Fox and McDonal ds I ntroduction to Fluid Mechanics 9th Edition Pritchard Sol uti ons Manual

| Problem 3.1 [Difficulty: 2]

3.1 Because the pressure falls, water boils at a lower tem-

perature with increasing alttude. Consequently, cake mixes
and boiled eggs, among other foods, must be cooked dif-
ferent lengths of tme. Determine the boiling temperature of
water at 1000 and 2000 m elevation on a standard day, and
compare with the sea-level value.

Given: Pure water on a standard day
Find: Boiling temperature at (a) 1000 m and (b) 2000 m, and compare with sea level value.

Solution:

We can determine the atmospheric pressure at the given altitudes from table A.3, Appendix A

Elevation
The data are (m) P/Po p (kPa)
0 1.000 101.3
1000 0.887 89.9
2000 0.785 79.5

We can also consult steam tables for the variation of saturation temperature with pressure:

p (kPa) [ Tsx CC)

70 90.0

80 93.5

90 96.7
101.3 100.0

We can interpolate the data from the steam tables to correlate saturation temperature with altitude:

B e b (Pa)| T 0)
0 1.000 101.3 100.0
1000 0.887 89.9 96.7
2000 0.785 79.5 93.3
The data are plotted here. They
show that the saturation temperature Variation of Saturation Temperature with
drops approximately 3.4°C/1000 m. Pressure Sea Level
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Problem 3.2

[Difficulty: 2]

|32 I Ear “popping” is an unpleasant phenomenon sometimes
experienced when a change in pressure occurs, for example
in a fast-moving elevator or in an airplane. If you are in a
two-seater airplane at 3000 m and a descent of 100 m causes
your ears to “pop,” what is the pressure change that your cars
“pop™ at, in millimeters of mercury? If the airplane now rises
to 8000 m and again begins descending, how far will the air-
plane descend before your ears “pop” again? Assume a US.
Standard Atmosphere.

Given: Data on flight of airplane
Find: Pressure change in mm Hg for ears to "pop"; descent distance from 8000 m to cause ears to "pop."
Solution:

Assume the air density is approximately constant constant from 3000 m to 2900 m.
From table A.3

kg kg
psL = 1.225— Pair = 0.7423 pgL. Pair = 0.909—

m m

We also have from the manometer equation,

Ap = —pgijr- 9+ Az and also Ap = ~PHg" g~AhHg
- Pair Pair
Combining AhHg = AZ=— A7z SGHg = 13.55 from Table A.2
PHg SGHg " PH20
0.909
Ahpyy = ————x100-m Ahpy, = 6.72-mm
Hg = 1355 999 " Hg

For the ear popping descending from 8000 m, again assume the air density is approximately constant constant, this time at 8000 m.
From table A.3

kg
Pair = 04292 pg). Pajr = 0-526—
m
We also have from the manometer equation
Pair8000 " 9 AZ8000 = Pair3000 9 223000
where the numerical subscripts refer to conditions at 3000m and 8000m.
Hence
Pair3000 " 9 Pair3000 0.909
AZSOOO = I— Az 0= I—AZBOOO AZSOOO = ——x100-m AZSOOO =173m

=4£300
Pairg000 " 9 Pairs000 0.526
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IProblem 3.3 |

[Difficulty: 3]

3-3 When you are on a mountain face and boil water, you
notice that the water temperature is 195°F. What is your
approximate altitude? The next day, you are at a location
where it boils at 185°F. How high did you climb between the
two days? Assume a US. Standard Ammosphere.

Given: Boiling points of water at different elevations

Find: Change in elevation

Solution:

From the steam tables, we have the following data for the boiling point (saturation temperature) of water

Tea CF) p (psia)
195 10.39
185 8.39
The sea level pressure, from Table  , is
PsL = 14.696 psia
Hence
Altitude vs Atmospheric Pressure
Toae (°F) p/psL 15000 -
195 0.707
185 0.571 12500 4
£ 10000 4 X Data
(5]
° . .
2 ——Linear Trendline
S 7500 A
From Table < z =-39217(plps,) + 37029
5000 - R?=0.999
p/ps. | Altitude (m) | Altitude (ft)
0.7372 2500 8203 2500 ‘ ‘
0.6920 3000 9843 055 0.60 0.65 0.70 0.75
0.6492 3500 11484 plp
0.6085 4000 13124 st
0.5700 4500 14765
Then, any one of a number of Excel functions can be used to interpolate
(Here we use Excel 's Trendline analysis)
P/psi Altitude (ft)
0.707 9303 Current altitude is approximately 9303 ft
0.571 14640

The change in altitude is then 5337 ft

Alternatively, we can interpolate for each altitude by using a linear regression between adjacent data points

p/ps. | Altitude (m)|  Altitude (ft) p/psL Altitude (m) Altitude (ft)
For 0.7372 2500 8203 0.6085 4000 13124

0.6920 3000 9843 0.5700 4500 14765
Then | 07070 [ 2834 | 9299 | [ 05730 | 4461 | 14637 |

The change in altitude is then 5338 ft
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| Problem 3.4 |

[Difficulty: 2]

3.4 ) your pressure gage indicates that the pressure in your cold
tiresis0.25MPa(gage ) on a mountain atanelevation of 3500m.
What is the absolute pressure? After vou drive down to sea
level, your tires have warmed to 25°C. What pressure does your
gage now indicate? Assume a 1.8, Standard Atmosphere.

Given: Data on tire at 3500 m and at sea level
Find: Absolute pressure at 3500 m; pressure at sea level
Solution:

At an elevation of 3500 m, from Table

pg = 101-kPa Patm = 0.6492- pg Patm = 65.6-kPa
and we have Pg = 0.25-MPa Pg = 250-kPa P = Pg*Patm
At sea level Patm = 101-kPa

Meanwhile, the tire has warmed up, from the ambient temperature at 3500 m, to 25°C.

At an elevation of 3500 m, Teold = 265.4-K and

p = 316-kPa

Thot = (25+273)- K Tpgt = 298K

Hence, assuming ideal gas behavior, pvV = mRT, and that the tire is approximately a rigid container, the absolute pressure of the

hot tire is

T

hot

Phot = =P Phot = 354-kPa
Teold

Then the gage pressure is

Pg = Phot ~ Patm Pg = 253-kPa
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| Problem 3.5 | [Difficulty: 2]

A 125-mL cube of solid oak is held submerged by a tether

as shown. Calculate the actual force of the water on the Fatm
bottom surface of the cube and the tension in the tether. [ il
0'15 MsG=0.8
U.{S mWater
] T
Given: Data on system
Find: Force on bottom of cube; tension in tether
Solution:
. . dp .
Basic equation . = —p-g or forconstantp Ap = p-g-h where h is measured downwards
y
The absolute pressure at the interface is Pinterface = Patm T SGoil P & hyi

Then the pressure on the lower surface is PL = Pinterface * P"&NL = Patm * p'g'(SGoil'hoil + hL)

For the cube V = 125-mL V =125x 10_4~m3
1
Then the size of the cube is d=V 3 d =0.05m and the depth in water to the upper surface is hy; = 0.3-m
Hence hy =hy+d h; =0.35m  where hy is the depth in water to the lower surface
The force on the lower surface is Fp =pL-A where A = d2 A = 0.0025 m2

Fp = lrpatm + p'g'(SGoil'hoil + hL)—"A

2
N k N-
Fp = [101x 10°— +1000-~% x 9.81- 2 x (0.8 x 0.5:m + 0.35:m) x —— | x 0.0025-m"
2 3 2 kg-m
m m s
Fp, =270.894N Note: Extra decimals needed for computing T later!
For the tension in the tether, an FBD gives EFy =0 Fp -Fyg-W-T=0 or T=F -Fy-W

where Fiy = [Pyqn + P& (SGoil hoit + hy) A


Vandana
Text Box
  Problem 3.5

Vandana
Text Box
3.5


Note that we could instead compute

Using Fy

For the oak block

AF = Fp - Fy = p-g:SGy;(h, —hy)-A and T=AF-W

2

X 0.0025~m2

N k
Fu = | 101x 10"~ 1 1000-~& x 9.81- 2 x (0.8 x 0.5-m + 0.3-m) x
2 3 2

m m s kg'm

Fy = 269.668N Note: Extra decimals needed for computing T later!
SGyk = 0.77 SO W = SGga P gV

k _ N-
W = 077 x 1000~—g3><9.81~22>< 125% 10 Fom® x

m S

W = 0.944N
kg-m

T=F -Fy-W T = 0.282N
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| Problem 3.6 |

[Difficulty: 2]

The tube shown is filled with mercury at 20°C. Calculate
the force applied to the piston.

Diameter, D = 50 mm

d=10 mm —-| |-—

A B
l H =200 mm
h=25mm J

Given: Data on system before and after applied force
Find: Applied force
Solution:

. . dp
Basic equation d_ = —p-g or, for constant p

y

For initial state Pl = Patm T P'&h and
For the initial FBD EFy =0 Fi-w=0
For final state P2 = Patm * P& H and
For the final FBD EFy =0 Frp-W-F=0

7'r-D2
F = szo-SGg-T-(H -h)

SG = 13.54

k
F = 1000~—g3 x 13.54 x 9.8122 x ; % (0.05-m)> x (0.2 — 0.025)-m x

m S

F = 456N

P=Pam~—P&(Yy-Yo)  With D(Yp) = Pam

Fi =p-A=p-ghA (Gage; F; is hydrostatic upwards force)

Fy =pyA=p-gHA (Gage; F,is hydrostatic upwards force)

F=Fy,~W=pgHA-pghA=pgA(H-h)

2

kg-m
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Problem 3.7

(Difficulty: 1)

3.7 Calculate the absolute pressure and gage pressure in an open tank of crude oil 2.4 m below the
liquid surface. If the tank is closed and pressurized to 130 kPa, what are the absolute pressure and gage
pressure at this location.

Given: Location: h = 2.4 m below the liquid surface. Liquid: Crude oil.

Find: The absolute pressure p, and gage pressure p, for both open and closed tank .

Assumption: The gage pressure for the liquid surface is zero for open tank and closed tank. The oil is
incompressible.

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pg=-v

The density for the crude oil is:

m3
The atmosphere pressure is:
Datmos = 101000 Pa
The pressure for the closed tank is:
Peank = 130 kPa = 130000 Pa
Using the hydrostatic relation, the gage pressure of open tank 2.4 m below the liquid surface is:

kg

m
Py = Pgh =856 —5x 9.81 5 x 2.4m = 20100 Pa

The absolute pressure of open tank at this location is:
Pa = Pg + Patmos = 20100 Pa + 101000 Pa = 121100 Pa = 121.1 kPa

The gage pressure of closed tank at the same location below the liquid surface is the same as open tank:

kg m
pg = pgh = 856 3 x 9.81 2 X 2.4m = 20100 Pa

The absolute pressure of closed tank at this location is:

Pa = Pg + Prank = 20100 Pa + 130000 Pa = 150100 Pa = 150.1 kPa



Problem 3.8

(Difficulty: 1)

3.8 An open vessel contains carbon tetrachloride to a depth of 6 ft and water on the carbon
tetrachloride to a depth of 5 ft . What is the pressure at the bottom of the vessel?

Given: Depth of carbon tetrachloride: h. = 6 ft. Depth of water: h,, = 5 ft.

Find: The gage pressure p at the bottom of the vessel.

Assumption: The gage pressure for the liquid surface is zero. The fluid is incompressible.
Solution: Use the hydrostatic pressure relation to detmine pressures in a fluid.

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pg=-v

The density for the carbon tetrachloride is:

kg slug
pe = 1.59 X 103 W = 3.09 F
The density for the water is:
kg slug
pw = 1.0 X 103 ﬁ = 1.940 F

Using the hydrostatic relation, the gage pressure p at the bottom of the vessel is:

p = pcghe + pwghw

WG a6 e 41,920 9 w322 L8 w5 £t = 000 2L — 625 psi
ft3 23 f } ft3 23 ft= ftz_ 25 psi

p = 3.09



| Problem 3.9 | [Difficulty: 2]

A hollow metal cube with sides 100 mm floats at the
interface between a layer of water and a layer of SAE 10W
oil such that 10% of the cube is exposed to the oil. What is
the pressure difference between the upper and lower hor-
izontal surfaces? What is the average density of the cube?

Given: Properties of a cube floating at an interface
Find: The pressures difference between the upper and lower surfaces; average cube density
Solution:

The pressure difference is obtained from two applications of these eauations:

Py = Po+ PsAEL0'9 (H - 0.1-d) PL = Po+ PsAEL0'9-H + PH209-0.9-d

where py and p_ are the upper and lower pressures, pg is the oil free surface pressure, H is the depth of the interface, and d
is the cube size

Hence the pressure difference is

From Table SGgag1g = 0.92
k m N - 52
Ap = 999-9 4 981.M 4 0.1.mx (0.9+0.92x0.1) x Ap = 972Pa
m3 S2 kg-m

For the cube density, set up a free body force balance for the cube

SF=0=Ap-A-W

Hence W= Ap-A = Ap-d2
0 m W Ap- d2 Ap
cube = T3 T 5~ -4
JERE) g L. g d-g
N 1 52 kg-m kg
Peube = 972 — x x x Peube = 991—
m2 0lm 98Llm . S2 m3
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| Problem 3.10 | [Difficulty: 2]

3.10 Compressed nitrogen (140 [bm) isstored in a spherical tank of
diameter =25 ft at atemperature of 77°F. What is the pressure
inside the tank? If the maximum allowable stress in the tank is
30 ksi, find the minimum theoretical wall thickness of the tank.

Given: Data on nitrogen tank
Find: Pressure of nitrogen; minimum required wall thickness

Assumption: Ideal gas behavior

Solution:
Ideal gas equation of state: p-V=M-R-T
. ft-Ibf
where, from Table A.6, for nitrogen R = 55.16-——
Ibm-R
Then the pressure of nitrogen is p = MRT _mrT[—2
v 7'r-D3

2
ft-Ibf 6 ft
p = 140-lbmx 55.16-—— x (77 + 460)-R x ik ( . j
Ibm-R 7 x (2.5-ft) 12-in

Ibf
p = 3520—

In

To determine wall thickness, consider a free body diagram for one hemisphere:

2
-D
SF=0=p- =~ — —g,-7-D-t paDY4
where o is the circumferential stress in the container
2
— . ocnDt
Then t= pmD _pD ‘
4-7-D-o, 4-0,
Ibf 25.ft in’
t = 3520~—2 X — X 3
i~ % 30x10°Ibf

t = 0.0733-ft t = 0.880-in
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Problem 3.11

(Difficulty: 2)

3.11 If at the surface of a liquid the specific weight is ¥, with z and p both zero, show that, if

E = constant, the specific weight and pressure are given y = (LE andp = —EIn (1 + yg_z)

z+)
Yo

Calculate specific weight and pressure at a depth of 2 km assumingy, = 10.0 % and E = 2070 MPa.

Given: Depth: h = 2 km. The specific weight at surface of a liquid: y, = 10.0 %
Find: The specific weight and pressure at a depth of 2 km.
Assumption:. Bulk modulus is constant

Solution: Use the hydrostatic pressure relation and definition of bulk modulus to detmine pressures in
a fluid.

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

o _
dz pg 14
Definition of bulk modulus
_dp _dp
VS T dy,
/p /y

Eliminating dp from the hydrostatic pressure relation and the bulk modulus definition:

dy
dp= —ydz= E,,7

Or
d
dz = Ev—]z/
14
Integrating for both sides we get:
1
zZ = Ev; +c
Atz =0,y =y, so:
c=—-E,—



E ! E !
z=E,-—E,—
v v
Solving for y, we have:
E,
E,
(Z+%)

Solving for the pressure using the hydrostatic relation:

‘)/:

dp = —ydz = T F~ dz

(z+y—;’)

Integrating both sides we to get:

E,
p= —Evln(z+—)+c
Yo

Atz=0,p=0s0:

E E )/OZ
=-E ln(z+—v> +E 1n<—v> =-E ln(l +—)
P v Yo v Yo v Ev

For the specific case

E, = 2070 MPa

The specific weight:
E, 2070 x 10° pa N kN
y = = =10100 —=10.1 —
(Z + &) 2070 x 106 P m® m’
o/ [ -2000 pq + =220
10 x 103 —
m
Pressure:

- _E,1 (1+V°Z)— 2070 x 10°Pa x | 1+100000kN><( —2000m
p="fM E, )~ axm * 3 \2070 x 106Pa

v

)) = 20100 kPa



Problem 3.12

(Difficulty: 2)

3.12 In the deep ocean the compressibility of seawater is significant in its effect on p and p. If
E = 2.07 x 10° Pa, find the percentage change in the density and pressure at a depth of 10000 meters
as compared to the values obtained at the same depth under the incompressible assumption. Let

po = 1020 % and the absolute pressure p, = 101.3 kPa.

Given: Depth: h = 10000 meters. The density: p, = 1020 %. The absolute pressure: p, = 101.3 kPa.

Find: The percent change in density p% and pressure p%.
Assumption: The bulk modulus is constant

Solution: Use the relations developed in problem 3.11 for specific weight and pressure for a
compressible liquid:

_E
(Z +y£0)

p=—Eln(1+%)

’y:

The specific weight at sea level is:

kg

m N
ﬁ X 9.81 5_2 = 10010 ﬁ

Yo = Pog = 1020

The specific weight and density at 10000 m depth are

E 2.07 x 10° N 10520 N
y = = —_— —_—
E 2.07 x 109\ m3 m3
(z+ yo) (—10000 - )

y 10520 kg kg

p —_— e ,———— = 2 —

g 981 md 3

The percentage change in density is
— 1072 — 1020
% = P—Po_ =51%

oo 1020
The gage pressure at a depth of 10000m is:

10010 x (—10000)
2.07 x 10°

Z
p=—En(1 +)%) = 101.3 kPa — 2.07 x 10° x In (1 +

) Pa = 102600 kPa



The pressure assuming that the water is incompressible is:

kg

m
Pin = pgh = 1020 3 x 981 — x 10000 m = 100062 kPa

The percent difference in pressure is:

p—po 102600 kPa — 100062 kPa

— 0
Po 100062 kPa 2.54 %

p% =



Problem 3.13

[Difficulty: 4]

|313 | Assuming the bulk modulus is constant for seawater,

derive an expression for the density variation with depth, h,
below the surface. Show that the result may be written

p = py+ bh

where py is the density at the surface. Evaluate the constant
b. Then, using the approximation, obtain an equation for the
variation of pressure with depth below the surface. Deter-
mine the depth in feet at which the error in pressure pre-
dicted by the approximate solution is 0.01 percent.

(Binomial expansion may
be found in a host of
sources, e.g. CRC
Handbook of
Mathematics)

Given: Model behavior of seawater by assuming constant bulk modulus
Find: (a) Expression for density as a function of depth h.
(b) Show that result may be written as
p=po+bh
(c) Evaluate the constant b
(d) Use results of (b) to obtain equation for p(h)
(e) Determine depth at which error in predicted pressure is 0.01%
Solution:  From Table A.2, App. A:  SG, = 1.025 E,, = 2.42-GPa = 3.51 x 105~psi
Governin g Equ ations: % =p-g (Hydrostatic Pressure - h is positive downwards)
E - dp (Definition of Bulk Modulus)
\'2 dp
p h
Then dp = p-g-dh = EVE or do = £4dn Now if we integrate: L dp = £ dn
p 2 E 2 E
p v p v
Po 0
p-p . E. p
After integrating: °_ g_h Therefore: p = VO ad P ;
p'po EV EV - gh po po | pogh
Ey
Now for <<1, the binomial expansion may be used to approximate the density: — =1+
v Po Ey
2
Po "8
In other words, p = p,+b-h where b =
Ey

Since dp = p-g-dh then an approximate expression for the pressure as a function of depth is:

h g~h~(2~p0 + b-h)
Papprox ~ Patm = (po + b-h)~gdh > Papprox ~ Patm = 5
0

Solving for Papprox W€ get:
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g.h.(z.po + b~h) b-g~h2 b-h2
Papprox = Patm ™5 T Patm* Pogh+ —5  ~Pam* Poh+ )

Now if we subsitiute in the expression for b and simplify, we get:

2, .2
Papprox = Patm * | Po'h + E, "> |8 = Patm T po-gh| 1+ 2E, Papprox = Patm * Po'&h| 1+ 2E,
The exact soution for p(h) is obtained by utilizing the exact solution for p(h). Thus:
h -1
Ey p L p Po &
Pexact — Patm = —dp =E,In| — Subsitiuting for —  we get: Pexact = Patm + Ev'In| 1 -
p Po Po E,
Po
pogh| 1+ X 142
g.h Ap _ Ap O.g. . p— x. p—
Ifwelet x = 3 For the error to be 0.01%: exa;t apPIOX. _ 1- 21 =1- 2 0= 0.0001
v Pexact EV~1n[(1 ) } ln[(l ) }

This equation requires an iterative solution, e.g. Excel's Goal Seek. The resultis:  x = 0.01728 Solving x for h:

h = 1.364 x 104-ft

x-Ey 5 1bf ft3 s2 (12~injz slug-ft
—x x
.2
in

h = 0.01728 x 3.51 x 10 X X
1.025 x 1.94-slug  32.2-ft ft 1bf~52

This depth is over 2.5 miles, so the
incompressible fluid approximation is a
reasonable one at all but the lowest depths
of the ocean.



| Problem 3.14 | [Difficulty: 3]

3.14 An inverted cylindrical container is lowered slowly

beneath the surface of a pool of water. Air trapped in the
container is compressed isothermally as the hydrostatic
pressure increases. Develop an expression for the water
height, y, inside the container in terms of the container
height, H, and depth of submersion, h. Plot y/H versus WH.

