
. 88-89.70= 40.31203, Qp = —0.2054 m*/s
If these values are correct, @, (0.5157 — 0.2673 =0.2484 m’/s) must equal Q- + Op
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(0.4538 — 0.2054 = 0.2484 m’/s). Since they are in fact equal, the correct values must be Q, = 516 L/s,
Qs =267L/s, Q;;=248L/s, Q- =454 L/s, and @, =205L/s.

SOOm, GOO-mm_D J
f=0025 Fig. 12-11

1213  InFig. 12-12, pipe 1 is 36-in smooth concrete, 5000 ft long; pipe 2 is 24-in cast iron, 1500 ft long; and pipe 3 is
18-in cast iron, 4000 ft long. The clevations of water surfaces in reservoirs A and B are 300 ft and 250 ft,
respectively, and discharge Q, is 50 ft*/s. Find the elevation of the surface of reservoir C.

I hy = (f)(L/d)(v*/2g) (€/d), = 0.001/(33) = 0.000333 Ne=dvlv
v, = 04/A, = 50/[(n)(35)*/4] = 7.074 ft/s
(Ne): = (3)(7.074)/(1.05 x 10~%) = 2.02 X 10°

From Fig. A-5, f, = 0.0157. (h,), = 0.0157[5000/(3$)]{7.074%/[(2)(32.2)]} = 20.33 ft, b, = 300 — 20.33 = 279.67 ¢,
(hy)2=279.67 — 250 = 29.67 ft. Assume £, = 0.0162:

29.67 = 0.0162[1500/(){v3/[(2)(32.2)]} v, =12.54ft/s
(Nr)2 = (3)(12.54)/(1.05 X 107%) = 2.39 x 10°
(e/d), = 0.00085/(%) = 0.000425 £=0.0162 (O.K.

Q.= A,v, = [(w)(%)?/4])(12.54) = 39.40 ft*/s Q5 =50 —39.40 = 10.6 ft*/s
v;=10.6/[(m)(1)*/4] = 5.998 ft/s (Nr)s = (38)(5.998)/(1.05 x 10~°) = 8.57 x 10°
(€/d); =0.00085/(i3) = 0.000567 f;=0.0177
(hs)s =0.0177[4000/(13)]{5.998°/[(2)(32.2)]} = 26.37 ft
ze=279.67 — 26,37 = 253.30 ft

Hydraulic Grade Line

Fig. 12-12

12.14 In Prob. 12.13, suppose that the surface elevations of reservoirs A and C are 300 ft and 225 ft, respectively, and
discharge Q, is 20 cfs into B; other data are unchanged. Find the surface elevation of reservoir B.

I hy = (f)(L/d)(v*/28) v, = Qa/ A, =20/[()(}2)*/4] = 6.366 ft/s Ne=dv/v
(Nr)2 = (2)(6.366)/(1.05 x 10~%) = 1.21 x 10°
(e/d),=0.000425  (from Prob. 12.13)
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From Fig. A-5, f,=0.0168. (h,), = 0.0168[1500/(%)]{6.366*/[(2)(32.2)]} = 7.93 ft.
01— 05=20 ) (1)
()1 + (hy)s =300 — 225 =75 ft @)
We need to find an ki in line 1 or 3 such that both Egs. (1) and (2) are satisfied. Try (h,), = 64 ft and
f;=0.0175: 64 = 0.0175[4000/(){v/[(D(32.D)]}  v5=9.398ft/s
(Ni)> = 1(9.398)/(1.05 X 10°%) = 1.34 x 10°
(€/d);=0.000567  (from Prob. 12.13)
£=00175 (O.K.) 0, = A,v, = [(w)(12)*/4)(9.398) = 16.61 ft*/s
0,-1661=20 Q,=36.61f/s
v, =36.61/[(x)(3$)*/4] = 5.179 ft/s (Nr)s = (9)(5.179)/(1.05 X 10~%) = 1.48 x 10°
(€/d),=0.000333  (from Prob. 12.13) £,=0.0158
(h;), = 0.0158[5000/(35)}{5.179%/[(2)(32.2)]} = 10.97 ft
Zaa = 24 — (1y)y — (), = 300 — 10.97 ~ 7.93 = 281.1 ft

12.15  Given, in Prob. 12.14, that discharge Q, is 20 cfs out of reservoir B, find the elevation of the surface of B.
I Asin Prob. 12.14, (k;), = 7.93 ft, but Eq. (1) becomes

0:-0,=20 (1
Equation (2) is the same as in Prob. 12.14; that is,
(he)i + (Be)s =300 —-225 =75 ft 2)
}Ne 8e(;=1d7 ;o find an A, in line 1 or 3 such that both Eqs. (1) and (2) are satlsﬁed Try (he); =77 ft and
3

77 = 0.0175[4000/ ((){v3/[(2)(32.2)]}  v;=10.31ft/s
(N&)s = (33)(10.31)/(1.05 x 10~5) = 1.47 x 1¢°
(e/d); = 0.000567 (from Prob. 12.13)
£=00175 (0K.)
05 = Az, = [(7)(22)%/4](10.31) = 18.22 ft*/s  18.22— Q, =20
0,=-178ft%/s  (i.e., flow is into reservoir A)
= 1.78/[(w)(%)*/4] = 0.2518 ft/s
(Nr): _( £1(0.2518)/(1.05 X 10~%) = 7.19 X 10*
(€/d), =0.000333  (from Prob. 12.13) £ =0.0208
(h,), = 0.0208[5000/(3%)]{0.2518%/[(2)(32.2)]} = 0.03 ft
=z + (By), + (hy), =300 + 0.03 + 7.93 = 308 ft

12.16 In Fig. 12-12, assume that 1, 2, and 3 represent 900 m of 60-cm, 300 m of 45-cm, and 1200 m of 40-cm,
respectively, of new welded steel pipe. The surface elevations of A, B, and C are 32m, 20 m, and 2 m,
respectively. Estimate the water flows in all pipes.

[ ] (€/d), = 0.000046/(0.60) = 0.0000767 (€/d), = 0.000046/(0.45) = 0.0001022
(e/d)s = 0.000046/(0.40) = 0.0001150

Assuming complete turbulence (high Reynolds numbers), friction factors for these values of (e/d) will be
f1=0.0115, £, =0.0122, and f, = 0.0126.

hy = (F)(L/d)(v*/2g) = (f)(L/d")(8Q%/gn?) ,
(h), = 0.0115[900/(0.60)°} {8Q7/[(9.807)(x)*]} = 11.00Q%
(), = 0.0122[300/(0.45)°){8Q2/[(9.807)(x)?]} = 16.39Q2
(hy)s = 0.0126[1200/(0.40)°] {8Q%/[(9.807) ()]} = 122.0Q%
32-11.00Q0%=h, (1
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h;—16.3902=20 or 20-16.39Q%=h, )
, h; —122.00%=2 3
0:1=0,+0s or o+Q:=0; (4)

Assume no flow in pipe 2, in which case A, =20 m. 32 — 11.00Q% = 20, Q3 =1.091; 20 — 122.0Q% =2,
Q3=0.1475. Since Q, > Q;, flow must be into reservoir B, and h, > 20 m. By trial and error, h;, =23.5m.
32~-11.00Q%=23.5, Q,=0.879 m’/s; 23.5 — 16.39Q% =20, Q, = 0.462 m*/s; 23.5 — 122.00%2=2, Q; =

0.420 m*/s. Check Eq. (4): 0.879 = 0.462 + 0.420, 0.879 =0.882 (close enough). Check the Reynolds numbers
for normal temperature:

Ng =dv/v v, = 0.879/[(x)(0.60)*/4] = 3.109 m/s
(Ni): = (0.60)(3.109)/(1.02 X 105) = 1.83 x 10°
v, = 0.462/[(7)(0.45)%/4] = 2.905 m/s
(Nr)2 = (0.45)(2.905)/(1.02 X 10~%) = 1.28 x 10°
vy = 0.420/[(7)(0.40)*/4] = 3.342 m/s
(Ni): = (0.40)(3.342)/(1.02 X 10~%) = 1.31 x 10°

From Fig. A-5, f = 0.0135 approximately for all pipes; hence, the above flows should be multiplied by
(0.012/0.0135), giving Q, = (0.012/0.0135)(0.879) = 0.781 m®/s, Q, = (0.012/0.0135)(0.462) = 0.411 m*/s,
Q5 = (0.012/0.0135)(0.420) = 0.373 m*/s. Further refinement of these approximations is not justified.

Suppose that, in Fig. 12-12, pipe 1 is 1500 ft of 12-in new cast iron, pipe 2 is 800 ft of 6-in wrought iron, and pipe
3 is 1200 ft of 8-in wrought iron. The water surface of reservoir B is 20 ft below that of A, while junction J is
40 ft below the surface of A. When the pressure head at J is 30 ft, find the flow in each pipe.

[ | (h)1=40~30=101t (hs) = (40— 20) - 30 = —-101t h = (FYL/dv?/2g)
Assume f; =0.019:
10=0.019[1500/(D){v/[()(32.2)]) v, =4.754ft/s =dv/v
(Ne): = (2)(4.754)/(1.05 X 10~5) = 4.53 x 10° (e/d), =0. 00085/( 2) = 0.00085

From Fig. A-5, f; =0.0198. Try f, = 0.0198:
10 = 0.0198[1500/(3)[{v¥/[(2)(32.2)]}  v,=4.657ft/s
(N1 = (22)(4.657)/(1.05 x 107%) = 4.44 X 10° £i=0.0198 (OK)
Q, = A, v, = [()($2)*/4](4.657) = 3.658 ft*/s
Assume f, = 0.015:
10 = 0.015[800/(£)1{v3/[(2)(32.2)]}  v,=5.1801t/s
(N&): = (£)(5.180)/(1.05 X 10~%) = 2,47 x 10° (e/d); = 0.00015/(S) = 0.00030 f=0.0175
Try f, = 0.0175:
10 = 0.0175[800/(£){v¥/[(2)(32.2)]} v, =4.796ft/s
(Nr): = (£)(4.796)/(1.05 X 10~%) = 2,28 x 10° £=0.0175 (O.K.)
Q. = [(7)(£)*/4])(4.796) = 0.942 ft*/s Q:= 0, — Q,=3.658 —0.942 = 2.716 ft*/s
In the reservoir system of Fig. 12-13, z, = 210 ft, z, = 240 ft, z. = 130 ft, z, = 150 ft, BD = 3000 ft of 4-in cast

iron pipe, AD = 2000 ft of 1-in steel pipe, and DC = 500 ft of 6-in cast iron pipe. Usmg f =0.025 and neglecting
minor losses, determine the flow in each pipe.

I h, = (f)(L/d)(v*/2g). Let pp/y = —15 ft:
(Ar)ap = 210 — 150 — (—15) = 0.025[2000/(H){vip/[(2)(32.2)]}  vap=2.837ft/s
(hs)sp = 240 — 150 — (—15) = 0.025[3000/(i5) {v3o/[(2)(32.2)]}  vsp =5.4821t/s
(B)cp = 130 — 150 — (—15) = 0.025[500/(£){vin/[(2)(32.2)]}  vcp=3.589ft/s  (away from D)

If these velocities are correct, Q. + Qpp must equal Qcp: Qap + Cup = [(7)(F)*/41(2.837) +
[(7)($5)2/4)(5.482) = 0.4939 f°/s, Qcp = [(w)(5)?/4](3.589) = 0.7047 ft*/s. Since they are unequal, try
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poly=—17ft:

(hy)ap =210 — 150 — (=17) = 0.025[2000/ () {v2p/[(D)(32.2)]}  van= 2.875 ft/s
() s> = 240 — 150 — (—17) = 0.025[3000/ () [{vas/[()(32-D)]} ~ vap = 5.534 ft/s
() cp = 130 — 150 — (=17) = 0.025[500/(H){ven/[(2)(32.2)]}  ver = 2.789ft/s  (away from D)
Ouup + Onp = [()()2/41(2.875) + [(7)()?/41(5.534) = 0.4986 ft’/s
| Qcp = [()(H)?/41(2.789) = 0.5476 ft*/s
l Q.p + Qpp is still not equal to Qcp; try pply=—17.41t
: (Bp)ap =210 — 150 — (—=17.5) = 0.025[2000/ () {v5o/[(2)(32.2)]}  vap =2.884 ft/s
(1) s = 240 — 150 — (—17.5) = 0.025[3000/ (i){v2s/[(2)(32D)]}  vep = 5.547 ft/s
(h))co = 130 — 150 — (~17.5) = 0.025[500/ (D) {ver/[(D)(32.2)]}  Ver =2 538ft/s  (away from D)
Ouup + Onp = [(W)(5)/41(2.884) + [(w)(35)*/41(5.547) = 0.4998 £t/
Ocp = [(7)(%)?/4](2.538) = 0.4983 ft’/s
Since Q.p + Qsp is close enough to Qcp, take
0.0 = [(w)()*/4](2.884) = 0.015ft*/s  (toward D)
Osp = [(m)(5)*/4](5.547) = 0.483 ft’/s  (toward D)
Qcp =0.498 ft*/s (away from D)

Horizontal

Fig. 12-13

12.19 Three reservoirs A, B, and C whose water-surface elevations are z, = 60 ft, z; =50 ft, and z. = 32 ft, are
interconnected by a pipe system with a common junction D, zp, =35 ft. The pipes are as follows: from A to
junction, L =800 ft, d = 3in; from B to junction, L =500 ft, d =10in; from C to junction, L = 1000 ft, d =4in.
Assume f = 0.02 for all pipes and neglect minor losses and velocity heads. Determine whether the flow is into or
out of reservoir B. ;

I Assume no flow between B and D.
hy = (F)(L/d)(v*/28) (hy). = 0.02[800/(£)]{v2/[(2)(32.2)]} = 0.9938v%,
(1) = 0.02[1000/ (5){v%/[(2)(322)]} = 0.931Tv¢
Asva=Acvc  [(@)E)/4)(va) = [(m)(5)*/4)(ve)
v,=1.778v, (hedal (b)) = 0.9938v%/0.9317v2 = (0.9938)(1.778vc)2/0.9317v§; =3.372

Hence, (). =[3.372/(3.372 + 1)}(60 — 32) = 21.60 ft, and zp, = 60 — 21.60 = 38.40 ft. Since our no-flow
assumption makes D too high (by 3.40 ft) relative to B, the flow must be out of B into D.
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CHAPTER 13
Pipe Networks

Develop the expression utilized to study flows in a pipe network (Hardy Cross method).

I The method of attack, developed by Professor Hardy Cross, consists of assuming flows throughout the
network, and then balancing the calculated head losses (LH). In the simple looping pipe system shown in Fig.
13-1, for the correct flow in each branch of the loop,

LH,pc=LH,pc or LHspc—LHapc=0 (1)

In order to utilize this relationship, the flow formula to be used must be written in the form LH = kQ". For the
Hazen—Williams formula, this expression is LH = kQ"%,

But, since we are assuming flows Q,, the correct flow Q in any pipe of a network can be expressed as
@ =0, + A, where A is the correction to be applied to Q,,. Then, using the binomial theorem,
kO =k(Q, + AY¥ =k(0.% +1.850.% ' A + - - -). Terms beyond the second can be neglected since A is
small compared with Q,.

For the loop above, substituting in expression (1) we obtain k(QL% + 1.85Q0%% A) — k(QL% + 1.85Q%% A) =
0, k(Q%¥ — OL%) + 1.85k(05% — 02%) A =0. Solving for A,

A= —k(Q5™ - Q;%)/[1.85k(Q5™ — Q5] 2)
In general, we may write for a more complicated loop,
A=—-3 kQL™/(1.85 3 kQ5™) | ©)

But k0% = LH and Q%% = (LH)/Q,. Therefore
A=-3 (LH)/[1.85 3, (LH/Q,)]

In utilizing expression (4), care must be exercised regarding the sign of the numerator. Expression (1)
indicates that clockwise flows may be considered as producing clockwise losses, and counterclockwise flows,
counterclockwise losses. This means that the minus sign is assigned to all counterclockwise conditions in a loep,
namely flow Q and lost head LH. Hence to avoid mistakes, this sign notation must be observed in carrying out a
solution. On the other hand, the denominator of (4) is always positive.

for each loop of a network “

A B

b o c Fig. 13-1

In Fig. 13-2, for Q = 11.7 mgd total, how much flow occurs in each branch of the loop, using the Hardy Cross
method?

# Values of Q,, and Q, are assumed to be 4.0 mgd and 7.7 mgd, respectively. The tabulation below is
prepared, (note the —7.70 mgd), the values of S caiculated by Fig. A-17, then LH=S x L, and LH/Q, can be
calculated. Note that the large ¥, LH indicates that the Q’s are not well-balanced. (The values were assumed
deliberately to produce this large ¥ LH, to illustrate the procedure.)

assumed S,

D L Q, mgd £t/1000 ft LH,ft -~ LH/Q, A 0,
12in 5000 ft 4.00 19.5 97.5 24.4 —0.85 3.15
16in 3000 ft -1.70 -16.3 -48.9 6.4 -0.85 -8.55

|E|=11.70 Y =+48.6 30.8 11.70

A= - LH/[1.85 (LH/Q)] = — (+48.6)/[1.85(30.8)] = —0.85 mgd

315
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Then the Q, values become (4.00 — 0.85) = 3.15 mgd and (—7.70 — 0.85) = —8.55 mgd. Repeating the
calculation produces

S LH LH/Q, A 0.
12.5 62.5 19.80 —0.06 3.09
-19.8 -59.4 6.95 —0.06 —8.61
Y =+31 26.75 11.70

No further calculation is necessary, since the slide rule or chart cannot be read to the accuracy of 0.06 mgd.
Ideally, ¥ LH should equal zero, but this goal is seldom attained.

5000'—12"
C, =120
w Z . Q
prp—
3000'—16"
C: =120

Fig. 13-2

133 For the pipe network giving pipe diameters and lengths and external flows entering and leaving the network as
shown in Fig. 13-3a, find the flow rate in each pipe in the network.

I The first iteration in carrying out the Hardy Cross analysis is given in the table below. A detailed

explanation corresponding to steps in carrying out the procedure is given after the table.

Iteration No. 1

Loop 1
@ () A) () &) ©) )
pipe length, diameter, flow rate (Q), unit head loss, head loss (&), h/Q
no. ft in /s ft/f ft s/f¢
estimated or from pipe
given given given assumed diagram @)% (5) ©)/@
1 2000 18 7.00 0.0034 6.800 0.971
2 900 24 3.50 0.000235 0.212 0.061
3 2800 12 -2.19 —-0.0029 —8.120 3.708
4 1100 24 -7.00 —0.00085 —-0.935 _(ﬂ
—2.043 4.874
Loop I
§)) 2) K)) 0] o) (©) )
pipe length, diameter, flow rate (Q), unit head loss, head loss (&), h:/Q,
no. It in /s fi/ft ft s/t
ostimated or from pipe
given given given assomed diagram 2) X (5) 6)/@
5 2200 12 3.50 0.0070 15.400 4.400
6 750 18 -3.14 -0.00078 —0.585 0.186
7 2600 24 —5.69 —0.00057 —1.482 0.260
2 900 24 -3.50 —0.00023 -0.207 0.059
e 13.126 4.905
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Step 1: Columns (1), (2), and (3) in the table above record given data. Flow rates recorded in column (4) are
the initial flow rate estimates. These are listed on the sketch of Fig. 13-3b, but they are not “‘given” data. The
flow rate of 14.00 cfs entering joint A was estimated to separate such that 7.00 cfs goes through pipe 1 and an
equal amount goes through pipe 4. At joint F, since 7.00 cfs enters the joint from pipe 4 and 4.81 cfs leaves the
joint externally, the flow rate in pipe 3 has to be 2.19 cfs (that is, 7.00 cfs — 4.81 cfs) in the direction away from
joint F in order to satisfy the principle that the total flow entering a joint must be equal to the total flow leaving
that joint. Remaining flow rates were estimated in a similar manner, making sure that for each joint the total
flow entering equaled the total flow leaving. It should be noted that clockwise flows in each loop (such as in
pipes 1 and 5) are indicated as positive, while counterclockwise flows (such as in pipes 3 and 6) are indicated as
negative. It should particularly be noted that the flow in pipe 2 is clockwise with respect to loop I but
counterclockwise with respect to loop II; hence, it is indicated as positive when listed in loop I and negative
when listed in loop II.

