
3.1: PROBLEM DEFINITION

Apply the grid method to:
a.)
Situation:

A sphere contains an ideal gas.

Find:
Calculate the density of helium at a gage pressure of 50.8 cm. H2O.

Properties:
From Table A.2: Rhelium = 2077 J/ kg · K.

Solution:

pabs = patm + pgage = 101.3 kPa +

(
0.508 m H2O

1

)(
248.8Pa

0.0254 m H2O

)
= 106.3 kPa

Ideal gas law:

ρ =
p

RT
=

(
106.3 kPa

1

)(
kgK

2077 J

)(
1

293.2K

)(
1000Pa

1 kPa

)(
J

Nm

)(
N

Pam2

)

ρ = 0.175 kg/m3

b.)
Situation:

A sphere contains an ideal gas.

Find:
Calculate the density of argon at a vacuum pressure of 20.7 kPa.

Properties:
From Table A.2: Rmethane = 518 J/ kg · K.

Solution:

pabs = patm − pvacuum = 101.3 kPa− (20.7 kPa) = 80.6 kPa

Ideal gas law:

ρ =
p

RT
=

(
80.6 kPa

1

)(
kgK

518 J

)(
1

293.2K

)(
1000Pa

1 kPa

)(
J

Nm

)(
N

Pam2

)

ρ = 0.531 kg/m3
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3.2: PROBLEM DEFINITION

Situation:
For the questions below, assume standard atmospheric pressure.
a. For a vacuum pressure of 30 kPa, what is the absolute pressure? Gage pressure?
b. For a pressure of 200 kPa gage, what is the absolute pressure in kPa?

SOLUTION

a.)
Consulting Fig. 3.4 in EFM10e,

Pabs = 101.3− 30 = 71.3 kPa

Pgage = −301.3 kPa or 30 kPa vacuum

b.)
Consulting Fig. 3.4 in EFM10e,

Pabs = 200 kPa gage + 101.3 kPa = 301.3 kPa abs

Pabs = 301.3 kPa abs
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3.3: PROBLEM DEFINITION

Situation:
The local atmospheric pressure is 99.0 kPa. A gage on an oxygen tank reads a pressure
of 300 kPa gage.

Find:
What is the pressure in the tank in kPa abs?

PLAN

Consult Fig. 3.4 in EFM10e

SOLUTION

Pabs = Pgage + Patm

Pabs = 300 kPa + 99 kPa

Pabs = 399 kPa abs
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3.4: PROBLEM DEFINITION

Using Section 3.1 and other resources, answer the questions below. Strive for depth,
clarity, and accuracy while also combining sketches, words and equations in ways that
enhance the effectiveness of your communication.

a. What are five important facts that engineers need to know about pressure?

• Pressure is often expressed using “gage pressure,” where gage pressure is the
difference between local atmospheric pressure and actual pressure.

• Primary dimensions of pressure are M/LT 2.

• Vacuum pressure = negative gage pressure. Negative vacuum pressure = gage
pressure.

• Pressure is often expressed as length of a fluid column; e.g. the pressure of air
in a duct is 25 cm of water column.

• Pressure is defined using a derivative.

b. What are five common instances in which people use gage pressure?

• car tire pressure is expressed as gage pressure.

• blood pressure measured by a doctor is a gage pressure.
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• the pressure inside a pressure cooker is expressed as a gage pressure.

• a Bourdon-tube pressure gage gives a pressure reading as a gage pressure.

• the pressure that a scuba diver feels is usually expressed as a gage pressure; e.g.
a diver at a depth of 10 m will experience a pressure of 1 atm.

c. What are the most common units for pressure?

• Pa, N/m2

• length of a column of water (cm-H20; m-H2O)

• length of a column of mercury (mm-Hg)

• bar

d. Why is pressure defined using a derivative?
Pressure is defined as a derivative because pressure can vary at every point along a
surface.

e. How is pressure similar to shear stress? How does pressure differ from shear stress?

• Similarities

– Both pressure and shear stress give a ratio of force to area.

– Both pressure and shear stress apply at a point (they are defined using a
derivative.

– Pressure and shear stress have the same units.

– Both pressure and shear stress are types of “stress.”

• Differences: (the easy way to show differences is to make a table as shown
below)

Attribute Pressure Shear Stress
direction of associ-
ated force

associated with force normal
to area

associated with force tan-
gent to an area

presence in a hydro-
static fluid

pressure is non-zero shear stress is zero

typical magnitude much larger than shear
stress

much smaller than pressure

main physical cause associated with weight of
fluid & motion of fluid (non-
viscous effects)

associated with motion of
fluid (viscous effects)
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3.5: PROBLEM DEFINITION

Situation:
A Crosby gage tester is applied to calibrate a pressure gage.
Indicated pressure on the gage is p = 200 kPa gage.
W = 140N, D = 0.03m.

Find:
Percent error in gage reading.

PLAN The oil exerts an upward force on the piston to support the weights. Thus,
we can calculate the true pressure and then compare this with indicated reading to
obtain the error in the gage reading. The steps are
1. Calculate the true pressure by applying force equilibrium to the piston and weights.
2. Calculate the error in the gage reading.

SOLUTION

1. Force equilibrium (apply to piston + weights)

Fpressure = W

ptrueA = W

ptrue =
W

A

=
140N

(π/4× 0.032) m2

ptrue = 198, 059Pa

2. Percent error

% Error =
(precorded − ptrue) 100

ptrue

=
(200 kPa− 198.059 kPa) 100

198.059 kPa
= 0.98%

% Error = 0.98%
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3.6: PROBLEM DEFINITION

Situation:
A hydraulic machine is used to provide a mechanical advantage.
m1 = 0.025 kg, m2 = 7500 kg.

Find:
(a) Derive an algebraic equation for the mechanical advantage.
(b) Calculate D1 and D2 so the mouse can support the elephant.

Assumptions:

• Neglect the mass of the pistons.

• Neglect the friction between the piston and the cylinder wall.

• The pistons are at the same elevation; thus, the pressure acting on the bottom
of each piston is the same.

• A mouse can fit onto a piston of diameter D1 = 70 mm.

PLAN

1. Define “mechanical advantage.”
2. Derive an equation for the pressure acting on piston 1.
3. Derive an equation for the pressure acting on piston 2.
4. Derive an equation for mechanical advantage by combining steps 2 and 3.
5. Calculate D2 by using the result of step 4.