Given: Cylindrical cup lowered slowly beneath pool surface Ky
Air H
Find: Expression for y in terms of h and H.
Plot y/H vs. h/H. |<—)|
D vyl [ Air TH _y
Solution: ~
IR e
Governin g Equ ations: % =p-g (Hydrostatic Pressure - h is positive downwards)
p-V=MRT (Ideal Gas Equation)

Assum pti ons: (1) Constant temperature compression of air inside cup

(2) Static liquid

(3) Incompressible liquid
First we apply the ideal gas equation (at constant temperature) for the pressure of the air in the cup: p-V = constant

2

Therefore: p'V = pa~§~D ‘H = p~§~D2~(H —y) andupon simplification:  p,-H = p-(H-y)

Now we look at the hydrostatic pressure equation for the pressure exerted by the water. Since p is constant, we integrate:
p—py = p-g(h—y) atthe water-air interface in the cup.

Since the cup is submerged to a depth of h, these pressures must be equal:
paH =[patpgh-y)|(H-y) = pyH-pyy+pgh-y)H-y)
Explanding out the right hand side of this expression:

2
0=-pyy+pgth-y)H-y)=pghH-pghy-pgHy+pgy —p,y

2 2 | Pa
p-gy —[pa+ p-g~(h+H)—|~y+p-g~h-H=O y - E+(h+H) y+hH=0

2
[ﬁ + (h+H)} - {E + (h+H)} -4-h-H

We now use the quadratic equation: y = 5 we only use the minus sign because y
can never be larger than H.
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Now if we divide both sides by H, we get an expression for y/H:

2
pa h pa h h
+—+1|- +—+1| —4—
y pogH H pogH H H

H 2

The exact shape of this curve will depend upon the height of the cup. The plot below was generated assuming:

p, = 101.3-kPa
H=1m
0.81
Eﬁu 0.61
.8
5
24
5
s 041
jan)
0.21
0 2IO 210 éO éO IIOO

Depth Ratio, h/H



Problem 3.15 [Difficulty: 2]

|315 | A water tank filled with water to a depth of 16 ft has in

inspection cover (1 in. X 1 in.) at its base, held in place by a
plastic bracket. The bracket can hold a load of 9 Ibf. Is the
bracket strong enough? If it is, what would the water depth
have to be to cause the bracket to break?

Given: Data on water tank and inspection cover
Find: If the support bracket is strong enough; at what water depth would it fail
. l pbaseA
Assumptions:  Water is incompressible and static
Cover
Solution:
path
Basic equation ? = —p-g or forconstantp Ap = p-g-h where h is measured downwards
y
The absolute pressure at the base is Pbase = Patm T P-&h where h = l16-ft
The gage pressure at the base is Ppase = P-gh  This is the pressure to use as we have pym on the outside of the cover.
The force on the inspection cover is F = ppaseA where A = liinx 1-in A= 1~in2
2 2
| ft ft Ibf-
F= 1943580300 2 0 16 1oind o [ —— | x —3
f3 2 12-in slug-ft
t S
F = 6.94-1bf The bracket is strong enough (it can take 9 1bf).

To find the maximum depth we start with F = 9.00-1bf

F
h=—

p-gA

3 2 N2
h= Olbfx ot 18 12 y (IZ-mJ . slug~1;t
1.94 slug 322 ft . ft b-s

h = 20.7-t
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| Problem 3.16 [Difficulty: 2]

|3'16 A partitioned tank as shown contains water and mercury.

What isthe gage pressure inthe air trapped inthe left chamber? ¥
, 15 C B i__,L,[IL,..L.lIL,l[. C airtrapy Ir C 1CIL Chnar L.I.. O?Sm_} 3.?5m
What pressure would the air on the left need to be pumped toin
order to bring the water and mercury free surfaces level? Wate'\ 3m
N —
A S
1 m{_ X
29 m Mercury 3m
X b 4
Given: Data on partitioned tank
Find: Gage pressure of trapped air; pressure to make water and mercury levels equal
Solution:

The pressure difference is obtained from repeated application of Eq. 3.7, or in other words, from Eq. 3.8. Starting
from the right air chamber

pgage=SGHg><pH20><g><(3m—29m)—pH20><g><1m

Pgage = PH20 % 9% (SGpg x 0.1-m—1.0- m)
kg m 2
Pgage = 999.E x 9.81-? x (1385 0.1- M= 1.0-m)x -

Pgage = 3.48-kPa

If the left air pressure is now increased until the water and mercury levels are now equal, Eq. 3.8 leads to
Pgage = SGHg ¥ PH20 X 9% 1.0-M—pppnxgx 1.0-m

Pgage = PH20 % 9% (SGHgx 1-m—1.0-m)

2
kg m
Pgage = 999-—3 X 9.81-—2 x (1355x1-m—1.0-m)x

s kg-m

Pgage = 123-kPa
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| Problem 3.17 |

[Difficulty: 2]
|317 | Consider the two-fluid manometer shown. Calculate the P1 P2
applied pressure difference.
+ +
J—Water—[
I
!:
10.2 mm Carbon
l tetrachloride
— [
G
Given: Two-fluid manometer as shown
| = 10.2:mm SG; = 1.595
Find: Pressure difference
Solution: We will apply the hydrostatics equation.
Governing equations: % = p-g (Hydrostatic Pressure - h is positive downwards)
p = SG-pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid n p
S 71 Pz
(2) Incompressible liquid
Starting at point 1 and progressing to point 2 we have:
gatp prog gtop d I “r_d_,__'l.l"l||",a*ter____hh“Ik
P2+ Pwater 9 (d +1) = pet 91— Pyater d-d = P Y
[ =
Simplifying and solving for p, —p; we have: 10.2 mm Carbon
l tetrachloride
Ap =Py =P1 = Per 9!~ Pwater 91 = (SGct_ 1)'pwater'g'I
o —
I \ J
Substituting the known data:
kg m
Ap = (1591 - 1) x 1000-— x 9.81-— x 10.2:mm x Ap = 59.1Pa

m S 10 -mm
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Problem 3.18 [Difficulty: 2]

3.18 The manometer shown contains water and kerosene.
With both tubes open to the atmosphere, the free-surface
elevations differ by Hy= 20.0 mm. Determine the elevation
difference when a pressure of 98.0 Pa (gage) is applied to the

right tube. Kerosene
£ ™

Given: Two fluid manometer contains water and kerosene. With both tubes
open to atmosphere, the difference in free surface elevations is known

H, = 20mm SG = 0.82

Find: The elevation difference, H, between the free surfaces of the fluids
when a gage pressure of 98.0 Pa is applied to the right tube.

Solution: We will apply the hydrostatics equation.

Governing Equations: dp _

o p-g (Hydrostatic Pressure - h is positive downwards)
P = SG Pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid

(2) Incompressible liquid

When the gage pressure Ap is applied to the right tube, the water in the
right tube is displaced downward by a distance, 1. The kerosene in the i Ap

left tube is displaced upward by the same distance, 1.
Under the applied gage pressure Ap, the elevation difference, H, is: H — T i I
i Ho h H
H=H,+21 »~ ] I |
Since points A and B are at the same elevation in the same fluid, their H,;
pressures are the same. Initially: ||
PA = pk-g~(H0 + Hl) PB = Pwater &'H1 A B A B

Setting these pressures equal: \\_j \_/

pk'g'(Ho + Hl) = Pwater 8H]
Solving for H;
Pk Ho 3 SGy-H, H, - 0.82 x 20-mm
Pwater— Pk | - SGy Y

Hl =91.11-mm

Now under the applied gage pressure:

PA = pk-g~(H0 + Hl) *+ Pwater &1 pp = Ap+ pwater'g'(Hl - 1)
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Setting these pressures equal:

A
SGk-(H0 + Hl) =P
Pwater &
Substituting in known values we get:
1 N 1 m3 1 s kgm
= —x|980—x— 2w 5,28
2 999 kg 9.81 m N-s2

Now we solve for H:

H = 20-mm + 2 x 5.000-mm

(H1 —1) 1= %[i

Pwater &

+[91.11-mm — 0.82 x (20-mm + 91.11-mm)] x

+Hy = SGy (M, + Hl)}

10"-mm

1 = 5.000-mm

H = 30.0-mm



Problem 3.19

[Difficulty: 2]

|319 |DL'-lL-rmi11L- the gage pressure in kPa at point a, if liquid
A has SG = 120 and liquid B has SG = 0.75. The liquid
surrounding point a is water, and the tank on the left is open
to the atmosphere.

L

Liquid A

Given: Data on manometer
Find: Gage pressure at point a

Assum pti ON: Water, liquids A and B are static and incompressible

Combining the three equations

||||<1

Liquid A

Solution:
Basic equation j—z = —p-g or forconstantp Ap = p-g-Ah

where Ah is height difference \\_ Liquid B
Starting at point a P1 =Py — PH2O'E N where hy = 0.125m +0.25-m  hy = 0.375m
Next, in liquid A Py =P +SGp P20 8 0y where hy = 0.25-m
Finally, in liquid B Patm = P2 — SGR P ghy  Where hy = 09-m-04m

Patm = (P1 + SGA'PH20'€h2) ~ SGB-PH20"&'h3 = Py~ PH20 €M1 + SGA PH20 €M) ~ SO P20 2 3

Pa = Patm * PH20"% (11 ~ SGhy + SGp-h3)

or in gage pressures  p, = pH20-g~(h1 —SGp-hy + SGB-h3)

Pa
m s

3
Py = 441x 10" Pa py = 441-kPa  (gage)

2
k N
- 1000~—g3 x 9.8122 X [0375 - (120% 0.25) + (0.75x 0.5)]-m>x - >
m
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Problem 3.20

(Difficulty: 1)

3.20 With the manometer reading as shown, calculate p,.

il
(s.g. 0.85)

Given: Oil specific gravity: SG,; = 0.85 Depth: hy = 60 inch. h, = 30 inch.
Find: The pressure p,.

Assumption: Fluids are incompressible

Solution: Use the hydrostatic relation to find the pressures in the fluid

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pg=-v

Integrating with respect to z for an incompressible fluid, we have the relation for the pressure difference
over a difference in elevation (h):

Ap = pgh
Repeated application of this relation yields
Px = SGouYwaterh1 + Ymh2

The specific weight for mercury is:

Ibf
YmM = 845 f?
The pressure at the desired location is
= 0.85 X 62.4 lbfx(60> t+ 845 lbfx(?)o) t =2380 f _ 16.5 psi
Px =T 4 e\z) 3 \1) = fe2 o Pt



Problem 3.21

(Difficulty: 2)

3.21 Calculate py — p,, for this inverted U-tube manometer.

= Oils8 0.90)
i

| 1o
=

ép:-'
=~ Wate ane -

Given: Oil specific gravity: SG,; = 0.90 Depth: h; = 65 inch. h, = 20 inch. h; = 10 inch.
Find: The pressure difference p, — p,,.

Assume: The fluids are incompressible

Solution: Use the hydrostatic relation to find the pressures in the fluid

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pPg =Y

Integrating with respect to z for an incompressible fluid, we have the relation for the pressure difference
over a difference in elevation (h):

Ap = pgh

Starting at the location of the unknown pressure p,, we have the following relations for the hydrostatic
pressure:

Px — P1 = Ywaterla
p1 — P2 = —SGouYwaterhs
D2 — Dy = ~Ywater(h1 — hy — h3)
Adding these three equations together

DPx — Py = Ywater(R2 + h3) = SGoiuVwaterhs



The pressure difference is then

—624lbf><(10+20) t 09x6241bf><10 t—10921bf—0758 [
Dx — Py = 47 17 f . a7E 12f— 252 =0 psi



Problem 3.22

(Difficulty: 2)

3.22 Aninclined gage having a tube of 3 mm bore, laid on a slope of 1:20, and a reservoir of 25 mm
diameter contains silicon oil (SG 0.84). What distance will the oil move along the tube when a pressure
of 25 mm of water is connected to the gage?

A

.
%me

X/ Joor

Given: Silicon oil specific gravity: SG,;; = 0.84. Diameter: D, = 3 mm. D, = 25 mm.
Depth: hyqter = 25 mm. Slope angle: 1: 20.

Find: The distance x of the oil move along the tube.

Assumption: Fluids are incompressible

Solution: Use the hydrostatic relation to find the pressures in the fluid

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pg=-v

Integrating with respect to z for an incompressible fluid, we have the relation for the pressure difference
over a difference in elevation (h):

Ap = pgh
We have the volume of the oil as constant, so:
AreservoirQh = ApypeX
or

AR Appe _Df 9

x Areservoir D22 - 625

When a pressure of 25 mum of water is connected with the gage we have:

Ywaterfwater = SGoitYwaterh



h= hyater

B SGoil

= 29.8 mm

Using these relations, we obtain, accounting for the slope of the manometer:
x ( 9 4 1 )
= X
V202 +12  \625  20% + 12

X 9 1
h=Ah+ = ( + )x
V401 625 /401

h =Ah +

X=—5——->F<=463mm

{625+ )



| Problem 3.23 [Difficulty: 2]

|3-23 | Water flows downward along a pipe that is inclined at 307
below the horizontal, as shown. Pressure difference py —pgis
due partly to gravity and partly to friction. Derive an algebraic
expression for the pressure difference. Evaluate the pressure
difference if L =25 ft and h =6 in.

Given: Water flow in an inclined pipe as shown. The pressure difference is
measured with a two-fluid manometer

L = 5-ft h = 6-in SGHg = 13.55
Find: Pressure difference between A and B

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: % = p-g (Hydrostatic Pressure - h is positive downwards)
p = SG-pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid

(2) Incompressible liquid
(3) Gravity is constant

Integrating the hydrostatic pressure equation we get:
Ap = p-g-Ah
Progressing through the manometer from A to B:

PA * Pwater 9 L-SIN(30-deg) + pyjater 2 + Pyater 9N — PHG N — Pwater 92 = PB

Simplifying terms and solving for the pressure difference:

Ap =pp -Pg = pwater-g-[h-(seHg ~ 1) ~ Lsin(30-deg) |

Substituting in values:

bf.s> [ ft )
x (13.55 — 1) — 5-ft x sin(30-deg)} X x ( j Ap = 1.638-psi

| o[, ft
Ap = 194299, 322 5 | 6iinx _
3 2 12 slugft | 12-in

ft -in
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Problem 3.24 [Difficulty: 2]

3.24 A reservoir manometer has vertical tubes of diameter
D= 18 mm and d = 6 mm. The manometer liquid is Meriam _,___ d =6 mm
red oil. Develop an algebraic expression for liquid deflection
L in the small tube when gage pressure Ap is applied to the
reservoir, Evaluate the liquid deflection when the applied
pressure is equivalent to 25 mm of water (gage).

Given: Reservoir manometer with vertical tubes of knowm diameter. Gage liquid is Meriam red oil
D =18mm d = 6:mm SGyj| = 0.827
Find: The manometer deflection, L when a gage pressure equal to 25 mm of

water is applied to the reservoir.

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: % = p-g (Hydrostatic Pressure - h is positive downwards)
p = SG-pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid

(2) Incompressible liquid
Integrating the hydrostatic pressure equation we get:
Ap = p-g-Ah

Beginning at the free surface of the reservoir, and accounting for the changes in pressure with elevation:

Patm + AP + Pojl 9 (X + L) = Patm

Upon simplification: x+L = Ap The gage pressure is defined as: ~ Ap = pyyater9-Ah Where  Ah = 25.mm
Poil 9
Pwater 9N
Combining these two expressions: X+L= water = A
Poil'd  SGoijl
™ 2 T 2 d 2
x and L are related through the manometer dimensions: ID X = Z.d .L X = (Bj L
Therefore: L = AN Substituting values into the expression: L = 25-mm

el owr (55

(Note: s = ﬁ which yields s = 1.088 for this manometer.) L =27.2-mm
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| Problem 3.25 | [Difficulty: 2]

|325 |A rectangular tank, open to the atmosphere, is filled with

water to a depth of 2.5 m as shown. A U-tube manometer is o,

connected to the tank at a location 0.7 m above the tank bot- v

tom. If the zero level of the Meriam blue manometer fluid is b

0.2 m below the connection, determine the deflection [ after Zero

the manometer is connected and all air has been removed level

from the connecting leg. 3m

' 25m
0.7 m [ 1
Given: A U-tube manometer is connected to the open tank filled with water as
shown (manometer fluid is Meriam blue)
D1 =25m Dy =07m d = 02m SGy; = 175
Find: The manometer deflection, |
Solution: We will apply the hydrostatics equations to this system.
i i : d . o
Governing Equations d—E =p-g (Hydrostatic Pressure - h is positive downwards)
p = SG-pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid
(2) Incompressible liquid
Integrating the hydrostatic pressure equation we get: ‘
v
Ap = p-gAh Zero
- . - . level

When the tank is filled with water, the oil in the left leg of the manometer is displaced I'm
downward by 1/2. The oil in the right leg is displaced upward by the same distance, I/2. D1

Beginning at the free surface of the tank, and accounting for the changes in pressure with
elevation:

|
Patm + pWater'g'(Dl -Dp+d+ Ej ~ Poir 9! = Patm

Upon simplification:

| | Dl — D2 +d
pwater'g'(Dl— D2 +d +§j = pOllgl Dl - D2+d +E = SGo”l | =
SGi| — —
oil 2
25m-0.7m+0.2-m
| = al | = 1.600m

1.75 - e
2
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Problem 3.26

(Difficulty: 2)

3.26 The sketch shows a sectional view through a submarine. Calculate the depth of submarine, y.

Assume the specific weight of the seawater is 10.0 %

Atmos. pressure 74 mm Hg

[

onventiona
baromete

TECCI mm_l_

240 mm
Hg

200 mm
Hg

P3.26

Given: Atmos. Pressure: paemos = 740 mm Hg. Seawater specific weight:y = 10.0 % All the
dimensional relationship is shown in the figure.

Find: The depth y.
Assumption: Fluids are incompressible
Solution: Use the hydrostatic relation to find the pressures in the fluid

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pPg =Y

Integrating with respect to z for an incompressible fluid, we have the relation for the pressure difference
over a difference in elevation (h):

Ap = pgh
Using the barometer reading with 760 mm as atmospheric pressure, the pressure inside the submarine is:

_ 840 mm

= x 101.3 X 103Pa = 111.6 x 103 P
D 760 m 01.3 0°Pa 6 0° Pa



However, the actual atmosphere pressure is:

740 mm 3 2
Patmos = 760 mm X 101.3 X 10°Pa = 98.3 X 10°Pa

For the manometer, using the hydrostatic relation, we have for the pressure, where y is the depth of the
submarine:

P = Patmos T Yy +¥ X 200 mm — yy4 X 400 mm

P+ Vug X 400 mm — y X 200 mm — Parmos
B Y

The specific weight for mercury is:
=133.1 kN
VHg - . m
So we have for the depth y:

111.6 X 103 Pa + 133.1 X 1000 % X 04m-— 1000% x 0.2 m —98.3 x 103 Pa

y =
1000 %
m

y=645m



Problem 3.27

(Difficulty: 1)

3.27 The manometer reading is 6 in. when the tank is empty (water surface at A). Calculate the
manometer reading when the cone is filled with water.

P3.27

Find: The manometer reading when the tank is filled with water.
Assumption: Fluids are static and incompressible

Solution: Use the hydrostatic relations for pressure

When the tank is empty, we have the equation as:

hug - SGmercury * Ywater = Ywaterh
SGmercury = 13.57
h = hyg * SGuercury = 150 mm x 13.57 = 2.04 m
When the tank is filled with water, we assume the mercury interface moves by x:
Ywater (Reank + 1+ X) = Ywater * SGmercury (hug + 2x)
(3m+2.04m+ x) =13.57(0.15m + 2x)
Thus
x=0.115m
The new manometer reading is:

hyr = hyr +2x =0.15m+ 2 x 0.115m = 0.38 m



| Problem 3.28 | [Difficulty: 2]

3.28 | A reservoir manometer is calibrated for use with a
liquid of specific gravity 0.827. The reservoir diameter is
5/8 in. and the (vertical) tube diameter is 3/16 in. Calkulate
the required distance between marks on the vertical scale for
1 in. of water pressure difference.

Given: Reservoir manometer with dimensions shown. The manometer fluid
specific gravity is given.
5 3
D = g-in d= 1—6-in SG; = 0.827
Find: The required distance between vertical marks on the scale

corresponding to Ap of 1 in water.