Step 2: Unit head losses in column (5) are determined from Fig. A-13, based on diameters [column (3)] and
flow rates [column (4)]. For example, pipe 1 has a diameter of 18 in and flow rate of 7.00 cfs; hence, the unit
head loss is determined from Fig. A-13 to be 0.0034 ft/ft. Head losses in column (6) are determined by
multiplying pipe lengths [column (2)] by unit head losses [column (5)]. For example, pipe 1 has a length of
2000 ft and unit head loss of 0.0034 ft/ft; hence, the head loss is (2000 ft)(0.0034 ft/ft), or 6.800 ft. It should be
noted that head losses are positive if their corresponding flow rates are positive and negative if their
corresponding flow rates are negative. The h,/Q fractions in column (7) are determined by dividing head losses
[column (6)] by flow rates [column (4)]. For example, pipe 1 has a head loss of 6.800 ft and a flow rate of

7.00 cfs; hence, h,/Q is 6.800/7.00, or 0.971 s/ft’.

Step 3: Algebraic sums of head losses are observed from the table to be —2.043 ft in loop I and 13.126 ft in loop
I1. Since these are not zero, the original estimated flows are not correct.

Step 4: A flow rate correction (.AQ) can be computed for each loop: AQ = ~¥. h:/[n ¥ (h;/Q)]. (Since the
Hazen—-Williams formula is being used, n = 1.85.) (AQ)io0p1 = —(—2.043)/[(1.85)(4.874)] = 0.23 cfs,
(AQ)100p u = —(13.126)/{(1.85)(4.905)} = —1.45 cfs.

Step 5: Adjusted flow rates for each pipe are determined by adding flow rate corrections to the previous rate
for each pipe. These are as follows: .

Loop I
pipe old Q, cfs AQ, cfs new Q, cfs
1 7.00 +0.23 7.23
2 3.50 +0.23 +1.45 5.18
3 -2.19 +0.23 -1.96
4 -7.00 +0.23 —-6.77
Loop I
pipe old Q, cfs AQ, cfs new Q, cfs
5 3.50 -1.45 2.05
6 -3.14 —1.45 —4.59
7 -5.69 —1.45 -7.14
2 -3.50 ~1.45-0.23 -5.18

These adjusted flow rates are shown in Fig. 13-3¢. It should be noted that the flow rate in pipe 2 was adjusted
using flow rate corrections for both loops, since this pipe is common to both. It should be particularly noted that
the sign of the flow rate correction for loop II was reversed when it was applied in loop I (and vice versa).
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Step 6: Return to step 2 and repeat the entire procedure using adjusted flow rates. This is given in the table

below.
Iteration No. 2
Loop I
(§1) @) 3 @ ) 6) D

pipe length, diameter, flow rate (Q), unit head loss, head loss (h,), h,/0,

no. ft in /s ‘ ft/ft ft s/fé

estimate or from pipe

given given given assumed diagram @) x5 ©)/@
1 2000 18 7.23 0.0036 7.200 0.996

2 900 24 5.18 0.00047 0.423 0.082

3 2800 12 -1.96 -0.0024 —-6.720 3.429

4 1100 24 -6.77 —0.00080 -0.880 0.130
0.023 4.637

Loop I

@ 2 3 O] ®) 6) Y]
pipe length, diameter, flow rate (Q), unit head loss, head loss (h,), h/Q

no. ft in /s ft/ft ft s/ft

estimate or from pipe

given given given assumed diagram Qx5 ©)/@
5 2200 12 2.05 0.0026 5.720 2.790

6 750 18 -4.59 -0.00156 -1.170 0.255

7 2600 24 -7.14 —0.00088 —2.288 0.320

2 900 24 -5.18 —0.00047 -0.423 0.082
1.839 3.447

Since the algebraic sums of head losses are not both zero, new flow rate corrections must be computed.
(AQ)100p1 = —(0.023)/[(1.85)(4.637)] = 0.00 cfs, (AQ)ioopn = —(1.839)/[(1.85)(3.447)] = —0.29 cfs. Revised flow
rates for each pipe are determined using these flow rate corrections. These are as follows:

Loop I
pipe old Q, cfs AQ, cfs new Q, cfs
1 7.23 0.00 7.23
2 5.18 0.00 +0.29 5.47
3 -1.96 0.00 -1.96
4 —6.77 0.00 -6.77
Loop I
pipe old Q, cfs AQ, cfs new Q, cfs
5 2.05 —0.29 1.76
6 . —4.59 ~0.29 —4.88
7 -7.14 -0.29 -7.43
2 —5.18 -0.29 -5.47
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These adjusted flow rates are shown in Fig. 13-3d. Return to step 2 and repeat the entire procedure using these
revised flow rates. This is given in the table below.

Iteration No. 3

Loop 1
@ @ 3 @ €) 6) )

pipe length, diameter, flow rate (Q), unit head loss, head loss (&), hi/Q,

no. ft in /s ft/ft ft s/t

estimate or from pipe
given given given assumed diagram 2) X (5) ©/@
1 - 2000 18 7.23 0.0036 7.200 0.996
2 900 24 5.47 0.00053 0.477 0.087
3 2800 12 —-1.96 —0.0024 —6.720 3.429
4 1100 24 -6.77 —-0.00080 —0.880 0.130
0.777 4.642
Loop 11

vy 2 3 @ 5) ©) )
pipe length, diameter, flow rate (Q), unit head loss, head loss (k/), h/Q,

no. ft in /s /6t fit s/f¢

estimate or from pipe

given given given assumed diagram 2)x(®5) ©)/@
5 2200 12 1.76 0.0019 4.180 2.375
6 750 18 —4.88 —0.00175 -1.312 0.269
7 2600 24 ~7.43 —0.00094 —2.444 0.329
2 900 24 -5.47 —0.00053 —0.477 0.087
-0.053 3.060

Since the algebraic sums of head losses are not both zero, new fiow rate corrections must be computed.

(AQ)ioop1 = —(0.077)/[(1.85)(4.642)] = —0.01 cfs, (AQ)1o0p 1 = —(—0.053)/[(1.85)(3.060)] = 0.01 cfs. Revised
flow rates for each pipe are determined using these flow rate corrections. These are as follows:

Loop I
pipe old Q, cfs AQ, cfs new O, cfs
1 7.23 —-0.01 7.22
2 5.47 -0.01 —-0.01 5.45
3 -1.96 —0.01 -1.97
4 —6.77 -0.01 —6.78
Loop I
pipe old Q, cfs AQ, cfs new Q, cfs
5 1.76 +0.01 1.77
6 —4.88 +0.01 —4.87
7 -7.43 +0.01 -7.42
2 —5.47 +0.01 +0.01 —5.45

These adjusted flow rates are shown in Fig. 13-3e. It would be appropriate to return to step 2 and repeat the
entire procedure using these revised flow rates. However, an additional iteration (not shown) indicates that the
next flow rate corrections would be no greater than 0.01 cfs, and further computation would appear to be
wasted effort. Hence, the “new Q” values just before this paragraph are taken to be the correct flow rates for

these pipes. ‘
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For the pipe network shown in Fig. 13-4, find the rate of flow of water in each pipe. Assume C = 120 for all

pipes.
I
l’il’e D’ in L’ ﬂ Q-—-«la cfs hl’ ﬁ/“ hf9 “ h[/Q AQ Quw
AB 18 1500 8.0 0.0044 6.60 0.825 -0.11 7.89
BC 12 500 3.0 0.0053 2.65 0.883 -0.11 2.89
CF 15 1500 —-4.0 ~0.00295 —4.42 1.105 2.23 -1.77
FA 15 500 -7.0 —0.0083 —4.15 0.593 -0.11 -7.11
0.68 3.406
FC 15 1500 4.0 0.00295 4.42 1.105 —-2.23 1.77
CcD 10 500 7.0 0.059 29.50 4.214 -2.34 4.66
DE 12 1500 2.0 0.0025 3.75 1.875 —-2.34 -0.34
EF 12 500 -3.0 —0.0053 -2.65 0.883 —2.34 -5.34
35.02 8.077

AQ:= -2 hl[n Y, (h;/Q)] = —0.68/[(1.85)(3.406)] = —0.11 cfs

AQy = —35.02/[(1.85)(8.077)] = —2.34 cfs

pipe h, h, k/Q AQ (¢ -
AB 0.0042 6.30 0.798 -0.66 7.23
BC 0.0049 2.45 0.848 -0.66 2.23
CF 0.00067 -1.00 0.565 0.08 -1.69
FA 0.0086 —-4.30 0.605 ~0.66 -7.77
3.45 2.816
FC 0.00067 1.00 0.565 -0.08 1.69
CD 0.028 14.00 3.000 -0.74 3.92
DE 0.000095 -0.14 0.412 -0.74 —~1.08
EF 0.015 . -7.50 1.404 -0.74 —6.08
71.36 5.381

AQ, =

—3.45/[(1.85)(2.816)] = —0.66 cfs AQy = ~7.36/[(1.85)(5.381)] = —0.74 cfs
pipe h, h, h/Q AQ Qew
AB 0.0036 5.40 0.747 —-0.20 7.03
BC 0.00295 1.48 0.664 —-0.20 2.03
CF —0.00060 -0.90 0.533 —0.20 -1.89
FA —0.0100 ~5.00 0.644 —0.20 -7.97
0.98 2.588
FC 0.00060 0.90 0.533 0.20 1.89
CD 0.0200 10.00 2.551 0.00 3.9
DE ~0.00080 -1.20 1.111 0.00 -1.08
EF —0.0195 -9.75 1.604 0.00 —6.08
—-0.05 5.799

AQ; = —0.98/[(1.85)(2.588)] = —0.20 cfs

AQy = —(—0.05)/[(1.85)(5.799)} = 0.00 cfs
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pipe h, b, "// 0 AQ Quew
AB | 0.0034 5.10 0.725 0.02 7.05
BC 0.0026 1.30 0.640 0.02 2.05
CF —0.00075 -1.11 0.587 0.03 -1.86
FA -0.0108 -5.40 0.678 0.02 -7.95
-0.11 2,630
FC 0.00074 111 0.587 -0.03 1.86
CcD 0.0200 10.00 2.551 -0.01 3.91
DE ~0.00080 -1.20 1.111 -0.01 -1.09
EF -0.0195 -9.75 1.604 -0.01 —6.09
0.16 5.853

AQ; = —(—0.11)/[(1.85)(2.630)] = 0.02 cfs AQy = —0.16/[(1.85)(5.853)] = —0.01 cfs

15 ft3/s

A 1500 ft, 18-in diameter B
500 ft : 500 ft
15-in 12-in
diameter ' diameter 51/
1500 ft, 15-in diameter
F C
500 fit 500 ft -
12-in 10-in
diameter diameter
E 1500 ft, 12 in diameter D
S /s ' 5 ftd/s “g. 134

13.5 The pipe network shown in Fig. 13-5 represents a spray rinse system. Find the flow rate of water in each pipe.
Assume C = 120 for all pipes.

1

pipe D,mm | L,m [ —— hy, m/m hy,m h/Q AQ Quew

AB 300 600 0.200 0.027 16.20 81.0 0.011 | o211

BG 250 400 0.100 0.0175 7.00 70.0 | -0.003 | 0.097

GH 300 600 —0.100 —0.0074 —4.44 4.4 0.011 | —0.089

HA 1250 400 ~0.200 -0.064 -25.60 | 128.0 0.011 | —0.189
-6.84 | 323.4

BC 300 600 0.100 0.0074 4.44 44.4 0.014 | 0.114

CF 250 400 0.050 0.0049 1.96 39.2 0.014 | 0.064

FG 300 600 —0.100 —0.0074 ~-4.44 4.4 0.014 | —0.086

GB 250 400 -0.100 -0.0175 ~7.00 70.0 0.003 | ~0.097
—-5.04 | 198.0
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pipe D,mm L,m O \avumeas M’/S h, m/m h;,m h/Q AQ (1.

CD 300 600 0.050 0.0020 1.20 24.0 0.000 0.050

DE 250 400 0.050 0.0049 1.96 39.2 0.000 0.050

EF 300 600 —-0.050 -0.0020 -1.20 24.0 0.000 | —0.050

FC 250 400 —0.050 —0.0049 -1.96 39.2 -0.014 | —0.064
0.00 126.4

AQi= -2 he/[n Y, (h/Q)] = —(—6.84)/[(1.85)(323.4)] = 0.011
AQy = —(—5.04)/[(1.85)(198.0)] = 0.014 AQu = —0.00/[(1.85)(126.4)] = 0.00

pipe hy h, h/Q AQ Quew
AB 0.0295 17.70 83.9 0.004 0.215
BG 0.017 6.80 70.1 0.001 0.098
GH —0.0059 -3.54 39.8 0.004 —0.085
HA -0.058 ~23.20 122.8 0.004 —0.185
. —2.24 316.6
BC 0.0095 5.70 50.0 0.003 0.117
CF 0.0079 3.16 49.4 —0.002 0.062
FG —0.0056 -3.36 39.1 0.003 | —0.083
GB —0.017 —6.80 701 |° —0.001 —0.098 -
~1.30 208.6
cD 0.0020 1.20 24.0 0.005 0.055
DE 0.0049 1.96 39.2 0.005 0.055
EF ~0.0020 -1.20 24.0 0.005 —0.045
FC ~0.0079 -3.16 49.4 0.002 —0.062
-1.20 136.6

AQ; = —(—2.24)/[(1.85)(316.6)] = 0.004 AQy = —(—1.30)/[(1.85)(208.6)] = 0.003
AQu = —(—1.20)/[(1.85)(136.6)] = 0.005

pipe h, hy k/Q AQ Qocw
AB 0.031 18.60 86.5 0.000 0.215
BG 0.0172 6.88 70.2 —0.003 0.095
GH 0.0055 -3,30 38.8 0.000 —-0.085
HA 0.056 —=22.40 121.1 0.000 -0.185
-0.22 316.6
BC 0.010 6.00 51.3 0.003 0.120
CF 0.0075 3.00 48.4 0.002 0.064
FG 0.0052 -3.12 37.6 0.003 —0.080
GB 0.0172 —6.88 70.2 0.003 —0.095
-1.00 207.5
CD 0.0024 1.44 26.2 0.001 0.056
DE 0.0059 2.36 42.9 0.001 0.056
EF 0.0017 -1.02 22.7 0.001 —0.044
FC 0.0075 -3.00 48.4 -0.002 —0.064
-0.22 140.2

AQ; = —(—0.22)/[(1.85)(316.6)] = 0.000 AQq = —(—1.00)/[(1.85)(207.5)] = 0.003
AQu = —(—0.22)/[(1.85)(140.2)] = 0.001
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04 m’/s 600 m 600 m 600 m
300-mm 300-men 300-mm
A diameter B diameter C diameter D
400 m 400 m 400 m 400 m
250-mm 250-mm 250-mm 250-mm
diameter diameter diameter diameter
H G F E
600 m 600 m 600 m
300-mm 300-mm 300-mm
0.1 m%s diamecter 0.1 m%s diameter 0.1 m%s diameter 0.1 m*s Fig. 13-5
13.6 The pipe network shown in Fig. 13-6 represents a small industrial park. Find the flow rate of water in each pipe.

Assume C = 120 for all pipes.

pipe D, mm L,m Lo I hy, m/m h;,m h,/Q AQ Oren
AB 500 1000 0.250 0.0034 3.40 13.6 0.028 0.278
BE 400 1200 0.120 0.0026 3.12 26.0 ~0.005 0.115
EF 300 1000 -0.130 -0.012 —-12.00 92.3 0.063 | —~0.067
FA 600 1200 -0.250 -0.0014 —1.68 6.7 0.028 | —0.222
-7.16 | 138.6
BC 500 1000 0.130 0.00102 1.02 7.8 0.033 0.163
CD 400 1200 0.030 0.00020 0.24 8.0 0.033 0.063
DE 400 1000 -0.100 —-0.0018 -1.8 18.0 0.050 | —-0.050
EB 400 1200 —-0.120 —0.0026 -3.12 26.0 0.005 | —0.115
~3.66 59.8
ED 400 1000 0.100 0.0018 1.80 18.0 -0.050 0.050
DI 300 1200 0.080 0.0048 5.76 72.0 -0.017 0.063
IH 300 1000 -0.020 —0.00037 -0.37 18.5 —-0.017 | —0.037
HE 300 1200 -0.050 —-0.0020 -2.40 48.0 0.018 | —0.032
4.79 156.5
FE 300 1000 0.130 0.012 12.00 92.3 -0.063 0.067
EH 00 1200 0.050 0.0020 2.40 48.0 -0.018 0.032
HG 400 1000 -0.020 —0.000095 -0.10 5.0 —-0.035 | —0.055
GF 400 1200 -0.120 -0.0026 -3.12 26.0 -0.035 | ~-0.155
11.18 171.3+

AQ = -2 he/ln D (h/Q)]=—(—7.16)/[(1.85)(138.6)] = 0.028
AQu = —4.79/[(1.85)(156.5)] = —0.017

AQy = —(~3.66)/[(1.85)(59.8)] = 0.033

AQr = ~11.18/[(1.85)(171.3)] = —0.035

pipe h, h, h/Q AQ Quew

AB 0.0043 4.30 15.5 -0.013 0.265

BE 0.0023 2.76 24.0 —-0.020 0.095

EF —0.0034 -3.40 50.7 —0.018 —0.085

FA —0.0011 -1.32 59 -0.013 -0.235
2.34 96.1
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PIPE
pipe h1 ) hj hj/ Q AQ Qm
BC 0.0016 1.60 9.8 0.007 0.170
CD 0.00078 0.94 14.9 0.007 0.070
DE —0.00050 —0.50 10.0 0.015 -0.035
EB —0.0023 -2.76 24.0 0.020 -0.095
-0.72 58.7
ED 0.00050 0.50 10.0 —0.015 0.035
DI 0.0031 3.72 59.0 —(.008 0.055
IH —0.00115 -1.15 311 -0.008 —0.045
HE —0.00087 —-1.04 32.5 -0.013 -0.045
2.03 132.6
FE 0.0034 3.40 50.7 0.018 0.085
EH 0.00087 1.04 32.5 0.013 . 0.045
HG ~-0.00060 —0.60 10.9 0.005 —0.050
GF —0.0041 —-4.92 31.7 0.005 -0.150
-1.08 125.8

AQ, = —2.34/[(1.85)(96.1)] = —0.013
AQu = —2.03/[(1.85)(132.6)] = —0.008

AQy = —(—0.72)/[(1.85)(58.7)] = 0.007
AQr = —(—1.08)/[(1.85)(125.8)] = 0.005

pipe h, h, h/Q AQ Qe
AB 0.0039 3.90 14.7 0.006 0.271
BE 0.00165 1.98 20.8 0.012 0.107
EF —0.0055 -5.50 64.7 0.014 —0.071
FA —0.00125 -1.50 6.4 0.006 —0.229
-1.12 106.6
BC 0.0017 1.70 10.0 —0.006 0.164
CcD 0.00094 1.13 16.1 -0.006 0.064
DE —0.000265 —-0.26 7.4 —0.008 -0.043
EB —0.00165 -1.98 20.8 -0.012 —-0.107
0.59 54.3 '
ED 0.000265 0.26 7.4 0.008 0.043
DI 0.0024 2.88 52.4 0.002 0.057
IH —0.0017 -1.70 37.8 0.002 —-0.043
HE —0.0017 -2.04 45.3 0.010 —0.035
-0.60 142.9
FE 0.0055 '5.50 64.7 —-0.014 0.071
EH 0.0017 2.04 45.3 —0.010 0.035
HG ~0.00051 -0.51 10.2 —-0.008 —0.058
GF —0.0039 —4.68 31.2 —0.008 —0.158
2.35 151.4

AQ; = —(—1.12)/[(1.85)(106.6)] = 0.006
AQu = —(—0.60)/[(1.85)(142.9)] = 0.002

AQy = —0.59/[(1.85)(54.3)] = —0.006
AQyy = —2.35/[(1.85)(151.4)] = —0.008
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pipe h, h, "f/ Q AQ Orew
AB 0.0040 4.00 14.8 ~0.006 0.265
BE 0.0021 2.52 23.6 —0.009 0.098
EF —0.0039 -3.90 54.9 —0.008 -0.079
FA —0.0012 -1.44 6.3 —0.006 -0.235
1.18 99.6
BC 0.0016 1.60 98 0.003 0.167
cD 0.00080 0.96 15.0 0.003 0.067
DE —0.00038 -0.38 8.8 0.006 -0.037
EB ~0.0021 -2.52 23.6 0.009 —0.098
—0.34 57.2
ED 0.00038 0.38 8.8 —0.006 0.037
DI 0.0026 3.12 54.7 —0.003 0.054
IH ~0.0015 ~1.50 34.9 —0.003 ~0.046
HE —0.00105 -1.26 36.0 —0.005 —0.040
' 0.74 134.4
FE 0.0039 3.90 54.9 0.008 0.079
EH 0.00105 1.26 36.0 0.005 0.040
HG —0.00067 -0.67 1.6 0.002 -0.056
GF —0.0041 -4.92 31.1 0.002 ~0.156
—0.43 133.6