SOLUTION

1. Mechanical advantage.{
Mechanical
advantage

}
=

Weight “lifted” by the mouse

Weight of the mouse
=

W2

W1

(1)

where W2 is the weight of the elephant, and W1 is the weight of the mouse.

2. Equilibrium (piston 1):

W1 = p

(
πD2

1

4

)

p = W1

(
4

πD2
1

)
(2)
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3. Equilibrium (piston 2):

W2 = p

(
πD2

2

4

)

p = W2

(
4

πD2
2

)
(3)

4. Combine Eqs. (2) and (3):

p = W1

(
4

πD2
1

)
= W2

(
4

πD2
2

)
(5)

Solve Eq. (5) for mechanical advantage:

W2

W1
=

(
D2

D1

)2

5. Calculate D2.

W2

W1

=

(
D2

D1

)2

(7500 kg) (9.80m/ s2)

(0.025 kg) (9.80m/ s2)
= 300000 =

(
D2

0.07m

)2

D2 = 38.3m

The ratio of (D2/D1) needs to be
√
300, 000. If D1 = 70mm, then D2 = 38.3m.

REVIEW

1. Notice. The mechanical advantage varies as the diameter ratio squared.
2. The mouse needs a mechanical advantage of 300,000:1. This results in a piston
that is impractical (diameter = 38.3 m).
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3.7: PROBLEM DEFINITION

Situation:
To work the problem, data was recorded from a parked vehicle. Relevant infor-

mation:

• Left front tire of a parked VW Passat 2003 GLX Wagon (with 4-motion).

• Bridgestone snow tires on the vehicle.

• Inflation pressure = 248 kPa. This value was found by using a conventional
“stick-type” tire pressure gage.

• Contact Patch: 14.94 cm × 19.05 cm. The 19.05 cm dimension is across the
tread. These data were found by measuring with a ruler.

• Weight on the front axle = 11183 N. This data was recorded from a sticker on
the driver side door jamb. The owners manual states that this is maximum
weight (car + occupants + cargo).

Assumptions:

• The weight on the car axle without a load is 8900 N. Thus, the load acting on
the left front tire is 4450 N.

• The thickness of the tire tread is 2.5 cm. The thickness of the tire sidewall is
1.25 cm.

• The contact path is flat and rectangular.

• Neglect any tensile force carried by the material of the tire.

Find:
Measure the size of the contact patch.
Calculate the size of the contact patch.
Compare the measurement with the calculation and discuss.

PLAN

To estimate the area of contact, apply equilibrium to the contact patch.

SOLUTION

Equilibrium in the vertical direction applied to a section of the car tire

piAi = Fpavement
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where pi is the inflation pressure, Ai is the area of the contact patch on the inside of
the tire and Fpavement is the normal force due to the pavement. Thus,

Ai =
Fpavement

pi

=
4450N

248× 103 N/m2

= 0.018m2 = 180 cm2

Comparison. The actual contact patch has an area Ao = 14.94 cm × 19.05 cm =
284.6 cm2. Using the assumed thickness of rubber, this would correspond to an inside
contact area of Ao = 12.4 cm×13.97 cm = 173.2 cm2.Thus, the predicted contact area
(180 cm2) and the measured contact area (173.2 cm2) agree to within about 1 part in
25 or about 4%.

REVIEW

The comparison between predicted and measured contact area is highly dependent
on the assumptions made.
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3.8: PROBLEM DEFINITION

Situation:
To derive the hydrostatic equation, which of the following must be assumed? (Select
all that are correct.)
a. the specific weight is constant
b. the fluid has no charged particles
c. the fluid is at equilibrium

SOLUTION

The answers are (a) and (c); see §3.2
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3.9: PROBLEM DEFINITION

Situation:
Two tanks.
Tank A is filled to depth h with water.
Tank B is filled to depth h with oil.

Find:
Which tank has the largest pressure?
Why?
Where in the tank does the largest pressure occur?

SOLUTION

In both tanks, pressure increases with depth, according to p = −γz.
At the bottom of each tank, pressure is given by p = γh.
At the bottom of Tank A, p = γwaterh.
At the bottom of Tank B, p = γoilh.
Because γoil < γwater, the pressure in Tank A has the largest pressure.
The reason is because water has a larger specific weight than oil.
The largest pressure occurs at the bottom of the tank.
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3.10: PROBLEM DEFINITION

Situation:
Consider Figure 3.8 on p. 67 of §3.2 in EFM10e.
a. Which fluid has the larger density?
b. If you graphed pressure as a function of z in these two layered liquids, in which

fluid does the pressure change more with each incremental change in z?

SOLUTION

a. Water has the larger density, and thus the larger specific weight.
b. To pressure as a function of fluid, you would use p = −γz. The pressure changes
more with each incremental change in z in the water than in the oil because γoil <
γwater.
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Problem 3.11

Apply the grid method to calculations involving the hydrostatic equation:

Δp = γΔz = ρgΔz

Note: Unit cancellations are not shown in this solution.
a.)
Situation:

Pressure varies with elevation.
Δz = 3.05m.

Find:
Pressure change (kPa).

Properties:
ρ = 1.5 g/ cm3.

Solution:
Convert density to units of kg/m3:

ρ =

(
1.5 g

cm3

)(
1 kg

1000 g

)(
106 cm3

m3

)
= 1500

kg

m3

Calculate the pressure change:

Δp = ρgΔz =

(
1500 kg

m3

)(
9.81m

s2

)
(3.05m)

Δp = 44.88 kPa

b.)
Situation:

Pressure varies with elevation.
Δz = 22m, S = 0.8.

Find:
Pressure change (kPa).

Properties:
γ = 9810N/m3.

Solution:

Δp = γΔz = S γH2O Δz =

(
(0.8 · 9810) N

m3

)
(22m)

Δp = 172.7 kPa
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c.)
Situation:

Pressure varies with elevation.
Δz = 305m.

Find:
Pressure change (in H2O).

Properties:
air, ρ = 1.2 kg/m3.

Solution:

Δp = ρgΔz =

(
1.2 kg

m3

)(
9.81m

s2

)
(305m)

(
0.0254 m H2O

249.1Pa

)

Δp = 0.3661 m H2O

d.)
Situation:

Pressure varies with elevation.
Δp = 17 kPa, S = 13.

Find:
Elevation change (mm).

Properties:
γ = 9810N/m3, patm = 101.3 kPa.

Solution:
d. Calculate Δz (mm) corresponding to S = 13 and Δp = 1/6 atm.