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: ? =—p-g (Hydrostatic Pressure - z is positive upwards)
z
P = SG Pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid

(2) Incompressible liquid

Integrating the hydrostatic pressure equation we get:
Ap = —p-g-Az RN
h

Beginning at the free surface of the tank, and accounting for the changes in pressure with \l,
elevation: %_ ________________ T

Patm * AP ~ Poil'& (X +h) = Py X
Upon simplification: = Ap = pi-g:(x+h)  The applied pressure is defined as: Ap = pyater&l  where l=1in

1
Therefore: Pwater &1 = Poir & (x+h) x+h=
8Gojt
T™ 2 T 2 d 2
x and h are related through the manometer dimensions: ZD X = Z-d -h X = (Bj h
. 1 o . . 1-in

Solving forh: h = Substituting values into the expression: h =

2 . \2
1875
SGyy |1+ 2 08271+ L18730m
D 0.625-in

h = 1.109-in
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| Problem 3.29 |

[Difficulty: 3]

|3-29 |'l'hc inclined-tube manometer shown has D =9 mm
and d = § mm. Determine the angle, #, required to provide a
5:1 increase in liquid deflection, L, compared with the total
deflection in a regular U-tube manometer. Evaluate the
sensitivity of this inclined-tube manometer.

Given: Inclined manometer as shown.
D =96:mm d = 8&mm

Angle 0 is such that the liquid deflection L is five times that of a regular

U-tube manometer.

Find: Angle 6 and manometer sensitivity.
Solution: We will apply the hydrostatics equations to this system.
Governing Equation: dp o

dz

Assumptions: (1) Static liquid

(2) Incompressible liquid

Integrating the hydrostatic pressure equation we get:
Ap = —p-g-Az

Applying this equation from point 1 to point 2:

Py — p-g(x+L-sin(0)) = py

(Hydrostatic Pressure - z is positive upwards)

Upon simplification:

. . . T T
Since the volume of the fluid must remain constant: ZD X = Z-d -L

2
Therefore: py—p, = p~g-L~{(g) + sin(e)}

pP|— Py = prg(x+L-sin(0))

d 2
-g-Le|| — | +sin(0
P1incl ~ P2incl pe (D) ©)
Hence: =

Now for a U-tube manometer: p;—py =p-gh
P1U—PaU p-g-h
2 2 2

d h d 1 8- mm

For equal applied pressures: L{|—=| +sin(®)| =h Since L/h=5: sin(@) = ——|—| = ——
AR [(Dj ( )} © L (Dj 5 (96-mm)
6 = 11.13-deg

The sensitivity of the manometer: s = L = L s = i

Ah SG-h SG

(S
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| Problem 3.30 |

[Difficulty: 3]

|330| The inclined-tube manometer shown has D =76 mm

and d =8 mm, and is filled with Meriam red oil. Compute
the angle, @, that will give a 15-cm oil deflection along the
inclined tube for an applied pressure of 25 mm of water
(gage). Determine the sensitivity of this manometer.

Given: Data on inclined manometer

Find: Angle 0 for given data; find sensitivity

Solution:

Basic equation @ =—pg

or, for constant p
dy

Under applied pressure
From Table A.1

SGpger = 0.827

and Ap = 1 in. of water, or Ap = p-gh

k
Ap = 1000~—“=; x 9.81-92 x 0.025-m x

m

The volume of liquid must remain constant, so  x- Ares =L Atube

Combining Eqs 1 and 2

Ap = p-gAh

Ap = SGpfer P (L-sin(6) +x)

2
Ap = SGMer-p-g{L-sin(O) + L(B) }

E 2
D

lrn3

1000 kg

Solving for 6 sin(0) = — 2P _
SGyjer p-g-L
N
sin(0) = 245 — x —— x ———
270827
m
0 = 11-deg

The sensitivity is the ratio of manometer deflection to a vertical water manometer

B 0.15-m
©0.025-m

L
s=—
h

s=6

where Ah is height difference

1
where h = 25-mm h =0.025m
2
N-
5 Ap = 245Pa
kg-m
A 2
t
x = ptbe L-(i) %)
res D

2 2

1 .

x .S_X 1 _ixkgm_ i =0.186
981 m 0.15 m s2~N 76
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| Problem 3.31 [Difficulty: 4]

3.31 | A barometer accidentally contains 6.5 inches of water
on top of the mercury column (so there is also water vapor
instead of a vacuum at the top of the barometer). On a day
when the temperature is 70°F, the mercury column height is
28.35 inches (corrected for thermal expansion). Determine
the barometric pressure in psia. If the ambient temperature
increased to 85°F and the barometric pressure did not
change, would the mercury column be longer, be shorter, or
remain the same length? Justufy your answer.

Given: Barometer with water on top of the mercury column, Temperature is
known:
hy = 6.5:in hy = 28.35-in SGHg = 1355  (From Table A.2, App. A) T =70°F
py = 0.363-psi (From Table A.7, App. A)
Find: (a) Barometric pressure in psia
(b) Effect of increase in ambient temperature on length of mercury
column for the same barometric pressure: Tf = 85°F

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: % =—p-g (Hydrostatic Pressure - h is positive downwards)
p = SG-pyater (Definition of Specific Gravity)
Assumptions: (1) Static liquid
(2) Incompressible liquid Water vapor L
Integrating the hydrostatic pressure equation we get: Water 1 h,
Ap = p-g-Ah
Start at the free surface of the mercury and progress through the barometer to the vapor Mercury 4 hy

pressure of the water:

Patm ~ PHg'9°N1 — Pwater 92 = Py

Patm = Py * pWater'g'(SGHg'hl + h2)

2
_ 036320 | 1935149, g, ft Ibf-s

in? > §¢ slugft

f ) Ibf
Batrm x (1355 x 28.35-in + 6.5-in) x( _ ) Patm = 1441

12-in in

At the higher temperature, the vapor pressure of water increases to 0.60 psi. Therefore, if the atmospheric pressure
were to remain constant, the length of the mercury column would have to decrease - the increased water vapor would
push the mercury out of the tube!
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| Problem 3.32 | [Difficulty: 3]

A water column stands 50 mm high in a 2.5-mm diam-

eter glass tube. What would be the column height if the
surface tension were zero? What would be the column height
in a 1.0-mm diameter tube?

Given: Water column standin in glass tube
-3N
Ah = 50mm D =25mmo = 72.8x 10 3T
m
Find: (a) Column height if surface tension were zero.
(b) Column height in 1 mm diameter tube

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: % =pg (Hydrostatic Pressure - h is positive downwards)
3F,=0 (Static Equilibrium)
Assum pti ons: (1) Static, incompressible liquid S O
(2) Neglect volume under meniscus A $ Ah
(3) Applied pressure remains constant ] c
(4) Column height is sum of capillary rise and pressure
difference Ah
Ah,
Assumption #4 can be written as: ~ Ah = Ah + Ahp
\
Choose a free-body diagram of the capillary rise portion of the column for analysis:
™ _2 -
3F, = m-D-o-cos(0) — Z-D prg:Ah, =0 Therefore:  Ah, = D~cos(9)
p-g
Do
Substituting values: 2] M
3N 1 m3 1 s2 1 1 kg-m 103-mm ’ Ky
Ah, = 4x72.8x 10 " x — X —— e x — % g, i Ahe
m 999 kg 98l m 2.5 mm N~52 m v
Mg = pg¥
Ah, = 11.89-mm
Therefore: Ahp = Ah - Ahc Ahp = 50-mm — 11.89-mm Ahp = 38.1-mm (result for 6 = 0)

For the 1 mm diameter tube:

Ahy = 4x72.8%x 10 ~-— x —— x ———X
m 999 kg 9.81 m

2
3N 1 m3 1 s2 1 1 kg-m 103-mm
——x X
1 Ah, = 29.71'-mm

Ah = 29.7-mm + 38.1-mm Ah = 67.8-mm
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| Problem 3.33 | [Difficulty 2]

|3'33 |i'.'rmsidcr a small-diameter open-ended tube inserted at

: neter of . _ /Tube

the nterface between two immiscible fluids of different den-

sities. Derive an expression for the height difference Ah

between the mterface level inside and outside the tube in

terms of tube diameter D, the two fluid densities py and po.and Fluid 1

the surface tension o and angle # for the two fluids’ interface. If

the two fluids are water and mercury, find the height differ-

ence if the tube diameter is 40 mils (1 mil = 0.001 in.). — A\\ Al

0 1( Fluid 2
e
Given: Two fluids inside and outside a tube
/Tube

Find: (a) An expression for height Ah P19AD D?%/4

(b) Height difference when D =0.040 in for water/mercury

Assum pti ons: (1) Static, incompressible fluids
(2) Neglect meniscus curvature for column height and

lV
volume calculations = /—L
Solution: AN ¥
| T
pe

A free-body vertical force analysis for the section of fluid 1 height Ah in the tube below

the "free surface" of fluid 2 leads to onDcos @
2 2
-D -D
ZF =0= Ap~ﬂT - p1~g~Ah-7T4 + 1-D-0-cos(0)
where Ap is the pressure difference generated by fluid 2 over height Ah, Ap = py-gAh
2 2 2 2
-D -D -D D
Hence Apﬂ_ — plgAhTr_ = ngAhTr_ — plgAh_ﬂ = _TT'D'O"COS(Q)
4 4 4 4
Solving for Ah Ah = _Los(e)
g-D~(p2 - Pl)

For fluids 1 and 2 being water and mercury (for mercury ¢ = 375 mN/m and 6 = 1409, from Table A.4), solving for Ah when
D =0.040 in

2 3 3
N Ibf 0.0254 1 ft 12-i 1 lug ft
Ah = —4x0.375-— x X - 2 cos(140-deg) x x — X X i x 218
m  4.448N in 32.2-ft  0.040-in  1.94-slug ft (13.6 — 1) 1bf~52

Ah = 0.360-in
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Problem 3.34 [Difficulty: 2]

3.34 Compare the height due to capillary action of water Tube
exposed to air in a circular tube of diameter D =05 mm, <
and between two infinite vertical parallel plates of gap
a=1.5 mm.

Water

Given: Water in a tube or between parallel plates
Find: Height Ah for each system
Solution:

a) Tube: A free-body vertical force analysis for the section of water height Ah above the "free surface" in the tube, as
shown in the figure, leads to

11~D2
ZF =0 = mD-o-cos(6) — p-g—Ah~T

Assumption: Neglect meniscus curvature for column height and volume calculations

_ 4-0-cos(6)

Solving for Ah Ah
p-g:D

b) Parallel Plates: A free-body vertical force analysis for the section of water height Ah above the "free surface" between
plates arbitrary width w (similar to the figure above), leads to

ZF =0=2-w-0-cos(0) — p-g-Ah-w-a

_ 2:0-cos(0)
p-ga

Solving for Ah Ah

For water ¢ = 72.8 mN/m and 0 = 0° (Table A.4), so

4% 00728 X
a) Tube Ah = m y kg"; Ah =594x10 °m Ah = 5.94-mm
999.k—g3 x 9.81-92 x 0.005m N-s
m S
2% 00728
b) Parallel Plates Ah = o « kg'm Ah =297x10 °m Ah = 2.97-mm

k 2
999._*‘53 x 9.81-92 x0.005m N-s
m S
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|Problem 3.35 | [Difficulty: 3]
|335 | Based on the atmospheric temperature data of the

U.S. Standard Atmosphere of Fig. 3.3, compute and plot
the pressure variation with altitude, and compare with the
pressure data of Table A3

Given: Atmospheric temperature data
90
. I
Find: Pressure variation; compare to Table A3 o
L ol
Solution: g Q
From Section 3-3: d_p = —pz 70 —
dz
_E
. . dT (™R 60 -
For a linear temperature variation m = e = const p= pO-LT—
U —_—
E sl
g-[tz—zm é
. . B R-T % 40 —
For isothermal conditions (Example 3 4) p=ppe o
30—
In these equations py. Ty, and zj are reference conditions
20 -
PsL= 101 kPa ol |
R = 286.9 J/kg.K o
p= 999 kg/m’ 0 | | | | ! =
-120 -100 -80 -60 40  -20 0 20
The temperature can be computed from the data in the figure. Temperature (°C)
The pressures are then computed from the appropriate equation. From Table A.3
Atmospheric Pressure vs Elevation
1.00000
40 50 60 70 80 90 100
0.10000 -
0.01000 -
@
L
S 0.00100 -
0
é:‘a‘ Computed
o 0.00010 - X Table A.3
5
[%)]
3
s 0.00001 -
0.00000 -

Elevation (km)

Agreement between calculated and tabulated data is very good (as it should be, considering the table data are also computed!)
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z (km) p/ps
0.0 1.000
0.5 0.942
1.0 0.887
15 0.835
2.0 0.785
2.5 0.737
3.0 0.692
35 0.649
4.0 0.609
45 0.570
5.0 0.533
6.0 0.466
7.0 0.406
8.0 0.352
9.0 0.304

10.0 0.262
11.0 0.224
12.0 0.192
13.0 0.164
14.0 0.140
15.0 0.120
16.0 0.102
17.0 0.0873
18.0 0.0747
19.0 0.0638
20.0 0.0546
22.0 0.0400
24.0 0.0293
26.0 0.0216
28.0 0.0160
30.0 0.0118
40.0 0.00283
50.0 0.000787
60.0 0.000222
70.0 0.0000545
80.0 0.0000102
90.0 0.00000162

z (km) T (°C) T (K) p/ps.
0.0 15.0 288.0 m = 1.000
2.0 2.0 275.00 0.0065 0.784
4.0 -11.0 262.0 (K/m) 0.608
6.0 -24.0 249.0 0.465
8.0 -37.0 236.0 0.351
11.0 -56.5 216.5 0.223
12.0 -56.5 216.5 T =const 0.190
14.0 -56.5 216.5 0.139
16.0 -56.5 216.5 0.101
18.0 -56.5 216.5 0.0738
20.1 -56.5 216.5 0.0530
22.0 -54.6 218.4 m = 0.0393
24.0 -52.6 220.4 -0.000991736 0.0288
26.0 -50.6 222.4 (K/m) 0.0211
28.0 -48.7 224.3 0.0155
30.0 -46.7 226.3 0.0115
32.2 -44.5 228.5 0.00824
34.0 -39.5 233.5 m = 0.00632
36.0 -33.9 239.1 -0.002781457 0.00473
38.0 -28.4 244.6 (K/m) 0.00356
40.0 -22.8 250.2 0.00270
42.0 -17.2 255.8 0.00206
44.0 -11.7 261.3 0.00158
46.0 -6.1 266.9 0.00122
47.3 -2.5 270.5 0.00104
50.0 -2.5 270.5 T =const 0.000736
52.4 -2.5 270.5 0.000544
54.0 -5.6 267.4 m = 0.000444
56.0 -9.5 263.5 0.001956522 0.000343
58.0 -13.5 259.5 (K/m) 0.000264
60.0 -17.4 255.6 0.000202
61.6 -20.5 252.5 0.000163
64.0 -29.9 243.1 m = 0.000117
66.0 -37.7 235.3 0.003913043 0.0000880
68.0 -45.5 227.5 (K/m) 0.0000655
70.0 -53.4 219.6 0.0000482
72.0 -61.2 211.8 0.0000351
74.0 -69.0 204.0 0.0000253
76.0 -76.8 196.2 0.0000180
78.0 -84.7 188.3 0.0000126
80.0 -92.5 180.5 T =const 0.00000861
82.0 -92.5 180.5 0.00000590
84.0 -92.5 180.5 0.00000404
86.0 -92.5 180.5 0.00000276
88.0 -92.5 180.5 0.00000189
90.0 -92.5 180.5 0.00000130




Problem 3.36 [Difficulty: 3]

At ground level in Denver, Colorado, the atmospheric

pressure and temperature are 83.2 kPa and 25°C. Calculate
the pressure on Pike's Peak at an elevation of 2690 m
above the city assuming (a) an incompressible and (b) an
adiabatic atmosphere. Plot the ratio of pressure to ground
level pressure in Denver as a function of elevation for both

cases.
Given: Atmospheric conditions at ground level (z = 0) in Denver, Colorado are pg = 83.2 kPa, To = 25°C.
Pike's peak is at elevation z = 2690 m.
Find: plpg Vs z for both cases.
Solution:
Governing Equations: ? = —p-g p=pRT
z
Assumptions: (1) Static fluid

(2) Ideal gas behavior

(a) For an incompressible atmosphere:

z
dp J gz
— = —p- becomes -pp = — -gdz or =pn-pPn9Z=0py|ll- 1
prfii P =Po Opg P=Po-Po9 pg[ R'ToJ @
m kg-K 1 N~52
At z = 2690-m p = 83.2-kPa x| 1 —9.81-— x 2690-m x g X X p = 57.5-kPa
S2 287-N-m  298-K kg-m
1
k
(b) For an adiabatic atmosphere: P _ const P =Py P
ot Po
1
k
d Po9
@ _ -p-g becomes dp = —pgr P -g-dz or idp = —L~ z
dz Po 1 1
k k
p Po
D k-1 k-1 k-1
1 k ko k | k k. P09
But — dp= ——.(p— h . - - .
u Edp k—1(p po) ence T \P Po T gz
k k
p Po
Po
K k
k-1 1
k-1
_1 P — .
Solving for the pressure ratio P 1- u~—0~g-z or P 1- u g2 2
14
2 14-1
Atz = 2690-m p = 832.kPax | 1- 2= 9810« 2p00.mx IK 1 N D = 60.2-kPa
2 287-N-m 298-K  kg-m

S


Vandana
Text Box
  Problem 3.36

Vandana
Text Box
3.36


Equations 1 and 2 can be plotted:

Temperature Variation with Elevation

5¢10° < . .

4x10%F N

310°H N

2107~ N

Elevation above Denver (m)
/

1x10°~

— Incompressible
- == Adiabatic

0 I I
0.4 0.6 0.8

Pressure Ratio (-)



Problem 3.37

(Difficulty: 2)

3.37 If atmospheric pressure at the ground is 101.3 kPa and temperature is 15 °C, calculate the
pressure 7.62 km above the ground, assuming (a) no density variation, (b) isothermal variation of
density with pressure, and (c) adiabatic variation of density with pressure.

Assumption: Atmospheric air is stationary and behaves as an ideal gas.
Solution: Use the hydrostatic relation to find the pressures in the fluid

Governing equation: Hydrostatic pressure in a liquid, with z measured upward:

dp_ _
dz pg=-v

(@) For this case with no density variation, we integrate with respect to z from the ground level pressure
Po to the pressure at any height h. The pressure is

p=po—Yh
From Table A.10, the density of air at sea level is

kg
p = 1.23 ﬁ

Or the specific weight is

kg

Y = pg = 1.23ﬁ

m N
X 9.81—2 =12.07 —
S m

Thus the pressure at 7.62 km is
N
p = 101.3 kPa — 12.07 3 X 7.62 x 1000 m = 9.63 kPa

(b) For isothermal condition we have for an ideal gas:
P_Po

P Po
Therefore, since p =y g and g is a constant
p _po 1013 kPa

v Yoo 1207 X
m

From the hydrostatic relation we have:

= RT = constant

= 8420 m = constant

dp = —ydz

d
= —Zdz

p p



Pdp 1 z
[ =—amom | @
po P 8420m J,

In (ﬁ) =— ! z
Thus the pressure at 7.62 km is
p __7620m
— =" "8a20m = ¢~ 0905 = (0.4045
Po

p = 101.3kPa x 0.4045 = 41.0 kPa

For a reversible and adiabatic variation of density we have:

pvk = ﬂk = constant
p

Where k is the specific heat ratio

k=14
Or, since gravity g is constant, we can write in terms of the specific weight
L = Po = constant
Y vo"
Or the specific weight is
&)"
Y =Yo\—
0 Po
The hydrostatic expression becomes
Y
k
dp = —yy <£> dz
Po

Separating variables
1/k

Po fp dp J.Zd
—_— —_— Z
Yo Jp, @)% 0

Integrating between the limits p=p,atz=0andp=patz=z

ko \py/ [ kmr KL
_— k — = —
=5 |-

k-1
(B)F o (e
Po k Po

Or

The pressure is then

N 14/ 41
14— 1) 12.07 5 x 7620m

1.4 101.3 x 1000 Pa

k — 1) M]k/k—l

= 1—(——— = 101.3kP 1—(
p Po[ (k Do a

p = 35.4 kPa

The calculation of pressure depends heavily on the assumption we make about how density
changes.



Problem 3.38

(Difficulty: 2)

3.38 If the temperature in the atmosphere is assumed to vary linearly with altitude so T =Ty - az where
To is the sea level temperature and o = - dT / dz is the temperature lapse rate, find p(z) when air is taken
to be a perfect gas. Give the answer in terms of py, a, g, R, and z only.