AQ; = —1.18/[(1.85)(99.6)] = —0.006
AQu = —0.74/[(1.85)(134.4)] = —0.003

0.5 m%/s

AQy = —(—0.34)/[(1.85)(57.2)] = 0.003
AQy = —(—0.43)/[(1.85)(133.6)] = 0.002

A B C
» 0.1 m?
1000 m 1000 m m'/s
500-mm 500-mm
diameter diameter
1200 m 1200 m 1200 m
600-mm 400-mm 400-mm
diameter diameter diameter
1000 m 1000 m
300-mm 400-mm
F diameter E diameter D - 005 m/s
0.1 m¥fs
1200 m 1200 m 1200 m
400-mm 300-mm 300-mm
diameter diameter diameter
1000 m 1000 m
400-mm 300-mm
G diameter H diameter 1
0.t ms 0.05 m*/s 0.1 m%s
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13.7  Compute the flow rate of water in each pipe of the network shown in Fig. 13-7. Assume C = 120 for all pipes.

pipe D,in. | L,ft Qreearmeds s h,, ft/ft bt | h/Q AQ Quew
AB 24 2000 5.0 0.00045 0.90 | 0.180 0.29 5.29
BG 15 3000 1.0 0.00022 0.66 | 0.660 0.42 1.42
GH | 18 2000 -25 —0.00051 -1.02 | 0.408 034 | -2.16
HA 24 3000 -5.0 —0.00045 -1.35 | 0.270 029 | -471
-0.81 | 1.518
BC 24 | 2000 4.0 0.00030 0.60 | 0.150 | —-0.13 3.87
CF 15 3000 1.0 0.00022 0.66 | 0.660 0.53 1.53
FG 18 2000 -1.0 —0.000095 | —0.19 | 0.190 | -0.48 | -1.48
GB 15 3000 -1.0 —0.00022 ~0.66 | 0.660 | —0.42 | -1.42
0.41 | 1.660
cD 15 2000 3.0 0.0017 340 | 1133 | -0.66 2.34
DE 12 3000 1.0 0.00067 2.01 | 2.010 | —0.66 0.34
EF 18 2000 -0.3 -0.000010 | -0.02 | 0.067 | —033 | —0.63
FC 15 3000 -1.0 —0.00022 -0.66 | 0.660 | —0.53 | —-1.53
473 | 3.870
FE 18 2000 0.3 0.000010 0.02 | 0.067 0.33 0.63
EL 12 3000 1.3 0.0011 330 | 2538 | -0.33 0.97
LK 15 2000 -1.7 —0.00059 -1.18 | 0694 | 033 | -2.03
KF 15 3000 -0.2 -0.000011 | -0.03 | 0.150 | —0.68 | —0.88
211 | 3.449
GF 18 2000 1.0 0.000095 0.19 | 0.190 0.48 1.48
FK 15 3000 0.2 0.000011 0.03 | 0150 | 0.8 0.88
KJ 18 2000 -15 —0.00019 -0.38 | 0253 035 | -115
JG 15 3000 -1.0 —0.00022 —0.66 | 0.660 0.40 | —0.60
—-0.82 | 1.253
HG 18 2000 2.5 0.00051 1.02 | 0.408 | -0.34 2.16
GJ 15 3000 1.0 0.00022 0.66 | 0.660 | —0.40 0.60
I 24 2000 -0.5 —0.0000063 | —0.01 | 0.020 | —0.05 | —0.55
IH 18 3000 -25 —0.00050 -1.50 | 0.600 | -0.05 | -2.55
0.17 | 1.688

AQ, = —(—0.81)/[(1.85)(1.518)] = 0.29 AQy = —0.41/[(1.85)(1.660)] = ~0.13
AQu = —4.73/[(1.85)(3.870)] = —0.66 AQy = —2.11/[(1.85)(3.449)] = —0.33

AQy = —(—0.82)/[(1.85)(1.253)] = 0.35 AQv;=—0.17/[(1.85)(1.688)] = —0.05
pipe h, ko KIQ | AQ Oren
AB 0.00050 1.00 0.189 -0.10 5.19
BG 0.00043 1.29 0.908 0.00 1.42
GH —0.00039 —0.78 0.361 -0.31 -2.47
HA —0.00040 -1.20 0.255 -0.10 —4.81
0.31 1.713
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pipe h, h, h/Q - AQ Quew
BC 0.00029 0.58 0.150 -0.10 3.77
CF 0.00050 1.50 0.980 0.07 1.60
FG -0.00019 -0.38 0.257 0.04 —-1.44
GB —0.00043 -1.29 | 0.908 0.00 -1.42
0.41 2.295
CD 0.0011 2.20 0.940 -0.17 2.17
DE 0.000090 0.27 0.794 -0.17 0.17
EF —0.000039 -0.08 0.127 -0.20 -0.83
FC —0.00050 -1.50 0.980 -0.07 -1.60
0.89 2.841
FE 0.000039 0.08 0.127 0.20 0.83
EL 0.00064 1.92 1.979 0.03 1.00
LK -0.00082 -1.64 0.808 0.03 -2.00
KF -0.00018 -0.54 0.614 0.17 -0.71
-0.18 3.528
GF 0.00019 0.38 0.257 -0.04 1.44
FK 0.00018 0.54 0.614 -0.17 0.71
KJ | -0.00012 ~0.24 0.209 -0.14 -1.29
JG —0.000090 -0.27 0.450 -0.35 -0.95
0.41 1.530
HG 0.00039 0.78 0.361 0.31 2.47
GJ 0.000090 0.27 0.450 0.35 0.95
JI —0.0000075 -0.02 0.036 0.21 -0.34
IH ~0.00053 -1.59 0.624 0.21 —-2.34
=0.56 1.471

AQ,;=-0.31/[(1.85)(1.713)] = —0.10 AQy = —0.41/[(1.85)(2.295)] = —0.10
AQy = —0.89/[(1.85)(2.841)] = —0.17 AQyy = ~(—0.18)/[(1.85)(3.528)] = 0.03
AQy = —0.41/[(1.85)(1.530)] = —0.14 AQy; = —(—0.56)/[(1.85)(1.471)] = 0.21

pipe k, h, k/Q AQ Quem
AB 0.00048 0.96 0.185 0.00 5.19
BG 0.00043 1.29 0.908 0.11 1.53
GH | —0.00050 -1.00 0.405 0.08 -2.39
HA ~0.00042 -1.26 0.262 0.00 -4.81
-0.01 1.760
BC 0.00027 0.54 0.143 -0.11 3.66
CF 0.00053 1.59 0.994 —0.05 1.55
FG -0.00018 -0.36 0.250 —0.17 ~1.61
GB | —0.00043 -1.29 0.908 -0.11 ~1.53
0.48 2.295
CD | 0.00097 1.94 0.894 —0.06 2.11
DE 0.000025 0.08 0.471 —0.06 0.11
EF —0.000066 ~0.13 0.157 ~0.04 —0.87
FC ~0.00053 -1.59 0.994 0.05 ~1.55
0.30 2.156




PIPE NETWORKS [ 329

pipe hy by hy/Q AQ Q...
FE 0.000066 0.13 0.157 0.04 0.87
EL 0.00067 2.01 2.010 -0.02 0.98
LK | —-0.00081 -1.62 0.810 -0.02 -2.02
KF | —0.00012 —0.36 0.507 -0.08 -0.79
0.16 - | 3.484
GF 0.00018 0.36 0.250 0.17 1.61
FK 0.00012 0.36 0.507 0.08 0.79
K ~0.00015 -0.30 0.233 0.06 | -123
JG ~0.00020 ~0.60 0.632 0.14 ~0.81
, -0.18 1.622
HG 0.00050 1.00 0.405 -0.08 - 239
GJ 0.00020 0.60 0.632 -0.14 0.81
JI -0.0000031 | —0.01 0.029 -0.08 -0.42 .
IH ~0.00045 -1.35 0.577 -0.08 -2.42
0.24 1.643

AQ; = —(—0.01)/[(1.85)(1.760)] = 0.00

AQm = —0.30/[(1.85)(2.516)] = —0.06

AQy = —(—0.18)/[(1.85)(1.6é2)] =0.06

AQy = —0.48/[(1.85)(2.295)] = —0.11

AQyv = —0.16/[(1.85)(3.484)] = —0.02

AQvy; = —0.24/[(1.85)(1.643)] = —0.08
10 1t3/s 21t%/s
A B C D
2000 ft 2000 ft 2000 ft
24-in 24-in 15-in
diameter diameter diameter
3000 ft 3000 ft 3000 ft 3000 ft
24-in 15-in 15-in 12-in
diameter diameter diameter diameter
1.516%/s 1.5 fe¥/s
H G F E
2000 ft i 2000 ft 2000 ft
18-in 18-in 18-in
diameter diameter diameter
3000 ft 3000 ft 3000 ft 3000 ft
18-in 15-in 15-in 12-in
diameter diameter diameter diameter
2000 ft 2000 ft 2000 ft
24-in 18-in 15-in
I diameter J diameter K diameter L
2% 3%

Fig. 13-7
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Water flows through the pipihg system shown in Fig. 13-8 with certain measured flows indicated on the sketch.
Determine the fiows throughout the network. Use C = 120 throughout.

I
assumed s, LH
line | D,in | L, it | O, mgd | £/1000 ft LH, ft 0, A 0,
AB 20 3000 4.0 1.62 4.86 1.22 +0.31 4.31
BE 16 4000 1.0 0.37 1.48 1.48 +0.31 —(0.13) = +0.18 1.18
EF 16 3000 -2.0 -133 —-3.99 2.00 +0.31 ~ (0.50) = —0.19 -2.19
FA 24 4000 —-6.0 -1.41 -5.64 0.94 +0.31 -5.69
¥ =-3.29 5.64
BC 20 3000 3.0 0.95 2.85 0.95 +0.13 313
CD 16 4000 2.0 133 5.32 2.66 +0.13 o213
DE 12 3000 -15 =3.15 -9.45 6.30 +0.13 — (-0.12) = +0.25 -1.25
EB 16 4000 -1.0 —0.37 —1.48 1.48 +0.13 ~ (0.31) = —0.18 -118
Y =-276 11.39
FE 16 3000 2.0 1.33 3.99 2.00 +0.50 — (+0.31) = +0.19 2.19
EH 12 4000 1.0 1.48 5.92 5.92 +0.50 — (—0.12) = +0.62 1.62
HG 16 3000 -2.0 -1.33 -3.99 2.00 +0.50 —1.50
GF 16 4000 -4.0 -4.85 -19.40 4.85 +0.50 -3.50
Y =-13.48 14.77
ED 12 3000 1.5 3.15 9.45 6.30 -0.12-(0.13) = —-0.25 1.25
DI 12 4000 1.0 1.48 5.92 3.92 -0.12 0.88
IH 12 3000 -1.0 —1.48 —4.44 4.44 -0.12 -1.12
HE 12 4000 -1.0 —1.48 -5.92 5.92 -0.12 - (0.50) = —0.62 -1.62
L=+501  22.58

A;= —(~3.29)/[1.85(5.64)] = +0.31
Ay = —(—13.48)/[1.85(14.77)] = +0.50

Ay = —(=2.76)/[1.85(11.39)] = +0.13
Ary = —(+5.01)/[1.85(22.58)] = —0.12

For line EF in loop 1, its net A term is (A; — Ayy) or [+0.31 ~ (+0.50)] = ~0.19. It will be observed that the A
for loop I is combined with that of the A for loop III since the line EF occurs in each loop. In similar fashion,
for line FE in loop III, the net A term is (A — Ap) or [+0.50 ~ (+0.31)] = +0.19. Note that the net A’s have
the same magnitude but opposite signs. This can readily be understood since flow in EF is counterclockwise for

loop 1, whereas flow in FE in loop III is clockwise.

‘0

2

oy -

A s000-200 B 3000-200 C

4 mgd 3mgd
sl A T
She | B E
J ‘cc 1 I} ~ N
=3 > II
s S
s E
2 mgd 1.5 mgd
F - L E =="‘8
3000'—16" \ 3000'—12"
%,
T e
P S | %
=l g 3 3
JHs 111 J v ~
=3 (=4
(=3 (=4
g §
2
G mgd H 1mgd
3000’—1,62 % 3000'—12"
2 mgd 2 mgd

4000'—16"

2—- 2.5 mgd

4000'—-12"

1
AN

2,

=1 mgd

K

Fig. 13-8
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In determining the values of Q, for the second calculation, Q5 = (4.00 + 0.31) = 4.31 mgd whereas
Qrr =(—2.00-0.19) = —2.19 mgd and Q4 = (~6.00 + 0.31) = —~5.69 mgd.

line 0. S LH LH/Q A
AB 4.31 1.86 5.58 1.29 +0.20
BE 1.18 0.51 2.04 1.72 +0.20 + negl = +0.20
EF -2.19 -1.57 -4.71 2.15 +0.20 — (—0.06) = +0.26
FA -5.69 —1.28 -5.12 0.90 +0.20
L=-221 6.06
BC 3.13 1.02 3.06 0.98 negl
CcD 2.13 1.48 5.92 2.79 negl
DE -1.25 -2.28 -6.84 5.50 negl —0.19=—-0.19
EB -1.18 -0.51 -2.04 1.72 negl — 0.20 = —0.20
Y =+0.10 10.99
FE 2.19 1.57 4.7 2.15 -0.06 - 0.20 = —0.26
EH 1.62 3.65 14.60 9.02 —0.06 -0.19 = —0.25
HG -1.50 -0.79 -2.37 1.58 -0.06
GF -3.50 -3.75 —15.00 4.28 —0.06
Y=+1.94 17.03
ED 1.25 2.28 6.84 5.42 +0.19 + negl = +0.19
DI 0.88 1.18 4.72 5.38 +0.19
IH -1.12 -1.83 —5.49 4.90 +0.19 \
HE -1.62 -3.65 —-14.60 9.02 +0.19 - (—0.06) = +0.25
= —8.53 24.72
line 0, S LH LH/Q A Q.
AB 4.51 2.02 6.06 1.34 -0.02 4.49
BE 1.39 0.68 2.72 1.95 -0.02-0.12=-0.14 1.25
EF -1.93 -1.25 -3.75 1.94 -0.02-0.12=-0.14 -2.07
FA —5.49 -1.20 -4.80 0.88 ~0.02 -5.51
Y =+0.23 6.11
BC 3.12 1.02 3.06 0.98 +0.12 3.24
CD 2.12 1.49 5.96 2.81 +0.12 2.24
DE —-1.45 -2.97 -8.91 6.15 +0.12+0.02=+0.14 -1.31
EB -1.39 —-0.68 -2.72 1.95 +0.12+0.02 = +0.14 -1.25
Y =-261 11.89
FE 1.93 1.25 3.75 1.94 +0.12 +0.02 = +0.14 2.07
EH 1.37 2.68 10.72 7.83 +0.12 +0.02= +0.14 1.51
HG -1.56 —0.84 =252 1.62 +0.12 -1.44
GF -3.56 -3.90 —15.60 4.38 +0.12 —-3.44
Y =-365 15.77
ED 1.45 2.97 , 891 6.15 -0.02-0.12=-0.14 131
DI 1.07 1.68 6.72 6.28 -0.02 1.05
IH ~0.93 -1.31 -3.93 4.23 -0.02 —0.95
HE -1.37 -2.68 | -10.72 7.83 -0.02~0.12=-0.14 -1.51
Y =+0.98 24.49
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13.9

13.10

' For the piping system of Prob. 13.8, if the elevation at point A is 200.0 ft and the pressure head is 150.0 ft and

the elevation at / is 100.0 ft, find the pressure head at 1.

I The elevation of the hydraulic grade line at A is (200.0 + 150.0) = 350.0. The lost head to I can be calculated
by any route from A to I, adding the losses in the usual manner, i.e., in the direction of flow. Using ABEHI we
obtain LH, ,; = (6.06 +2.72 + 10.72 4+ 3.93) = 23.43 ft. As a check, using ABEDI, LH = (6.06 +2.72 + 8.91 +
6.72) = 24.41 ft. Using a value of 24 ft, the elevation of the hydraulic grade line at 7 = (350.0 — 24.0) = 326.0ft.
Hence the pressure head at 7 = (326.0 — 100.0) = 226.0 ft.

If the flows into and out of a two-loop pipe system are as shown in Fig. 13-9, determine the flow in each pipe.
The K values for each pipe were calculated from the pipe and minor loss characteristics and from an assumed
value of f.

I As a first step, assume flow in each pipe such that continuity is satisfied at all junctions. Calculate AQ for
each loop, make corrections to the assumed Q’s and repeat several times until the AQ’s are quite small. Asa
final step the values of f for each pipe should be checked against the Moody diagram and modified, if necessary.

100 cfs
p)
K=1 K=4 _,25cfs N 2
—éz.:l —41"21
X 2%
G))

After first correction

Q‘L %?
& 1 T,
& L.

So

%

First approximation After second correction Fig. 139
left loop right loop
L KQ; L IKnQ3 7™ LKQ: T |KnQ37|
1 x 607 = 3 600 1Xx2x60=120 4 % 50° = 10 000 4 %2 % 50=400
4x10°= 400 4x2x10= 80 2x25%= 1250 2Xx2x25=100
40001 112503
3 % 40% = 4 8009 3x2x40=240 4x10°= 400 4x2x10= 80
_— — 2 _ =
8003 440 5x25°= 3125 5x2x25—g_§9
35257 830
77251
800 7725
AQl—m~2)‘ AQ1-‘—830 =9}
1X62°=3844 1xX2x62=124 4x41*= 6724 4x2x41=328
4x21*=1764 4x2x21=168 2x16*°= 512 2xX2x16= 64
56081 72361
3x38°=4332) 3Ix2x38=228 4x21°= 1764 4x2x21=168
—_— — 2 __ =
1276) 520 Sx34*= 5780 5><2x34—§;49
7544 900
3087
1276 308
Q. "5—20 =27 AQz—ﬁ‘*O
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Determine the flows in the cast iron piping of Fig. 13-10. Take n = 2.0 and use the values of f for complete
turbulence, as given in Fig. A-5. Use four stages of approximation.

d With V = Q/(xD?/4): h, =f(LID)(16Q%*/7°D*)/2g, that is, h, = KQ" with K = 16fL/(2n’gD") =
0.025fL/ D", n = 2. For complete turbulence, f = const, K = const (for a given pipe). Table A-9 for cast iron
gives € = 0.00085 ft. Thus for pipe ab, €/D = 0.00085. Figure A-5 for complete turbulence gives f = 0.0189;
K =0.476. Similarly K = 1.606 for ac and be, K =2.01 for cd and de, K = 1.722 for cf, dg, and eh, K = 0.620
for fg and gh.

First Approximation and Correction

loop A
pipe K KQs |KnQg™"|
ab 0.476 0.476 0.952
be 1.606 1.606 3.21
ed 2.01 0.502 2.01
2.584
ac 1.606 1.606 3.21
cd 2.01 0.502 2.01
2.108 11.39
- AQ = (2.584 — 2.108)/11.39 = 0.0418)
loop B loop C
pipe K KQs \KnQ3™"| pipe K KQ; |KnQ5 ™|
cd 2.01 0.502) 2.01 eh 7.22 1.804) 7.22
of 7.22 1.804) 7.22 ed 2.01 0.5027 2.01
9.22 9.22
AQ = (1.804 — 0.502)/9.22 = 0.1412) AQ = (1.804 —0.502)/9.22 = 0.1412)

Lo Inftial flow
%
12 . assumptions:
a b I'
A
8 ¥l 403 “Da___ L0 b
\o o
8" \‘QQ 8 1.0 A o 1.0
@ I J || T ) 0.5 Y
. < 0.5 1€
6 B 6" C 6 403 0.5 B 0 ¢ 0.5
10° i 10° l Q‘—) t O ] 0 o h

& ! AL, )
) e
Q.
L soa—fs0ar—d %5

Resulting final flows: Tona__ 0.95 b
A
1.06 Q 0.95
R
0.66 4 _
() ¢ 0.59 |°€
0.42 C 10.37
B ‘0.22
) h

. $0.1.
S/T00 V0T o gy 1310
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13.12

13.13

pipe 0 (2d approximation), cfs Q(4th and final approx), cfs
ab 1.00 — 0.04 =0.96 0.95
be 1.00 — 0.04 = 0.96 0.95
ed 0.50—0.04 + 0.14=0.60 0.59
ac 1.00 + 0.04 = 1.04 1.06
cd 0.50+0.04 +0.14=0.68 0.64
dg 0+0.144+0.14=0.28 0.22
gf 0+0.14=0.14 0.09
of 0.50-0.14=0.36 0.42
eh 0+0.14=0.14 0.37
gh 0.50—-0.14=0.36 0.14

If in Prob. 13.11 the pressure head at a is 200 ft, find the pressure head at d. Neglect velocity heads.