Δz =
Δp

γ
=

Δp

SγH2O

= (17 kPa)

(
m3

(13 · 9810) N

)

Δz = 133mm
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Problem 3.12

Using Section 3.2 and other resources, answer the questions below. Strive for depth,
clarity, and accuracy while also combining sketches, words and equations in ways that
enhance the effectiveness of your communication.

a. What does hydrostatic mean? How do engineers identify if a fluid is hydrostatic?

• Each fluid particle within the body is in force equilibrium(z-direction) with
the net force due to pressure balancing the weight of the particle. Here, the
z-direction is aligned with the gravity vector.

• Engineers establish hydrostatic conditions by analyzing the forces acting in the
z-direction.

b. What are common forms of the hydrostatic equation? Are the forms equivalent
or are they different?

• There are three common forms; these are given in Table F.2 (front of book).

• These equations are equivalent because you can start with any of the equations
and derive the other two.

c. What is a datum? How do engineers establish a datum?

• A datum is a fixed reference point from which elevations are measured.
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• Engineers select a datum that makes calculations easy. For example, select
a datum on the free surface of a river below a dam so that all elevations are
positive.

d. What are the main ideas of Eq. (3.10) EFM10e? That is, what is the meaning of
this equation?

pz = p+ γz = constant

This equation means that the sum of (p+ γz) has the same numerical value at every
location within a body of fluid.

e. What assumptions need to be satisfied to apply the hydrostatic equation?

pz = p+ γz = constant

This equation is valid when

• the density of the fluid is constant at all locations.

• equilibrium is satisfied in the z-direction (net force of pressure balances weight
of the fluid particle.
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Problem 3.13

Apply the grid method to each situation below. Unit cancellations are not shown in
these solutions.
a.)
Situation:

Pressure varies with elevation.
Δz = 3.05m.

Find:
Pressure change (Pa).

Properties:
air, ρ = 1.2 kg/m3.

Solution:

Δp = ρgΔz

Δp = ρgΔz

=

(
1.2 kg

m3

)(
9.81m

s2

)
(3.05m)

Δp = 35.9Pa

b.)
Situation:

Pressure increases with depth in the ocean.
Pressure reading is 253 kPa gage.

Find:
Water depth (m).

Properties:
Seawater, Table A.4, S = 1.03, γ = 10070N/m3.

Solution:

Δz =
Δp

γ
= (253 kPa)

(
m3

10070N

)

Δz = 25.12m

c.)
Situation:

Pressure decreases with elevation in the atmosphere.
Δz = 366m.

Find:
Pressure (kPa).
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Assumptions:
Density of air is constant.

Properties:
Air, ρ = 1.1 kg/m3.

Solution:

Δp = ρgΔz =

(
1.1 kg

m3

)(
9.81m

s2

)
(−366m) = −3950Pa

Pressure at summit:

psummit = pbase +Δp = 94 kPa−
(
3950Pa

1.0

)

psummit = 90.1 kPa (absolute)

d.)
Situation:

Pressure increases with depth in a lake.
Δz = 350m.

Find:
Pressure (MPa).

Properties:
Water, γ = 9810N/m3.

Solution:

Δp = γΔz

=

(
9810N

m3

)(
350m

1.0

)(
Pa · m2

N

)(
MPa

106 Pa

)

pmax = 3.4MPa (gage) [about 34 atmospheres]

e.)
Situation:

Pressure increase with water depth in a standpipe.
Δz = 70m.

Find:
Pressure (kPa).

Properties:
Water, γ = 9810N/m3.
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Solution:

Δp = γΔz

=

(
9810N

m3

)(
70m

1.0

)(
Pa · m2

N

)(
kPa

103 Pa

)

pmax = 687 kPa (gage) [nearly 7 atmospheres]
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3.14: PROBLEM DEFINITION

Situation:
Air above a long tube is pressurized.
Initial state: pair1 = 50 kPa-vacuum.
Final state: pair2 = 25 kPa-vacuum.

Find:
Will h increase or decrease?
The change in water column height (Δh) in meters.

Assumptions:
Atmospheric pressure is 100 kPa.
Surface tension can be neglected.

Properties:
Water (20 ◦C), Table A.5, γ = 9790N/m3.

PLAN

Since pressure increases, the water column height will decrease. Use absolute pressure
in the hydrostatic equation.
1. Find h (initial state) by applying the hydrostatic equation.
2. Find h (final state) by applying the hydrostatic equation.
3. Find the change in height by Δh = h(final state)− h (initial state) .

SOLUTION

1. Initial State. Locate point 1 on the reservoir surface; point 2 on the water surface
inside the tube:

p1
γ

+ z1 =
p2
γ

+ z2

100 kPa

9790N/m3
+ 0 =

50 kPa

9790N/m3
+ h

h (initial state) = 5.107m
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2. Final State:

p1
γ

+ z1 =
p2
γ

+ z2

100 kPa

9790N/m3
+ 0 =

75 kPa

9790N/m3
+ h

h (final state) = 2.554m

3. Change in height:

Δh = h(final state)− h (initial state)

= 2.554m− 5.107m = −2.55m

The height has decreased by 2.55 m.

REVIEW

Tip! In the hydrostatic equation, use gage pressure or absolute pressure. Using
vacuum pressure will give a wrong answer.
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3.15: PROBLEM DEFINITION

Situation:
A closed tank contains air, oil, and water.

Find:
Specific gravity of oil.
Pressure at C (kPa-gage).

Sketch:

Properties:
Water (10 ◦C), Table A.5, γ = 9810N/m3.

PLAN

1. Find the oil specific gravity by applying the hydrostatic equation from A to B.
2. Apply the hydrostatic equation to the water.
3. Apply the hydrostatic equation to the oil.
4. Find the pressure at C by combining results for steps 2 and 3.

SOLUTION

1. Hydrostatic equation (from oil surface to elevation B):

pA + γzA = pB + γzB

50, 000 N/m2 + γoil (1 m ) = 58, 500 N/m2 + γoil (0 m)

γoil = 8500 N/m3

Specific gravity:

S =
γoil

γwater

=
8500 N/m3

9810 N/m3

Soil = 0.87

2. Hydrostatic equation (in water):

pc = (pbtm of oil) + γwater (1m)
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3. Hydrostatic equation (in oil):

pbtm of oil = (58, 500Pa + γoil × 0.5m)

4. Combine equations:

pc = (58, 500Pa + γoil × 0.5m) + γwater (1m)

=
(
58, 500Pa + 8500N/m3 × 0.5m

)
+ 9810N/m3 (1m)

= 72, 560 N/m2

pc = 72.56 kPa-gage
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3.16: PROBLEM DEFINITION

Situation:
A manometer is described in the problem statement.
dleft = 1mm, dright = 3mm.