Assumption: Atmospheric air is stationary and behaves as an ideal gas.
Solution: Use the hydrostatic relation to find the pressures in the fluid
Governing equation: Hydrostatic pressure in a liquid, with z measured upward:
dp = —ydz
The ideal gas relation is
P_ RT
p
Or in terms of the specific weight, the pressure is
p = pRT = 4 RT
9
Relating the temperature to the adiabatic lapse rate
p= gR(TO —az)

Inserting the expression for specific weight into the hydrostatic equation

gp
dp= — ———d

p R(Ty, — az) z
Separating variables

dp g dz
p R (To—az)

Integrating between the surface and any height z
Pdp g J‘Z dz
Do p R 0 (TO - (ZZ)

Or

n(2)= - i (7)
nl—|)|=—-=In
Po R Ty



In terms of p



| Problem 3.39 | [Difficulty: 3]

3.39 A door 1 m wide and 1.5 m high is located in a plane
vertical wall of a water tank. The door is hinged along its upper
edge, which is 1 m below the water surface. Atmospheric
pressure acts on the outer surface of the door and at the water
surface. (a) Determine the magnitude and line of action of
the total resultant force from all fluids acting on the door.
(b) If the water surface gage pressure is raised to 0.3 atm,
what is the resultant force and where is its line of action?
(c) Plot the ratios F/Fy and vy, for different values of the sur-
face pressure ratio pJpam (Fo 8 the resultant force when
ar}.\' =1"a|u1:|'j

Given: Door located in plane vertical wall of water tank as shown
a=15m b=1m c¢=1m p
S
Atmospheric pressure acts on outer surface of door.
Find: Resultant force and line of action: c Ty
(a) for Ps = Patm ya
a
(b) for Psg = 0.3-atm O
Plot F/Fo and y'/yc over range of ps/patm (Fo is force
determined in (), yc is y-ccordinate of door centroid).
. <>
Solution: We will apply the hydrostatics equations to this system. b
Governing Equations: ? =p-g (Hydrostatic Pressure - y is positive downwards)
y
Fr = [ pdA (Hydrostatic Force on door)
Y-FR = J y-pdA (First moment of force)
Assumptions: (1) Static fluid

(2) Incompressible fluid

We will obtain a general expression for the force and line of action, and then simplify for parts (a) and (b).

Since  dp = p-g-dh it followsthat p = pg+p-gy

Now because p,., acts on the outside of the door, Psg is the surface gage pressure: p = Psg*+ P9y
C+a C+a g )

Fr = J pdA = J p-bdy = J' (psg + p-g~y)-bdy = b~{psg-a+ pT~(a + 2~a~c)} (1)
c c

C+a
y-FR = J y-pdA  Therefore: y' = iJ' y-pdA = iJ' y-(psg+ p~g-y)~b dy
Fr Fr J,

P .
Evaluating the integral:  y' = F£|:§|7(C + a)2 - cz—l + p?g-[(c + a)3 - cs—ﬂ

R
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o b |Ps :
Simplifying: y' = —. —g(a2 + 2-a-c) + p_g.(as +3-a-c(a+ c)—l (2)
Frl 2 3
e ] p-g-b(2
For part (a) we know Psg = 0 sosubstituting into (1) we get:  Fj = , a +2ac
1 k 2 N-s2
Fo = <9995 . 981 ™ 1. ] (L5mM)2+ 2% L5mx L.m| x Fo = 25.7°kN
2 3 2 kg-m
m s
Substituting into (2) for the line of action we get: y' = g?:b {as +3-ac(a+ c)—l
o
1 k m 1 1 3 N-s2
y' = =x 999~—g x 9.81-— x 1~m-—3-— x [(1.5~m) +3x15mx1mx(1.5m+ 1-m)—| x
8 m s 257x10° N kg-m

y'=19m

For part (b) we know Psg = 0.3-atm . Substituting into (1) we get:

1.013 x 105~N 1 k m 2 N-s2
FR = I'mx|0.3-atmx ————x 1.5:m+ = x 999.-9 » 9.81.M ((1.5-m) +2x15mx 1-m—| x
2 3 2 kg-m
m”-atm m S
Fr = 71.3-kN
k
. 999.—% x 9.81-m2 ,
0.3-atm 1.013x 10-N m S N-s
1-mx X ZX X [(1.5)2+ 2~1.5-1—|~m2+ X ((1.5)3+ 3151.(15+ 1)—‘-m3><
. 2 me.atm 3 kg-m
y= 3
71.3x 10N

y'=1.789m

The value of F/Fo is obtained from Eq. (1) and our result from part (a):

b{psga + p—f-(az + 2-a-c)}

2:p
F. =1 ng
0 p-gb (a L2 C) p-g-(a+2c)

Forthegate y.=c+ % Therefore, the value of y'/yc is obtained from Egs. (1) and (2):

b {ng(a +2ac> pgg[a +3ac(a+c)—ﬂ

(2-c+a) |:b.|:psga+p79(a +2ac>ﬂ

y%; FR(i—E:)Jra){psg(a +2ac> pgg[a +3ac(a+c)—ﬂ



Simplifying this expression we get:

L' i ) .%(a2+ 2-a-c) + p—ég~(a3+ 3-ac(a+ c)—l
Yo (2c+a) Pogra+ %g'(a2+ 2~a~c>

Based on these expressions we see that the force on the gate varies linearly with the increase in surface pressure, and that the line of
action of the resultant is always below the centroid of the gate. As the pressure increases, however, the line of action moves closer to
the centroid.

Plots of both ratios are shown below:

Force Ratio vs. Surface Pressure

40 T T T T
o
L
[
2
T
24
3
S
LL
0 I I I I
0 1 2 3 4 5
Surface Pressure (atm)
Line of Action Ratio vs. Surface Pressure
1.05 T T T T
1.04 -
o
>
>
2 1.03F —
©
o
<
Q
c
<
s 1.02 .
2
S
1.01 -
1 I I I I
0 1 2 3 4 5

Surface Pressure (atm)



| Problem 3.40 [Difficulty: 5]

A hydropneumatic elevator consists of a piston-cylin-

der assembly to lift the elevator cab. Hydraulic oil, stored in
an accumulator tank pressurized by air, is valved to the
piston as needed to lift the elevator. When the elevator
descends, oil is returned to the accumulator. Design the least
expensive accumulator that can satsfy the system require-
ments. Assume the lift is 3 floors, the maximum load is 10
passengers, and the maximum system pressure is 800 kPa
{gage). For column bending strength, the piston diameter
must be at least 150 mm. The elevator cab and piston have a
combined mass of 3000 kg, and are to be purchased. Perform
the analysis needed to define, as a function of system
operating pressure, the piston diameter, the accumulator
volume and diameter, and the wall thickness. Discuss safety
features that your company should specify for the complete
elevator system. Would it be preferable to use a completely
pneumatic design or a completely hydraulic design? Why?

Discussion: The design requirements are specified except that a typical floor height is about 12 ft, making the total required lift
about 36 ft. A spreadsheet was used to calculate the system properties for various pressures. Results are presented on the next page,
followed by a sample calculation. Total cost dropped quickly as system pressure was increased. A shallow minimum was reached in
the 100-110 psig range. The lowest-cost solution was obtained at a system pressure of about 100 psig. At this pressure, the reservoir
of 140 gal required a 3.30 ft diameter pressure sphere with a 0.250 in wall thickness. The welding cost was $155 and the material cost
$433, for a total cost of $588. Accumulator wall thickness was constrained at 0.250 in for pressures below 100 psi; it increased for
higher pressures (this caused the discontinuity in slope of the curve at 100 psig). The mass of steel became constant above 110 psig.
No allowance was made for the extra volume needed to pressurize the accumulator. Fail-safe design is essential for an elevator to be
used by the public. The control circuitry should be redundant. Failures must be easy to spot. For this reason, hydraulic actuation is
good: leaks will be readily apparent. The final design must be reviewed, approved, and stamped by a professional engineer since the
design involves public safety. The terminology used in the solution is defined in the following table:

Symbol Definition Units
P System pressure psig
A, Area of lift piston in®

Moil Volume of oil gal
Ds Diameter of spherical accumulator ft
t Wall thickness of accumulator in
A, Area of weld in
Cw Cost of weld $
M, Mass of steel accumulator Ibm
Cs Cost of steel $
Ci Total Cost $

A sample calculation and the results of the system simulation in Excel are presented below.
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Sample calculation for a pressure of 20 psig:

T 2
\'-\-t .2

1 in
W, = p- = — = 7500.1bf x —-—
=P Ap Ap 5 Ap ® 0 It

N

r T H 2
\"01'1 = Ap.L \'oﬂ = 375m =364t XL

2
) 748l
gyl

1

!
s 3 £ 3
6-V_. 3
. . - T3 oil 6 ft
R.CI]I.I:R.SZ -‘]T-R :E-D D ZL ] D = L;X?Ol'galx J

4 3
3 5 5 5 ™ 5 7.48-gal
7ZD2
From a force balance on the sphere: p_S
4
ﬂ'DstU
D’ D 2
2 o 5
Thus p.n-.—s =mD t-o .s0 t = p_2 t = ZO.E ® 1 2 . 3644 ® 12n
o 4 inz 4000 Ibf 4 ft
Since the mininmm wall thickness is 0.250 in:
. 124n
Ao=mDt A  =m5644£-0250-in- a
5 1 23 7.4 2 i
Cy = J_OO-—? x 53 2-in (costin )
2
2 2
)v'[s = 4-‘]’T-RS tpg = TT-DS 't'SGs'pwater
2 Tby
Ms = mwx (5.644) x 0.2504n x —— = T8 x 62.4-—m
2in &3
1 .
C, = 1.25-— % 1013 lbom (cost in 5)
Ibm
Therefore the total cost is:
Ct = 266+ 1266 (cost in 5)

Vg = 701-gal
D, = 5.644
t = 0.0854n
t = 0.250-in

2
A, =532in
C,, = 266
M, = 1013 1bm
C, = 1266
C, = 1532



Results of system simulation:

Input Data: Cab and piston weight: W = 6000 |Ibf
Passenger weight: Wee = 1500  Ibf
Total weight: W = 7500 Ibf
Allowable stress: o= 4000 psi
Minimum wall thickness: t= 0250 |in
Welding cost factor: cf, = 500 $in°
Steel cost factor: cf . = 1.25  $/pound

Results:

p (psig) [ A, (in®) |V, (gal)| D, (/) | t(n) [A, (0| cC, [M,(bm)| cC, C:
20 375 701 564 0.250 53.1 $266 1012 $1,265 | $1,531
30 250 468 4.92 0.250 46 .4 $232 772 $965 $1,197
40 187.5 351 447 0.250 42 2 $211 638 $797 $1,008
50 150.0 281 4.15 0.250 39.1 $196 549 $687 $862
60 125.0 234 3.91 0.250 36.8 $184 487 $608 $792
70 107 .1 200 3.71 0.250 35.0 $175 439 $549 $724
80 93.8 175.3 3.55 0.250 33.5 $167 402 $502 $669
90 83.3 155.8 3.41 0.250 32.2 $161 371 $464 $625
100 75.0 140.3 3.30 0.250 31.1 $155 346 $433 $588
110 58.2 127.5 3.19 0.263 3.7 $159 342 $428 $586
120 62.5 116.9 3.10 0.279 32.6 $163 342 $428 $591
130 57.7 107.9 3.02 0.294 33.5 $168 342 $428 $595

Total Cost vs. System Pressure

$1,800

$1,600 -

$1,400 ¢

- $1,200 ¢
w

S $1,000

£ $800 |
=

$600 r

$400

$200 r

$O 1 1 1 1 1 1 1
0 20 40 60 a0 100 120 140

System Pressure (psig)




| Problem 3.41 |

[Difficulty: 3]

|3.41 } Semicircular plane gate A B is hinged along B and held by
horizontal force F4 applied at A. The liquid to the left of the
pate is water. Calculate the force F, required for equilibrium.

i<

H=251t

Gate:
side view

R (T,

Given: Geometry of gate
Find: Force Fy for equilibrium
Solution:
. . dp
Basic equation Fr = pdA ry =pg XM, =0
Iyx
or, use computing equations FR =pcA Y=Y+ A
-yc

Assumptions: static fluid; p = constant; p,¢y, on other side; door is in equilibrium

Instead of using either of these approaches, we note the following, using y as in the sketch

M, =0 FAR = J' ypdA with  p=pgh

with  dA = r-dr-do

1
Fp =—- -p-g-hdA
A RJ'YPg

and y = r-sin(0)

where y would be measured
from the free surface

(Gage pressure, since p =
Patm ON other side)

h=H-y

R i HR’ R* 2
Hence Fp = —~J J p-g-r-sin(0)-(H — r-sin(0))-rdrd6 = L3 -sin(0) — —-sin(0) " | dO
R Jy Jy R 3 4
0
po_ P 2R’ wR')  [2HR wR
RO 3 8 PE(T3 8
slu i [2 2w 3] bfs” 4
Using given data Fr = 194228 1322 — x| Z x 25-ft x (10-ft)” — — x (10-ft)" | x FRr =7.96x 10 -Ibf
@ s2 3 8 slug-ft
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Problem 3.42

(Difficulty: 2)

3.42 A circular gate 3 m in diameter has its center 2.5 m below a water surface and lies in a plane
sloping at 60°. Calculate magnitude, direction and location of total force on the gate.

Find: The direction, magnitude of the total force F.
Assumptions: Fluid is static and incompressible

Solution: Apply the hydrostatic relations for pressure, force, and moments, with y measured from the
surface of the liquid:

dp _ _
y'Fr = f ypdA
For the magnitude of the force we have:
F = fpdA
A
A free body diagram of the gate is
T 0¥
s ?.Sﬁﬁ*‘?f'.:r .
AL !
« S &
5 :-J‘ _\_&g

The pressure on the gate is the pressure at the centroid, which is y. = 2.5 m. So the force can be
calculated as:

kg

m s
F =pgh,A =999 3 X 9.81 o X 25mx 1 x (3m)? =173200 N = 173.2 kN

The direction is perpendicular to the gate.



For the location of the force we have:

The area moment of inertia is

I bt _m (3m)* =3.976 m*
o = — = — X = 5.
2=764 " ea 0™ mn
The area is
T T
A=ZD2=Z><(3m)2=7.O7m2
So

3.976 m*
y'=289m+

=2.89m+ 0.1946 m = 3.08
707 m2 x 2.89 m m m m
The vertical location on the plate is

V3
h' = y'sin60° = 3.08 m x - = 2.67m

The force acts on the point which has the depth of 2.67 m.



Problem 3.43

(Difficulty: 2)

3.43 For the situation shown, find the air pressure in the tank in psi. Calculate the force exerted on the
gate at the support B if the gate is 10 ft wide. Show a free body diagram of the gate with all the forces
drawn in and their points of application located.

-Hinge

.~ Rectangular
gate

Assumptions: Fluid is static and incompressible

Solution: Apply the hydrostatic relations for pressure and force, and the static relation for moments:

dp _ _
The specfic weight for water is:
Ibf
=624 —

The pressure of the air equals that at the surface of the water in the tank. As shown by the manometer,
the pressure at the surface is less than atmospheric due to the three foot head of water. The gage
pressure of the air is then:

Ibf Ibf

Pair = —Yh = —62.4 75 X 3ft = —187.2 o2

A free body diagram for the gate is



For the force in the horizontal direction, we have:

lb
F, =yh.A=62.4 #; X 3 ft x (6 ft x 10 ft) = 11230 Ibf
Ibf
Fy = pgirA = —187.2 e X (8 ft x 10 ft) = 14980 Ibf

With the momentume balance about hinge we have:
h
ZM =F,h, —Ph—FZE = 11230 Ibf X 6ft — P X 8ft — 14980 Ibf X 4ft =0

So the force exerted on B is:

P =933 Ibf



Problem 3.44

(Difficulty: 3)

3.44 What is the pressure at A? Draw a free body diagram of the 10 ft wide gate showing all forces and
locations of their lines of action. Calculate the minimum force P necessary to keep the gate closed.

Hinge ~

f\ ‘ )

A
0il (s.g. = 0.90) |" '\
T

—

Given: All the parameters are shown in the figure.
Find: The pressure p4. The minimum force P necessary to keep the gate closed.
Assumptions: Fluid is static and incompressible

Solution: Apply the hydrostatic relations for pressure, force, and moments, with y measured from the
surface of the liquid:

dp _ _
y'Fr = f ypdA
The specfic weight of the water is:
Ibf
Ywater = 62.4 ]?
The gage pressure at A is given by integrating the hydrostatic relation:
Ibf Ibf

Pa = Yoitha = SGy,ithy = 0.9 X 62.4 f? X6 ft =337 ]?



A free body diagram of the gate is

The horizontal force F; as shown in the figure is given by the pressure at the centroid of the submerged
area (3 ft):

b
Fiy = vouh.A =09 x 62.4 % X 3 ft x (6 ft X 10 ft) = 10110 Ibf
The vertical force F; is given by the pressure at the depth of the surface (4 ft)
Ibf
F, = pyA =337 ]?x (4ft x 10ft) = 13480 Ibf

The force F; acts two-thirds of the distance down from the water surface and the force F, acts at the
centroid..

Taking the moments about the hinge:

So we have for the force at the support:

o _ 10110 Ibf x 6t + 13480 lbf x 2ft

= 21900 Ib
4 ft /



Problem 3.45

[Difficulty: 3]

| 3.45 | A plane gate of uniform thickness holds back a depth of

water as shown. Find the minimum weight needed to keep

the gate closed.

Given: Geometry of plane gate

Find: Minimum weight to keep it closed

Solution:

Basic equation

-

or, use computing equations

dp
dA — =p 3Mp =0
p ah p-g 0)
I
XX
Fp =p.-A '=y.+
R = Pc y =Y Aye

Assum pti 0NS: static fluid; p = constant; p,, . on other side; door is in equilibrium

Instead of using either of these approaches, we note the following, using y as in the sketch

We also have

Hence

Using given data

L
W~E-cos(9) = J ydF

3XMgp =0
dF = p-dA with  p = p-g-h = p-gy-sin(0) (Gage pressure, since p = pay on other side)
"
2 dA 2 in(6)-w d
= —— . = ——— . cO. .Sln .W
L-cos(0) | yp L-cos(0) yp-gy y
r L
2 2.0-0-W-t 0 2
=—— .| ypdA= 2-p-gw-tan(6) yzdy = —-p-g~w-L2-tan(9)
L-cos(0) | L 0 3

2 k
W = g.1000-—‘2 x 9.81-32 % 2:mx (3:m)° x tan(30-deg) x

2

W = 68-kN

s kg-m
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| Problem 3.46 | [Difficulty: 3]

3.46 | A rectangular gate (width w =2 m) is hinged as shown,

witha stop on the lower edge. At whatdepth H will the gate tip?

Given: Gate geometry
Find: Depth H at which gate tips
Solution:

This is a problem with atmospheric pressure on both sides of the plate, so we can first determine the location of the
center of pressure with respect to the free surface,

I 3

XX .

oy —— and lyy = — with =H--—
Y =Y¢ Yo Ye 5

where L = 1 m is the plate height and w is the plate width

3
Hence y':(H_I_‘)JFL:(H_'; L

12.W.L.(H _gj 2) ' m

But for equilibrium, the center of force must always be at or below the level of the hinge so that the stop can hold the gate in
place. Hence we must have

y' > H-0.45m
L L2
Combining the two equations (H - Ej + — 0 >H-0.45m
12-(H - —)
2
2 2
Solving for H H < %+L— HelM, (1-m) H < 2.17-m
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Problem 3.47 [Difficulty: 3]

|3-47 | Gatesin the Poe Lock at Sault Ste. Marie, Michigan, close
achannel W= 34mwide, L =360 mlong, and D = 10 m deep.
The geometry of one pair of gates isshown; each gate is hinged
at the channel wall. When closed, the gate edges are forced

Plan view: y

together at the center of the channel by water pressure.
Evaluate the force exerted by the water on gate A. Determine \\ M‘Gate A
the magnitude and direction of the force components exerted Water Vi ’ W=34
by the gate on the hinge. (Neglect the weight of the gate.) e B "
ff ™ 15°
Given: Geometry of lock system l R
y
Find: Force on gate; reactions at hinge Rx
Solution:
. . dp
Basic equation FR = pdA — =pg
dh =
or, use computing equation  Fp = p-A \
Assum ptiOﬂSZ static fluid; p = constant; p,, . on other side
The force on each gate is the same as that on a rectangle of size
4
h=D=10m and W= ——
2-cos(15-deg) T Fn
FRr = J' pdA = J p-gydA but dA = w-dy
h h2
Hence Fp = J p-gywdy = pgwh
O 2
h gwh’
Alternatively FR =pcA and FR=pcA =pgysA= p~g-5~h-w = pgT
1 k m 34-m 2 ~52
Using given data Fr = ~1000-8 x981. 2 2T (10-m)~ x FRr = 8.63-MN
2 3 2 2-cos(15-deg) kg:m
m s
For the force components Ry and Ry we do the following
M 0= Fp— —F_.w-sin(15-deg) F R F_ = 16.7-MN
. =0=Fp-— —F_-w-sin(15-de = — = 16.7-
hinge RS 'n g N7 ) sin(15-deg) n
3Fy =0 = Fp-cos(15-deg) -R, =0 R, = FR-cos(15-deg) R, = 834-MN

EFy =0= —Ry— FRr-sin(15-deg) + F,, = 0 Ry = F,, - Fg-sin(15-deg) Ry = 14.4-MN

R = (8.34-MN, 14.4-MN) R = 16.7-MN
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Problem 3.48

(Difficulty: 2)

3.48 Calculate the minimum force P necessary to hold a uniform 12 ft square gate weighing
500 lbfclosed on a tank of water under a pressure of 10 psi. Draw a free body of the gate as part of
your solution.