# From the final approximations in Prob. 13.11,
h, = KQ*=1.606 x 1.06> = 1.805 ft

In pipe ac
In pipe cd,

h, =2.01 x 0.64

=0.823 ft
2.628 ft

In pipes ac + cd, hy =paly =p./y — (h.)wa =200 — 2.63 = 197.37 ft.

In the network of Fig. 13-11, the 12-in and 16-in pipes are cast iron, while the 18-in and 24-in sizes are concrete
(€ =0.003 ft). Assume complete turbulence with n = 2. Terminate the solution after five trials.

h = KQ" = (f)(LID)X(V?/28) = (f)(L/D)Q>/[28(w/4)*D*]) = (fL/39.7D*)Q?
Values of f for fully turbulent flow are obtained from Fig. A-5 (n =2):

pipe material length, ft diam., ft €/D f D* K= 39{,1,'0,
ab Avg. conc. 998 1.50 0.00200 0.0233 7.59 0.0772
be Avg. conc. 499 . 150 0.00200 0.0233 7.59 0.0386
cd Avg. conc. 499 1.50 0.00200 0.0233 7.59 0.0386
ef New C.I. 499 1.00 0.00085 0.0188 1.00 0.237
fe New C.I. 499 1.00 0.00085 0.0188 1.00 0.237
hi Avg. conc. 998 2.00 0.00150 0.0218 32.00 0.01715
ij Avg. conc. 998 2.00 0.00150 0.0218 32.00 0.01715
ah Avg. conc. 1596 2.00 0.00150 0.0218 32.00 0.0274
be New C.L 798 1.33 0.00062 0.0175 4.21 0.0836
ei Avg. conc. 798 1.50 0.00200 0.0233 7.59 0.0618
of New C.I. 798 1.33 0.00062 0.0175 421 0.0836
dg New C.1. 798 1.33 0.00062 0.0175 421 0.0836
gi Avg. conc. 798 1.50 0.00200 0.0233 7.59 0.0618

loop A loop B
pipe Qo KQ; e/ Qol pipe % KO e/ Qol
ha 3 0.247 0.0823 . bc 2 0.1545 0.0772
ab 3 0.695 0.232 o 2 0.335 0.1673
. 0.489
be 1 0.0836 0.0836
A .1.026
hi 7 0.840 0.1200 be 1 0.0836 0.0836
e 4 0. o of 2 0947 0.473
1.829 0.765 1.030 0.801
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loop A loop B
_1.026-1.829 _ . 0.489—1.030
AQ = %0765 0.525) AQ—W——O.%Sl
loop C loop D
pipe QO KQ} \he/Qol pipe Qo KQ3 |BL! Qo
cd 0 0.000 0.000 ie 4 0.989 0.247
gf 1 0.237 0.237 of 2 0.947 0.473
0.237 1.935
cf 2 0.335 0.1673 ij 3 0.1543 0.0514
gd 2 0. 335> 0.1673 jg‘ 3 0.556 0.1854
0.669 0.571
& 1 0.237 0.237
0.947 1.194
0.237 — 0.669 1.935 — 0.947 '
AQ = 2%0.573 = -0.379) AQ__————_ZXL194 = +0.414%

After five trials, the flows (cfs) within approximately 1 percent are ab = 3.54; bc =2.48; cd = 0.40; ef = 1.47;
gf = 1.45; hi = 6.46; ij = 3.05; ha = 3.54; be = 1.06; ie = 3.41; ¢f =2.08; gd = 1.60; jg = 3.05.

,*———-998'————r—499'-r—499"-11&
u 18" b 18" ¢ 18" d|

16" B 16" c 16" 798’
240 A PyC 12 f 12 g

§) 8

%

18* D 181 798’

h 24" i 24 j l

RS>

Calculate the pressure drop from A to f in Prob. 13.13.
# Head loss from A to f (any path):

hi =0.716 ft

Fig. 13-11

ie = 0.719 ft
ef =0.511 ft

1.946 ft
Hence Ap = (1.946)(62.4)/144 = 0.8 psi
Fit an equation of the form A, = KQ" to flow of 60-°F water through 1000 ft of 10-in cast iron pipe. The equation
should hold over the velocity range 2 to 8 ft/s.
[ ks = (f)}(L/D)(v*/2g) €/D = 0.00085/(:3) = 0.00128 N =Du/v

For v =2 fps: Ng = (12)(2)/(1.21 x 107%) = 1.38 x 10°. From Fig. A-5, f =0.0230: h, =
0.0230[1000/(3)1{2*/[(2)(32.2)]} = 1.714 ft, Q = Av = [(%)(}3)?/4](2) = 1.091 ft*/s. For v =8 fps: N =
(12)(8)/(1.21 X 107%) = 5.51 x 10, f = 0.0213, h, = 0.0213[1000/(12)}{8%/[(2)(32.2)]} =25.40 ft, Q = Av =
[(7)(19)*/4)(8) = 4.363 ft*/s. Given h, = KQ", at 2 fps, 1.714 = (K)(1.091)". At 8fps, 25.4 = (K)(4.363)":

log1.714 =log K + n log 1.091
log 25.4 =log K + n log 4.363

(D
2)
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Subtracting Eq. (1) from Eq. (2) gives 1.171 = 0.6022n, n = 1.945. Substituting into Eq. (1), log 1.714 =

log K + (1.945)(log 1.091), K = 1.447; h, = 1.447Q",

13.16  The distribution of flow through the network of Fig. 13-12 is desired for the inflows and outflows as given. For
simplicity # has been given the value 2.0.
# The assumed distribution is shown in Fig. 13-12a. At the upper left the term ¥, 7Q, |Q,"* is computed for
the lower circuit number 1. Next to the diagram on the left is the computation of J, nr |Q,|" ! for the same
.circuit. The same format is used for the second circuit in the upper right of the figure. The corrected flow after
the first step for the top horizontal pipe is determined as 15 + 11.06 = 26.06 and for the diagonal as
354+ (—21.17) + (—11.06) = 2.77. Figure 13-12b shows the flows after one correction and Fig. 13-12¢ the values
after four corrections.
\’b r <
702 X 6= 29,400 2 x 70 ~ 6 = 840 a0 152 ¥1= 226 2x15Xx1= 30
357 x3= 3675 2-3523-210 ot NI A" -352 X 2= -2460 2% 35 x 2= 140
-30? % 5=-4,500 2 X 30 x5 = 300 sy NC1° -13837x3-- 574 2x 138373 83
28,575 1,350 ——x . ~2,799 253
28,575 R v 2,799
AQy = -7 50 =~ 2MV7 Az = g3 = 1106
(a)
\"0 ro1 L
4883% 6= 14308 2r4883+6= 586 - o 26067 x 1= 679 2x2606Xx 1= 52
2777 ¥ 3= 23 2% 277+3=- 11 913, 25, g -2394? x 2= -1,146 2xX2394x2= 96
51177 . 5=-13080 24511755 511 ~[% JRF|"  _16667x3=-_ 8 2x1656%x3= 10
1.2a1 1.114 S VY —475 158
&3
A(),h:'f'guyna s AQ,=%=3.006
' b
2 5
AQ, =0.0079 o 2 ?:5 © AQ, = 0.169
- i g -
4Q, =0.0013 ¥ a2 8 AQ, = 0.0003
RN
Gy
{c)
Fig. 13-12
13.17  Calculate the flow through each of the pipes of the network shown in Fig. 13-13 (n = 2).
I 1x60°= 3600 2x1x60=120 2x30°= 1800 2x2x30=120 Y
Ix5s%= 75 2x3x5= 30 Ix§= -75 2x3x5= 30
2 X 40% = —3200 2%x2x40=160 1x452=-2025 2x1x45= 90
— — — \ Fig. 13-13p
475 310 -300 240
475 300
AQ=—35~-15 AQ=2~1 ]
1x58.5%°= 342225 2x1x585=117 2x31%= 1922 2x2x31=124
3Ix2.5%= 1875 2x3%25= 15 3x2.5= -19 2x3x25= 15
2x41.5%=-3444.5 2x2x41.5=166 1x442=-1936 2x1x44= 88 .
_ _ — | Fig. 13.13¢
-3.5 298 -33 227 ¢
3.5 33
AQ =352 =0012 AQ === =0.145 )
25
7/ 25 25 5
@ S 30 595 31 8.5/ 3115
~ = > e e~ P o >
¢ RS
— 5
100 — i —= 'R A ) U . 128, 234 -~
- 5Y 2.5y Y
- hY .
o e " 45 sl 44 41.49 43.85] pina
(a) () (© (d)
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13.18 Determine the flow through each line of Fig. 13-14 (n =2).

1 2x19%= 722 2x2x19= 76 4Xx3= 5476 2x4x37=29
1x322= 1024 2x1x32= 64 1x322=-1024 2x1x32= 64
2x312=-1922 2x2x31=124 3x382=-4332 2x3x38=228 Fie. 13145
~176 264 120 588 ig. 13-
176 -120
Ag-ﬁ-o.m AQ——S-B?——O.ZO
2x19.677= 773.82 2x2x19.67= 78.68 4x36.8= 5417.0 2% 4 x36.8=294.4
1x32.87%= 1080.44 2x1x32.87= 65.74 1x32.872=-1080.4 2x1x3287= 6574
2x30.332=-1839.82  2x2x30.33=121.32 3x38.22= —-4371.7 2 x3%38.2=229.2
14.4 265.74 -41.12 589.3
14.44 41.12
AQ=——-26574——005 AQ=-——5893=0.07

1319 Determine the flow rates in Fig. 13-15. The fluid is water at 20 °C and all five pipes have f = 0.0201.

L B

_ (8)(0.0201)(4000)
T (@32
_ (8)(0.0201)(4000)
(Y%

K,

K, 15.37

15.37

Two head-loss loops:
Loop ABC:
Loop BCD:

15.37Q3 + 10.66Q3 —
10.66Q3% + 15.37Q% — 1554Q0% =0

8L, _ (8)(0.0201)(3000)

Ta%D; | (n)(G22)(E)
K,= @(-)g?j;—g‘(s_?;-"i’ - 10.66
48.5707=0

=48.57

¢}
2
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13.21

Three junctions:

Junction A: ‘ 0,+0,=20
Junction B: S ' =0+ 0;
Junction C: - o ‘ O0:1+Q5=0Q,

Solving these simultaneous equations by trial and error gives Q, = 0.81 cfs, Q, = 1.19 cfs, O, = 0.99 cfs,
Q.=1.80cfs, @5 =0.20 cfs.

4000 ft,8-in 2000
ce ¥ Oa D
5000 ft,9-in
3000ft,6-in""] %3000 t, 3-in
A

> B
N %

213/s 4000 t,8-in

Fig. 13-15

In Prob. 13.19 the pressure at A is given as 200 psig. Find the pressures at B, C, and D.
1 Ps=pa— pgK, Q3 = (200)(144) — (1.94)(32.2)(15.37)(1.19)> = 27 440 Ib/f* or 190.6 psig
Pc=pa— pgK Q7 = (200)(144) — (1.94)(32.2)(48.57)(0.81)> = 26 809 Ib/f* or 186.2 psig
Po =pc — pgK.Q% = (186.2)(144) — (1.94)(32.2)(15.37)(1.80)> =23 702 Ib/ft> or 164.6 psig

Repeat Prob. 13.19 for the boundary flows indicated in Fig. 13-16.

J : he = (f)(L/D)(v*/2g) = 8fLQ?/n’gD° = KQ?

From Prob. 13.19, K, =48.57, K,=15.37, K;=10.66, K,=15.37, and K = 1554.
Two.head-loss loops:

Loop ABC: 15.3702 + 10.66Q2 — 48.57Q2 = 0
Loop BCD: 10.66Q3 + 15.37Q% — 155402 =0
Thrée junctions: | '

Junction A: e 0,+0,=20

Junction B: , ‘ Q:=0:+0s+1.0
Junction C: 01+ Q0:=0,+05

Solving these simultaneous equations by trial and error gives @, =0.725 cfs, Q, =1.275 cfs, Q; = 0.226 cfs,
Q,=0.451 cfs, Q5 = 0.049 cfs.

0.5 1t} /s

S 056 s
04 D
C -
01 A Q3 1105
A > B
Q,

1.0 13 /s

Q)
¢
¢ :

M |
@

3 |
@)
®)




13.22

13.23

13.24

PIPE NETWORKS [ 339

Repeat Prob. 13.20 for the flows found in Prob. 13.21.
I Ps = Ppa — pgK,03 = (200)(144) — (1.94)(32.2)(15.37)(1.275)*> =27 239 Ib/ft* or 189.21b/in*
Pc = pa — pgK,0% = (200)(144) — (1.94)(32.2)(48.57)(0.725)*> = 27 205 1b/ft> or 188.91b/in’
Pp =pc — pgK,Q3 = (188.9)(144) — (1.94)(32.2)(15.37)(0.451)> = 27 006 Ib/ft> or 187.51Ib/in’

Compute the junction flows in Fig. 13-17, taking flow into the junction as positive: Each pipe is 30 m of
60-mm-diameter cast iron, with f = 0.0294.

I h; = Ap/y = 8fLQ*/n’gD*
(800 — 500)/9.79 = (8)(0.0294)(30)(Q,)?/(7)*(9.807)(0.060)° Q,=+0.0181 m*/s
(500 — 200)/9.79 = (8)(0.0294)(30)(Q.)?/()*(9.807)(0.060)° Q.= —0.0181 m%/s
(500 — 400)/9.79 = (8)(0.0294)(30)(Q,)*/()*(9.807)(0.060)* Q,=—0.0104 m*/s
(600 — 500)/9.79 = (8)(0.0294)(30)(Q5)*/()*(9.807)(0.060)° Q5= +0.0104 m*/s

py=400kPa

p,=800KPa

pJ=500 kPa

p3:600 kPa

p)=200kPa

Fig. 13-17

Determine the flow in each pipe of the network shown in Fig. 13-18, using f = 0.02 throughout.

I Taking x =2, b, =f(L/D)(V?*/2g) = f(L/D)(1/2g)(4Q/xD?* = (8fL/x’gD*)(Q?) = KQ* Hence K =
0.81fL/gD?, and the K value for each pipe is

Diameter, in 3 4 5 6 7 8

K 1030 368 160 80.4 22.4 11.5

The assumed flows are indicated on the figure in parentheses. For loop AEDB,

A, = —[(1030 X 0.5%) + (11.5 X 0.12) — (22.4 X 0.22) — (368 X 0.7%)]/
2[(1030 X 0.5) + (11.5 X 0.1) + (22.4 X 0.2) + (368 x 0.7)] = —0.05 cfs

and for loop BDC,
A, =—[(22.4 X 0.2%) + (80.4 x 0.3%) — (160 x 0.5%)]/2[(22.4 x 0.2) + (80.4 x 0.3) + (160 x 0.5)] = +0.15 cfs

The corrected flows appear on the figure below the first assumed flows. Recomputing A for each loop yields
A, = +0.001 cfs and A, = —0.001 cfs.

I3 A 3000 ft, 4 in., B 4000 ft, 5 in. c

3000 ft, 7 in.

Fig. 13-18
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13.25 Replace the quadnlateral network of Fig. 13-19 by a single 500-ft-long pipe AC. Assume f is the same for all
pipes.
! (he)anc = (hs)apc = (f)(L/D)(v*/2g)
F(500/5)(V3/28) + f(C2YV3u/28) = F(B)(V/28) + f (TN (V3s/28)
750V; +250V3, =800V, + 333V3, V=9V, Via =9V
(750 X 81 + 250) V2, = (800 X 81+ 333)V3,  V3,=0.96V;,
DV =22V, + 33V, = 4V, + 9(0.96V2,) D*V =12.63V,,
(500/%)V3 + V2, = (1000/D)V?
750V + 250V, = 61 000V 2, = (1000/D)V? ‘ #)]
But
V =12.63V,,/D? (#))
Substituting (2) into (1) yields D° = 1.308. Hence D = 1.055 ft.

S00ft,8-in

1ot 500 ft,2-ft
800 ft i Y

D Fig. 13-19

13.26  The pipe network in Fig. 13-20 consists of pipes as follows: AB, 5000 ft, 12 in; BC, 3000 ft, 6 in; CD, 8000 ft,
24in; DE, 7000 ft, 8in; EA, 4000 ft, 10in; BD, 7000 ft, 12 in. A flow of 4000 gpm enters the system at D,
while outflow at the junctions is as follows: A, 500 gpm; B, 300 gpm; C, 1000 gpm; E, 2200 gpm. Find the flow
in each pipe and the pressure at each junction if the head at D is 400 ft. Take f = 0.023.

[ ] hy = 8fLQ*/x’gD’ = (8)(0.023)(LQ?)/(x)*(32.2)D® = 0.000579LQ*/ D*
D? pipe D,in k
1.0 AB 12 2.89 .
0.031 BC 6 56.0
32 CD 24 0.143
0.132 DE 8 30.6
1.0 BD 12 4.05
0.402 AE 10 5.75
Loop 1:

A, =[—(2.9)(3.62)% — (4.05)(3.40)* + (30.6)(2.43)*> — (5.75)(2.5)7]/ )
’ 2[(2.9)(3.62) + (4.05)(3.40) + (30.6)(2.43) + (5.75)(2.5)) = -0.27
Loop 2: '
= —[—(56)(0.89)* — (0.143)(3.13)* + (4.05)(3.4)*]/2[(56)(0.89) + (0.143)(3.13) + (4.05)(3.4)] = —0.01
= [ (2.9)(3.89)> — (4.05)(3.66)* + (30.6)(2.16)* — (5.75)(2.77)2)/ ‘
2[(2.9)(3.89) + (4.05)(3.66) + (30.6)(2.16) + (5.75)(2.71)] =0
2= —{(—45.3 - 1.4 + 54.1)/2(50.5 + 0.45 + 14.8) = —0.056
= —(—44 —52.5+142.5 - 44)/2(11.3 + 14.6 + 66.1 + 15.9) = —0.01
A, = —[—(56)(0.96)* — (0.143)(3.20)* + (4.05)(3.6)*]/2(53.6 + 0.46 + 14.6) =+0.01
Ay=-441-53.1+1402-442=-1.2 A, =—50.5-1.46+53.2=+1.2
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0.5 0.3
A s?%o 8 azloa € 10 10w in 1000's gpm
\ng g’ \\ o oom
g Q 1000 gpm ’Q\ ‘3 9!(
1000’
E
g¥ D
.2 4.0
1000 gpm = 2.24 cfs
First trial
1.12 0. 67
4 e o8 ¢ 23
)
iq d
‘1'\1 c;s &.T \3
™ 2
g 2.493
D
4.93 £.96
Second trial 0.7
oy a.39 0.90 2.2¢
N
[
o}l 3f s
) %
2.16
4.93 $.96
Third trial 3.8¢ 0.96
::l %,
M : (7]
n 206" {'{
R e

3oy 710 3e70 #30 3938
Q Q
= qp™ :BT /
960
asy’ 7oo!

Fig. 13-20
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13.27  The pipe network in Fig. 13-21 consists of the following pipes: AB, 3000 ft, 8 in; BC, 3000 ft, 12 in; CD,
10 000 ft, 36 in; DE, 8000 ft, 24 in; EF, 5000 ft, 6 in; FA, 4000 ft, 8 in; BE, 10000 ft, 6 in; BF, 8000 ft, 12 in.
Inflow at D = 6 cfs. Outflows are A, 2 cfs; B, 1cfs; E, 1.5cfs; C, 0.5 cfs; F, 1 cfs. Assume Manning n = 0.015,
and find the flow in each pipe and the pressure at each junction if the pressure at D is 120 psi.

I n=0.015 S = n?V?/2.21R*? = n?Q?/[2.21(D /4)**(x*D*/16)]
= [(0.015)°Q%(16)(6.4)]/(2.212*D*?) = 0.00106(Q>/ D'®*)
k. = kQ? = (0.00106L/D'**)(Q?) k = 0.00106L/D'*?