Find:
Water surface level in the left tube as compared to the right tube.

SOLUTION

(a) The water surface level in the left tube will be higher because of greater surface
tension effects for that tube.
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3.17: PROBLEM DEFINITION

Situation:
A force is applied to a piston.
F1 = 200N, d1 = 4 cm, d2 = 10 cm.

Find:
Force resisted by piston.

Assumptions:
Neglect piston weight.

PLAN

Apply the hydrostatic equation and equilibrium.

SOLUTION

1. Equilibrium (piston 1)

F1 = p1A1

p1 =
F1

A1

=
4× 200N

π · (0.04m)2 m2

= 1.59× 105 Pa

2. Hydrostatic equation

p2 + γz2 = p1 + γz1

p2 = p1 + (Sγwater) (z1 − z2)

= 1.59× 105 Pa +
(
0.85× 9810N/m3

)
(−2m)

= 1.423× 105 Pa

26



3. Equilibrium (piston 2)

F2 = p2A2

=
(
1.425× 105 N/m2

)(
π (0.1m)2

4

)

= 1119N

F2 = 1120 N
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3.18: PROBLEM DEFINITION

Situation:
Regarding the hydraulic jack in Problem 3.18 (EFM 10e), which ideas were used

to analyze the jack? (select all that apply)
a. pressure = (force)(area)
b. pressure increases linearly with depth in a hydrostatic fluid
c. the pressure at the very bottom of the 4-cm chamber is larger than the pressure

at the very bottom of the 10-cm chamber
d. when a body is stationary, the sum of forces on the object is zero
e. when a body is stationary, the sum of moments on the object is zero
f. pressure = (weight/volume)(change in elevation)

SOLUTION

Correct answers are a, b, d, e and f.
Statement c is incorrect because the two chambers are connected; therefore the pres-
sure at the flat bottom is the same everywhere. Pressure is a scalar and is transferred
continuously in all directions. It increases with depth; however at the same depth
(of a fluid with constant density that is not being accelerated to the left or right) it
is the same.
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3.19: PROBLEM DEFINITION

Situation:
A diver goes underwater.
Δz = 50m.

Find:
Gage pressure (kPa).
Ratio of pressure to normal atmospheric pressure.

Properties:
Water (20 ◦C), Table A.5, γ = 9790N/m3.

PLAN

1. Apply the hydrostatic equation.
2. Calculate the pressure ratio (use absolute pressure values).

SOLUTION

1. Hydrostatic equation

p = γΔz = 9790N/m3 × 50m

= 489, 500 N/m2

p = 490 kPa gage

2. Calculate pressure ratio

p50
patm

=
489.5 kPa + 101.3 kPa

101.3 kPa

p50
patm

= 5.83

29



3.20: PROBLEM DEFINITION

Situation:
Water and kerosene are in a tank.
zwater = 0.8m, zkerosene = 0.3m.

Find:
Gage pressure at bottom of tank (kPa-gage).

Properties:
Water (20 ◦C), Table A.5, γw = 9790 N/m3.
Kerosene (20 ◦C) , Table A.4, γ

k
= 8010 N/m3.

SOLUTION

Manometer equation (add up pressure from the top of the tank to the bottom of the
tank).

patm + γk (0.3m) + γw (0.8m) = pbtm

Solve for pressure

pbtm = 0 + γk (0.3m) + γw (0.8m)

=
(
8010N/m3

)
(0.3m) +

(
9790N/m3

)
(0.8m)

= 10.23 kPa

pbtm = 10.23 kPa gage
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3.21: PROBLEM DEFINITION

Situation:
A hydraulic lift is being designed.
Wmax = 10 ton = 88960N, Wparts = 4450N.
ΔL = 1.8m, Δt = 20 s.
Diameter range: 5− 20 cm.
Pressure range: 1380− 20, 700 kPa gage.
Available pumping capacity: 20, 38, and 56 liters.

Find:
Select a hydraulic pump capacity (l/min).
Select a cylinder diameter (D).

PLAN

Apply equilibrium to find the smallest bore diameter (D) that works. Then find the
largest bore diameter that works by considering the lift speed requirement. Select
bore and pump combinations that meet the desired specifications.

SOLUTION

Equilibrium (piston)
F = pA

where F = 93, 410N is the load that needs to be lifted and p is the pressure on the
bottom of the piston. Maximum pressure is 20,700 kPa so minimum bore area is

Amin =
F

pmax

=
93, 410N

20, 700 kN/m2

= 0.00451 m2
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Corresponding minimum bore diameter is

D =

√
4

π
A

Dmin = 0.076 m

The pump needs to provide enough flow to raise the lift in 20 seconds.

AΔL = V̇Δt

where A is the bore area, ΔL is stroke (lift height), V̇ is the volume/time of fluid
provided by the pump, and Δt is the time. Thus, the maximum bore area is

Amax =
V̇Δt

ΔL

Conversion from liters to cubic meters (m3): 1 l = 0.001 m3. Thus, the maximum
bore diameter for three pumps (to meet the lift speed specification) is given in the
table below.

pump (l/min) pump (m3/min) A (m2) Dmax (m)
20 0.019 0.003 0.066
38 0.037 0.007 0.093
56 0.056 0.011 0.117

Since the minimum bore diameter is 0.076 m, the 20 l/min pump will not work. The
38 l/min pump can be used with a 0.09 m bore. The 56 l/min pump can be used
with a 0.09 or 0.1 m bore.

1.) The 38 l/min pump will work with a bore diameter between 0.08 and 0.09 meters.

2.) The 56 l/min pump will work with a bore diameter between 0.08 and 0.12 meters.

REVIEW

1. These are preliminary design values. Other issues such as pressure drop in the
hydraulic lines and valves would have to be considered.

2. We recommend selecting the 56 l/min pump and a 0.11 m bore to provide
latitude to handle pressure losses, and to reduce the maximum system pressure.
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3.22: PROBLEM DEFINITION

Situation:
Initial State: Water levels as shown. Valve in open.
Final State: Water is added to the tank with the valve closed.

Find:
Increase of water level Δ� in manometer (in meters).

Properties:
Water (20 ◦C), Table A.5, γw = 9790 N/m3.
patm = 100 kPa.

Assumptions: Ideal gas.

PLAN

Apply the hydrostatic equation and the ideal gas law.