Air
at -
Rir p=10psi

at p s

p = D
\ H
K2 inge
P, Water

45°

Given: All the parameters are shown in the figure.
Find: The minimum force P to hold the system.
Assumptions: Fluid is static and incompressible

Solution: Apply the hydrostatic relations for pressure, force, and moments, with y measured from the
surface of the liquid:

dp _ _

y'Fg =fypdA

A free body diagram of the gate is



The gage pressure of the air in the tank is:

. Ibf
Dair = 10 psi = 1440 ﬁ
This produces a uniform force on the gate of
Ibf
F; = pgirA = 1440 ]? X (12 ft x 12 ft) = 207360 Ibf

This pressure acts at the centroid of the area, which is the center of the gate. In addition, there is a force
on the gate applied by water. This force is due to the pressure at the centroid of the area. The depth of
the centroid is:

X sin 45°

12 ft
yC = 2

The force is them

Ibf 12ft
F, = yh,A = 62.4 XX sin45° x 12 ft x 12 ft = 38123 Ibf

The force F, acts two-thirds of the way down from the hinge, or y' = 8 ft.

Take the moments about the hinge:

L L
—FBESIH45°+F1§+F2X8ft—PX12ft=O

Thus

b —500 Ibf X 6 ft X sin45° + 207360 Ibf x 6 ft + 38123 Ibf x 8 ft
B 12 ft

= 128900 Ibf



Problem 3.49

(Difficulty: 2)

3.49 Calculate magnitude and location of the resultant force of water on this annular gate.

Water 1T

Gate —, |

3md --Hub- Ern d

Given: All the parameters are shown in the figure.
Find: Resultant force of water on this annular gate.
Assumptions: Fluid is static and incompressible

Solution: Apply the hydrostatic relations for pressure, force, and moments, with y measured from the
surface of the liquid:

dp_ _
y’FR=fypdA

For the magnitude of the force we have:

F = fpdA = pgh A
A
The pressure is determined at the location of the centroid of the area
he=1m+15m=25m
s w
A= Z(DZZ -D}) = Z((3 m)? — (1.5m)?) = 5.3014 m?

kg

F =999 —
m

m
X 9.81 ol X 2.5m x 5.3014 m? = 129900 N = 129.9 kN

The y axis is in the vertical direction. For the location of the force, we have:



Ayc
Where:
Ve =25m
_ T[(Dg - Df) T 4 4 4
Lig = —a - ax (B3m)* —(1.5m)*) =3.7276 m

o dm o 3T276mt
Y e gy, T T s i x 53014 mz . 0T

So the force acts on the depth of y' = 2.78 m.



Problem 3.50

(Difficulty: 2)

3.50 A vertical rectangular gate 2.4 m wide and 2.7 m high is subjected to water pressure on one side,
the water surface being at the top of the gate. The gate is hinged at the bottom and is held by a
horizontal chain at the top. What is the tension in the chain?

3 500-00+—— [
%ooooo?o ;. A

e S | &Tm
o e N SN

£ = Pt #"""'5\'.“'

i didddiddd gL’ TFri

Given: The gate wide: w = 2.4 m. Height of the gate: h = 2.7 m.

Find: The tension F, in the chain.

Assumptions: Fluid is static and incompressible

Solution: Apply the hydrostatic relations for pressure, force, and moments, with y measured from the

surface of the liquid:

dp_ _
y’FR=fypdA

For the magnitude of the force we have:

Where h is the depth at the centroid

Cc

2.7m
= — =135m

A=wh=24mx27m= 648 m?



kg

m
F =999 — X981 - x1.35m X 6.48 m? = 85.7 kN
m s

The y axis is in the vertical direction. For the location of the force, we have:

2
hp=§><2.7m:1.8m

Taking the momentum about the hinge:

F(h—hy,)—Fh=0

F —F(h_h”)—857kNx0'9m
€ h e 2.7m

= 28.6 kN



| Problem 3.51 | [Difficulty: 4]

A window in the shape of an isosceles triangle and “'_"‘ =0.3 m—*‘ /nge line
hinged at the top is placed in the vertical wall of a form that - £
contains liquid concrete. Determine the minimum force
that must be applied at point D to keep the window closed
for the configuration of form and concrete shown. Plot the R v
results over the range of concrete depth 0 = ¢ =4 ]
0.25 m a=04m
=,
D
Given: Window, in shape of isosceles triangle and hinged at the top is located in
the vertical wall of a form that contains concrete.
a=04m b=03m c=025m SG, =25
Find: The minimum force applied at D needed to keep the window closed.
Plot the results over the range of concrete depth between 0 and a.
Solution: We will apply the hydrostatics equations to this system.
i i : d . o
Governing Equations d_E =p-g (Hydrostatic Pressure - h is positive downwards)
Fr = J' p dA (Hydrostatic Force on door)
y-FR = J y-p dA (First moment of force)
M=0 (Rotational equilibrium)
Assumptions: (1) Static fluid , b,
(2) Incompressible fluid y
(3) Atmospheric pressure acts at free surface and on the h
outside of the window.
y

a
Integrating the pressure equation yields: p = p-g-(h — d) forh>d
p=0 forh<d
where d=a-c d=0.15m dA ¥
Summing moments around the hinge:  -Fy-a +J h-pdA =0
1 1 [ : - 0 %
Fp = —-J h-pdA = —-J h-p-g-(h—d)-wdh = L h-(h-d)-wdh 0\
a aJy a Jy
h a
From the law of similar triangles: w_ a-h Therefore: w = E(a— h) ¥
b a a — Fo
dF = pdA LL¥
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a a
Into the expression for the force at D: Fp = p_gJ E~h-(h —d)-(a—h)dh = &ij [—h3 +(a+ d)-h2 — a-d~h—‘ dh
a a
a d

d
Evaluating this integral we get:

4 4 3 3 2 2
Fp = p'gz'b.{ (a —d ) n (a+d)-(a —d ) - a~d-(a —d )} and after collecting terms:

a 4 3 2
4 3 2
2| 1 d 1 d d 1d d
Fp=pgba:|—|1-|—=| |+=|1l+=|{1—|=]| |-=—|1—-|= 1
o= oo (30 - (550 »
The density of the concrete is: p =25x 1OOO~E p=25x 10:BE d _ 015 0.375
m me a 04

Substituting in values for the force at D:

2
k m 1 1 0.375 N-s
Fp = 25x 103-—9-9.81~—~0.3-m~(0.4-m)2- ——-[1 - (0.375)4—| +=(1+ 0.375)-[1 - (0.375)3—| - —-[1 - (0.375)2—| X
m3 S2 4 3 2 kg-m
To plot the results for different values of c/a, we use Eq. (1) and rememberthat d=a-c Fp = 329N

. d c . - .
Therefore, it follows that — = 1 — = In addition, we can maximize the force by the maximum force
a a

(whenc=aord=0):

2 F 4 3 2
Fmax = p.g.b.az. _l+i = p-g-ba and so D =12 _l. 1-— 9 +l. 1+9 11 = 9 _EE 1-— E
4 3 12 Fmax 4 a 3 a a 2 a a

1.0 T

Force Ratio (FD/Fmax)

0.0 '
0.0 0.5 1.0

Concrete Depth Ratio (c/a)



Problem 3.52 [Difficulty: 2]

A large open tank contains water and is connected to a p__——— =
6-ft-diameter conduit as shown. A circular plug is used to
seal the conduit. Determine the magnitude, direction, and
location of the force of the water on the plug. 9 ft

Water D=6ft

Plug
. . . . Ibf
Given: Plug is used to seal a conduit. N = 62.4~—3
ft
Find: Magnitude, direction and location of the force of water on the plug.
Solution: We will apply the hydrostatics equations to this system.
Governing Equations: % =~ (Hydrostatic Pressure - y is positive downwards)
FR =PcA (Hydrostatic Force)
, Iyx . . .
Y'=Yot+t— (Location of line of action)
Ay
Assumptions: (1) Static fluid

(2) Incompressible fluid
(3) Atmospheric pressure acts on the outside of the plug.

Integrating the hydrostatic pressure equation: p=~-h FR=PcA = '\{-hc;-Dz
Ibf
Fr = 6242 x 12:ftx = x (6-ft)° Fr = 2.12x 10" Ibf
3 4
ft
™ 4
x4 o1 ’® D? (6-t)°
Foracirculararea: I, = —-D" Therefore: y' =y .+ ——— =y .+ —— y ' =12ft+ ————
64 ™ 2 16-y, 16 x 12-ft
—.D .yC
4
y' = 12.19-ft

The force of water is to the right and
perpendicular to the plug.
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Problem 3.53 [Difficulty: 2]

|3-53| The circular access port in the side of a water stand-
pipe has a diameter of 0.6 m and is held in place by eight bolts
evenly spaced around the circumference. If the standpipe
diameter is 7 m and the center of the port is located 12 m
below the free surface of the water, determine (a) the total
force on the port and (b) the appropriate bolt diameter.

Given: Circular access port of known diameter in side of water standpipe of
known diameter. Port is held in place by eight bolts evenly spaced
around the circumference of the port.

Center of the port is located at a know distance below the free surface of
the water.

d=06m D=7mL=12m

Find: (a) Total force on the port
(b) Appropriate bolt diameter

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: dp

i p-g (Hydrostatic Pressure - y is positive downwards)

FrR = PcA (Hydrostatic Force)

o= % (Normal Stress in bolt) l h 1
Assumptions: (1) Static fluid L

(2) Incompressible fluid d

(3) Force is distributed evenly over all bolts ©

(4) Appropriate working stress in bolts is 100 MPa O v
D

(5) Atmospheric pressure acts at free surface of water and on
outside of port.

< N
rd

Integrating the hydrostatic pressure equation: p=pgh

2
The resultant force on the portis:  Fr = p-A = p~g-L~E~d2 FrR = 999-ﬁ %9810 x 12.mx X x (O.6-m)2>< N-s
4 3 2 4 kg-m
m S
Fr = 33.3:kN
. . . I:R . ™ , 2 2
To find the bolt diameter we consider: o = e where A is the area of all of the bolts: A = 8x Z-db = 2~1T~db
1
2
2> Fr . . Fr
Therefore:  2.7r-dy”™ = —  Solving for the bolt diameter we get:  dy) =
o 2.0
1
2
2 3
1 m 10" -mm
dy = x 33.3 x 103-N x| X dy = 7.28:mm
Zxm 100x 10° N m
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| Problem 3.54

[Difficulty: 3]
3.54 l The gate AOC shown is 6 ft wide and is hinged along O. I A
Neglecting the weight of the gate, determine the force in bar [ B
AB. The gate is sealed at C. v 3ft
12 ft
Water C
‘
8 ft -6 ft~
Given: Gate AOC, hinged along O, has known width;
Weight of gate may be neglected. Gate is sealed at C.
b = 6-ft
Find: Force in bar AB
Solution: We will apply the hydrostatics equations to this system.
Governing Equations: % = p-g (Hydrostatic Pressure - h is positive downwards)
FrR = PcA (Hydrostatic Force)
lyx . . .
Y'=Yot+t— (Location of line of action)
Ay
M, =0 (Rotational equilibrium)
Assumptions: (1) Static fluid
(2) Incompressible fluid Fas
(3) Atmospheric pressure acts at free surface of water and on [T (¢ L
outside of gate - &
(4) No resisting moment in hinge at O
(5) No vertical resisting force at C hy’
Integrating the hydrostatic pressure equation: p=pgh — L1
F1
. . L
The free body diagram of the gate is shown here: 2
F1is the resultant of the distributed force on AO ;'
Fois the resultant of the distributed force on OC < ) =
X2
Fapg is the force of the bar F2
C s the sealing force at C
First find the force on AO:  Fq = po-Aq = p-g-hgp-b-Lg
2
sl ft Ibf-s .
Fi = 1.94-—U£>< 32.2-— x 6-ft x 6-ft x 12-ft x Fq = 27.0-kip

it S2 slugft
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3 2
| b-L L 2
1 1 12-ft
hllzhC1+l:hC1+—:hC1+— hll = 6-ft + ( ) h'1=8ft
sl ft Ibf s>
Next find the forceon OC:  F, = 1.94~—g x 32.2-— x 12-ft x 6-ft x 6-ft x Fo = 27.0-kip
3 2 slug-ft
- - - - - FAB
Since the pressure is uniform over OC, the force acts at the centroid of OC, i.e., X'y = 3t <¢ 3
v L
Summing moments about the hinge gives: FAB'(Ll + LS) - F1~(L1 - h‘l) +FyXp=0 hy’
A 4 > L1
F1 L,
Solving for the force inthe bar:  Fpp = Fl.(Ll " 1) 2%
<>

1

3 3
Fam = — | 27.0x 10°Ibf x (12-ft — 8-ft) — 27.0 x 10°-Ibf x 3-ft
AB 12~ft+3~ft[ * < ) * <2

Substituting in values:

Fap = 1800 Ibf Thus bar AB is in compression




Problem 3.55

[Difficulty: 3]

3.55 The gate shown is hinged at /. The gate is 3 m wide

normal to the plane of the diagram. Calculate the force —
required at A to hold the gate closed. g
1.5m
t H
L '
» o /A ;
dater
YN
Given: Geometry of gate
Find: Force at A to hold gate closed
Solution:
. . dp
Basic equation — =pg M, =0
dh
Computing equations  Fp = p.-A "=y .+ b I, = W'L3
R pC y yC Ayc XX 12

Assum pti 0NS: Static fluid; p = constant; p,,,, on other side; no friction in hinge
For incompressible fluid p=pgh where p is gage pressure and h is measured downwards

The hydrostatic force on the gate is that on a rectangle of size L and width w.

L
Hence FR =pcA =pgh A= p~g-(D + E-Sin(30~deg)j~L-w
2
k 3 N-
FR = 1000-—= x 9.81.2= x | 1.5 + = sin(30-deg) |-m x 3-mx 3-m x — FR = 199-kN
3 2 2 g-m
m
. . . Iyx
The location of this force is given by y' =y + where y'and y are measured along the plane of the gate to the free surface
Ve c
D L 1.5'm 3-m
Ye= T <t% Yo = ot Yo =45m
sin(30-deg) 2 sin(30-deg) 2
, Lx wl' 1 1 L2 (3-m)” ,
Y=Y+ =Y t————— =Y.+ =45m+ —— y' =4.67m
Ay, 12 w-L y, 12-y, 12-4.5-m
Taking moments about the hinge XMy =0=F ! D Fao-L
H R SinG0deg)) A
( , D j ( L5 j
Y- O =
30-d 30-d
Fp = Fy- smi ©) R, = 199kN- 5“3‘( °8) Fp = 111kN


Vandana
Text Box
   Problem 3.55

Vandana
Text Box
 3.55


Problem 3.56

[Difficulty: 4]

|3.56

A solid concrete dam is to be built to hold back a depth

D of water. For ease of construction the walls of the dam must

Water

be planar. ¥ our supervisor asks vou to consider the following
dam cross-sections: a rectangle, a right triangle with the
hyvpotenuse in contact with the water, and a right triangle with
the wvertical in contact with the water. She wishes you to
determine which of these would require the least amount of
concrete. What will your report sav? You decide to look at Y
one more possibility: a nonright triangle, as shown. Develop

and plot an expression for the crosssection area A as a

function of 4, and find the minimum cross-sectional area.

F
b J

b
Given: Various dam cross-sections
Find: Which requires the least concrete; plot cross-section area A as a function of a
Solution:

For each case, the dam width b has to be large enough so that the weight of the dam exerts enough moment to balance the
moment due to fluid hydrostatic force(s). By doing a moment balance this value of b can be found

a) Rectangular dam

Straightforward application of the computing equations of Section 3-5 yields

A
D 1 2
o| ™ l
I D D3 5 Yy 9
Y=y == — ==D y mg
Ay 3 v _V
¢ 12-w-D-—
O
S0 =D-vy = D X
y y 3 < >
Also m = pement 80 D-w = SG-p-g-b-D-w
. b
Taking moments about O ZMO =0=-Fyy+—mg
) 2
1 2 YD b
) —.poD w!'— = —(SG-p-2-b-D-w
(2 pg 7373 (5G-p-g )
Solving for b b= D
\/3~SG
D2
The minimum rectangular cross-section areais A = b-D =
\/3-SG
D2 D2 2
For concrete, from Table A.1, SG =24, so A A=0373-D

J35G 3x24
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b) Triangular dams Y
FV ll N
Instead of analysing right-triangles, a general analysis is made, at the end of D = ‘
which right triangles are analysed as special cases by setting oo =0 or 1. :
Y 1
Straightforward application of the computing equations of Section 3-5 yields y mi S
vV : i
D 1 2 <_>|
N g
, Iyx D W'D3 2
y:yC+A :—+—D=;-D
Ye 12-w-D-—
2
so =D-y'= b
y y 3
i a-b-D 1 2 a)
Al SO FV = pVg = pg—w — _ng(.bDW X = (b — OLb) + —ab — b 1 - —
2 2 3 3)
For the two triangular masses
1 ! 2-0)
m; = —-SG-p-g-o-b-D-w x;=(b-ab)+ —ab=>b|1-—
1= 550 1 ) 3 ( 3 )
1 2
my = E-SGp-g-(l - o)-b-D-w Xy = ?b(l -

Taking moments about O

ZMO' =0= —FH-y + FV~X +my-gxy + mygxy

so (1 ) ) o, (é.p,g.a.ww}b.(l . %) 0

1 2.a) [1 2
+| —=SG-p-g:ob-D-w |'b| I — = + | =-SG-p-g:(1 — @)-b-D-w|-=b(l — &
(2 pg ) 3 [2 pre( ) }3 ( )

Solving forb b= D

\/(3~0L - OLZ) +SG-(2 -

For a right triangle with the hypotenuse in contact with the water, o= 1, and

D D
_ - b =0.477-D
V3-1+SG 3-1+24
The cross-section area is A= bD = 0,238.D2 A= 0.238-D2
2

For a right triangle with the vertical in contact with the water, o = 0, and



W)
w)

b = =

2:.8G 224
The cross-section area is A= &b = 0.228-D2

2

2

For a general triangle A= bD = D

2

2’\/(3'(1 - OLZ) +8G-(2 -
D2

The final result is A=

Zwl 4.8 + 0.6ca0 — a2

The dimensionless area, A /D 2, is plotted

b =10.456-D
A= 0.228-D2

D2
A=

2’\/(3'(1 - OLZ) +24Q2-o

Alpha A/D*
0.0 0.2282 Dam Cross Section vs Coefficient
0.1 0.2270 % 0240 -
0.2 0.2263 2
0.3 0.2261 © 0.238 1
0.4 0.2263 = 0236
0.5 0.2270 »
0 0234
0.6 0.2282 Q
0.7 0.2299 5 0232 1
0.8 0.2321 2 0230
0.9 0.2349 =
1.0 0.2384 g 92287
0226 1
Solver can beused to
find the minimum area 0224 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
n 0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1.0
Alpha A/D 2 Coefficient
0.300 0.2261
From the Excel workbook, the minimum area occurs at o.= 0.3
D2 2
Ami A=0226-D

in~
2~\/4.8 +0.6x 0.3 - 0.32

The final results are that a triangular cross-section with a = 0.3 uses the least concrete; the next best is a right triangle with the
vertical in contact with the water; next is the right triangle with the hypotenuse in contact with the water; and the cross-section

requiring the most concrete is the rectangular cross-section.




Problem 3.57 [Difficulty: 2]

For the dam shown, what is the vertical force of the

water on the dam? __3E _
3ft
3ft
3ft3ft 6ft 3ttf3tt 3fti3t]
3ft
Water 3ft
3ft
3ft
3ft
Front Side

Given: Geometry of dam

Find:  Vertical force on dam

Assumptions: (1) water is static and incompressible

(2) since we are asked for the force of the water, all pressures will be written as gage
Solution:
. . dp
Basic equation: — =p-
q ah p-9
For incompressible fluid p=p-gh where p is gage pressure and h is measured downwards from the free surface
The force on each horizontal section (depth d and width w) is
F=pA=pghdw (Note that d and w will change in terms of x and y for each section of the dam!)

Hence the total force is (allowing for the fact that some faces experience an upwards (negative) force)

Fr=pA=3Xpghdw=pgdXhw

Starting with the top and working downwards

2
Fr = 1.94-5%q x 32.2~E2 x 3-ft x [(3-ft x 12-ft) + (3-ft x 6-ft) — (9-ft x 6-ft) — (12-ft x 12-ft)] 'Ibf'sﬂ
slug-

ft S

Fr=-270x 104- Ibf The negative sign indicates a net upwards force (it's actually a buoyancy effect on the three middle sections)
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| Problem 3.58 |

[Difficulty: 3]

The parabolic gate shown is 2 m wide

and pivoted at O;

¢=025 m™', D=2 m, and H=3 m. Determine (a) the A

magnitude and line of action of the vertical force on the gate

due to the water, (b) the horizontal force applied at A

required to maintain the gate in equilibrium, and (c) the T =

vertical force applied at A required to maintain the gate in H ] Water Gate

equilibrium. D

} v =er?
x
o
Given: Parabolic gate, hinged at O has a constant width.
-1
b=2m c¢c=025m "D =2mH=3m

Find: (a) Magnitude and line of action of the vertical force on the gate due to water

(b) Horizontal force applied at A required to maintain equilibrium
(c) Vertical force applied at A required to maintain equilibrium

Solution: We will apply the hydrostatics equations to this system.