D D 0.00106L k
AB 0.67 0.116 3.18 27.4
BC 1.00 1.0 3.18 3.2
CD 3.0 355 10.60 0.03
DE 2.0 40 - 8.48 0.21
EF 0.5 0.024 5.30 216
FA 0.67 0.116 4.24 36.5
BF 1.0 1.0 8.48 8.48
BE 0.5 0.0245 10.60 432

Loop 1:

—(27.4)(1.3)? + (8.48)(1.6)% + (36.5)(0.7)? B
2[(27.4)(1.3) + (8.48)(1.6) + (36.5)(0.7)]

A=—- +0.044

Loop 2:

Q16017 - B48) (L6}
A=~ o0+ R16)0.1) + Ba8)Le) 27T

Loop 3:
_ —(3.2)(3.9)*> — (0.03)(4.4)* + (0.21)(1.6)*
2[(3.2)(3.9) + (0.03)(4.4) + (0.21)(1.6)]

_ —43.5+15.8+20
2[(27.4)(1.26) + (8.48)(1.36) + (36.5)(0.74)]

_ -1110+31-15.6
2[432(1.60) + 216(0.38) + (8.48)(1.36)]

-13.1-0.19+2.56 + 1110

A3=

= +1.88

A1=

= +0.053

A2=

= +0.695

8= = G2 E.02) T 0.03)2.52) + (0.21)(3.48) + @6y 2
—40+4.2+22.8
A= = ) (1.21) + (8.48)(0.71) + (36.5)0.79)]  TO-0%
e ~141+251-42 o
2[(432)(0.18) + (216)(1.08) + (8.48)(0.71)]
e ~242-03+1.6+14.1 0,05
2[(3.2)(2.74) + (0.03)(3.24) + (0.21)(2.76) + (432)(0.13)]
N ~33.8+11.8+28.9 o 0s
2[(27.4)(1.11) + (8.43)(L 18) + (36.5)(0.89)]
N ) ~155+109 —11.8 007
2[(32)(0.60) + (216)(0.71) + (3.48)(L.18)]
A  _23-03+1.6+155 oS

~2[(3.2)(2.69) + (0.03)(3.19) + (0.21)(2.81) + (432)(0.6)]
_ —37+9.5+25.7
2[(27.4)(1.16) + (8.5)(1.06) + (36.5)(0.84)]

A= = +0.01
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-33.8+132-9.6 _
" 2[(432)(0.28) + (216)(0.78) + (8.5)(1.06)]

-27.5-0.4+1.4+338 _
T 2[(3.2)(2.94) + (0.03)(3.44) + (0.21)(2.56) + (432)(0.28)]

And after several more trials, final results are as shown on the last sketch of Fig. 13-21.

A= -0.15

—0.03

A3=

pressures (psi)
A 87.5
B 104.5
C 119.8
D 120.0
E 119.5
F 98.0
/. '
3000'- 8 3000'~-72" 0.8
A . {18 . c
. 2N 3
HIER G4 3 3
0 Q Q
* ~ s Q
/.0 s000' - 6° $o00’- 24 = ¢.0
- : a
F £V 1s D
2.0 ]
(27.4) © (3D 0.5
3 3 First trial
N\
gfh‘ Lq"g)b 3o “f?
] S \' 3 V \J
/.a Ot/ /é - 6‘0
) ol;
e )5 (0.D
2.0 1.0
/.26 v 2.0 0.3
- 3
]
21 :? 'C,‘ Second trial
N
/.0 0.38 3.9¢ 6.0
s
I.J./I J-?f
%f y S”\ | ?.;1 Third trial
[~ o ,.5
{08 .4

Fig. 13-21
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1.1 2.69
/\}L 3 S
9 ~ Fourth trial
| y ;
0.7/ I-Z;f/
1.76 2.94

b
% y ';'.;I . g: Fifth trial
; 2

Q ~
0.78 2.56
A 1.19 8 3.3 C

0.8/
‘»
\Q
3.73

o. 47 .37
F E D Fig. 13-21 (continued)

13.28  Prepare a computer program written in Fortran to determine the flow in each pipe in a pipe network by the

Hardy Cross method. The program must be usable in both the English system of units and the International
system of units.

[ THIS PROGRAM DETERMINES THE FLOW RATE IN EACH PIPE IN A PIPE NET-
WORK BY THE HARDY CROSS METHOD. IT CAN BE USED FOR PROBLEMS IN
BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL SYSTEM OF
UNITS. EACH LOOP MUST BE NUMBERED AND EACH INDIVIDUAL PIPE MUST
ALSO BE NUMBERED.

INPUT DATA MUST BE SET UP AS FOLLOWS.

CARD 1 COLUMN 1 ENTER O (ZERO) OR BLANK IF ENGLISH SYSTEM
OF UNITS IS TO BE USED. ENTER i1 (ONE) IF
INTERNATIONAL SYSTEM OF UNITS IS TO BE
USED.

COLUMN 2 ENTER O (ZERO) OR BLANK IF ONLY THE

RESULTS AFTER THE FINAL ITERATION ARE TO
BE PRINTED. ENTER 1 (ONE) IF THE RESULTS
AFTER EACH ITERATION ARE TO BE PRINTED.

COLUMNS 3-5 ENTER INTEGER NUMBER (RIGHT ADJUSTED)
TELLING HOW MANY LOOPS ARE IN THE PIPE
NETWORK . :
COLUMNS 6-80 ENTER TITLE, DATE, AND OTHER INFORMATION,
IF DESIRED.
CARD 2 COLUMNS 1-2 ENTER INTEGER NUMBER (RIGHT ADJUSTED)
TELLING HOW MANY PIPES ARE IN THE FIRST
LOOP.
COLUMNS 3-4 ENTER INTEGER NUMBER (RIGHT ADJUSTED)
TELLING HOW MANY PIPES ARE IN THE SECOND
LOOP.
COLUMNS 5-6 ENTER INTEGER NUMBER (RIGHT ADJUSTED)
TELLING HOW MANY PIPES ARE IN THE THIRD
LOOP.
(CONTINUE PATTERN FOR ALL LOOPS.)
CARD 3 COLUMNS 1-3 ENTER INTEGER NUMBER (RIGHT ADJUSTED) TO

IDENTIFY AND TO REPRESENT A PARTICULAR -
PIPE IN THE FIRST LOOP.
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COLUMNS 4-6 IF THIS PIPE IS IN COMMON WITH ANY OTHER
LOOP, ENTER INTEGER NUMBER (RIGHT AD-
JUSTED) IDENTIFYING THAT LOOP. OTHER-
WISE, ENTER 0 (ZERO) OR BLANK.

COLUMNS 7-16 ENTER NUMBER INCLUDING DECIMAL GIVING
DIAMETER OF THIS PIPE (IN INCHES OR
MILLIMETERS).

COLUMNS 17-26  ENTER NUMBER INCLUDING DECIMAL GIVING
LENGTH OF THIS PIPE (IN FEET OR METERS).

COLUMNS 27-36  ENTER NUMBER INCLUDING DECIMAL GIVING
INITIAL ESTIMATE OF FLOW RATE FOR THIS
PIPE (IN CUBIC FEET PER SECOND OR CUBIC
METERS PER SECOND). (ENTER CLOCKWISE
FLOW RATES WITH RESPECT TO THIS LOOP AS
POSITIVE AND COUNTERCLOCKWISE FLOW RATES
AS NEGATIVE.)

COLUMNS 37-46 ENTER NUMBER INCLUDING DECIMAL GIVING
HAZEN-WILLIAMS ROUGHNESS COEFFICIENT FOR
THIS PIPE.

(ENTER ADDITIONAL CARDS LIKE CARD 3 FOR EACH REMAINING

PIPE IN THE FIRST LOOP, THEN FOR EACH PIPE IN THE SECOND

LOOP, ETC. FOR ALL LOOPS.)

MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE
INCLUDED FOR PROCESSING.

DIMENSION TITLE(13),DIAM(100,10),0Q(100,10),ROUGH(100,10),

* HLOSS (100,10) ,ODEL(100)

REAL LENGTH(100,10)

INTEGER UNITS,LOOPS,PIPES(100),PPLOOP,PIPENO(100,10), OLOOP (100,10}

READ (5, 100,END=2) UNITS, IWRITE, LOOPS, TITLE
100 FORMAT (211,13,12A6,A3)

WRITE(6,105)TITLE
105 FORMAT('1',12A6,R3,////)

COEFF=1.318

FACTOR=12.0

ERROR=.01

IF (UNITS.EQ. 1)COEFF=.8492

IF(UNITS.EQ.1)FACTOR=1000.0

IF (UNITS.EQ.1)ERROR=,001

READ(5,101) (PIPES (J) ,J=1,LOOPS)
101 FORMAT (4012)

DO 200 J=1,LOOPS

PPLOOP=PIPES (J)

DO 200 K=1,PPLOOP
200 READ(S, 102)PIPENO(J K) ,OLOOP (J,K) ,DIAM(J,K) ,LENGTH(J,K) ,Q(J,K},

* ROUGH (J,K)
102 FORMAT (213,4F10.0)
NIT=]
205 IF (IWRITE.EQ.1)WRITE(6,106)NIT
106 FORMAT(//38X,' ITERATION NO.',13,/,38X,'========= === ==',//)

IF (IWRITE.EQ. 1.AND.UNITS.EQ.0)WRITE(6,107) .
107 FORMAT (' LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS
* FLOW RATE (CFS) HEAD LOSS (FT)',/' ~-----== ==--=-== -—=o=—=e=

IF (IWRITE.EQ. 1.AND.UNITS.EQ. 1) WRITE (6,108)

108 FORMAT(' LOOP NO. PIPE NO. DIAMETER (MM) LENGTH ( M) ROUGHNESS
* FLOW RATE (CMS) HEAD LOSS ( M)',/' -----—== =—=-====—=  —-—-=-o-

DO 201 J=1,LOOPS

IF(J.EQ.1)NIT=NIT+1

SHLOSS=0.0

SHQ=0.0

PPLOOP=PIPES (J)

DO 202 K=1,PPLOOP

HLOSS (J,K) = (ABS(Q(J,K) ) *4.0**1.63/3. 14159265/(DIAM(J K) /FACTOR)
* **) 63 /COEFF/ROUGH(J,K) ) **(1.0/.54) *LENGTH(J ,K)
IF(Q(J,K).LT.0.0)HLOSS (J,K) =-HLOSS (J ,K)

HQ=HLOSS (J,K) /Q(J,K)

SHLOSS=SHLOSS+HLOSS (J,K)

SHQ=SHQ+HQ

IF (IWRITE.EQ. I)WRITF(G 109)J,PIPENO(J,K) ,DIAM(J,K) ,LENGTH(J,K) ,
* ROUGH (J, K} ,Q(J,K) ,HLOSS (J,K)
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109 FORMAT(3X,13,7X,13,7X,F7.1,6X,F8.0,7X,F5.0,7X,F8.3,7X,F9.3)
202 CONTINUE

QDEL (J} =-SHLOSS /1.85/SHQ

IF (IWRITE.EQ.1.AND.UNITS.EQ.O)WRITE(6,110) SHLOSS,J,QDEL(J)

110 FORMAT(78X,' -~-~-cmomcm t,/,78X,F9.3,/1X,'FLOW RATE ADJUSTMENT FOR
* LOOP',I3,' = ',F7.3,' CFS',/)
IF (IWRITE.EQ. 1.AND,UNITS.EQ. 1) WRITE(6,111)SHLOSS,J,QDEL{J)
111 FORMAT(78X,'~-=--=mmo—eenn ',/,78X,F9.3,/1X, ' FLOW RATE ADJUSTMENT FOR
* Loop',13,' = ',F7.3,' cMs',/)

201 CONTINUE

DO 203 J=1,LOOPS

PPLOOP=PIPES (J)

DO 203 K=1,PPLOOP

Q(J,K)=Q(J,K) +QDEL (J)

L=0LOOP (J ,K)

IF (OLOOP(J,K) .NE.O)Q(J,K)=0Q(J,X) QDEL(L)
203 CONTINUE

DO 204 J=1,LOOPS

IF (ABS (QDEL(J)) .GT.ERROR)GO TO 205
204 CONTINUE

IF{IWRITE.EQ.1)GO TO 1

IF (UNITS.EQ.Q)WRITE(6,107)

IF (UNITS.EQ.1)}WRITE(6,108)

DO 206 J=1,LOOPS

PPLOOP=PI1PES (J)

DO 206 K=1,PPLOOP

IF (K.NE.PPLOOP)WRITE(6,109)J,PIPENO(J,K) ,DIAM(J,K) ,LENGTH (J,K) ,

* ROUGH(J,K) ,Q(J,K) ,HLOSS (J,K)
IF (K.EQ.PPLOOP)WRITE(6,112)J,PIPENO(J,K) ,DIAM(J,K) ,LENGTH(J ,K),
* ROUGH (J,K) ,Q (J,K) ,HLOSS(J,K)

112 FORMAT(3X,13,7X,13,7X,F7.1,6X,F8.0,7X,F5.0,7X,F8.3,7X,F9.3,/)
206 CONTINUE
NIT=NIT-1
WRITE(6,104)NIT
104 FORMAT(//,1X,13,' ITERATIONS WERE REQUIRED.')
GO TO 1
2  STOP
END

13.29  Use the computer program written for Prob. 13.28 to solve for the flow rate in each pipe of the network of

Prob. 13.3.
1 Input
$234867 6911112101455 541718192020 22324252627 0930313230435 M I7 DI040 41 4243 4445 46 47 OB 4930 S1 523D 545554 S7SASVIO1 4242 SAS 467 M04VI0TITITI AN G TT IO TIOR
01 2SAMPLE PIPE NETWPRK ANALYSIS
4 4
1 18. 2000. 7.00 120.
2 2 24, 900. 3.50 120.
3 12, . 2800. -2.19 © 120,
4 24, 1100. -7.00 120.
5 12, 2200. 3.50 120.
6 18. 750. -3.14 120.
7 24, 2600. -5.69 120.
2 1 24, 900. -3.50 120.
Output

SAMPLE PIPE NETWORK ANALYSIS

ITERATION NO. 1

LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS FLOW RATE (CFS)’ HEAD LOSS (FT)

1 1 18.0 2000. 120. 7.000 6.803
1 2 24.0 900. 120. 3.500 0.209
1 3 12.0 2800. 120. -2.190 -7.978
1 4 24.0 1100. 120. -7.000 ~-0.922
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FLOW RATE ADJUSTMENT FOR LOOP 1 = 0.212 CFsS
2 5 12.0 . 2200. 120. 3.500 14.936
2 6 i8.0 750. - 120. -3.140 ) -0.578
2 7 24.0 2600. 120. -5.690 -1.484
2 2 24.0 900. 120. ~3.500 -0.209
12.665

FLOW RATE ADJUSTMENT FOR LOOP 2 = -~1.435 CFS

ITERATION NO. 2
/

LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS FLOW: RATE (CFS) HEAD LOSS (FT)

1 1 18.0 2000. 120. 7.212 7.190
1 2 24.0 900. 120. 5.147 0.427
1 3 12.0 2800. 120. - -1.978 -6.605
1 4 24.0 1100. 120. - -6.788 -0.870
_ 0.141
FLOW RATE ADJUSTMENT FOR LOOP 1 = -0.017 CFS
2 5 12.0 2200. 120. © 2;065 5.624
2 6 18.0 750. 120. -4.575 -1.160
2 7 24.0 2600. 120. -7.125 - -2.251
2 2 24.0 900. 120. ~5.147 -0.427
1.786
FLOW RATE ADJUSTMENT FOR LOOP 2 = -0.286 CFS

ITERATION NO. 3

TWI=JITRETE= RET NS

iDOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS FLOW RATE V(CFS) HEAD LbSS (FT)

1 1 18.0 . 2000. 120. 7.19 7.159
1 2 24.0 900. 120. 5.416 0.469
1 3 12.0 2800. 120, -1.994  -6.709
1 4 24,0 1100. 120. ‘ -6.804 - . -0.874
) 0.044

FLOW RATE ADJUSTMENT FOR LOOP 1 =  -0.005 CFS

2200. 120. 1.779 4.267

2 5 12.0
2 6 18.0 750. . 120. ~ -4.861 -1.298
2 7 24.0 2600. 120. -7.411 -2.421
2 2 24.0 900. 120. -5.416 -0.469
. 0.079 \
FLOW RATE ADJUSTMENT FOR LOOP 2 = -0.014 CFS

ITERATION NO. 4

LoOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS 'FLOW RATE (CFS) ~HEAD LOSS (FT)

1 1 18.0 2000. 120. ; 7.190 7.149
1 2 24.0° 900. 120. 5.425 0.470
1 -3 12.0 2800. 120. -2.000 -6.742
1 4 24.0 1100. 120. -6.810 -0.876
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FLOW RATE ADJUSTMENT FOR LOOP 1 = =~0.000 CFS

2 5 12.0 2200. 120. 1.765 4.206
2 6 18.0 750. 120. -4.875 -1.305
2 7 24.0 2600. 120. ~7.425 . -2.429
2 2 24.0 900. 120. -5.425 -0.470
0.001
FLOW RATE ADJUSTMENT FOR - LOOP 2 = -0.000 CFS

13.30  Use the computer program written for Prob. 13.28 to solve for the flow rate in each pipe of the network shown
in Fig. 13-22a.

I 1tis necessary to.assume an initial value of flow rate for each pipe in the network. The values assumed for
this example are shown in Fig. 13-22b.

Input
12334848728 oon||i;|a|n|||1|1ootvun 223247 MIIONITN NI RITHIOA QUM BTN 5I5ISAINII NN QMMM BANNNIINAANTIANS
10 7SAMPLE PIPE NETW@RK ANALYSIS ‘
4456344 ,
1 0 1000. 1000. -0.6 100,
2 2 750. 925, 0.4 100.°
3 3 750. 1000. 1.15 100.
4 0 “750. 925, -2.6 100.
10 0 1000. 1000. -2.0 120.
10 1000. 925. 10.0 120.
9 4 750. 1000. 4.0 120.
2 1 ~750. 925, -0.4 100.
31 750. 1000. -1.15 100. ‘
8 4 500. 650. 2.25 100. )
7 0 500. 400. -0.75 100. i
6 0 500. 671. ~1.75 100. i
5 0 . 500. .. 350. -2.75 .. 100.
9 2 750. 1000, -4.0 120.
12 © 1000. 800. 5.0 120.
14 s 1000. 650. 2.0 120,
21 6 500. 800. " 0.75 120.
22 0 500. 1000. -2.0 120. '
8 3 500. 650. -2.25 100. »
13 0 750. 763. 2.0 120. '
15 7 750. - 400, 0.5 120.
14 4 1000. 650. -2.0 120,
21 4 500. 800. -0.75 120.
18 7 500. 125, 0.75 120.
19 0 500. 800." -0.75 ©120.
20 O 500. 125. -1.75. 120.
15 5 750. 400, ~-0.5 . ~  120.
16 0 750. 125. 0.5 '120.
17 0 750. 400. -0.5 120.
18 6 500. 125, -0.75 120.
Output
SAMPLE PIPE NETWORK ANALYSIS
' LOOP NO. PIPE NO. DIAMETER ({(MM) LENGTH ( M) ROUGHNESS FLOW RATE (CES) HEAD LOSS ( M)
1 1 1000.0 1000. 100. -0.532 -0.655
1 2 750.0 925. . 100, - - ©2.537 44.438
1 3 750.0 1000. ‘100. G.211 ©0.481
1 4 750.0 | 925. 100. ’ -2.532 -44.269 )
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LOOP NO. PIPE NO. DIAMFTER (MM) LENGTH ( M) ROUGHNESS FLOW RATE (CMS) HEAD LOSS ( M)

10 1000.0 1000. 120. -4.068 -20.247

2

2 1 1000.0 925. 120. - 7.932 64.482
2 9 750.0 1000. 120. 0.152 0.187
2 2 750.0 925. 100. ~-2.537 -44.438
3 3 750.0 1000. 100. -0.211 -0.481
3 8 500.0 650. 100. 1.478 82.694
3 7 500.0 400. 100. 0.258 1.998
3 6 500.0 671. 100. ~0.742 -23.884
3 5 500.0 350. 100. -1.742 -60.446
4 9 750.0 1000. 120. -0.152 -0.187
4 12 1000.0 800. 120. 6.780 41.703
4 14 1000.0 650. 120. 3.932 12.357
4 21 500.0 800. 120. 0.940 31.420
4 22 500.0 1000. 120, -0.220 -2.676
4 8 500.0 ) 650. 100. -1.478 -82.694
5 13 750.0 763. 120. 1.848 14.537
5 15 750.0 400. 120. -0.942 -2.191
5 14 1000.0 650. 120. -3.932 -12.357
6 21 500.0 800. 120. -0.940 -31.420
6 18 500.0 125. 120. 1.050 6.025
6 19 500.0 800. 120. 0.840 25.500
6 20 500.0 125. 120. -0.160 -0.186
7 15 750.0 400. 120. 0.942 2.191
7 16 750.0 125. 120. 1.790 2.246
7 17 750.0 400. 120. 0.790 1.580
7 18 500.0 125. 120. -1.050 -6.025

ITERATIONS WERE REQUIRED.