SOLUTION

Ideal gas law (mole form; apply to air in the manometer tube)

pV = n�T
Because the number of moles (n) and temperature (T ) are constants, the ideal gas
reduces to Boyle’s equation.

p1V1 = p2V2 (1)

State 1 (before air is compressed)

p1 = 100, 000 N/m2 abs
V1 = 1 m× Atube

(a)

State 2 (after air is compressed)

p2 = 100, 000 N/m2 + γw(1 m−Δ�)
V2 = (1 m−Δ�)Atube

(b)
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Substitute (a) and (b) into Eq. (1)

p1V1 = p2V2(
100, 000N/m2

)
(1 m× Atube) =

(
100, 000 N/m2 + γw(1 m−Δ�)

)
(1 m−Δ�)Atube

100, 000N/m2 =
(
100, 000N/m2 + 9790N/m3 (1−Δ�)

)
(1−Δ�)

Solving for Δ�
Δ� = 0.0824 m
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3.23: PROBLEM DEFINITION

Situation:
A tank is fitted with a manometer.
S = 3, z1 = 0.15m.

Find:
Deflection of the manometer (cm).

Properties:
γwater=9810 N/m3.

PLAN

Apply the hydrostatic principle to the water and then to the manometer fluid.

SOLUTION

1. Hydrostatic equation (location 1 is on the free surface of the water; location 2 is
the interface)

p1
γwater

+ z1 =
p2

γwater

+ z2

0Pa

9810N/m3
+ 0.15m =

p2
9810N/m3

+ 0m

p2 = (0.15m)
(
9810N/m3

)
= 1471.5Pa

2. Hydrostatic equation (manometer fluid; let location 3 be on the free surface)

p2
γman. fluid

+ z2 =
p3

γman. fluid

+ z3

1471.5Pa

3 (9810N/m3)
+ 0m =

0Pa

γman. fluid

+Δh

3. Solve for Δh

Δh =
1471.5Pa

3 (9810N/m3)
= 0.0500m

Δh = 5.00 cm
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3.24: PROBLEM DEFINITION

Situation:
A mass sits on top of a piston situated above a reservoir of oil.

Oil

Weight

Piston

D1

h1

h2w

Find:
Derive an equation for h2 in terms of the specified parameters.

Assumptions:
Neglect the mass of the piston.
Neglect friction between the piston and the cylinder wall.
The pressure at the top of the oil column is 0 kPa-gage.

PLAN

1. Relate w to pressure acting on the bottom of the piston using equilibrium.
2. Related pressure on the bottom of the piston to the oil column height using the
hydrostatic equation.
3. Find h2 by combining steps 1 and 2.

SOLUTION

1. Equilibrium (piston):

w = p1

(
πD2

1

4

)
(1)

2. Hydrostatic equation. (point 1 at btm of piston; point 2 at top of oil column):

p1
γ

+ z1 =
p2
γ

+ z2

p1
Sγwater

+ 0 = 0 + h2

p1 = S γwater h2 (2)

3. Combine Eqs. (1) and (2):

mg = S γwater h2

(
πD2

1

4

)

Answer: h2 =
4w

(S) (γwater) (πD
2
1)
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REVIEW

1. Notice. Column height h2 increases linearly with increasing weight w. Similarly,
h2 decreases linearly with S and decreases quadratically with D1.
2. Notice. The apparatus involved in the problem could be used to create an instru-
ment for weighing an object.
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3.25: PROBLEM DEFINITION

Situation:
A mass sits on top of a piston situated above a reservoir of oil.
m = 5kg, S = 0.8, h1 = 42mm.
D1 = 120mm, D2 = 5mm.

Oil

Weight

Piston

D1

h1

h2w

Find:
Calculate h2 (m).

Assumptions:
Neglect the mass of the piston.
Neglect friction between the piston and the cylinder wall.
The pressure at the top of the oil column is 0 kPa-gage.

PLAN

1. Relate mass m to pressure acting on the bottom of the piston using equilibrium.
2. Related pressure on the bottom of the piston to the oil column height using the
hydrostatic equation.
3. Find h2 by combining steps 1 and 2.

SOLUTION

1. Equilibrium (piston):

mg = p1

(
πD2

1

4

)
(1)

2. Hydrostatic equation. (point 1 at btm of piston; point 2 at top of oil column):
p1
γ

+ z1 =
p2
γ

+ z2

p1
Sγwater

+ 0 = 0 + h2

p1 = S γwater h2 (2)

3. Combine Eqs. (1) and (2):

mg = S γwater h2

(
πD2

1

4

)

h2 =
4mg

(S) (γwater) (πD
2
1)

=
4 (5 kg) (9.81m/ s2)

(0.8) (9810N/m3) (π) (0.122 m2)

h2 = 0.553m
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3.26: PROBLEM DEFINITION

Situation:
An odd tank contains water, air and a liquid.

Find:
Maximum gage pressure (kPa).
Where will maximum pressure occur.
Hydrostatic force (in kN) on top of the last chamber, surface CD.

Properties:
γwater= 9810 N/m3.

PLAN

1. To find the maximum pressure, apply the manometer equation.
2. To find the hydrostatic force, multiply pressure times area.

SOLUTION

1. Manometer eqn. (start at surface AB; neglect pressure changes in the air; end at
the bottom of the liquid reservoir)

0 + 4× γH2O + 3× 3γH2O = pmax

pmax = 13m× 9, 810N/m3

= 127, 530 N/m2

pmax = 127.53 kPa

Answer ⇒ Maximum pressure will be at the bottom of the liquid that has a specific
gravity of S = 3.

2. Hydrostatic force

FCD = pA

= (127, 530N/m2 − 1m× 3× 9810N/m3)× 1 m2

FCD = 98.1 kN
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3.27: PROBLEM DEFINITION

Situation:
A steel pipe is connected to a steel chamber.
� = 0.75m, W = 2700N.
D1 = 0.25�, z1 = 5�.
D2 = �, S = 1.2.

Find:
Force exerted on chamber by bolts (N).

Properties:
γwater = 9810N/m3.

PLAN

Apply equilibrium and the hydrostatic equation.

