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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
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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
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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



1.18

1.19

1.20

121

1.22

1.23

1.4

1.2§

1.26

PROPERTIES OF FLUIDS [ 3

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’
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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




1109

1.110

PROPERTIES OF FLUIDS [

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
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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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| (<

oit - - .
(sg. =091)

. e

72211

Mercury
(s.g = 13.6)
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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



FORCES ON SUBMERGED PLANE AREAS [ 57

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




58 [ CHAPTER 3
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.




'FORCES ON SUBMERGED PLANE AREAS [ 61

'—:—_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?




¢
:
:
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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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3.59 . 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




Zj CHAPTER 5
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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Fig. 5-19(b)

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.

[




FORCES ON SUBMERGED CURVED AREAS [ 107

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