For illustrative purposes, the actual flow rates as determined by the computer program are shown on Fig.
13-22¢. .

13.31  Prepare a compute program written in Basic to determine the flow in each pipe in a pipe network by the Hardy
Cross method.

B 10 HARDY-CROSS LOOP BALANCING NETWORK PROGRAM, NET.BAS
20 ‘U.S. CUSTOMARY(USC) OR SI UNITS(SI) MAY BE USED.
30 ‘HAZEN-WILLIAMS(HW) OR DARCY-WEISBACH(DW) EQUATION MAY BE USED FOR PIPES.
40 ‘DATA ENTRY V1A READ AND DATA STATEMENTS,
S0 ‘uunnnntREAD DATA AND PRINT NETWORK INFORMAT LON® 3 3 3 3 3 3 3 3 3 3% 3 3¢ % 36 3 % % 3% 3 3 3 3 3% 3% % % %
60 DEFINT 1,J,K,N
70 DIM ITYPE(1000),ELEM(S00), IND(S00),0(100),H(100),5(20),1X(240)
80 FOR J=1 TO 100: ITYPE(J)=5: H(J)=-1000': NEXT J
90 READ TITLES: LPRINT: LPRINT®  *;TITLES
100 READ TTs,KK,TOL,UNU,DEFA ‘NT$=USC OR SI, KK=NO. OF ITER., UNU=KIN. VISC.
110 ‘TOL=TOLERANCE IN ITERATION, DEFA=DEFAULT COEF.- EITHER C OR EPS
120 IF(TT$="SI* OR TT$="si") THEN GOTO 150

130 UNITS=4,727: G=32.174: -
140 LPRINT" US CUSTOMARY UNITS SPEC.,VISCOSITY IN FT~2/5=*;UNU: GOTO 170
150 UNITS=10.474: G=9.806:

160 LPRINT" SI UNITS SPEC.,VISCOSITY IN M 2/8="; UNU .
170 LPRINT" DESIRED TOLERANCE=";TOL; " NO. OF ITERATIONS="® ;KK

180 LPRINT®  PIPE Q(CFS OR M~3/S) L(FT OR M) D(FT OR M) HW C OR EPS*
190 READ NPI,TT$: : IF NPI=0 THEN 310

200 ‘NPI=ND. OF PIPES IN NETWORK, TT$=*HW" OR "DW*

210 FOR 11=1 TO NPl READ 1,QQ,L,D,X3: IF X3=0! THEN X3=DEFA
220 ‘1=PIPE NO.,QQ=FLOW,.=LENGTH,D=DIAMETER,X3=C OR EPS

230 Q(1)=00: KP=4%(1-1)+1

240 IF TT$="HW" OR TT$="hw" T1HEN 280

250 1TYPECI)=2: ELEM(KP)=L/(2! %G*D~5%,7854°2) ; DU
260 ELEM(KP+1)=1'/(.7854%D¥UNU) : ELEM(KP+2)=X3/(3.7%D):

270 EX=2': GOTO 290

280 ITYPE(1)=1: EX=1.852: ELEM(KP)=UNITS*L/(X3~EX*D~4.8704) ‘HW
290 EN=EX-1!; LPRINT® "1}t

300 LPRINT USING*  HNNNN.HNNNN®;0C1);L;D;X3: . NEXT 11

310 READ NPS,TT$: IF NPS=0 THEN 340 : . -

320 ‘NPS=NO. OF PSEUDO ELEMENTS, TT$="PS"
330 FOR I1=1 TO NPS: READ I,DH: ITYPE(1)=3: KP=4%8(]-1)+}
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340
350
340
370
380
390
400
410
420
430
440
450
440
470
480
490
300
3510
520
530
540
330
560
570
580
590
600
610
620
630
640
650
&40
é70
480
690
700
710
720
730
740
750
740
770
780
790
800
810
820
830
840
850
855
840
8635
870
8735
880
8835
890
895
?00
905
P10
915
920
925
930
935
?40
945
250
953
940
965
970
975
980
985
990
995

ELEM(KP)=DH: LPRINT" *;1;° RESERVOIR ELEV. DIFFERENCE=";DH
NEXT 11§

READ NPU,TTS: IF NPU=0 THEN 480

NPU=NO. OF PUMPS, TT$="PU"

FOR li={ TO NPU: READ 1,0Q,D0Q,H1 ,H2,H3,H4: ITYPECI)=4
‘1=PUMP NO.,00=FLOW,D@=DEL Q, H! ,H2,H3,H4=EQUALLY SPACED PTS ON PUMP CURVE
KP=4#(1-1)+§: Q(I)=0a: ELEM(KP)=H1

ELEMC(KP+3)=(H4~-3! #(H3-H2)-H1)/(4! #D@"* 3)

ELEM(KP+2)=(H3-2! #H2+H1) /(2! #DQ~2) -3! #ELEM(KP+3) *0Q
ELEM(KP+1)=(H2-H1)/DQ-ELEM(KP+2) *DQ-ELEM(KP+3) DQ~ 2

LPRINT*  *51;* PUMP CURVE, DG="3;DQ;* H=";H1,H2,H3,H4

LPRINT® COEF. IN PUMP EQ.=";ELEM(KP) jELEM(KP+1) ;ELEM(KP+2) ; ELEM(KP+3)
NEXT 11

“unuuun¥READ LOOP INDEXING DATA AND BALANCE ALL LOGPS %41 55305 585 50555585 X 4 8 2
READ NI,TT$: IF NI=0 THEN 820

“NI=NO. OF ITEMS IN VECTOR IND, TT$="IND®

FOR I=1 TO NI: READ IND(I): NEXT 1: IND(NI +1)=0
LPRINT * IND=*;; FOR I=1 TO NI: LPRINT INDCI);: NEXT 1

FOR K=1 TO KK: DDG=0"1 1P=1

I1=INDCIP); IF 11=0 THEN 780

DH=0"!: HDG=01

FOR J=1 TO It3 I=INDCIP+J): 1F 1<0 THEN S70

1F I=0 THEN 710 ELSE GOTO 580

S(I=-11 1=-11 GOTO 590

scJr=1! :

NTY=ITYPE(]): KP=4%(1-1)+1

ON NTY GOTO 610,620,480 ,490

R=ELEM(KP) ¢ GOTO 460

REY=ELEM(KP+1) #ABS(Q(1)) : IF REY(1' THEN REY=1!

IF REY(2000' THEN 440 ELSE GOTO 650

R=ELEM(KP) %64 /REY : GOTO 460

R=ELEM(KP) %1 .325/(LOGCELEM(KP+2) +5.74/REY* ,9))~2

DH=DH+S (J) *R*Q( 1) *ABS(QC 1)) ~EN

HDQ=HDQ+EXXR*ABSCQ( 1)) ~EN: GOTO 710

DH=DH+S(J) *ELEM(KP) : _GOTO 710

DH=DH~-S(J) * (ELEM(KP) +QC 1) * (ELEMCKP+1)+QCI) * (ELEM(KP+2) +QC1) *ELEM(KP+3))))
HD@=HDQ-(ELEM(KP+1) +2! $ELEM(KP+2) #Q( 1) +3! #ELEM(KP+3) #Q( 1)+ 2)

NEXT J

IF ABS(HDQ) ¢.0001 THEN HDG=1'!

DG=-DH/HDQ: DDG=DDQ+ABS(DQ)

FOR J=1 TO I1: I=ABSCIND(IP+J>):  IF ITYPEC(1)>=3 THEN 760
QC1H>=QC1)+5¢J)*DQ

NEXT J

IP=IP+11+1: GOTO 530

LPRINT LPRINT® ITERATION NO.*;K;" SUM OF FLOW CORRECTIONS=";

LPRINT USING “"Hi#.MHM4" ;DDG
IF DDG<TOL THEN 820

NEXT K

LPRINT® ELEMENT FLOW": FOR 1=1 TO 100: NTY=1TYPECI)

ON NTY GOTO 840,840,850 ,840,850

LPRINT" "3l LPRINT USING*® HHH . HHNN" QD)

NEXT 1

‘knnnunn DATA FOR PATH THRU SYSTEM TO COMPUTE HOL %% % % 9 39 9 3 1.3 96 16 3 596 55363 > % % % %
READ NU,TTS: IF NU=0 THEN 80 ‘NU=NO. OF NODES WITH GIVEN HGL ,TT$=NODES
FOR I=1 TO NU: READ 11 ,H2: HC(I1)Y=H2: NEXT 1

READ NI ,TTs: IF NI=0 THEN 80 ’NI=NO. OF ITEMS IN PATH,TT$="1IX"
FOR I=1 TO NI: READ IX(I): NEXT 1: IX(NI+2)=0
LPRINT® IX=";: FOR I=1 TO NI LPRINT IXCI)3;: NEXT 1: LPRINT
1P=1

FOR J=1 TO 238 STEP 2: IF J=1 THEN K=IX(IP)

I=IXCIP+J) N=IX(IP+J+1)

IF 1<t THEN SS=-1': I=-1: GOTO 910

IF I=0 THEN 955 ELSE SS={'

NTY=ITYPEC(I) KP=4#(]-1)+1

ON NTY GOTO 920,925,945,950,955

R=ELEM(KP) : GOTO 940

REY=ELEM(KP+1)#ABS(Q(1)): IF REY(1' THEN REY=1'!

IF REY(2000! THEN R=ELEM(KP)*44'/REY: GOTO 940

IF REY>=2000' THEN R=ELEM(KP)#*1.325/(LOG(ELEM(KP+2)+5,74/REY*,9))*2
HN)=H(K) -SS*R#Q(1)#ABS(Q{ 1)) ~EN: GOTO 955

H(N)=H(K) -SS*ELEM(KP) : GOTO 935

H(N)=H(K) +SS*(ELEM(KP) + Q1) #(ELEM(KP+1)+QCI)#(ELEM(KP+2)+Q( 1) *ELEM(KP+3))))
IF IX(J+]1P+3)=0 THEN 97S

IF IX(J+IP+2)=0 THEN 970

K=N: NEXT J

1P=1P+J+3: 60TO 8%0

LPRINT® JUNCTION HEAD®

FOR N=t TO 100: IF H(N)=-1000' THEN 990
LPRINT® "N;s LPRINT USING" ###.#0N" ;H(N)
NEXT N

GOTO 80
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13.32  Use the computer program written for Prob. 13.31 to solve the network problem displayed in Fig. 13-23. The
pump data are as follows:

Q,m*/s 0 0.03 0.06 0.09
H,m 30 29 26 20
I
Input
DATA EXAMPLE
DATA S1,30,.001,.000001,100.
DATA S,HW
DATA 1,.12,4600.,0.3,.0
DATA 2,.03,300.,.15,.0
DATA 3,.0,500.,.6,.0
DATA 4,.03,400.,.3,.0
DATA 5,.03,300.,.3,.0
DATA 2,PS
DATA 6,15.0
DATA 7,18.0
DATA 1,PU
DATA 8,.06,.03,30.,29.,26,,20.
DATA 14,IND
DATA 3,2,1,-3,3,4,-5,3,3,6,-4,-1,3,5,7,8
DATA t,NODES
OATA S,117.
DATA 9,1X
DATA 5,8,4,2,2,1,1,4,3
Output
EXAMPLE
SI UNITS SPEC.,VISCOSITY IN M~2/S= ,000001
DESIRED TOLERANCE= .001 NO. OF ITERATIONS= 30
PIPE Q(CFS OR M~3/8) L(FT OR M) DCFT OR M) HW C OR EPS
1 0.12000 600.00000 0.30000 100.00000
2 0.03000 300.00000 0.15000 100.00000
3 0.00000 500.00000 0.60000 100.00000
4 0.03000 400.00000 0.30000 100.00000
5 0.03000 300.00000 0.30000 100.00000
4 RESERVOIR ELEV. DIFFERENCE= 15
7 RESERVOIR ELEV. DIFFERENCE= 18
8 PUMP CURVE, DO= .03 H= 30 29 2¢ 20

COEF.
IND= 3 2

IN PUMP EQ.= 30 -11.11112 -555,5555 -6172.841
-3 3 4-3 3 3 66-4~-t 3 S5 7 8

ITERATION NO. 1
ITERATION NO. 2
ITERATION NO. 3
ITERATION NO. 4

ITERATION NO. S
ELEMENT FLOW
0.143
~0.034
0.027
0.080
0.094
0.087
IX=3 8 4 2 2
JUNCTION HEAD
137.811
150.044
133.044
137.797
117.000

ORHLWN~

A2WN~-

SUM OF FLOW CORRECTIONS=
SUM OF FLOW CORRECT]ONS=
SUM OF FLOW CORRECTIONS=

SUM OF FLOW CORRECTIONS=

SUM OF FLOW CORRECTIMS-‘

1 1 4 3

'0.1385

0.1040
0.0372
0.0034

0.0006
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CHAPTER 14 |
Flow in Open Channels

M1

14.2

4.3

Water flows in a rectangular, concrete, open channel that is 12.0 m wide at a depth of 2.5 m. The channel slope
is 0.0028. Find the water velocity and the flow rate.

[ ] v = (L.0/n)(R**)(s"?) n=0.013  (from Table A-13)
R=A/p, =(12.0)(2.5)/(2.5+12.0+2.5)=1.765m
v = (1.0/0.013)(1.765)*3(0.0028)"* = 5.945 m/s Q = Av = [(12.0)(2.5)](5.945) = 178 m®/s

Water flows in the symmetrical trapezoidal channel lined with asphalt shown in Fig. 14-1. The channel bottom
drops 0.1 ft vertically for every 100 ft of length. What are the water velocity and flow rate?

I v = (1.486/n)(R¥*)(s'?) n=0.015 (from Table A-13)
R=Alp,  A=(160)45)+@{(45)[()4.5)/2) = 132.8£¢
P.=160+2V@ 5P +[B) @)= 44.46ft R =132.8/44.46 = 2.987 ft
5=0.1/100=0.00100 v = (1.486/0.015)(2.987)%*(0.00100)"* = 6.498 /s
Q = Av = (132.8)(6.498) = 863 ft'/s

| 7
I 160 7 Fig. 141

Water i to flow at a rate of 30 m*/s in the concrete channel shown in Fig. 14-2. Find the required vertical drop
of the channel bottom per kilometer of length.

I A=(3.6)(2.0)+(4.0-2.0)[(1.6+3.6)/2] =12.40m*> v = (L.0/n)(R¥*)(s"?) = Q/A =30/12.40 = 2.419 m/s
Pu=3.6+2.0+V({@0-2.07+(3.6—-1.60+1.6=10.03m R=A/p,=12.40/10.03=1.236m
2.419 = (1.0/0.013)(1.236)%*(s)> 5 =0.000746

This slope represents a drop of the channel bottom of 0.000746 m per meter of length, or 0.746 m per kilometer
of length.

T======1]
L

o
3

3.6m

20m ' }

Fig. 142
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Water flows in the triangular steel channel shown in Fig. 14-3 ata velocity of 2.9 ft/s. Find the depth of flow if
the channel slope is 0.0015.

I v = (1.486/n)(R*)(s™) R = A/p., = 2{[(d)(d tan 27.5°)/2)/(2d/co0s 27.5°)} = 0.2309d
2.9 = (1.486/0.014)(0.23094)2%(0.0015)'2  d =2.57ft

Fig. 14-3

After a flood had passed an observation station on a river, an engineer visited the site and, by locating flood
marks, performing appropriate surveying, and doing necessary computations, determined that the
cross-sectional area, wetted perimeter, and water-surface slope at the time of the peak flooding were 2960 m’,
341 m, and 0.00076, respectively. The engineer also noted that the channel bottom was “earth with grass and
weeds” (n = 0.030). Estimate the peak flood discharge.

I v = (1.0/n)(R**)(s"?) = (1.0/0.030)(2960/ 341)**(0.00076)" = 3.881 m/s
Q = Av = (2960)(3.881) = 11 490 m*/s
A rectangular, concrete channel 50 ft wide is to carry water at a flow rate of 800 cfs. The channel slope is
0.00025. Find the depth of flow.
I v = (1.486/n)(R**)(s*?) = Q/A = 800/50d = 16.00/d R = A/p,, = 50d/(50 + 2d)
16.00/d = (1.486/0.013)[50d/(50 + 2d)}**(0.00025)"

This equation is not readily solvable, but a trial-and-error solution (not shown here) reveals that d = 3.92 ft.

Prepare a computer program that will determine the depth of flow of water in a rectangular channel (as in Prob.
14.6).

' C THIS PROGRAM DETERMINES THE DEPTH OF FLOW FOR OPEN CHANNEL FLOW
C IN RECTANGULAR SECTIONS. IT CAN BE USED FOR PROBLEMS IN BOTH THE
C ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL SYSTEM OF UNITS.
C .
C INPUT DATA MUST BE SET UP AS FOLLOWS.
C
C CARD 1 COLUMN 1 ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM
C OF UNITS IS TO BE USED. ENTER 1 (ONE) IF
C INTERNATIONAL SYSTEM OF UNITS IS TO BE
C USED.
C COLUMNSt 2-79 ENTER TITLE, DATE, AND OTHER INFORMATION,
C IF DESIRED.
(o CARD 2 COLUMNS 1-10 ENTER NUMBER INCLUDING DECIMAL GIVING
Cc WIDTH OF CHANNEL (IN FEET OR METERS).
C COLUMNS 11-20 ENTER NUMBER INCLUDING DECIMAL GIVING
C FLOW RATE (IN CUBIC FEET PER SECOND OR
C CUBIC METERS PER SECOND) .
C COLUMNS 21-30 ENTER NUMBER INCLUDING DECIMAL GIVING
C SLOPE.
(o COLUMNS 31-40 ENTER NUMBER INCLUDING DECIMAL GIVING
C MANNING N-VALUE.
C
c MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE
C INCLUDED FOR PROCESSING. )
C

DIMENSION TITLE(13)
REAL N
INTEGER UNITS
1 READ(5,100,END=2) UNITS, TITLE
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100 FORMAT(I1,13A6) 4

WRITE(6,105)TITLE
105 FORMAT('1',1346,////)

COEFF=1.486

IF (UNITS.EQ.1)COEFF=1.0

READ(5,101)W,Q,S,N
101 FORMAT (4F10.0)

D=0.001 )

TRY1=COEFF/N* (W*D/ (W+2.0*D)) **(2.0/3.0) *SQRT (S) -Q/W/D
104 p=D+0.001

TRY2=COEFF/N*(W*D/(w+2.0*D))**(2.0/3.0)*SQRT(S)—Q/W/D

IF(TRY1*TRY2)102,102,103
103 TRY1=TRY2

GO TO 104
102 D=D-0.0005

IF (UNITS.EQ.0)WRITE(6,106)W,Q,S,N,D
106 FORMAT (1X,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SE

*CTION',//5X,'WIDTH =',F7.1,' FT',//5X,'FLOW RATE =',F7.1,' CU FT/S

*',//5%,'SLOPE =',F10.7,//5X, 'MANNING N-VALUE =',F6.3,////1X, 'THE D

*EPTH OF FLOW WILL BE',F7.2,' FT')

IF (UNITS.EQ.!)WRITE(6,107)W,Q,S,N,D
107 FORMAT (1X,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SE

*CTION',//5X,'WIDTH =',F7.1,' M ',//5X,'FLOW RATE =',F7.1,' CU M/S

*',//5X,"'SLOPE =',F10.7,//5X, '"MANNING N-VALUE =',F6.3,////1X,'THE D

*EPTH OF FLOW WILL BE',F7.2,' M')

GO TO 1 :
2 sToP

END

14.8 Solve Prob. 14.6 using the computer program of Prob. 14.7.

1

Input
,,;cso7|ownnuuuuwuwnnnuuuununnnnnuuunnnw«nuuu«un«unnnununu”wunuuaunuumnnnnnunnnn
0SAMPLE ANALYSIS ¢F @IPEN CHANNEL FL@W IN A RECTANGULAR SECTI@N

50.0 800.0 0.00025 0.013

Output

SAMPLE ANALYSIS OF OPEN CHANNEL FLOW IN A RECTANGULAR SECTION

GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SECTION
WIDTH = 50.0 FT .
FLOW RATE = 800.0 CU FT/S
SLOPE =‘ 0.0002500

MANNING N-VALUE = 0.013

THE DEPTH OF FLOW WILL BE 3.92 FT

149 A rectangular channel (n = 0.016) 20 m wide is to carry water at a flow rate of 30 m*/s at a slope of 0.00032.
Find the depth of flow using the computer program of Prob. 14.7.
1
Input
'llclt7-!nunuuuunnnnnnuunununnnnnu”unxnw«nu«u«uunéunnu”uﬂu”w“nuu“uuunmnnnnuunnno

1SAMPLE ANALYSIS ¢F @PEN CHANNEL FLPW IN A RECTANGULAR SECTI@N
20.0 30.0 0.00032 0.016 »
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Output

SAMPLE ANALYSIS OF OPEN CHANNEL FLOW IN A RECTANGULAR SECTION

GIVEN DATAVFOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SECTION
WID&H = 20.0 M
FLOW RATE = 30.0 CU M/s
SLOPE = 0.0003200

MANNING N-VALUE = 0.016

THE DEPTH OF FLOW WILL BE 1.25 M

A corrugated metal pipe of 500 mm diameter flows half-full at a slope of 0.0050 (see Fig. 14-4). What is the flow
rate for this condition?