SOLUTION

1. Equilibrium. (system is the steel structure plus the liquid within)

(Force exerted by bolts) + (Weight of the liquid) +

(Weight of the steel) = (Pressure force acting on the bottom of the free body )

FB +Wliquid +Ws = p2A2 (1)

2. Hydrostatic equation (location 1 is on surface; location 2 at the bottom)

p1
γ

+ z1 =
p2

γliquid

+ z2

0 + 5� =
p2

1.2γwater

+ 0

p2 = 1.2γwater5�

= 1.2× 9810× 5× 0.75

= 44, 145 Pa
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3. Area

A2 =
πD2

4
=

π�2

4
=

π × (0.75m)2

4
= 0.44m2

4. Weight of liquid

Wliquid =

(
A2�+

πd2

4
4�

)
γliquid =

(
A2�+

π�3

16

)
(1.2) γwater

=

((
0.44m2

)
(0.75m) +

π (0.75m)3

16

)
(1.2)

(
9810

N

m3

)

= 4860N

5. Substitute numbers into Eq. (1)

FB + (4860N) + (2700N) =
(
44, 145N/m2

) (
0.45m2

)
FB = 12, 305N

FB = 12, 305 N
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3.28: PROBLEM DEFINITION

Situation:
A metal dome with water is held down by bolts.
W = 6kN, � = 80 cm

Find:
Force exerted by the bolts (kN).

Properties:
γwater = 9810N/m3.

PLAN

1. To derive an equation for the load on the bolts, apply force equilibrium in the
vertical direction.
2. Calculate intermediate value.
3. Calculate the load on the bolts.

SOLUTION

1. Equilibrium (free body is the water plus the dome)

∑
Fz = 0

pbottomAbottom + Fbolts −WH2O −Wdome = 0

Fbolts = −pbottomAbottom +WH2O +Wdome (1)

2. Intermediate calculations

pbottomAbottom = 4.8m× 9, 810N/m3 × π × (1.6m)2 = 378.7 kN

WH2O = 9, 810(3.2× (π/4)× 0.22 + (2/3)π × 1.63) = 85.1 kN

3. Load on bolts (apply Eq. (1))

Fbolts = (−378.7 + 85.1 + 6) kN = −288 kN

Fbolts = 288 kN (acting downward)
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3.29: PROBLEM DEFINITION

Situation:
A tank under pressure with a dome on top.
L = 0.6m, Wdome = 4450N.
Gage A reads 35 kPa gage.

Find:
Vertical component of force in metal at the base of the dome (N).
Is the metal in tension or compression?

Properties:
γH2O = 9810N/m3, S = 1.5.

PLAN

Apply equilibrium to a free body consisting of the dome plus the water within. Apply
the hydrostatic principle to find the pressure at the base of the dome.

SOLUTION

Equilibrium

4450 N

Wl
FdFd

p
B

∑
Fz = 0 (1)

Fd + pBA−Wliquid −Wdome = 0 (1)

Hydrostatic equation
pB + γzB = pA + γzA

pB = pA −
(
γH2O

)
SΔz

=
(
35000 N/m2)− (

9810N/m3
)
(1.5) (0.6m)

= 26, 171 Pa
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Weight of the liquid

Wliquid =
(
γH2O

)
(S) (V)

=
(
9810N/m3

)
(1.5)

(
2

3
π0.63 m3

)

= 6657N

Pressure Force

FB = pBA

= (26, 171 Pa)
(
π × 0.62 m2

)
= 29, 599N

Substitute into Eq. (1).

Fd = −FB +Wliquid +Wdome

= − (29, 599N) + (6657N) + (4450N)

= −18, 492N

Fd = 18, 492N (metal is in tension; downward force)
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3.30: PROBLEM DEFINITION

Situation:
Oil is added to the tube so the piston rises 2.5 cm.
Wpiston = 45N, S = 0.85.
Dp = 10 cm, Dtube = 2.5 cm.

Find:
Volume of oil (m3) that is added.

SOLUTION

Notice that the oil fills the apparatus as shown below.

h

Volume
added

Pressure acting on the bottom of the piston

ppAp = 45 N

pp =
45N

Ap

=
45N

π (0.1m)2 /4

= 5733 Pa

Hydrostatic equation (apply to liquid in the tube)

γoilh = 5733 Pa

h = 5733Pa/(9810× 0.85) = 0.688 m

Calculate volume

Vadded = Vleft + Vright

=
π (0.1m)2 (0.025m)

4
+

π (0.025m)2 (0.025m + 0.688m)

4

Vadded = 5.46× 10−4 m3
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3.31: PROBLEM DEFINITION

Situation:
An air bubble rises from the bottom of a lake.
z34 = 10m, z8 = 2.4m.

Find:
Ratio of the density of air within the bubble at different depths.

Assumptions:
Air is ideal gas.
Temperature is constant.
Neglect surface tension effects.

Properties:
γ = 9810N/m3.

PLAN

Apply the hydrostatic equation and the ideal gas law.

SOLUTION

Ideal gas law

ρ =
p

RT

ρ10 =
p10
RT

; ρ2.4 =
p2.4
RT

ρ10
ρ2.4

=
p10
p2.4

where p is absolute pressure (required in ideal gas law).

Hydrostatic equation

p2.4 = patm + γ (2.4m)

= 101, 300N/m2 +
(
9810 N/m3) (2.4 m)

= 124, 844 N/m2

p10 = patm + γ (10m)

= 101, 300N/m2 +
(
9810 N/m2) (10 m)

= 199, 400 N/m2

Density ratio

ρ10
ρ2.4

=
199, 400 Pa

124, 844 Pa
= 1.59

ρ34/ρ8 = 1.6
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3.32: PROBLEM DEFINITION

Situation:
Air is injected into a tank of liquid.
Pressure reading the Bourdon tube gage is pgage = 15 kPa

Find:
Depth d of liquid in tank (m).

Assumptions:
Neglect the change of pressure due to the column of air in the tube.

Properties: γ (water) = 9810N/m3, S = 0.85.

PLAN

1. Find the depth corresponding to p = 15 kPa using the hydrostatic equation.
2. Find d by adding 1.0 m to value from step 1.

SOLUTION

1. Hydrostatic equation

Δp = γliquidΔz

Δz =
Δp

γliquid

=
15000Pa

0.85 (9810N/m3)
= 1. 80m

2. Depth of tank

d = Δz + 1m

= 1. 80m + 1m

= 2.8m

d = 2.80 m
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3.33: PROBLEM DEFINITION

Situation:
For Figure 3.9 in §3.2 (of EFM 10e) that describes temperature variation with

altitude, answer the following questions.

Find:
a. Does the linear approximation relating temperature to altitude apply in the

troposphere or the stratosphere?
b. At approximately what altitude in the earth’s atmosphere does the linear ap-

proximation for temperature variation fail?