Governing Equations:

dp
i
$M, =0

FV:J' pdAy
‘Fy J' xdF,,

X-F, =
FH =PcA
I
h = he + ——
A-hg
Assumptions: (1) Static fluid

(2) Incompressible fluid

(3) Atmospheric pressure acts at free surface of water and on

outside of gate

Integrating the hydrostatic pressure equation: p = p-gh

(a) The magnitude and line of action of the vertical component of hydrostatic force:

B

b
C
szj pdAyz p-g-h-bdx =

0

Evaluating the integral: F,, = p-g-b-

pqm—wa=[

o

(Hydrostatic Pressure - h is positive downwards)

(Rotational equilibrium)

(Vertical Hydrostatic Force)

(Location of line of action)
(Horizontal Hydrostatic Force)
(Location of line of action)

y 4 ,

I e

>

Ox

BE

p-g-(D—c-xz)b dx = p-g-b-[ (D—c-xz) dx

0
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1
2 2

2 kg 1 N-s
-m X
0.25 kg-m

3
- m 2
Substituting values: F, = 3 X 999~—3 x 9.81~—2 x2:mx (2-m) "~ x (
m s

To find the line of action of this force: X-Fy

I
%

xdF,, Therefore, x' = 1. xdF, = 1.
FV Fv

Fy = 73.9-kN

X-p dAy

[z [z

C C

Using the derivation for the force:  x' = iJ' X~p~g-(D - c~x2>~b dx = p;:g-b.J' (D~x - c-xs) dx
0

v Y0

2 2
Evaluating the integral: x' = p;:g-b.{%_g _ %(2) } = p-g~b_£|13_ Now substituting values into this equation:
-C

c c F

\' \"

X = 999~k—g3 «9.81. 1 2.mx

m S 73.9x 10

2
N-s
x (2-m)2>< -m

1 1
p—— X —— X' =1.061m
3N 4 0.25 kg-m

To find the required force at A for equilibrium, we need to find the horizontal force of the water on the gate and its

line of action as well. Once this force is known we take moments about the hinge (point O).

2
D D . D . .
Fy = peA = p-g-hgb-D = p.g.E.b.D = p~g-b~—2 since he = > Therefore the horizontal force is:
2 2
k m 2-m N-s
Fry = 99959 081 M (o, &M NS Fiy = 39.2-kN
3 2 2 kg-m
m s
To calculate the line of action of this force:
| 3
D bD 1 2 D D 2 2
hohot =+ = 22422 5D  h=Z2m  h=1338m
Ah. 2 12 b-D D 2 6 3 3
Now we have information to solve parts (b) and (c): 1 X’ Fa

(b) Horizontal force applied at A for equilibrium: take moments about O:

A 4

FyX+Fy(-h) D h’1 H;Q/
FAH-FyX-Fy(D-h)=0 Solvingfor Fp ~ Fp = m v —
o o,
11
Fa = EE x [73.9-kN x 1.061-m + 39.2-kN x (2-m — 1.333-m)] Fa = 34.9-kN
(c) Vertical force applied at A for equilibrium: take moments about O: . |
|
Fy-X' + Fy-(D = ) Tox -
. N X'+ Fy-(D -
Fa-L-FyX —Fy(D-h) =0 Solving for F Eo_ LV H B <
A A L
DT“’I Fu |7V
L is the value of x at y = H. Therefore: L = H L= /3mx ! -m L =3.464m v R >
c 0.25 O, \ o}

11
Fpo = — = x [73.9-kN x 1.061-m + 39.2-kN x (2:m — 1.333-m Fr = 30.2:kN
A= 32 m L ( )] A




| Problem 3.59 | [Difficulty: 2]

3.59 An open tank is filled with water to the depth indicated.
Atmaospheric pressure acts on all outer surfaces of the tank.
Determine the magnitude and line of action of the vertical
component of the force of the water on the curved part of the
tank bottom.

Given: Open tank as shown. Width of curved surface b = 10-ft

Find: (a) Magnitude of the vertical force component on the curved surface
(b) Line of action of the vertical component of the force

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: % =~ (Hydrostatic Pressure - h is positive downwards)
_ . - X’
Fy = J p dAy (Vertical Hydrostatic Force) |
X-Fy = xdF,, (Moment of vertical force)
P
Assumptions: (1) Static fluid X o

(2) Incompressible fluid
(3) Atmospheric pressure acts at free surface of water
and on outside of wall

N =

Integrating the hydrostatic pressure equation: p =~-h  Wecan define along the surface  h =L - (R2 - x2)

We also define the incremental area on the curved surface as: dA,, = b-dx  Substituting these into the force equation we get:

y
R
1
2 R
Fy = —J pday = | ~{L- (R2-2) |'bax = —'\{-b-J (LR B ax - —'\{-b-R-(L - R-%)
0 0
Ibf T 3 L
Fy = - 62.4-—3 x 10-ft x 4-ft x | 10-ft — 4-ft x " Fy = -17.12x 10" Ibf (negative indicates downward)
ft

To find the line of action of the force:  x-F,, = J' xdF,, where dFy, = —'\{-b-(L —y R2 — 2)-dx

. R R
Therefore: X = Py = L J X-“{~b~(L - R2 - XZ) dx = ;J (L~x — X R2 - X2) dx
j 0

F
% ~-b-R-: L_.rX]"0 RIL_-RT
4 4
2
Evaluating the integral: X = S S l~L~R2 —E-R3 = __4R (LR = _4R_(L_R
R-(4-L-mR) | 2 3 R(4L-mR) 2 3) 4L-mR(2 3
Substituting known values: X = a4t (10Mt_ 4ft X = 2.14-ft
4-10-ft — m-4-ft 2 3
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| Problem 3.60 | [Difficulty: 3]

3.60 | A dam is to0 be constructed using the cross-section

i i : R - A=1ft
shown. Assume the dam width is w = 160 ft. For water height | B=101
U = 9 ft,calculate the magnitude ijl.ld ll[IL‘.U' ;ic.liun ofthe vertical T —| - Water
force of water on the dam face. Is it possible for water forces to £z
overturn this dam? Under what circumstances will this happen? H

10 H=9ft

— 7 ft —-‘ lTEJ" ft

Given: Dam with cross-section shown. Width of dam
b = 160-ft
Find: (a) Magnitude and line of action of the vertical force component on the dam

(b) If it is possible for the water to overturn dam
Solution: We will apply the hydrostatics equations to this system.

Governing Equations:  dp

=pg (Hydrostatic Pressure - h is positive downwards from
dh free surface)
Fy = J' p dAy (Vertical Hydrostatic Force)
FH =pcA (Horizontal Hydrostatic Force)
X-Fy = " xdF,, (Moment of vertical force)
I
h'=h,+ X (Line of action of vertical force) 4Y
heA
M, =0 (Rotational Equilibrium)
Assumptions: (1) Static fluid

(2) Incompressible fluid

(3) Atmospheric pressure acts at free surface of water N
and on outside of dam {( ’
BlY
Integrating the hydrostatic pressure equation: p=p-gh \‘ A

XB XB
Into the vertical force equation:  F,, = J' pdAy = J' p-g-h-bdx = p.g.b.J' (H-vy)dx
XA XA

+Lft xp = 210t

2
From the definition of the dam contour:  x-y — A.y = B Therefore: y = LA and xp = 101t
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XB

Xgp —A
Into the force equation: Fy = p-gb: H- B dx = p-g-b- H-(xB - XA) —-B:In B Substituting known values:
X—A Xp — A
XA
slu ft 2 (70-1Y] Ibfs’ 5
Fv = 1.94~—g x 32.2-— x 160-ft x {Q-ftx (7.0-ft — 2.11-ft) — 10-ft™ x In( : ﬂ Fy = 271x 10" Ibf
ft3 S2 2.11-1)| slug-ft

To find the line of action of the force:  xF,, = J' xdF,, where dF, = p~g-b~(H - iAj-dx Therefore:
X —_

x"-F *B B
’ 1 B 1 B-
X = v = . ngb H-——|dx = . H-X——X dx
Fv Fv X—A xg — A X—A
XA H~(XB—XA)—B-|I’1 o XA
H( 2 _ 2 xg— A
E-(XB - Xp ) - B~(XB - XA) - B-A~In(XA — AJ
Evaluating the integral: X' = A Substituting known values we get:
XB -
H-(xB - XA) - B~In(XA Y
9-ft 7-1
= (72 - 2.112>~ft2 —10-ft°x (7 - 2.11)-ft - 10-ft° x 1ft x In(m)
X = i X' = 4.96-ft
2 7-1
9-ft x (7 — 2.11)-ft — 10-ft" x In RTIE

To determine whether or not the water can overturn the dam, we need the horizontal force and its line of action:

2
F,=p-A=p0g—Hb=—""J" "
H pc p-g 2 2
1 slu ft 2 Ibf.s2 5
Substituting values: ~ Fy = = x 1.94~—g x 32.2-— x 160-ft x (9-ft) x Fy = 4.05x 10"-Ibf
2 ft3 2 slug-ft
S
Ixx H b-H3
For the line of action:  h' = hC+— where hC = — A =H-b lyx = ——
heA 2 12

3
H bH 2 1 H H 2 2
Therefore: = —+ —— — = — +— = —.H h' = —9.ft h' = 6.00-ft
2 12 HbH 2 6 3 3

Taking moments of the hydrostatic forces about the origin:

My, = Fy-(H—h) —FyX My, = 4.05x 10 Ibf x (9 — 6)-ft — 2.71 x 10°Ibf x 4.96ft M, = ~1.292 x 10°Ibf it

The negative sign indicates that this is a clockwise moment about the origin. Since the weight of the dam will also contribute a clockwise
moment about the origin, these two moments should not cause the dam to tip to the left.

Therefore, the water can not overturn the dam.



Problem 3.61

(Difficulty: 2)

3.61 The quarter cylinder AB is 10 ft long. Calculate magnitude, direction, and location of the resultant
force of the water on AB.

Given: All the parameters are shown in the figure.
Assumptions: Fluid is incompressible and static
Find: The resultant force.

Solution: Apply the hydrostatic relations for pressure as a function of depth and for the location of
forces on submerged objects.

Ap = pgh

A freebody diagram for the cylinder is:

The force balance in the horizontal direction yields thathorizontal force is due to the water pressure:
FH - PH
Where the depth is the distance to the centroid of the horizontal area (8 + 5/2 ft):

%x (8ft+%) x (5 ft x 10 ft) = 32800 Ibf

Fy =yh.A =624 z



Py = 32800 Ibf

The force in the vertical direction can be calculated as the weight of a volume of water thatis 8 ft + 5 ft =
13 ft deep less the weight of water that would be in the quarter cylinder. This force is then:

b Ib
P, =F,—W =624 ]?];x 13 ft x (5 ft x 10 ft) — 62.4 %x%x(smz X (10 ft) = 28308 Ibf

The total resultant force is the vector sum of the two forces:

P = |Py*+ P, = /(32800 Ibf)? + (28308 Ibf)? = 43300 lbf

The angle with respect to the horizontal is:

P, 28308 Ibf
6 = tan~! (—) =t -1(—> = 40.9°
- \p,) =" 32800 bf

So the force acts on the quarter cylinder surface point at an angle of 8 = 40.9 ° with respect to the
horizontal.



Problem 3.62

(Difficulty: 2)

3.62 Calculate the magnitude, direction (horizontal and vertical components are acceptable), and line of
action of the resultant force exerted by the water on the cylindrical gate 30 ft long.

Assumptions: Fluid is incompressible and static
Find: The resultant forces.

Solution: Apply the hydrostatic relations for pressure as a function of depth and for the location of
forces on submerged objects.

Ap = pgh

A free body diagram of the gate is

The horizontal force is calculated as:
PH - FH
Where the depth is the distance to the centroid of the horizontal area (5 ft):

Ib
Fy =yhA =624 ]?]; X 5ft x (10 ft x 30 ft) = 93600 Ibf
Py = 93600 Ibf

The force in the vertical direction can be calculated as the weight of a volume of water that is 10 ft deep
less the weight of water that would be in the quarter cylinder. This force is then:



PV=FV—W=]/hCA—)/V

p, =624 2 10 t x (10 ft x 30 ft) 624 2L

x [10 £t x (10 £t x 30 ft) —%x (10 ££)? x 30 ft| = 147000 Ibf

The total resultant force is the vector sum of the two forces:

P = |Py*+ P,* =/(93600 Ibf)? + (147000 Ibf)? = 174200 Ibf

The direction can be calculated as:

P, 147000 Ibf
= -1(_L = -1(__ 7 — o
6 =tan (PH) tan ( 93600 Ibf ) 57:5



Problem 3.63

(Difficulty: 2)

3.63 A hemispherical shell 1.2 m in diameter is connected to the vertical wall of a tank containing water.
If the center of the shell is 1.8 m below the water surface, what are the vertical and horizontal force
components on the shell? On the top half of the shell?

Assumptions: Fluid is incompressible and static
Find: The resultant forces.

Solution: Apply the hydrostatic relations for pressure as a function of depth and for the location of
forces on submerged objects.

Ap = pgh
A free body diagram of the system is
PR, - S
’ 12 am
L8 T TTTT T}
(AN L
J I"\I l~‘2m4
= —— e — -
S
-/_

The force in the horizontal direction can be calculated using the distance to the centroid (1.8 m) as:
kN 1
Fy =vh,A =981 3 X 1.8m X (Z XX (1.2 m)2> =19.97 kN
The force in the vertical direction is the buoyancy force due to the volume displaced by the shell:

Fo=yv =981 Ny 1,1 x (1.2m) = 4.44 kN
=yV =981 — X = X = X . =4,
vy m3 276" m

For the top shell, the horizontal force acts at:

4x06m
Ye = 1.8m—T= 1.545m

The horizontal force on the top half of the shell is then:



kN T
Fy =yy.A =9.81 3 X 1.545 m X 3 x (1.2m)? = 8.57 kN
The vertical force on the top half of the shell is the buoyancy force:

kN n , KN 1 1 ,
Fy=pA=981 — X 18mx £ x (12m)* =981 —3x g X=X x (L2m)* =7.77 kN



| Problem 3.64

[Difficulty: 4]

3.64 | A gate, in the shape of a quarter-cylinder, hinged at A
and sealed at B. 15 3 m wide. The bottom of the gate is4.5 m
below the water surface. Determine the force on the stop at
B if the gate is made of concrete; K =3 m.

=)

i<

A Water

Given: Gate geometry

A
Find: Force on stop B
) D
Solution:
Basic equations @ =pg A
dh R
F
XMy =0 v °

Assumptions: static fluid; p = constant; p,¢;, on other side

For incompressible fluid p =pgh

5
rd

<

<>

X

n
a5

me"—

I

Weights for computing Fy

where p is gage pressure and h is measured downwards

We need to compute force (including location) due to water on curved surface and underneath. For curved surface we could integrate
pressure, but here we use the concepts that Fy (see sketch) is equivalent to the weight of fluid above, and Fy is equivalent to the force on

a vertical flat plate. Note that the sketch only shows forces that will be used to compute the moment at A

For FV FV = Wl - W2

with
m S

2

T-R kg m T 2 S
Wh = prgw-—— = 1000-— x 9.81-— x 3-mx — x (3-m)” x
)=pg 2 i 2 2 (3-m) m

Fy = W -W, Fy = 189-kN
with x given by F w R W 4R or
X = = Wa—
v 1 23

397 3m 208 4

2 T T« 3m

189 2 189 3.

For Fy Computing equations Fg =poA

Wi R W2u4r
X=—— - ——
F, 2
x=175m
, IXX
Y =Y.+

2

k N
Wi = p-gw-DR = 1000-—5 x 9.81-= x 3-m>x 4.5m x 3-mx —

W, = 397-kN
gm

W, = 208-kN


Vandana
Text Box
  Problem 3.64

Vandana
Text Box
3.64


Hence

e
jan)
|

R
=poA = p-g(D _EJ.W.R

k m 3-m N~s2
1000-~= x 9.81-2 x | 4.5-m — 2= | x 3-mx 3-mx Fy = 265-kN
m3 SZ 2 kg-m

Fy

The location of this force is

. XX R w-R 1 R2
Y=Y oy T 2) T Pt R
Ye wR{D-= 12{D-—
2 2
2
3. 3.
y' = 45m Tm+ (3-m) . y' = 325m
12 x (4.5~m— Tm)

The force Fy on the bottom of the gate is F{ = p-A = p-g-D-w-R

k m N~s2
F| = 1000—S x 9.81-= x 4.5-mx 3-mx 3-mx

F| =397kN
kg-m
m s

For the concrete gate (SG = 2.4 from Table A.2)

7'r-R2 kg m T 2 N-s2
WGate = SG-p-g~w-T = 2.4-1000~—3 X 9.81~—2 x 3-m x 7 x (3:m) x fem WGate = 499-kN
m s
Hence, taking moments about A R 4

R 1
FBR + FIE - WGate'E — FVx - FH[y - (D — R)] =0

Foo W 4 2p, ORI g
B~ 5 "GateT TV H™ 571

4 1.75 325-(45-3
Fg = —— x499-kN + X 189-kN+M
3. 3 3

1
x 265-kN — 5 x 397-kN

Fp = 278-kN



| Problem 3.65 | [Difficulty: 3]

3.65| A cylindrical weir has a diameter of 3 m and a length of

6 m. Find the magnitude and direction of the resultant force
acting on the weir from the water.
Given: Cylindrical weir as shown; liquid is water
Find: Magnitude and direction of the resultant force of the water on the weir

Solution: We will apply the hydrostatics equations to this system.

Governin g Equations: @ =pg (Hydrostatic Pressure - h is positive downwards from
dh free surface)
— -
dFg = —p-dA (Hydrostatic Force)

Assumptions: (1) Static fluid

(2) Incompressible fluid
(3) Atmospheric pressure acts on free surfaces and on the
first quadrant of the cylinder

Using the coordinate system shown in the diagram at the right:

—> > ( > D:
Frx =Fri=-| pdAi=—| p-cos(6+90-deg)dA = p-sin(0) dA
J
.
—> > > >
FRy =Frij=-| pdAj= —J' p-cos(0) dA Now since dA = L-R-d0 it follows that
J
3.7 3.7t

2 2
Fpy = L p-L-R-sin(0) dO and Fry = —J’O p-L-R-cos(8) d6

Next, we integrate the hydrostatic pressure equation: p = p-gch  Nowovertherange 0<6<m hy = R(1 —cos(6))
3.7
Overtherange 7 <0 < BN hy = —R-cos(0)

Therefore we can express the pressure in terms of 8 and substitute into the force equations:

3.7 3.7t

2 i 2
FRry = L p-L-R-sin(0) d6 = JO p-g-R-(1 —cos(0))-L-R-sin(0) dO —J’ p-g-R-cos(0)-L-R-sin(0) dO
T

3.7

w 2
FRry = p-g~R2-L~J (1 —cos(0))-sin(6) dO — p~g-R2~L-J cos(0)-sin(0) d6
0 T
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37

n 2
2 . . 2 1 3 2
Frx = p-gR"-L: JO (1 —cos(0))-sin(6) dO —J’ cos(0)-sin(0)dO | = p-g-R -L~(2 _Ej = E-p-gR -L
T
3 K m 2 N
Substituting known values: Frx = 5 X 999-—g3 X 9.81-—2 x (1.5m) x 6:mx m Frx = 198.5:kN
g-m

s
Similarly we can calculate the vertical force component:
37 37

2 n 2
FRy = —J’O p-L-R-cos(0) d6 = J p-g-R-(1 —cos(0))-L-R-cos(0) dO —J’ p-g-R-cos(0)-L-R-cos(0) dO

0 ™

3.7
2 B g 2 2 3 3 2
Fry = -p-gR"L- (1 —cos(0))-cos(6) d6 — (cos(0)) dO| = p-g:R"-L- T, 2T T2 —ﬂ~p~g-R -L
y 0 - 2 4 2 4
3w k m ) 2
Substituting known values: FRry = — % 999.28 » 9.81.2 « (1.5m) x 6-mx Fry = 312:kN
y 4 3 2 kg-m y

S

Now since the weir surface in contact with the water is a circular arc, all elements dF of the force, and hence the line of action of the
resultant force, must pass through the pivot. Thus:

Magnitude of the resultant force: FRr = \/(198.5-1(N)2 + (312~kN)2 FRr = 370-kN

The line of action of the force: a = atan(ﬂj o = 57.5-deg



| Problem 3.66 [Difficulty: 3]

3.66} A curved surface is formed as a quarter of a circular \
cylinder with R = 0.750 m as shown. The surface is w =355 e
m wide. Water stands to the right of the curved surface to ‘
depth i =0.650 m. Calculate the vertical hydrostatic force
on the curved surface. Evaluate the line of action of this o Water H
force. Find the magnitude and line of action of the horizontal R
force on the surface. /"9
+ —
Given: Curved surface, in shape of quarter cylinder, with given radius R and width w; water stands to depth H.