] v = (LO/m)(R®)(s") = (1.0/0.024)[(%%)/4]*(0.0050)" = 0.7366 m/s
Q = Av = {[(%)(3%%)?/4]/2}(0.7366) = 0.0723 m*/s

(Note: The hydraulic radius for both a circular cross section and a semicircular cross section is one-fourth the
diameter.)

500 mm

250 mm

-

A 24-in-diameter cast iron pipe on a & slope carries water at a depth of 5.6 in, as shown in Fig. 14-5a. What is
the flow rate?

I v =(1.486/n)(R**)(s"®), R = A/p,,. The applicable area in this problem is the shaded area (AECDA) in Fig.
14-5b: AB = BC =12in (both are radii), BE = 12— 5.6 = 6.4 in. Therefore, AE = EC = (12> - (6.4)* =
10.15in and X ABE = % EBC = arccos (6.4/12) = 57.77°, (Area) spcpa = [(7)(24)/41((2)(57.77°)/360°) =
145.19in?, (Area) ze4 = (Area)sces = (6.4)(10.15)/2 = 32.48 in?, (Area)agcpa = (Area)scpa —

(2)(Area) 454 = 145.19 — (2)(32.48) = 80.23 in®. The applicable wetted perimeter in this problem is the arc
distance ADC in Fig. 14-5: p,, = ADC = (m)(24)[(2)(57.77°)/360°] = 24.20 in. R = 80.23/24.20 = 3.315 in, or
0.2763 ft, v = (1.486/0.012)(0.2763)**(a) "2 = 2.627 ft/s, Q = Av = (80.23/144)(2.627) = 1.46 ft*/s.

24 in
24 in

12 in

@ ) Fig. 14-5
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14.12 A 500-mm-diameter concrete pipe on a sk slope is to carry water at a flow rate of 0.040 m*/s. Find the depth of

flow. See Fig. 14-6a.
I v=(1.0/n)(R?)(s"*) = Q/A =0.040/4 0.040/A = (1.0/0.013)(R*)(sk;)? AR =0.01163
Since R = A/p,,,

A*[p?? =0,01163 0]

Equation (1) contains two unknowns, A and p,,; however, both unknowns can be expressed in terms of the
unknown depth of flow, d. The applicable area in this problem is the shaded area (AECDA) in Fig. 14-6b:
AB=BC=0.25m (both are radii), BE =0.25 — d. Therefore, AE = CE = V(0.25)> — (0.25 — d)’, ABE =
X EBC = arccos [(0.25 — d)/0.25],

(Al‘ea)ABEA = (Area)BCEB = (0- 25— d)\/(O. 225)2 _ (0. 25 — d)2

(Area) ecpa = (A1€@) apcpas — 2(AT€a) 4554y = (0.001091)(arccos 0352; d) - (2)[(0' 25-4d) V(0'225)2 —(025- d)i] ]

(2) arccos [(0.25 — d)/0.25]
3&)0

pu=ADC= (n)(O-SO){ } = (0'008727)(a’°°°s 0.3.52; d)

Therefore, substituting into Eq. (1),

[0.001091){arccos [(0.25 - d)/0.25]} — (0.25 — d)V(0.25)” = (0.25 — dy*> —001163™
[(0.008727){arccos [(0.25 — d)/0.25]} > e s

This equation is not readily solvabie, but a trial-and-error solution (not shown here) reveals that d = 0.166 m or
166 mm.

mm
500 mm

Fig. 146

Solve Prob. 14.11 utilizing Fig. A-18.

I s =235=0.0025 ft/ft. From Fig. A-1S, Qe = 11.4 ft*/s and vy, = 3.6 ft/s. These values of Qrun and v, must
be adjusted for an n value of 0.012 for the given cast iron pipe (Fig. A-15 is based on an n value of 0.013):
(Qtun)n=0.012/11.4 = 0.013/0.012, (Quun)n=0.012 = 12.4 ft*/s, (Veun)n=0.012/3.6 = 0.013/0.012, (Vew)n=0.012 = 3.9 ft/s,
d/dqy, = 5.6/24 =0.23, or 23 percent. Enter the ordinate of Fig. A-18 with a value of d/d,,, of 23 percent, move
horizontally to the line marked “discharge,” and then vertically downward to the abscissa to read Q/ Q=12

percent. In a similar manner using the “velocity” line, read v/vq,, = 63 percent. Therefore, Q = (0.12)(12.4) =
L5ft%/s, v = (0.63)(3.9) = 2.5 ft/s.

Solve Prob. 14.12 utilizing Fig. A-18.

I s =3%=0.00200. From Fig. A-16, Q. = 0.169 m*/s: Q/Qpuy = 0.040/0.169 = 0.24, or 24 percent. From Fig.
A-18, d/dy, =34 percent; d = (0.34)(500) = 170 mm.

A 30-in-diameter concrete storm sewer pipe must carry a flow rate of 9.0 cfs at a minimum velocity of 2.5 ft/s.

Find the required slope and water depth.

1 A=0Q/v=9.0/2.5=3.600 ft Agar = [(7)(2)*/4] = 4.909 f?
A/Aqn=3.600/4.909=0.73 or 73 percent
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From Fig. A-18, d/d;,, = 69 percent and R/R;,, = 116 percent.
d = (0.69)(30) =20.7 in v = (1.486/n)(R**)(s*?)
2.5 = (1.486/0.013){(1.16)[($)/4]}**(s"?) s = 0.000734

A concrete pipe must carry water at a slope of 0.0075, at a velocity of 0.76 m/s, and at a depth of flow equal to
one-tenth its diameter. What is the required pipe diameter?

[ ) v = (1.0/n)}(R**)(s"?) 0.76 = (1.0/0.013)(R**)(0.0075)** R =0.03853ft
From Fig. A-18 with d/d;,;, = 10 percent, R/R;,, = 25 percent.
0.03853/R;,n =0.25 Ren=0.1541m 0.1541=d/4 d=0.616m or 616 mm

Prepare a computer program that will determine either the depth of flow or the flow rate for open channel flow
in circular sections.

' THIS PROGRAM DETERMINES EITHER THE DEPTH OF FLOW OR THE FLOW RATE
FOR OPEN CHANNEL FLOW IN CIRCULAR SECTIONS. IT CAN BE USED FOR
PROBLEMS IN BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL
SYSTEM OF UNITS.

INPUT DATA MUST BE SET UP AS FOLLOWS.

CARD 1 COLUMN 1 ENTER O (ZERO) OR BLANK IF ENGLISH SYSTEM
OF UNITS IS TO BE USED. ENTER 1 (ONE) IF
INTERNATIONAL SYSTEM OF UNITS IS TO BE
USED.
COLUMNS 2-79 ENTER TITLE, DATE, AND OTHER INFORMATION,
IF DESIRED. )
CARD 2 COLUMNS 1-10 ENTER NUMBER INCLUDING DECIMAL GIVING
DIAMETER OF CHANNEL (IN INCHES OR MILLI-
METERS) .
COLUMNS 11-20 ENTER NUMBER INCLUDING DECIMAL GIVING
DEPTH OF FLOW (IN INCHES OR MILLIMETERS).
COLUMNS 21-30 ENTER NUMBER INCLUDING DECIMAL GIVING
SLOPE.
COLUMNS 31-40 ENTER NUMBER INCLUDING DECIMAL GIVING
MANNING N-VALUE.
COLUMNS 41-50 ENTER NUMBER INCLUDING DECIMAL GIVING
FLOW RATE (IN CUBIC FEET PER SECOND OR
CUBIC METERS PER SECOND) .

AR AN AR AR AR R RN AR AR R ARNRR NI RN RARKA IR A ANRNARNA R AN A AR AR AR RNA AR

*
*  NOTE WELL....EITHER THE DEPTH OF FLOW (COLUMNS 11-20) OR THE

*  FLOW RATE (COLUMNS 41-50), WHICHEVER ONE IS TO BE DETERMINED BY
*  THIS PROGRAM, SHOULD BE LEFT BLANK ON CARD 2.

*

*

* % % % *

WRRERRERE R AR R R R RN R AR R AR R IR AR AR AR RN R AR AR A AR RRA AR ARARANAR R AR AR TR RAAR

MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE
INCLUDED FOR PROCESSING.

eNrNeNeNrEeEe R e ErEeRe o NeNe N ReNoReNo N NeNeo e NoNeoNoNoNoNeoNeNeoNole Mol el o]

DIMENSION TITLE(13)
COMMON D,R,D1,DIAM,PI,FACTOR,AREA, WP
REAL N
INTEGER UNITS
PI=3.14159265
1 READ(5,100,END=2) UNITS, TITLE
100 FORMAT (I1,13a6)
WRITE(6,105) TITLE
105 FORMAT('1',1386,////)
COEFF=1.486
FACTOR=12.0
IF (UNITS.EQ.1)COEFF=1.0
IF (UNITS.EQ. 1) FACTOR=1000.0
READ(5,101)DIAM,D,S,N,Q
101 FORMAT (5F10.0)
R=DIAM/2.0 .
IF(Q.GT.0.0001)GO TO 102
D1=D
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CALL AREAWP
HR=AREA /WP

Q=AREA*COEFF /N*HR** (2,0/3.0) *SQRT (S)
IF(UNITS.EQ.O)WRITE(6,103)DIAM,D,S,N,Q
103 FORMAT(1X,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI
*ON'//5X, 'DIAMETER =',F7.2,' IN',//S5X,'DEPTH OF FLOW =',F7.2,' IN',
*//SX,'SLOPE =',F10.7,//5%,'MANNING N-VALUE =',F6.3,////1X,'THE FLO
*W RATE WILL BE',F8.3,' CU FT/S')
IF (UNITS.EQ. 1)WRITE(6,104)DIAM,D,S,N,Q
104 FORMAT (1X,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI
*ON'//5X,'DIAMETER =',F7.1,' MM',//S5X,'DEPTH OF FLOW =',F7.1,' MM',
*//5%,'SLOPE =',F10.7,//5X,"MANNING N-VALUE =',F6.3,////1X,'THE FLO
*W RATE WILL BE',F8.3,' CU M/s')
GO TO 1 :
102 AWP=Q*N/COEFF /SQRT (S)
D=0.01
D1=D
CALL AREAWP
TRY1=AREA**(5.0/3.0) /WP**(2.0/3.0) -AWP
108 D=D+0.01
IF(D.GT.DIAM)GO TO 112
Di=D
CALL AREAWP
TRY2=AREA**(5,0/3.0) /WP**(2.0/3.0) -AwWP
IF (TRY1*TRY2) 106,106,107
107 TRY1=TRY2 :
GO TO 108
106 D=D-0.005 .
IF (UNITS.EQ.O)WRITE(6,109)DIAM,Q,S,N,D
109 FORMAT (1X,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI
*ON',//5X,'DIAMETER =',F7.2,' IN',//5%,'FLOW RATE =',F8.3,' CU FT/S
wt //5%,'SLOPE =',F13.7,//5X,'MANNING N-VALUE =' F6.3,////1X,'THE D
*EPTH OF FLOW WILL BE',F7.2,' IN'),
IF (UNITS.EQ.1)WRITE(6,110)DIAM,Q,S,N,D
110 FORMAT(1X,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI
*ON',//5X, 'DIAMETER =',F7.1,' MM',//5X,'FLOW RATE =',F8.3,' CU M/S
*t //5X,'SLOPE =',F13.7,//5X,' MANNING N-VALUE =',F6.3,////1X,'THE D
*EPTH OF FLOW WILL BE',F7.1,' MM')
GO TO 1
112 WRITE(6,116)
116 FORMAT (1X,'THIS CIRCULAR CONDUIT CANNOT CARRY THIS GREAT A FLOW AS
* OPEN CHANNEL FLOW.')
GO TO 1
STOP
END
SUBROUTINE AREAWP .
COMMON D,R,D1,DIAM,PI,FACTOR,AREA,WP
IF(D.GT.R)D1=DIAM-D
ABCDA=DIAM**2 /4, 0*ARCOS ( (R-D1) /R)
ABEA= (R-D1) *SQRT (R**2~ (R-D1) **2) /2.0
AREA=ABCDA-2.0*ABEA
WP=DIAM*ARCOS ( (R-D1) /R)
IF (D.GT.R)AREA=PI*DIAM**2/4,0-AREA
IF (D.GT.R) WP=PI*DIAM-WP
AREA=AREA /FACTOR**2
WP=WP /FACTOR
RETURN
END

Solve Prob. 14.11 utilizing the computer program of Prob. 14.17.
I Input

12383478 9NNNUHIHNITEINRINRUNBUIINRNNNNBNITINNISNANNENY 05568

UTAPRNNNNISNT RS

OSAMPLE ANALYSIS @F AN @PEN CHANNEL FL@W IN A CIRCULAR SECTI@N
24.0 5.6 0.0025 0.012
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Output

SAMPLE ANALYSIS OF AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION

GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION
DIAMETER = 24.00 IN
DEPTH OF FLOW = 5.60 IN
SLOPE = 0.0025000

MANNING N-VALUE = 0.012

THE FLOW RATE WILL BE 1.463 CU FT/S

Solve Prob. 14.12 utilizing the computer program of Prob. 14.17.
I Input

123454670 9HMNIAISIITIHITNNNDLMNIMNTNIINNIINMINITNINGNQBHEUTANNNNNNHUNTINONROHOUTUANNINIDINIINITTRTIN
1SAMPLE ANALYSIS @F AN (PEN CHANNEL FL@W IN A CIRCULAR SECTI@N
500. 0.002 0.013 0.040

Output

SAMPLE ANALYSIS OF AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION

GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION
DIAMETER = 500.0 MM
FLOW RATE = 0.040 CU M/S
SLOPE = 0.0020000

MANNING N-VALUE = 0.013

THE DEPTH OF FLOW WILL BE 165.7 MM

An open channel is to be designed to carry 1.0 m*/s at a slope of 0.0065. The channel material has an n value of
0.011. Find the most efficient cross section for a semicircular section.

I v = (1.0/n)(R¥*)(s*?) 0/A = (1.0/n)(A/p.)>(s"?)
A% [p? = Qn/s"? = (1.0)(0.011)/0.0065"* = 0.1364
A=nd*/8 Pw=nd/2 (=d?/8)**/(nd[2)** = 0.1364 d=0951m or 951mm

(d is the diameter of the semicircular section; the depth of flow would, of course, be half of d.)

Find the most efficient cross section for Prob. 14.20 for a rectangular section.

I A*®[p?*=0.1364 (from Prob. 14.20). The most efficient rectangular section has a width equal to twice its
depth. Letting d = depth, A = (d)(2d) =242, p, =d +2d +d = 4d, (2d2)5’3/(4d)2’3 =0.1364, d = 0.434 m, or
434 mm; width = 2d = (2)(434) = 868 mm.

Find the most efficient cross section for Prob. 14.20 for a triangular section.

I A**/p??=0.1364 (from Prob. 14.20). The most efficient triangular section has a 90° angle and 1:1 side
slopes (see Fig. 14-7). A = A)}(dV2)(dV2) = d*, p., = (2)(dV2 )Q,— 2.828d, (42)5'3/(2 8284)** =0.1364, d =
0.614 m, or 614 mm; sides = dV2 = (614)(V2) = 868 mm. :
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14.23

14.24

14.25

14.26

14.27

Fig. 14-7

Find the most efficient cross section for Prob. 14.20 for a trapezoidal section.

I A**[p**=0.1364 (from Prob. 14.20). The most efficient trapezoidal section is half a regular hexagon (sec
Fig. 14-8). A = (1.155d)(d) + (Q)[(d)(d tan 30°)/2] = 1.7324°, p,, = (3)(1.155d) = 3.465d,
(1.732d%)**/(3.465d)" = 0.1364, d = 0.459 m; sides and bottom: each = 1.155d = (1.155)(0.459) = 0.530 m.

Fig. 14-8

For the same conditions given in Prob. 14.2, determine the status of flow (i.e., is it critical, subcritical, or
supercritical?).

[ NFK= v/Vgd, v =6.498ft/s (from Prob. 14.2) d, =A/B A =132.81ft> (from Prob. 14.2)
B =(3)(4.5) +16.0 + (3)(4.5) = 43.0 1t d, =132.8/43.0 = 3.088 ft
Nr = 6.498/V/(32.2)(3.088) = 0.652

Since Ny < 1.0, the flow is subcritical.

The triangular channel (n = 0.012) shown in Fig. 14-9 is to carry water at a flow rate of 10 m*/s. Find the critical
depth, critical velocity, and critical slope of the channel.

I B/A>=g/Q? B =6d, A =2[(d.)(3d.)/2) = 3d? 6d./(3d%)? = 9.807/10* d.=1178m
v, = Q/A =10/[(3)(1.178)*] = 2.402 m/s 5. = {nv /[(1L.O}R?)]) R=A/p.
R. = [(3)(1.178)%/[(2)(V10)(1.178)] = 0.5588 m 5o = {(0.012)(2.402)/[(1.0)(0.5588)*°]}* = 0.00181

Fig. 149

The semicircular channel (n = 0.010) shown in Fig. 14-10 is to carry water at a depth of 1.0 ft. Find the velocity,
slope, and discharge at the critical stage.

1 d, = A/B =[(3)(x)(2.0)*/41/2.0 = 0.7854 ft v, = Vgd,, = V(32.2)(0.7854) = 5.029 ft/s
5. = {nv/[(1.486)(R¥*)]}* = {(0.010)(5.029)/[(1.486)(2.0/4)*]}* = 0.00289
Q = Av, = [(3)(7)(2.0)*/4](5.029) = 7.90 ft*/s
A flow rate of 2.1 m%/s is to be carried in an open channel at a velocity of 1.3 m/s. Determine the dimensions of

the channel cross section and required slope if the cross section is rectangular with depth equal to one-half the
width. Use n = 0.020.
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‘4————-“- B =201t

d=101t

Fig. 14-10

I Q= Av. Let B = channel width. Then channel depth = B/2; 2.1 = [(B)(B/2)](1.3), B =1.797 m. Hence, the
required width is 1.797 m and depth is 1.797/2, or 0.898 m.

R = A/p,, = (1.797)(0.898)/[1.797 + (2)(0.898)] = 0.4491 m
s = {nv/[(1.0)(R**)])* = {(0.020)(1.3)/[(1.0)(0.4491)**])* = 0.00197

Repeat Prob. 14.27 if the depth must be equal to twice the width. Compare answers with Prob. 14.27.

I Q= Av. Let B = channel width. Then channel depth = 2B; 2.1 = [(B)(2B)](1-3), B = 0.899 m. Hence, the
required width is 0.899 m and depth is (2)(0.899), or 1.798 m.

R =A/p,, = (1.798)(0.899)/[0.899 + (2)(1.798)] = 0.3596 m

s = {nv/[(1.0)(R**)]}* = {(0.020)(1.3)/[(1.0)(0.3596)*]}* = 0.00264
The channel area is the same (neglecting round-off errors) but a steeper slope is required for the narrower
channel.
Repeat Prob. 14.27 if the channel cross section is semicircular.
1 Q=Av 21=[3)(7d*/9]1.3) d=2.028m r=2.028/2=1.014m

s = {nv/[(1.0)(R**)]}? = {(0.020)(1.3)/[(1.0)(2.028/4)**]}* = 0.00167
Repeat Prob. 14.27 if the channel cross section is trapezoidal, with depth equal to the width of the channel
bottom and side slopes of 1:1.