SOLUTION

a. The linear approximation applies in the trophosphere, which is the zone closer to
earth.
b. The linear approximation fails at approximately 13,800–14,000 km; above that
elevation, the atmosphere is referred to as the stratosphere.
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3.34: PROBLEM DEFINITION

Situation:
The boiling point of water decreases with elevation because patm decreases.
z1 = 2000m, z2 = 4000m.

Find:
Boiling point of water ( ◦C) at z1 and z2.

Assumptions:
Tsea level = 296 K= 23◦C.
Standard atmosphere.

Properties:
Table A.2: R = 287 J/ kgK.

PLAN

The pressure of boiling (pvapor) corresponds to local atmospheric pressure.
1. Find the atmospheric pressure by calculating the pressure in the troposphere.
2. Find boiling temperature at 2000 m by interpolating in Table A.5.
3. Find boiling temperature at 4000 m by interpolating in Table A.5.

SOLUTION

1. Atmospheric pressure:

p = p0

[
T0 − α(z − z0)

T0

]g/αR

= 101.3 kPa

[
296K− 5.87K/ km(z − z0)

296K

]g/αR

where

g/αR =
9.81m/ s2

(5.87× 10−3) K/m× 287 J/ kgK
= 5.823

So

p2000m = 101.3 kPa
[
296K−5.87K/ km(2.0 km)

296K

]5.823
= 80.0 kPa

p4000m = 101.3 kPa
[
296K−5.87K/ km(4.0 km)

296K

]5.823
= 62.6 kPa

2. Boiling temperature @ 2000 m.

T = 90 ◦C +

(
(80.0− 70.1) kPa

(101.3− 70.1) kPa

)
(10 ◦C) = 93.2 ◦C

Tboiling, 2000 m ≈ 93.2 ◦C
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3. Boiling temperature @ 4000 m.

T = 80 ◦C +

(
(62.6− 47.4) kPa

(70.1− 47.4) kPa

)
(10 ◦C) = 86.7 ◦C

Tboiling, 4000 m ≈ 86.7 ◦C
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3.35: PROBLEM DEFINITION

Situation:
Pressure variation from a lake to atmosphere.
h = 10m, z2 = 4000m.

Find:
Plot pressure variation.

Assumptions:
patm = 101.3 kPa.
The lake surface is at sea level.

SOLUTION

Atmosphere pressure variation (troposphere)

pA = 101.3 kPa

(
1− 5.87× 10−3 K/m× z

296K

)5.823

Pressure in water
pw = 101.3 kPa + 9.810N/m3 × z

Pressure (kPa)

202200180160014012010080640

0

1 0 0 0

2 0 0 0

A
lti

tu
de

 (
m

)

3 0 0 0

4 0 0 0
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3.36: PROBLEM DEFINITION

Situation:
A woman breathing.
z = 5486m.

Find:
Breathing rate.

Assumptions:
Volume drawn in per breath is the same, V1 = V2

Air is an ideal gas.

Properties:
T = 15 ◦C, patm = 101 kPa.

SOLUTION Let bV—ρ = constant where b = breathing rate = number of breaths
for each unit of time, V—= volume per breath, and ρ = mass density of air. Assume
point 1 is sea level and point 2 is 5486 m. elevation. Then

b1V1ρ1 = b2V2ρ2
b2 = b1(V1/V2)(ρ1/ρ2)

Since the volume drawn in per breath is the same, or V1 = V2

b2 = b1(ρ1/ρ2)

Ideal gas law says ρ = (p/RT ), so

b2 = b1(p1/p2)(T2/T1)
p2 = p1(T2/T1)

g/αR

p1/p2 = (T2/T1)
−g/αR

b2 = b1(T2/T1)
1−g/αR

where b1 = 16 breaths per minute and T1 = 15 ◦C = 288K

T2 = T1 − α(z2 − z1) = 288− 3.221× 10−3(5486− 0) = 270 K

b2 = 16(270/288)1−9.81/(3.221×10−3×287)

b2 = 29.6 breaths per minute
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3.37: PROBLEM DEFINITION

Situation:
A pressure gage in an airplane.
z0 = 1km.

Find:
Elevation (km).
Temperature (◦C).

Properties:
a = 5.87 ◦C/ km, p0 = 95 kPa.
T0 = 10 ◦C, p = 75 kPa.

SOLUTION Atmosphere pressure variation (troposphere)

p = p0

[
T0 − α(z − z0)

T0

]g/αR

75 kPa = 95 kPa

[
283K− 5.87K/ km(z − 1) km

283K

]9.81/(5.87×10−3×287)

z = 2.91 km

T = T0 − α(z − z0)

= 10 ◦C− 5.87 ◦C/ km(2.91− 1) km

T = −1.21oC
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3.38: PROBLEM DEFINITION

Situation:
Denver, CO (the mile-high city) is described in the problem statement.

Find:
Pressure
Temperature
Density

Properties:
Air, Table A.2: R = 287 J/ kgK

SOLUTION

Atmosphere pressure variation (troposphere)

T = T0 − α(z − z0)

= 296K− 5.87× 10−3 K/m(1, 609− 0)m

T = 287 K

p = p0(T/T0)
g/αR

pa = 101.3 kPa(287K/296K)9.81/(5.87×10−3×287)

pa = 86.0 kPa

Ideal gas law

ρ =
p

RT

ρ =
86, 000 kPa

287K× 287 J/ kgK

ρ = 1.04 kg/m3
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3.39: PROBLEM DEFINITION

Situation:
A force due to pressure is acting on an airplane window.
Window is flat & elliptical.
a = 0.3m, b = 0.2m.
pinside = 100 kPa, z = 10 km.

Find:
Outward force on the window (in N).

PLAN

Find the force on the window by using F = ΔpA. The steps are
1. Find outside air pressure by applying Eq. (3.16) in EFM9e.
2. Find the area by using formula from Figure A.1 in EFM9e
3. Find the force F.

SOLUTION

1. Atmospheric pressure

g

αR
=

(9.81m/ s2)

(5.87× 10−3 K/m) (287 J/ kg · K)
= 5.823

poutside = p0

[
T0 − α(z − z0)

T0

]g/αR

= 101.3 kPa

[
296K− (5.87× 10−3 K/m) (10000− 0)m

296K

]5.823

= 27.97 kPa

2. Area

A =
πab

4
=

π

4
(0.3m) (0.2m) = 0.0471m2

3. Force

F = ΔpA = (100− 27.97)
kN

m2

(
0.0471m2

)

F = 3.39 kN

REVIEW

• While the window is small, the force is surprisingly large. This force, which is
about 3.39 kN, is equal to the weight of 3 NFL linebackers!
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3.40: PROBLEM DEFINITION

Situation:
Atmospheric conditions on Mars.