R =0.750-m w = 355m H = 0.650-m

Find: Magnitude and line of action of (a) vertical force and (b) horizontal force on the curved
surface

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: % =pg (Hydrostatic Pressure - h is positive downwards from
dh free surface)
Fy = J' p dAy (Vertical Hydrostatic Force)
FH =pcA (Horizontal Hydrostatic Force)
X-Fy = " xdF,, (Moment of vertical force)
lyx . . .
h'=he+—— (Line of action of horizontal force)
he-A
Assumptions: (1) Static fluid dF

(2) Incompressible fluid
(3) Atmospheric pressure acts on free surface of the

// i
water and on the left side of the curved surface /\Y\ l H
2] h
‘ N

Integrating the hydrostatic pressure equation:  p = p-g-h

<

From the geometry: h = H-R-sin(6) y=R-sin(6) x=R-cos(d) dA =w-R-d6 X’
<> F, dF
. (H . (0.650
01 = asin| — 01 = asin| —— 01 = 1.048-rad y
R 0.750 b ¢ h’
% i ’ H
0 y
Therefore the vertical component of the hydrostatic force is: | A 4 v
01

Fy = J' pdAy = J' p-g-h-sin(8) dA = J p-g-(H — R-sin(6))-sin(6)-w-R do
0

01 - |
[H-sin(8) - R-(sin(6))°] do = p~g-W~R~{H-(1 — cos(0y)) - R.[ﬂ _sin(2 e1)}}

0
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ki m
Fy = 999~—g3 X 9.81~—2 x 3.55-m x 0.750-m x {0.650~m x (1 —c0s(1.048-rad)) — 0.750-m x (

m S

1048 sin(2x 1.048~rad)ﬂ . N-s2
4 kg-m
Fy = 247-kN
To calculate the line of action of this force:
01
X'F, = J R-cos(6): p-g-h-sin(6) dA = p-g~W-R2~J [ H-sin(6)-cos(6) — R-(sin(8))%cos(6) ] 6

0

Evaluating the integral: X-Fy = p~g-W~R2{g~(sin(91))2 - %-(sin(el))3i| Therefore we may find the line of action:

X'-F 2
-gw-R"|H , . R . P . 0.650
X =Y _ POWR —~(sm(91))2— —-(sm(91))3 Substituting in known values: sm(el) = —
Fy Fy L2 3 0.750
k m 2 1 0.650-m 0.650 2 0.750-m 0.650 8 N-s2
X' = 999~—g3 X 9.81~—2 x 3.55-mx (0.750-m)" x T x| — x( - j - = x( - ) x
m S 247 %10 N 2 0.750 3 0.750 kg-m
X'=0.645m
H gHEw
For the horizontal force: Fy = p-A = p-g-ho-H-w = p~g-E~H-W _pon W
1 k m 2 N-52
Fy = = x 999~—g x 9.81-— x (0.650-m) "~ x 3.55-m x Fiy = 7.35-kN
H H
2 3 2 kg-m
m s
lyx W-H3
For the line of action of the horizontal force: h' = h, + A where Iy, = ETH A = w-H Therefore:
o
| 3
H ‘H™ 2 1 H H 2 2
ohgr—— =D PR 2 2 B DS = Z40650m h' = 0.433m
hoA 2 12 H w-H 2 6 3 3



|Problem 3.67 | [Difficulty: 2]

[fyouthrow an anchor out of your canoe but the rope istoo

short for the anchor to rest on the bottom of the pond, will your

canoe float higher, lower, or stay the same? Prove your answer.
Given: Canoe floating in a pond
Find: What happens when an anchor with too short of a line is thrown from canoe
Solution:

Governing equation:
I:B :pwgvdisp :W

Before the anchor is thrown from the canoe the buoyant force on the canoe balances out the weight of the canoe and anchor:

Fg, =W + Wanchor = Puw chanoe1

B, = "Ycanoe

The anchor weight can be expressed as
Wanchor = pa gVa

so the initial volume displaced by the canoe can be written as

_ Weanee  Pay,
a

Pud  Pu

canoe;

After throwing the anchor out of the canoe there will be buoyant forces acting on the canoe and the anchor. Combined, these buoyant
forces balance the canoe weight and anchor weight:

I:Bz = Wcanoe + Wanchor = Puw chanoe2 + Pw gVa

W W
Vcanoez =2 _Va
Pu9 P9
Using the anchor weight,
W
Vcanoez =4 &Va _Va
Pud  Pu

Hence the volume displaced by the canoe after throwing the anchor in is less than when the anchor was in the canoe, meaning that the
canoe is floating higher.
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| Problem 3.68 | [Difficulty: 4]

The eylinder shown is supported by an incompressible
liquid of density p, and is hinged along its length. The
cylinder, of mass M, length L, and radius R, is immersed in
liquid to depth M. Obtain a general expression for the

cylinder specific gravity versus the ratio of liquid depth '
to cylinder radius, o= H/R, needed to hold the cylinder in
equilibrium for (0 = o <2 1. Plot the results.
Given: Cylinder of mass M, length L, and radius R is hinged along its length and immersed in an incompressilble liquid to deptl
Find: General expression for the cylinder specific gravity as a function of a=H/R needed to hold
the cylinder in equilibrium for o ranging from 0 to 1.
Solution: We will apply the hydrostatics equations to this system.
Governing Equations: % =pg (Hydrostatic Pressure - h is positive downwards from free surface)
F, = J' p dAy (Vertical Hydrostatic Force)
SM =0 (Rotational Equilibrium) H= oR
. v dFRy
Assumptions: (1) Static fluid h A

(2) Incompressible fluid
(3) Atmospheric pressure acts on free surface of the liquid.

/ dF
o dFy
The moments caused by the hydrostatic force and the weight of the cylinder about the hinge need to balance each other.
Integrating the hydrostatic pressure equation: p = p-g-h
dF,, = dF-cos(6) = p-dA-cos(6) = p-g-h-w-R-dB-cos(6)

Now the depth to which the cylinder is submergedis H = h + R-(1 — cos(0))

Therefore h = H—R-(1 —cos(0)) and into the vertical force equation:

dFy, = p-g-[H—R-(1 - cos(0))]-w-R-cos(6)-d6 = p~g-W~R2{§ —(1- cos(O))}cos(O)-dO

-do

dF,, = p~g-w~R2-[(0L— 1)-cos(0) + (cos(9))2—|~d9 = p~g-w~R2{(0L— 1)-cos(0) + H%S(ZG)}

Now as long as a is not greater than 1, the net horizontal hydrostatic force will be zero due to symmetry, and the vertical force is:

emax emax
F, = J' . 1dF,, = JO 2dF, where cos(e

max

max) = - l-a or Onax = acos(1 —a)
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6

max
F, = 2p~g-w~R2-J |:(OL —1)-cos(0) + % + %~cos(2-9)} d6  Now upon integration of this expression we have:
0

2
F, = p-g-w-R"[acos(1 - &) - (1 - )/ (2 - )|
The line of action of the vertical force due to the liquid is through the centroid of the displaced liquid, i.e., through the center of the cylinde

Y
The weight of the cylinder is givenby: W = M-g = p,-V-g = SG~p~7r~R2-w~g where p is the density of the fluid and SG = =

p
The line of action of the weight is also throught the center of the cylinder. Taking moment about the hinge we get:
XMy =W-R-F, R=0 or in other words W =F, and therefore:
1
SG-p- R w-g = p-g-w-R> acos(1 — ) (1 — )/ (2 — )| SG = —acos(1 =) — (1 — )/ (2 — )|
T

0.6

Specific Gravity, SG
<
N

e
o

0 0.5 1
alpha (H/R)



Problem 3.69 [Difficulty: 2]

|3-69 | A hydrometer is a specific gravity indicator, the value
being indicated by the level at which the free surface intersects
the stem whenfloating ina liquid. The 1.0mark isthe level when
in distilled water. For the unit shown, the immersed volume in
distilled water is 15 cm®. The stemis 6 mm in diameter. Find the
distance, A, from the 1.0 mark to the surface when the hydro-
meter is placed in a nitric acid solution of specific gravity 1.5.

Given: Hydrometer as shown, submerged in nitric acid. When submerged in
water, h = 0 and the immersed volume is 15 cubic cm.

SG =15 d=6-mm

Find: The distance h when immersed in nitric acid.

Solution: We will apply the hydrostatics equations to this system.
Governing Equations: Fbuoy =p-g-Vy (Buoyant force is equal to weight of displaced fluid)

Assumptions: (1) Static fluid
(2) Incompressible fluid

Taking a free body diagram of the hydrometer: ¥F,=0 -Mg+ Fbuoy =0

F o
buoy Nitric
= pV .
PVd acid

Solving for the mass of the hydrometer: M =

When immersed in water: M = p,,-V,,  When immersed in nitric acid: M = p,-V
Since the mass of the hydrometer is the same in both cases: Pw Vw = Pn'Vi
™ 2

When the hydrometer is in the nitric acid: V[, = V,, - Id ‘h pp=SGpy

Therefore: p,, -V, = SG~pW~(VW - g-dz- hj Solving for the height h:

™ 2 ™ 2
Vi = SG(VW—Z-d -hj Vyy:(1 - 8G) = -8G-—-d"h
SG-1 4 3 15-1 4 10-mm 3
h = Vw'( j_Z h = 15.cm x( - )x 5 x( ) h =177-mm
SG Tt-d 15 7t x (6-mm) cm
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Problem 3.70

(Difficulty: 2)

3.70 A cylindrical can 76 mm in diameter and 152 mm high, weighing 1.11 N, contains water to a depth
of 76 mm. When this can is placed in water, how deep will it sink?

Find: The depth it will sink.
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:

Pressure as a function of depth

Ap = pgh
Buoyancy force:
Fp=pgV
A free body diagram on the can is
_ f
1] 52
! P
X
| 7o avnan,
- Sy === B A .
=02

We have the force balance equation in the vertical direction as:
Fy = Wean = Weanwater = 0

The buoyancy force can be calculated as:

N =w
Fy = YwaterVean = 9810 3 X 7 x (0.076 m)? X x m = 44.50Xx N

We also have:

Wean = 111N

N =
Weanwater = YwaterVeanwater = 9810 m3 X 1 x (0.076 m)* = 3.38 N



Thus making a force balance for which the net force is zero at equilibrium
44.50x =111 N+ 338N =449 N
x =0.1009 m = 100.9 mm

So this can will sink to depth of 100.9 mm.



Problem 3.71

(Difficulty: 1)

3.71 If the 10 ft long box is floating on the oil water system, calculate how much the box and its
contents must weigh.

Oil (s.g. = 0.80)

Find: The weight of the box and its contents.
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:
Pressure as a function of depth

Ap = pgh
Buoyancy force:

Fpb=pgV
The force balance equation in the vertical diretion:

Fg—Wg=0
Fg =YouV + YwaterV

Thus

Ib Ib
Fp = 0.8 X 62.4 bf 2ft X 8ft x 10ft + 62.4 b 1ft x 8ft x 10ft = 12980 Ibf

fe ft3
So the box and its contents must weigh:

Wy = 12980 Ibf



Problem 3.72

(Difficulty: 2)

3.72 The timber weighs 40 %and is held in a horizontal position by the concrete (150 %) anchor.

Calculate the minimum total weight which the anchor may have.

Timber Water
1] |

6" x 6% 20¢
Anchor

Find: The minimum total weight the anchor may have.
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:
Pressure as a function of depth

Ap = pgh
Buoyancy force:

Fp=pgV
For the buoyancy force we have:

Fpt = YwaterVt

F —624lbfx<6 t>><<6 t)x 20 ft) =3121b
v = 624 25 (35 ft) x (35 ft) x (20 f0) = 312 Ibf
The weight of the timber is:
Wi = vV
W—401bf><(6 t>><<6 t)x 20 ft) =200 1b

At the horizontal position we take moments about the pivot:

L L
FaL+WtE_Fbt§: 0

1 1 1
Fy = 5 Foe =5 W; = 5 X (312 lbf — 2001bf) = 56 lbf



Fy = Fpqg — W,
The weight of the anchor is:
Wa =vaVa
The buoyancy force on the anchor is:

Fpa = YwaterVa

YaVa — YwaterVa = 56 Ibf

_ 56 Ibf 064 £
s B —eahy
fe2o e

So the weight is:

Ibf
W, =v,V, =150 ]?x 0.64-ft3 =96 lbf



| Problem 3.73 | [Difficulty: 3]

|3.73 | Find the specific weight of the sphere shown if its

volume is 0.025m”, State all assumptions. What is the equi-
librium position of the sphere if the weight is removed?
S=¥=0.025 m?
Given: Data on sphere and weight
Find: SG of sphere; equilibrium position when freely floating
T
Solution: T Fs
Basic equation Fg=pgV and XF,=0 YF,=0=T+Fg-W
\%
where T = Mg M = 10-kg Fg = p-g-E W = SG-p-g-V
W
\% M 1
Hence M-g+p:g— -SG-p:gV =0 SG=—+— l
g+p-g 5 p-9 oV 2
3 1 1
SG = 10-kg x x 3 t5 SG =0.9
1000-kg 5 oo5.m3 2
. 2
The specific weight is _ Weight _ SGp0V _ o5.0. = 09x10009 ggr. M NS ggog N
Volume \Y m3 2 kgm m3
For the equilibriul position when floating, we repeat the force balance with T =0
Fg-W=0 W=Fg with  Fpg=p-g-Vg pmerged

2
From references (trying Googling "partial sphere volume™) Vsubmerged = %-(SR —h)

1 1
3v)? 3 3\°
where h is submerged depth and R is the sphere radius R= (4—) R = (4—~0.025-m ) R =0.181m
=TT =TT
oh? 2 3-5G-V
Hence W =S8Gp-gV=Fg= p~g-T-(3~R —h) h™(3-R-h) =
3-0.9~.025-m3

h2.(3-0.181-m — h) = h2.(0.544 — h) = 0.0215

Ky

This is a cubic equation for h. We can keep guessing h values, manually iterate, or use Excel's Goal Seek to find h = 0.292-m
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| Problem 3.74 [Difficulty: 2]

3.74 | The fat-to-muscle ratio of a person may be determined

from a specific gravity measurement. The measurement is
made by immersing the body in a tank of water and measuring
the net weight. Develop an expression for the specific
gravity of a person in terms of their weight in air, net weight
in water, and SG = f(T) for water.

Given: Specific gravity of a person is to be determined from measurements of weight in air and the met weight when
totally immersed in water.

Find: Expression for the specific gravity of a person from the measurements.

Solution: We will apply the hydrostatics equations to this system.

Governing Equation: Fbuoy =pgVy (Buoyant force is equal to weight of displaced fluid)
Assumptions: (1) Static fluid
(2) Incompressible fluid
Fnet
Taking a free body diagram of the body: EFy =0 Fret — M-g + Fbuoy =0 T Foo
Fret is the weight measurement for the immersed body.
Fret = M-g - Fbuoy = M-g - py9-Vy However in air: Fair = Mg
herefore the weiah di . q Fair =~ Fret Mg
Therefore the weight measured in water is:  Fpot = Fajr—py0Vg and V4 = T
W
Now in order to find the specific gravity of the person, we need his/her density:
F..—F

Fair = Mg = p-g-Vg = p-g~M Simplifying this expression we get:  Fy;, = L(Fair_ Fnet)

w w

_p
Pwac SG

Now if we call the density of water at4degC ~ p,4c  then: Fair = (Fair - Fnet) = E'(Fair - Fnet)

Pw

Pwac

F .
Solving this expression for the specific gravity of the person SG, we get: SG = SG,- allr:
air — "net
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| Problem 3.75 | [Difficulty: 2]

3.75 | An open tank is filled to the top with water. A steel
cylindrical container, wall thickness § = 1 mm, outside diameter
D =100 mm, and height /=1 m, with an open top, is gently
placed in the water. What is the volume of water that overflows
from the tank? How many 1 kg weights must be placed in the
container to make it sink? Neglect surface tension effects.

Given: Geometry of steel cylinder
Find: Volume of water displaced; number of 1 kg wts to make it sink
Solution:
. kg
The datais  For water p = 999~—3
m
For steel SG =7.83
For the cylinder D = 100-mm H=1m 6 =1mm
2
The volume of the cylinder is \Y/ =9 ™Db D-H \Y =322 10_4 3
y steel = O\ —,— T steel = 5:44% ‘m
The weight of the cylinder is W = SG-p-g-Vgieql
k m 4 3 N-s2
W = 7.83x 999~—g x9.81-—x3.22x10 -m x — W = 247N
3 2 kg-m
m s
At equilibium, the weight of fluid displaced is equal to the weight of the cylinder
Waisplaced = P9 Vdisplaced = W
m3 52 kg-m

w
Vg = — =247-Nx x X
displaced 09 999-kg  9.81m | 2

To determine how many 1 kg wts will make it sink, we first need to find the extra volume that will need to be dsiplaced

V .
Distance cylinder sank X1 = &azced X1 =0.321m
-D
4
Hence, the cylinder must be made to sink an additional distance Xg = H-Xq Xo = 0.679m
7'r-D2
We deed to add n weights so that 1-kg:n-g = p-g- 2 Xo
p-Te D?.x 2
A2 k 1 N-s
ne— 2 99959 « Ty (0.1-m)%x 0.679-mx —— x n = 533
4x 1-kg 3 4 1-kg kgm

Hence we need n = 6 weights to sink the cylinder

Vdisplaced =252L
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Problem 3.76

(Difficulty: 2)

3.76 If the timber weights 670 N, calculate its angle of inclination when the water surface is 2.1 m
above the pivot. Above what depth will the timber stand vertically?

152 mmx 152 mmx 3.6 m
b b4

Find: Above what depth will the timber stand vertically.
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:
Pressure as a function of depth
Ap = pgh
Buoyancy force:
Fpb=pgV
The buoyancy force is:
Fy = YwaterV = 0.152 m X 0.152 m X x m X 9810 % = 226.7x (N)

Take the moment about pivot we have:

x
M=W><0.5><3.6mcost9—§mebc039=0

x
67ON><0.5><3.6m><cost9—5m><226.7x><cost9=0

Soving this equation we have:

x=326m
The angle when water surface y = 2.1 m is:
0= si _1(2.1m)_4010
—\326m) T



We have the following relation:

Substitute in to the momentum we have:

Y

sin @ =0

670 N X 0.5 X 3.6 M — —2— m x 226.7
2sin @

If the timber is vertically, we have:
6 =90°
sin90° =1
So we have:

670N><0.5><3.6m—%m><226.7y=0

Solving this equation we have:

y=326m

When the water surface is y = 3.26 m, the timber will stand vertically.



Problem 3.77

(Difficulty: 2)

3.77 The barge shown weights 40 tons and carries a cargo of 40 tons. Calculate its draft in freshwater.

a0r
\ 8L
s

P3.77

Find: The draft, where the draft is the depth to which the barge sinks.
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:
Pressure as a function of depth

Ap = pgh
Buoyancy force:

Fp=pgV
For the barge floating in water we have the buoyancy force as:

Fg = YwaterV =W

The weight of the barge is:

2000 Ibf
W = (40 + 40)tons = 80 tons X om - 160000 lbf

The volume of water displaced is then:

W 160000 lbf

V= = 2564 ft3

Ywater - ﬂ
624 =5

The volume in terms of the draft d is:
5 d
v=A.L = (40ft +40ft + 2 X §d> X = X 20ft = 800d + 12.5d?

Thus we have the relation:

800d + 12.5d? = 2564



Solving this equation we have for the draft:

d = 3.06 ft



| Problem 3.78 | [Difficulty: 2]

3.78 Quantify the experiment performed by Archimedes to
identify the material content of King Hiero's crown. Assume
you can measure the weight of the king's crown in air, W,
and the weight in water, W,. Express the specific gravity of
the crown as a function of these measured values.

Given: Experiment performed by Archimedes to identify the material conent of King
Hiero's crown. The crown was weighed in air and in water.

Find: Expression for the specific gravity of the crown as a function of the weights in water and air.

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: Fp = p-9-Vy (Buoyant force is equal to weight of displaced fluid)
Assumptions: (1) Static fluid
(2) Incompressible fluid T W,

Taking a free body diagram of the body: ~ XF, = 0 Wy -Mg+F,=0

W,,, s the weight of the crown in water.

Mg

L Fo
Wy = M-g- Fbuoy =M-g-p,9Vy However inair: W, = Mg
Therefore the weight measured in water is: ~ W,,, = W, — p,-9-V4

W, - W M-pyy-0 W
so the volume is: V= 2 % Nowthe density of the crown is: p. = M_ V- a “Pw
Pw9 Vg Wa=Wy  Wa-W,y
- . , Pc Wy Wy

Therefore, the specific gravity of the crownis: SG= — = ——— SG =

Py Wa— Wy Wa — Wy

Note: by definition specific gravity is the density of an object divided by the density of water at 4 degrees Celsius, so the measured
temperature of the water in the experiment and the data from tables A.7 or A.8 may be used to correct for the variation in density of the
water with temperature.
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| Problem 3.79 | [Difficulty: 2]

3.79 | Hot-air ballooning is a popular sport. According to a
recent article, “hot-air volumes must be large because air
heated to 150°F over ambient lifts only 0.018 Ibffc’ com-
pared to L0606 and 0.071 for helium and hydrogen, respec-
tively.” Check these statements for sea-level conditions.
Calculate the effect of increasing the hot-air maximum
temperature to 250°F above ambient.