# Q = Av. Let depth and channel bottom width = B (see Fig. 14-11). Then surface width=3B; A =
(3B)(B) — ()[(A)(B)(B)) =2B? 2.1 =(2B%(1.3), B=0.899 m.

R = A/p., = (2)(0.899)*/[0.899 + (2)(0.899)V2] = 0.4696 m
s = {nv/[(L.O)(R™*)]}* = {(0.020)(1.3)/[(1.0)(0.4696)>*]}* = 0.00185

— 38 .

B —.‘
Fig. 14-11

For each of the channel cross sections shown in Fig. 14-12, compute the area, wetted perimeter, and hydraulic
radius.

I (@) A=1[(n)(4.0/4]=6.283 m? P = 4[(7)(4.0)] =6.283m R=A/p, =6.283/6.283=1.000m
®)  A=(50)(2.5)=1250m? Pv=25+50+25=10.00m R =12.50/10.00 = 1.250 m
© A= (5.0)(1.2) + Q[(2)(1.2)(1.2)] = 7.440 m? P =5.0+ (2)(1.2)(V2)] =8.394m

R =17.440/8.394 = 0.886 m
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1432 Water is to flow in a rectangular flume at a rate of 1.42 m*/s and at a slope of 0.0028. Determine the dimensions
of the channel cross section if width must be equal to twice the depth. Use n = 0.017.

I o=). 0/n)(R**)(s'?). Let B = channel width and B/2 = channel depth; 1.42 =
((B)(B/2)](1.0/0.017)[(B)(B/2)/(B/2 + B + B/2)]**(0.0028)*?, B = 1.366 m. Hence, required channel width =
1.366 m and depth = 1.366/2, or 0 683 m.

1433 Rework Prob. 14.32, assuming width must be equal to the depth. Note which solution gives the smaller (and
therefore more efficient) cross section.

I 0 =(A)(1.0/n)(R*)(s™). Let B = channel width and depth; 1.42 = [(B)(B)](1.0/0.017)[(B)(B)/(B + B +
B)]m(0.0(HS)m, B =0.981 m. Hence, required channel width and depth are each 0.981 m. A = (0.981)(0.981) =
0.962 m?. For Prob. 14.32, A = (1.366)(0.683) = 0.933 m®. The cross section of Prob. 14.32 has the smaller
cross-sectional area.

14.34 A rectangular channel (» = 0.011) 18 m wide is to carry water at a flow rate of 35 cfs. The slope of the channel is
0.00078. Determine the depth of flow. '

] 0 = (A)(1.0/n)(R*)(s*?) 35 = (184)(1.0/0.011)[184/(18 + 2d)}?>(0.00078) "
: d=0.885m (by trial and error)

14.35  The trapezoidal channel shown in Fig. 14-13 is la1d ona slope of 0.00191. The channel must carry 60 cfs.
Determine the depth of flow. Use n = 0.015.

I Q = (A)(1.486/n)(R¥)(s'?) A=4.0d + (2)[(d)(d)/2] = 4.0d + &*
P =4.0+(2)(dV2) =4.0+2dV?2 60 = (4.0d + d?)(1.486/0.015)[(4.0d + d*)/(4.0 + 2dV2)}*(0.00191)"*
d=2.00ft  (by trial and error)

fe——4.0f :
: | Fig. 14-13

14.36 A 36-in-diameter concrete pipe on a 0. 0015 slope cames water at a depth of 26 in. Determme the ﬁow rate for
this pipe.
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I Sce Fig. 14-14.
0 = (A)(1.486/n)(R*)(s*?) OE=26—-%=8in or 0.6667ft 4 COE = arccos [8/(%¥)] = 63.61°
EC =V[(®)/127 - 0.6667° = 1.344 ft
A = {[360 — (2)(63.61)]/360}[()(33)*/4] + (2)[(2)(1.344)(0.6667)] = 5.467 ft*
P = {[360 — (2)(63.61)]/360}[(=)(3)] = 6.094 ft ‘
Q = (5.467)(1.486/0.013)(5.467/6.094)%*(0.0015)"* = 22.5 ft*/s

36 in

l {' Fig. 14-14

1437 Rework Prob. 14.36 using Fig. A-18.

# From Fig. A-15, Qe = 25.8 ft/s; d/dy = & = 0.722, or 72.2 percent. From Fig. A-18, Q/Qun = 87.5
percent; Q = (0.875)(25.8) = 22.6 ft*/s.

1438 A sewer pipe, for which n = 0.014, is laid on a slope of 0.00018 and is to carry 2.76 m*/s when the pipe flows at
80 percent of full depth. Determine the required diameter of pipe.
I See Fig. 14-15.
Q = (A)(1.0/n)(R*)(s*?) OE =0.80D — D/2 =0.3000D a = arccos [0.30D /(D /2)] = 53.13°
CE = (0.3000D)(tan 53.13°) = 0.4000D
A = {[360 — (2)(53.13)])/360} (xD?/4) + 2[(3)(0.3000D)(0.4000D)] = 0.6736 D>
Pw = {[360 — (2)(53.13)}/360}(=D) = 2.214D
2.76 = (0.6736D%)(1.0/0.014)(0.6736D?/2.214D)**(0.00018)'* D=232m

l Fig. 14-15

14.39 Rework Prob. 14.38 using Fig. A-18.

I D/D..=0.80. From Fig. A-18, Q/Qruu=0.96, A/ Ay = 0.84, and R/Reu = 1.21: Qo = 2.76/0.96 =
2.88m*/s. Figure A-16 cannot be used for Qny > 1.0 m*/s: Q = (A)(1.0/n)(R**)(s"?), A = (0.84)(xD?*/4) =
0.6597D?, R = (1.21)(D/4) = 0.3025D, 2.76 = (0.6597D%)(1.0/0.014)(0.3025D)?*(0.00018)', D = 2.34m.

1440 A 72-in-diameter vitrified sewer pipe (n = 0.014) is laid on a slope of 0.00025 and carries wastewater at a flow
rate of 50 cfs. What is the depth of flow?

§ From Fig- A-15, Qpy =67 ft3/ s [(Qﬁm)u-o.ou]/ 67 =0.013/0.014, (quu)n-o.ou =62.2 ft3/ $; 0/Qwun=
50/62.2 = 0.804, or 80.4 percent. From Fig. A-18, D/Dy, = 69 percent, D = (0.69)(72) = 49.7 in.
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A 1.0-m-diameter pipe must carry a discharge of 0.40 m*/s at a velocity of 0.80 m/s. Determine the slope and
the depth of water.

1 A = Q/v=10.40/0.80 = 0.5000 m* Agn = (7)(1.0)%/4 = 0.7854 m*
A/Agu=0.5000/0.7854=0.64 or 64 percent
From Fig. A-18, D/Dg,, =0.63 and R/Rg, = 1.12.
D = (0.63)(1.0) =0.630 m v =(1.0/n)(R¥*)(s"?) Ry =1.0/4=0.2500 m
R = (1.12)(0.2500) = 0.2800 m 0.80 = (1.0/0.013)(0.2800)**(s*?) s = 0.000590
The trapezoidal channel of Fig. 14-16 is to carry 500 cfs of water. The maximum allowable velocity of flow is
3.0 fps to avoid scouring. Determine the depth of flow, d, and the width of the channel bottom, B, if the

hydraulic radius of the channel is one-half the depth of flow. Also, determine the slope of the channel bottom.
Use n = 0.025.

I R=di2=A/p, A= Bd +2[()(1.5d)(d)] = Bd + 1.5d* pw=B +2Vd>+ (1.5d)’ = B + 3.606d
d/2=(Bd +1.5d%)/(B +3.606d) B +3.606d=2B+3.0d B=0.606d A=Q/v
Bd + 1.5d* = 500/3.0

Substituting B = 0.606d, (0.606d)(d) + 1.5d> = 166.7, d = 8.90 ft; B = (0.606)(8.90) = 5.39 ft.
v = (1.486/n)(R**)(s'?) R=890/2=445ft  3.0=(1.486/0.025)(4.45)°(s"%) s =0.000348

B=? Fig. 14-16
An open channel to be made of concrete is to be designed to carry 1.5 m*/s at a slope df 0.00085. Find the most
efficient cross section for a semicircular section.
1 v = (1.0/n)(R¥)(s"?) Q/A =(1.0/n)(A/p.)">(s"?)
A3 [p%? = On/s"? = (1.5)(0.013)/0.00085"* = 0.6688 A=nd*/8
pw=nd[2  (nd*/8)**/(nd[2)**=0.6688 d=1.727m

(d is the diameter of the semicircular section; the depth of flow would, of course, be half of d.)

Find the most efficient cross section for Prob. 14.43 for a rectangular section.

I A**/p?*=0.6688 (from Prob. 14.43). The most efficient rectangular section has a width equal to twice its
depth. Letting d = depth, A = (d)(2d) =2d°, p,, =d + 2d + d = 4d, (2d*)**/(4d)** = 0.6688, d = 0.789 m;
width = 2d = (2)(0.789) = 1.578 m.

Find the most efficient cross section for Prob. 14.43 for a triangular section.

I A°?/p?*=0.6688 (from Prob. 14.43). The most efficient triangular section has a 90° angle and 1:1 side
slopes (see Fig. 14-7): A = 3)(dV2)(dV/2) = &%, p,, = (2)(d\/2) = 2.828d, (d*)**/(2.828d)*” = 0.6688, d =
1.115 m; sides = d/2 = (1.115)(V2) = 1.577 m.

Find the most efficient cross section for Prob. 14.43 for a trapezoidal section.

I A*®/p?>=0.6688 (from Prob. 14.43). The most efficient trapezoidal section is half a regular hexagon (see
Fig. 14-8): A = (1.155d)(d) + 2[(d)(d tan 30°)/2] = 1.732d>, p,, = (3)(1.155d) = 3.465d,
(1.732d%)*?/(3.465d)*> = 0.6688, d = 0.832 m. Sides and bottom: each = 1.155d = (1.155)(0.832) = 0.961 m.
For the conditions given in Prob. 14.32, determine whether the flow is critical, subcritical, or supercritical.

1 v=0/A=1.42/[(1.366)(0.683)] = 1.522 in/s Nr=v/Vgd,, =1.522/V(9.807)(0.683) = 0.588
Since Ny < 1.0, the flow is subcritical. .
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1448 A rectangular channel with a width of 3.0 m and an n value of 0.014 is to carry water at a flow rate of 13.4 m’/s.
Determine the critical depth, velocity, and channel slope.

I d4.=[(Q/BYy/g]"* =[(13.4/3.0)*/9.807]'"° = 1.267m v. = Q/A =13.4/[(1.267)(3.0)] = 3.525 m/s
R = A/p,, = (1.267)(3.0)/(1.267 + 3.0 + 1.267) = 0.6868 m
se = {nv./[(1.0)(R**)]}* = {(0.014)(3.525)/[(1.0)(0.6868)**]}* = 0.00402

1449  The semicircular channel (» = 0.013) shown in Fig. 14-17 is to carry water while flowing full (i.e., at a depth of
1.5 ft). Determine the velocity, slope, and discharge when flow is critical.

1 d,, = A/B = }[(%)(3.0)*/4]/3.0 = 1.178 ft v, = Vzgd,, = V(32.2)(1.178) = 6.159 ft/s
5. = {nv./[(1.486)(R*?)]}? = {(0.013)(6.159)/[(1.486)(3.0/4)**]}* = 0.00426
Q = Av = {3[()(3.0)?/4]}(6.159) = 21.8ft*/s

B=130ft ——————‘

151t

Fig. 14-17

Determine the dimensions of the most economical trapezoidal brick-lined (n = 0.016) channel to carry 200 m*/s
with a slope of 0.0004.

I The most economical trapezoidal channel has a cross section as shown in Fig. 14-8 and R = d/2 and
A=V3d% Q = (A)(1.0/n)(R*)(s"?), 200 = (V3d?)(1.0/0.016)(d/2)**(0.0004)'2, d = 6.491 m. Bottom width =
(1.155)(6.491) = 7.497 m.

Determine the discharge for a trapezoidal channel with a bottom width of 8 ft and side slopes 1:1. The depth is
6 ft, and the slope of the bottom is 0.0009. The channel has a finished concrete lining (n = 0.012).

I A= (8)(6) + (2)[(3)(6)(6)] = 84.00 ft* P =8+ (Q(6)(V2)] = 24.97 ft
O = (A)(1.486/n)(R**)(s"?) = (84.00)(1.486/0.012)(84.00/24.97)%*(0.0009)" = 701 ft*/s

What depth is required for 4-m>/s flow in a rectangular planed-wood (n = 0.012) channel 2 m wide with a
bottom slope of 0.002?

] Q = (A)1.0/n)(R?)(s') 4= (2d)(1.0/0.012)[2d/(2 + 2d)]**(0.002)
d*?/(2 + 2d)* = 0.3381 d=0.888m (by trial and error)

A developer has been required by environmental regulatory authorities to line an open channel to prevent
erosion. The channel is trapezoidal in cross section and has a slope of 0.0009. The bottom width is 10 ft and side
slopes are 2:1 (horizontal to vertical). If he uses rubble (y, = 135 Ib/ft’) for the lining, what is the minimum Ds,
of the rubble that can be used? The design flow is 1000 cfs. Assume the shear that rubble can withstand is
described by 7 = (0.040)(y, —~ v)(Dss) (Ib/ft?), in which y, is the unit weight of rock and D, is the average rock
diameter in feet.

I A Manning n of 0.03 is appropriate for rubble.
0 = (A)(1.486/n)(R**)(s"?)
1000 = [(d)(10 + 2d)}(1.486/0.03){(d)(10 + 2d)/[10 + (2)(V5)(d)]}**(0.0009)*?
[(d)(10 + 2d)I3/[10 + )(V5)(d)I* = 672.9 d=863ft  (by trial and error) To=YRs
R =8.63[10 + (2)(8.63)]/[10 + (2)(V5)(8.63)] = 4.841 ft 7o = (62.4)(4.841)(0.0009) = 0.2719 Ib/ft*
To find the D, size for incipient movement 7 = 7, and 0.2719 = (0.040)(135 ~ 62.4)(Dso), Ds, = 0.0936 ft.

A metal-lined rectangular sluiceway is to carry 1.0 m’/s at a slope of 0.010. Determine the minimum area of
galvanized iron (n = 0.011) needed per meter of length. Neglect freeboard.
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I For minimum area, D = B/2 and R = B/4.
0 = (A)LOMR®)™)  1.0=[(B)(B/DI(1.0/0.011)(B/4Y*(©0.010)>  B=0.8015m
D =0.8015/2 = 0.4008 m A e/ L = 0.4008 + 0.8015 + 0.4008 = 1.6 m?/m

14.55  The sides of a trapezoidal channel are inclined 63.4° to the vertical; the channel is to carry 18 m®/s with a

bottom slope of 0.0009. Determine the bottom width, depth, and velocity for the best hydraulic section
(n =0.026).

1 0 =(A)(1.0/n)(R**)(s") and  m =tan63.4°=2.000

Po=4dV1+m?-2md = (4)(d)V1+ (2.000)* — (2)(2.000)(d) = 4.944d = B + 2V5d
B =0.4719d A = Bd + 2d* = (0.4719d)(d) + 2d* = 2.472d*
18 = (2.472d%)(1.0/0.026)(2.472d%/4.944d)**(0.0009) " d=2.373m
B =(0.4719)(2.373) = 1.120m v=0/A=18/[(2.472)(2.373)*} = 1.293 m/s

14.56 A semicircular corrugated-metal (n = 0.025) channel must transport 2.4 m*/s a distance of 1000 m with a head
loss of 2 m. Compute the required radius.
1 0 =(A)1.0/n)(RP)(s'?)  2.4=(mr*/2)(1.0/0.025)(r/2) (@w)'® r=1121m

14.57 Determine the best hydraulic trapezoidal section to convey 86 m*/s with a bottom slope of 0.002. The lining is
finished concrete (n = 0.012).
1 0 = (A)(1.0/n)(R**)(s"?) 86 = (A)(1.0/0.012)(A/p.)**(0.002)'*  A**/pZ>=123.08

The best trapezoidal section is half a regular hexagon (see Fig. 14-8) for which A = 1.732d? and p,, = 3.465d
(from Prob. 14.23). (1.732d%)**/(3.465d)** = 23.08, d = 3.141 m. Sides and bottom: each = 1.155d =
(1.155)(3.141) = 3.628 m.

14.58 Calculate the discharge in steady flow through the channel and floodway of Fig. 14-18; take s = 0.0010 and
y =2.438 m.

I Q = (A)(1.0/n)(R**)(s"?)
Ay = (12)(5 +2.438) + (2)(5 + 2.438)(S + 2.438)/2 — (2.438)(2.438)/2 = 141.6 m’

(pu) =V +2.4387 + (5 + 2.438) + 12+ V5 + 57 =29.59m
0, = (141.6)(1.0/0.025)(141.6/29.59)>*(0.0010)** = 508.6 m*/s
A, = (120)(2.438) + (2.438)(2.438)/2 = 295.5 m®

(pw). =120 + V2.438% + 2.438* = 123.4m Q, = (295.5)(1.0/0.040)(295.5/123.4)*(0.0010) > = 418.1 m’/s
Q=0+ 0Q,=508.6+418.1=926.7m’/s

Fig. 1418

14.59  For 25 000 cfs through the section of Fig. 14-18, find the depth of flow in the floodway (i.e., evaluate y) in feet

when the slope of the energy grade line is 0.0004.

I 0=(A)(10/n)R™) (™) A=(12)(5+y)+ QG+ +y)2—(y)(y)/2=y*[2+22y +85 -

(P = VE+YPF G HyP +12+ V¥ +y? = (5)(V2) + 12+ (9)(V2)
A, =120y + (y)(y)/2 =120y +y*/2
(pw)2 =120 + VyZ + y2 = 120 + (y)(V2) Q = (25 000)(0.3048)° = 707.9 m’/s
707.9 = (y*/2 + 22y + 85)(1.0/0.025){(y*/2 + 22y + 85)/ [G)(V2) + 12+ (2y)(V2)1}2%(0.0004)"”
+ (120y + y*/2)(1.0/0.040){(120y + y*/12)/[120 + (¥)(V2)]}**(0.0004)">
y=279m or 9.15ft (by trial and error)
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Find the critical depth for flow at 1.6 m’/s per meter of width.
1 y. = (¢%/g)"° = (1.6%/9.807)'* = 0.639 m
Compute the critical depth for flow at 0.4 m>/s through the cross section of Fig. 14-19.

i1 Q°T/gA®=1 T = (2)(y tan 60°/2) = 1.155y
A=(y)(y tan 60°/2) = 0.5774y*>  (0.4)*(1.155y)/[(9.807)(0.5774y*)’] =1  y =0.628 m

Fig. 14-19

Determine the critical depth for flow at 8.49 m®/s through a trapezoidal channel with bottom 2.5 m wide and
with 45° sides.

1 QT/gA®=1 T=25+2 A =By +my*=2.5y + (1)(y)*
(8.49)%(2.5 + 2y)/[(9-807)(2.5y + y*)*] =1 y=0.928m  (by trial and error)

Design a transition from a trapezoidal section, 8 ft bottom width and side slopes 1 on 1, depth 4 ft, to a
rectangular section, 6 ft wide and 6 ft deep, for a flow of 250 cfs. The transition is to be 20 ft long, and the loss is
one-tenth the difference between velocity heads. Show the bottom profile, and do not make any sudden changes
in cross-sectional area.

I A, =8x4+4=481 A,=361t loss=0.1{(v%/2g) — (v}/2g)], and y, + (V}/2g) + z; =y, + (V3/2g) + z, +
loss. Assume a linear change in area, b, and T: b =8 —~2(x/L) and T = 16 — 10(x/L). Hence: A =
(b+T)y/2)=48~12(x/L) and y = 2{{4 — (x/L)]/[2 — (x/L)}}.

x/L A v*/2g loss EGL y z
0 48 0.421 4.421 4.0 0
0.008
0.333 44 0. 501 4.413 4.4 —0.488
| 0.011
O. 667 40 0.607 4.402 5.001 -1.206
0.014
1.0 36 0.749 | 4.388 | 6.0 -2.361

The profi