Given: Balloons with hot air, helium and hydrogen. Claim lift per cubic foot of 0.018, 0.066, and 0.071 pounds force per cubic !
for respective gases, with the air heated to 150 deg. F over ambient.

Find: (a) evaluate the claims of lift per unit volume
(b) determine change in lift when air is heated to 250 deg. F over ambient.

Solution: We will apply the hydrostatics equations to this system.

Governi ng Eq uations: L=pygV- pg~g-V (Net lift force is equal to difference in weights of air and gas)
p=pRT (Ideal gas equation of state)
Assumptions: (1) Static fluid
(2) Incompressible fluid
(3) Ideal gas behavior
. . . L Pg . . .
The lift per unit volume may be written as: LV = v = g~(pa - pg) =ppg|l-— now if we take the ideal gas equation and
Pa
L Ry T, Ry T,
we take into account that the pressure inside and outside the balloon are equal: —=pg|l-— ="y 1-
\Y% R, T R, T
g2 g2
.. . . . Ibf . ft-1bf
At standard conditions the specific weight of air is: ~y, = 0.0765~—3 the gas constantis: R, = 53.33 and T, = 519R
fi m-R
. ft-1bf Ibf 53.33 Ibf
For helium: R_ = 386.1- T =T and therefore: LVH = 0.0765— x| 1 — —— LVH = 0.0659-—
& lbmR & 2 ¢ 3 386.1 ¢ 3
ft ft
ft-1bf Ibf 53.33 Ibf
For hydrogen: R_ = 766.5- T,=T and therefore:  LVpp = 0.0765-— x| 1 - —— LVip = 0.0712-—
& Ibm-R g & 766.5 =

For hot air at 150 degrees above ambient:

Ibf 519 Ibf
Rg = Ra Tg = Ta + 150-R and therefore: LValrlSO = 00765—3 X (1 — m) LValrlSO = 00172—3
ft ft

The agreement with the claims stated above is good.

For hot air at 250 degrees above ambient:

Ibf 519 Ibf
Rg = Ra Tg = Ta +250-R and therefore: LVa1r250 = 00765—3 X (1 - mj LVa1r250 = 00249—3
ft ft
LVair2s50
—— =1.450 Air at AT of 250 deg. F gives 45% more lift than air at AT of 150 deg.F!

LViir150
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| Problem 3.80 | [Difficulty: 3]

|380 |ll is desired to use a hot air balloon with a volume of
320,000 ft* for rides planned in summer morning hours when
the air temperature is about 48°F, The torch will warm the
air inside the balloon to a temperature of 160°F. Both inside
and outside pressures will be “standard™ (14.7 psia). How Hot air
much mass can be carried by the balloon (basket, fuel, pas-
sengers, personal items, and the component of the balloon
itself) if neutral buoyancy is to be assured? What mass can be
carried by the balloon to ensure vertical takeoff acceleration
of 2.5 ft/s*? For this, consider that both balloon and inside air
have to be accelerated, as well as some of the surrounding air
(to make way for the balloon). The rule of thumb is that the
total mass subject to acceleration is the mass of the balloon,
all its appurtenances, and twice its volume of air. Given that
the volume of hot air is fixed during the flight, what can the
balloonists do when they want to go down?

Given: Data on hot air balloon Fbuoyancy

Find: Maximum mass of balloon for neutral buoyancy; mass for initial acceleration of 2.5 ft/s?.

Hot air

Assumptions:  Airis treated as static and incompressible, and an ideal gas —

Solution: _
y Al Basket
Basic equation FB = Patm 9’V and XF,=M-a 'r
y y Wload
Hence EFy =0 =Fg ~Whotair~ Wioad = Patm'9"V — Photair 9’V —M-g  for neutral buoyancy
ViPatm (1 1
M = V:(Patm ~ Photair) = ' -
( ) R Tatm  Thotair
3 bf (12im\°  1bm-R 1 1
M = 320000-ft" x 14.7-— x ( ) X ><|: - } M = 4517-1bm
i2 ft 53.33-ft-Ibf | (48 + 460)-R (160 + 460)-R

Initial acceleration  XFy = Fg — Whoajr = Wioad = (patm - photair)'g'v ~Mpew'9 = Macceld = (Mnew + 2'photair'v)"'i

Solving for Mnew (patm - photair)'g'v ~Mpewd = (Mnew + 2'phot:;\ir'v)'a

M

new =~ V-

Thotair

atm Thotair

(patm - photair)'g ~ 2 Photaird  VPatm 1 1 2-a
a+g ~ a+g T

v = 300003147, B (121)°_tomR i 22|t 1 | 555 1 L
new — C2 U ft ) 5333ftlbf (25+322)-ft| | (48+460) (160 +460) " (160+460) | 2 5

M = 1239:1bm

new

To make the balloon move up or down during flight, the air needs to be heated to a higher temperature, or let cool (or let in ambient air).
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Problem 3.81

(Difficulty: 2)

3.81 The opening in the bottom of the tank is square and slightly less than 2 ft on each side. The
opening is to be plugged with a wooden cube 2 ft on a side.

(a) What weight W should be attached to the wooden cube to insure successful plugging of the hole?
Ibf

The wood weighs 40 —,
ft

(b) What upward force must be exerted on the block to lift it and allow water to drain from the tank?

Water

)

™\
el

Find: The weight of the block and the force needed to lift it
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:
Pressure as a function of depth

Ap = pgh
Buoyancy force:

Fp=pgV

(a) Because the wood bottom surface is in the atmosphere so the pressure on the bottom surface is
zero in this case and there is no buoyancy force. The force acting on the wood cube in the
vertical direction is:

Fy=F+G

Ib Ib
Fy =yhA+G = 62.4 ]TJ;XSftXthXth+4O %X(thf = 1568 Ibf



The direction of Fy; is downward. So we do not need any weight W attached to the wood cube.

(b) To lift the block, we need a force larger than Fy,, so we have:

Fyp = Fy = 1568 lbf



Problem 3.82

(Difficulty: 2)

3.82 A balloon has a weight (including crew but not gas) of 2.2 kN and a gas-bag capacity of 566 m3. At
the ground it is (partially) inflated with 445 N of helium. How high can this balloon rise in the U.S
standard atmosphere if the helium always assumes the pressure and temperature of the atmosphere?

Find: How high this balloon will rise.
Assumptions: Fluid is incompressible and static
Solution: Apply the hydrostatic relations:

Pressure as a function of depth

Ap = pgh
Buoyancy force:
Fpb=pgV
At the sea level, for helium we have:
p = 101.3 kPa
T = 288K
R =2076.8 L
kg-K
According to the ideal gas law:
p 101.3 kPa kg
=—= =0.1694 —
Pr=Rr ] m?
2076.8 T X 288 K
g9-K
kg m N

The volume of the helium is:

W, 445N

Vi = =268 m3
Yr o 1.662 %
m
The buoyancy force is calculated by:
Fg =YairVp

The weight of the whole balloon is:



W =22kN + W,

We have the following table as (the helium always has the same temperature and pressure as the
atmosphere):

Altitude Pressure | Temperature v (m3) ' ( l ) Wy Fg w

(km) (kPa) (K) Vair {13 (kN) (kN) (kN)
6 47.22 249.2 497 6.46 0.445 3.21 2.65
8 35.70 236.3 566 5.14 0.402 2.91 2.60
10 26.50 223.4 566 4.04 0.317 2.29 2.52

When the maximum volume of the helium is reached, the volume will become a constant for helium.
Equilibrium is reached as:
Fg=W
At 8 km we have:
Fg —W =0.31kN
At 10 km we have:
Fg —W = —0.23 kN

With the interpolation we have the height for equilibrium as:

h =8km + 2km X =9.15km

0.31+0.23




Problem 3.83 [Difficulty: 3]

3.83 | A helium balloon is to lift a payvload to an altitude
of 40 km, where the atmospheric pressure and temperature
are 3.0 mbar and —25°C, respectively. The balloon skin is
polyester with specific gravity of 1.28 and thickness of 0.015
mm. To maintain a spherical shape, the balloon is pres-
surized to a gage pressure of 0,45 mbar. Determine the
maximum balloon diameter if the allowable tensile stress in
the skin is limited to 62 MN/m®. What payload can be

carried?

Given: A pressurized balloon is to be designed to lift a payload of mass M to an altitude of 40 km, where p = 3.0 mbar
and T = -25deg C. The balloon skin has a specific gravity of 1.28 and thickness 0.015 mm. The gage pressure of
the helium is 0.45 mbar. The allowable tensile stress in the balloon is 62 MN/m2

. t

Find: () The maximum balloon diameter ¥

(b) The maximum payload mass

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: Fpuoy = P9-Vg (Buoyant force is equal to mass
of displaced fluid)
p=pRT (Ideal gas equation of state) M
Assu mpti ons: (1) Static, incompressible fluid
(2) Static equilibrium at 40 km altitude nDto

(3) Ideal gas behavior

The diameter of the balloon is limited by the allowable tensile stress in the skin:

nD?Ap/4
T™ 2 : : . . . 410
YF=—D"Ap-mDto=0 Solving this expression for the diameter: Dmax= —
4 Ap
3 6 N 1 bar-m2
Dmax = 4% 0.015x 10 “mx 62x 10 -— x x Dmax= 82.7m Fouyant
2 -3 5
m- 04510 “-bar 10"-N
z
To find the maximum allowable payload we perform a force balance on the system: ']\ Mg
2Fz = Fouoy = MHe9 ~Mp:g - M-g=0 py:9-Vh~ P9V~ ps:9-Vg — M-g =0
Mg
Solving for M: M = (pa - pHe)'Vb A The volume of the balloon is: Vp = %-DS
The volume of the skin is: Vg = 7T~D2~t Therefore, the mass is: M = E'(Pa _ pHe)'D3 — ﬂ.ps.Dz.t
6
. . Pa _3 kg-K 1 10°-N —3 kg
Theair density: ~ p, = —— pg = 3.0x 10 “-bar x x X pg = 4.215x 10 ~—
Ry T 287-N-m  (273- 25)-K 2 3
bar-m m
Repeating for helium:  p, . = P PHe = 6.688x 10 4kg
R-T 3
m
. -3k k _
The payload massis: M = % x (4.215— 0.6688 x 10 3-—2 « (82.7m)% — 7t x 1.28x 103-—?J> x (82.7m)% x 0.015x 10 °-m
m m

M = 638 kg
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Problem 3.84 [Difficulty: 3]

3.84 The stem of a glass hydrometer wsed to measure
specific gravity is 5 mm in diameter. The distance between
marks onthe stem is2 mm per (.1 increment of specific gravity.
Calculate the magnitude and direction of the error introduced
by surface temsion if the hydrometer floats in kerosene.
([ Assume the contact angle between kercsene and glass is 07.)

Given: Glass hydrometer used to measure SG of liquids. Stem has diameter D=5 mm, distance between marks on stem is
d=2 mm per 0.1 SG. Hydrometer floats in kerosene (Assume zero contact angle between glass and kerosene).

Find: Magnitude of error introduced by surface tension.

Solution: We will apply the hydrostatics equations to this system.

Governing Equations: Foyoy = P&V (Buoyant force is equal to weight of displaced fluid)
. D=5mm
Assumptions: (1) Static fluid _>| |<_
(2) Incompressible fluid
(3) Zero contact angle between ethyl alcohol and glass J,
—__ d=
The surface tension will cause the hydrometer to sink Ah lower into the liquid. Thus for y T 2mm/0.1 SG
this change: T
SF, = AF, 50— Fp =0 Fo
x Kerosene
The change in buoyant force is: AFbuoy =p-gAV = p-g-ZD -Ah
The force due to surface tension is: Fg = mD-o-cos() = Do
Thus, p-g.E.Dz-Ah = m-Do Upon simplification: M =c
4 4
Solving for Ah:  Ah = 40 From Table A.2, SG = 1.43 and from Table A.4, 6 =26.8 mN/m
p-g:D
3N m3 52 1 kg-m 3
Therefore, Ah = 4 x 26.8x 107 ~-— x — x x =L Ah=153x10 "m
m 1430-kg  9.81‘m 5% 10 3~m sZ-N
So the change in specific gravity will be: ASG = 1.53 x 10 3~m X ot ASG = 0.0765
-3
2x 10 "-m

From the diagram, surface tension acts to cause the hydrometer to float lower in the liquid. Therefore, surface tension results in an
indicated specific gravity smaller than the actual specific gravity.
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| Problem 3.85 [Difficulty:4]

3.85 ]| A sphere, of radius K, is partially immersed, to depth
d, in a liquid of specific gravity SG. Obtain an algebraic
expression for the buovancy force acting on the sphere as a
function of submersion depth 4. Plot the results over the
range of water depth {0 = 4 = 2R,

Given: Sphere partially immersed in a liquid of specific gravity SG.
Find: (a) Formula for buoyancy force as a function of the submersion depthd
(b) Plot of results over range of liquid depth

Solution: We will apply the hydrostatics equations to this system.
Governing Equations: Fpuoy = P9-Vg (Buoyant force is equal to weight of displaced fluid)

Assumptions: (1) Static fluid
(2) Incompressible fluid
(3) Atmospheric pressure acts everywhere

We need an expression for the displaced volume of fluid at an arbitrary
depth d. From the diagram we see that:

d= R(l - cos(emax)) at an arbitrary depth h: h=d-R-(1-cos(6)) r=R-sin(6)

So if we want to find the volume of the submerged portion of the sphere we calculate:

emax 5 emax ) 9 3 emax 3
Vg = J mr dh = W.J' R”-(sin(M))"-R-sin(6) d6 = m-R J (sin(0))” de Evaluating the integral we get:
0 0 0
V, = RS w—cos(e )+E Now since: cos(e )zl_ﬂweget:v - RS 1 1_2\3_ 1_E\+3
d 3 max} ™ 3 max R d 3" R R) 3

3
Thus the buoyant force is: Fbuoy = pw.s(;.g.ﬂ_Rff.E.(l — %} - (1 - i\ + 3}

If we non-dimensionalize by the force on a fully submerged sphere:

oo B EYAR A d) 2} _3{1 d)? d) 2}
dez{a@@ (18] B HOH R G
3

0.5 n

Force Ratio Fd

0.0 0.5 1.0 15 2.0

Submergence Ratio d/R
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| Problem 3.86 | [Difficulty: 4]

3.86 | A sphere of radius 1 in, made from material of

specific gravity of G = 0L95, is submerged in atank of water. ;
The sphere is placed over a hole of radius 0.075 in., in the |
tank bottom. When the sphere is released, will it stay on the
bottom of the tank or float to the surface?
H=2.5ft R=1in.

—={}— a=0.075In.

Given: Data on sphere and tank bottom
Find: Expression for SG of sphere at which it will float to surface; |
minimum SG to remain in position X

Assu mpti 0onNsS: (1) Water is static and incompressible
(2) Sphere is much larger than the hole at the bottom of the tank

Solution:
Basic equations Fg = p-g-V and Epy =F -Fy+Fg-W
h 2 2
where FL = Pagy ™2 Fu= [patm +p-g-(H- Q.R)].ﬂ.a
4
FB = pgvnet Vnet = EWR3 — ’TfaZZR
: 4
W =SG-p-g-V Wwith = E.W.R3

Now if the sum of the vertical forces is positive, the sphere will float away, while if the sum is zero or negative the sphere will stay
at the bottom of the tank (its weight and the hydrostatic force are greater than the buoyant force).

2 2 4 3 2 4 3
Hence EFy = Pt ™ - [patm +p-g-(H- 2.R)].ﬂ.a + p.g.(_.ﬂ.R — 2.t-R-a \ — sg.p.g.g.ﬁ.R

3 )

This expression simplifies to sz = ﬁ.p.g.[(l — SG)~£~R3 _ H-az}
3

3 2 2
| ft |4 ft ft Ibf-
SF, = 7 x 194229 2.2 x [5 x (1 - 0.95) x (1-in DL P (0.075-in L) } « LS

y ft3 12-in) 12~in) slug-ft

sz = -0.012-Ibf Therefore, the sphere stays at the bottom of the tank.
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| Problem 3.87 |

[Difficulty: 3]

|3-87 | You are in the Bermuda Triangle when vou see a I

bubble plume emuption (a large mass of air bubbles, similar ——
to a foam) off to the side of the boat. Do vou want to head 1t

Water rushing in?

1)

toward it and be part of the action? What is the effective —— 5s 5
density of the water and air bubbles in the drawing on the I 0 By © °5
right that will cause the boat to sink? Your boat is 10 ft long, a0 88 P oS e
and weight is the same in both cases. 0o "O (o] E};bo
l, °6 05 & o 5
Sea water ons-e;watern,, o O" eﬂooe
d ai (o] o)
bubbles oo 0°g
Floating Sinking
Given: Data on boat
Floating Sinking
Find: Effective density of water/air bubble mix if boat sinks '_\_l:'_i_8_ff_ )
Solution: h=7ft
Basic equations Fg=pg-V and sz =0
v
We can apply the sum of forces for the "floating" free body 0
XFy=0=Fg-W where FB = SGgea P9 Vsubfioat
V. _Lpf2h, Ln’ SGgpq = 1.024 (Table A2)
subfloat = tan-0 ) tan(6) sea :
SG -p-g-L~h2
Hence W = ' @
tan(0)
We can apply the sum of forces for the "sinking" free body
2
1 2:H L-H
F,=0=Fp - W where Fo = SG.:u-0-0-V Vi = =.H =
y B B mix P9 Vsub subsink = 7 (tan-e) tan(6)
Hence W = _mxrT 2
tan(6)
Comparing Egs. 1 and 2 W = sea L
tan(0) tan(0)
2 2
h) 7)
SGmix = SGsea'(ﬁ} SGmix = 1.024 x (E} SG pix = 0.784
o slug slug
The density is Prmix = SCmix P Pmix = 0.784 x 1.94-—3 Prmix = 1.52-—3
ft ft
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| Problem3.88 | [Difficulty: 2]

3.88 | Three steel balls (each about half an inch in diam-
eter) lie at the bottom of a plastic shell floating on the water
surface in a partially filled bucket. Someone removes the
steel balls from the shell and carefullv lets them fall to
the bottom of the bucket, leaving the plastic shell to fioat
empty. What happens to the water level in the bucket? Does
it rise, go down, or remain unchanged? Explain.

Given: Steel balls resting in floating plastic shell in a bucket of water
Find: What happens to water level when balls are dropped in water
Solution: Basic equation Fg= p'Vdisp'g =W  forafloating body weight W

When the balls are in the plastic shell, the shell and balls displace a volume of water equal to their own weight - a large volume
because the balls are dense. When the balls are removed from the shell and dropped in the water, the shell now displaces only a
small volume of water, and the balls sink, displacing only their own volume. Hence the difference in displaced water before and
after moving the balls is the difference between the volume of water that is equal to the weight of the balls, and the volume of the
balls themselves. The amount of water displaced is significantly reduced, so the water level in the bucket drops.

W, i+ W,
Volume displaced before moving balls: V= plastic balls

p-g
Wi .
Volume displaced after moving balls: V,= __plastic + Vpalls
p-g
W% SG prg-V
Change in volume displaced AV =V, = V| = Vs — —balls = Vpalls — balls balls
: p-g

AV = Vpaiig (1 = SGpalis)

Hence initially a large volume is displaced; finally a small volume is displaced (AV < 0 because SGy,y;s> 1)
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Fox and McDonal ds I ntroduction to Fluid Mechanics 9th Edition Pritchard Sol uti ons Manual

| Problem 3.89 | [Difficulty: 4]

A propesed ocean salvage scheme involves pumping
air into “bags” placed within and around awrecked vessel on
the sea bottom. Comment on the practicality of this plan,
supporting your conclusions with analyses.

Open-Ended Problem Statement: A proposed ocean salvage scheme involves pumping air
into “bags” placed within and around a wrecked vessel on the sea bottom. Comment on the practicality of
this plan, supporting your conclusions with analyses.

Discussion: This plan has several problems that render it impractical. First, pressures at the sea bottom
are very high. For example, Titanic was found in about 12,000 ft of seawater. The corresponding pressure
is nearly 6,000 psi. Compressing air to this pressure is possible, but would require a multi-stage compressor
and very high power.

Second, it would be necessary to manage the buoyancy force after the bag and object are broken loose from
the sea bed and begin to rise toward the surface. Ambient pressure would decrease as the bag and artifact
rise toward the surface. The air would tend to expand as the pressure decreases, thereby tending to increase
the volume of the bag. The buoyancy force acting on the bag is directly proportional to the bag volume, so
it would increase as the assembly rises. The bag and artifact thus would tend to accelerate as they approach
the sea surface. The assembly could broach the water surface with the possibility of damaging the artifact
or the assembly.

If the bag were of constant volume, the pressure inside the bag would remain essentially constant at the
pressure of the sea floor, e.g., 6,000 psi for Titanic. As the ambient pressure decreases, the pressure
differential from inside the bag to the surroundings would increase. Eventually the difference would equal
sea floor pressure. This probably would cause the bag to rupture.

If the bag permitted some expansion, a control scheme would be needed to vent air from the bag during the
trip to the surface to maintain a constant buoyancy force just slightly larger than the weight of the artifact in
water. Then the trip to the surface could be completed at low speed without danger of broaching the surface
or damaging the artifact.

Visit TestBankDeal .comto get conplete for all chapters
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