• Temperature at the Martian surface is T = −63 ◦C = 210K The pressure at
the Martian surface is p = 0.7 kPa.

• The atmosphere consists primarily of CO2 (95.3%) with small amounts of ni-
trogen and argon.

• Acceleration due to gravity on the surface is 3.72 m/s2.

• Temperature distribution: approximately constant from surface to 14 km. Tem-
perature decreases linearly at a lapse rate of 1.5oC/km from 14 to 34 km.

Find:
Pressure at an elevation of 8 km.
Pressure at an elevation of 30 km.

Assumptions:
Assume the atmosphere is totally carbon dioxide.

Properties:
CO2 (from Table A.2): the gas constant is R =189 J/kg·K.

PLAN

Derive equations for atmospheric pressure variation from first principles.

SOLUTION

A.) Elevation of 8 km.
Differential equation describing pressure variation in a hydrostatic fluid

dp

dz
= −ρg (1)

Ideal gas law

ρ =
p

RT
(2)

Combine Eqs. (1) and (2)
dp

dz
= − p

RT
g (3)

Integrate Eq. (3) for constant temperature

ln
p

po
= −(z − zo)g

RT
(4)
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Substitute in values

ln
p

po
= − (8000m) (3.72m/ s2)

(189 J/ kg · K) (210K)
= −0.7498

Thus
p

po
= exp(−0.7498)

= 0.4725

and

p = (0.7 kPa)× 0.4725

= 0.3307 kPa

p(z = 8km) = 0.331 kPa

B.) Elevation of 30 km.

Apply Eq. (4) to find the pressure at z = 14 km

p14 km

po
= exp

[
− (14000m) (3.72m/ s2)

(189 J/ kg · K) (210K)

]

= exp(−1.3122)

= 0.2692

p14 km = (0.7 kPa) (0.2692)

= 0.1884 kPa

In the region of varying temperature Eq. (3) becomes

dp

dz
=

pg

R[To + α(z − zo)]

where the subscript o refers to the conditions at 14 km and α is the lapse rate above
14 km. Integrating gives

p

po
=

[
To − α(z − zo)

To

]g/αR

Calculations for z = 30 km.

p

(0.1884 kPa)
=

[
210K− 0.0015K/m(30000− 14000)m

210K

]3.72/(0.0015×189)

= 0.2034

p = (0.1884 kPa) 0.2034

= 0.0383 kPa

p(z = 30 km) = 0.0383 kPa
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3.41: PROBLEM DEFINITION

Situation:
The US standard atmosphere from 0 to 30 km is described in the problem statement.

Find:
Design a computer program that calculates the pressure and density.

SOLUTION

The following are sample values obtained using computer calculations.

altitude (km) temperature (oC) pressure (kPa) density (kg/m3)
10 -35.7 27.9 0.409
15 -57.5 12.8 0.208
25 -46.1 2.75 0.042
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3.42: PROBLEM DEFINITION

Situation:
Match the following pressure-measuring devices with the correct name. The device
names are: barometer, Bourdon gage, piezometer, manometer, and pressure trans-
ducer.
a. A vertical or U-shaped tube where changes in pressure are documented by changes
in relative elevation of a liquid that is usually denser than the fluid in the system
measured; can be used to measure vacuum.
b. Typically contains a diaphragm, a sensing element, and conversion to an electric
signal.
c. A round face with a scale to measure needle deflection, where the needle is deflected
by changes in extension of a coiled hollow tube.
d. A vertical tube where a liquid rises in response to a positive gage pressure.
e. An instrument used to measure atmospheric pressure; of various designs.

SOLUTION

a. manometer
b. pressure transducer
c. Bourdon gage
d. piezometer
e. barometer
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3.43: PROBLEM DEFINITION

Situation:
Which is the more correct way to describe the two summation (

∑
) terms of the

manometer equation, Eqn. 3.21, in §3.3 of EFM10e?
a. Add the downs and subtract the ups.
b. Subtract the downs and add the ups.

SOLUTION

The correct answer is a.
As you go down in a given fluid, the pressure gets larger; as you move your point of
inquiry up higher in elevation, the pressure gets smaller.
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Problem 3.44

Using the Internet and other resources, answer the following questions:

a. What are three common types of manometers? For each type, make a sketch and
give a brief description.

• Sketches left as a exercise.

• Some possible types of manometer: U-tube manometer, well manometer, in-
clined manometer, micro-manometer.

• Note that many electronic instruments are now called manometers. These
instrument are not really manometers (manometers rely on the change in level
of a liquid column).

b. How would you build manometers from materials that are commonly available?
Sketch your design concept.

• The photo shows a design built by students at the University of Idaho. Some
features to notice:

– Use of green food coloring to enhance the visibility of the liquid.

– Attaching the tubing to a board using zip ties (fast, low cost, and effective)

– Adding a ruler so that changes in column height are easy to determine.
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3.45: PROBLEM DEFINITION

Situation:
A manometer is connected to a pipe which is going in and out of the page; pipe

center is at the “+” symbol.

Find:
Determine if the gage pressure at the center of the pipe is:
(a) negative
(b) positive
(c) zero

PLAN

Apply the manometer equation and justify the solution using calculations.

SOLUTION

Manometer equation. (add up pressures from the pipe center to the open end of the
manometer)

ppipe + (0.15 m)(9810 N/m3) + (0.3 m)(2× 9810 N/m3) (1)

−(0.75 m)(9810 N/m3) = 0

Solve Eq. (1) for the pressure in the pipe

ppipe = (−0.15− 0.6 + 0.75) m (9810 N/m3) = 0

p (center of pipe) = 0.0N/m2
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3.46: PROBLEM DEFINITION

Situation:
A manometer is connected to a pipe.
h1 = 0.4m, h2 = 0.05m.

Find:
Gage pressure at the center of the pipe in units of Pa.

Properties:
Mercury (21 ◦C), Table A.4, γHg = 133, 000N/m3.
Water (21 ◦C), Table A.5, γH2O = 9790N/m3.

PLAN

Find pressure (pA) by applying the manometer equation from point A to the top of
the mercury column.

SOLUTION

Manometer equation:

pA + (0.4m)(9790 N/m3)− (0.05m) = 0

pA = 6650 N/m2 − 3916 N/m2

pA = 2734 Pa
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3.47: PROBLEM DEFINITION

Situation:
A glass tube (d = 0.5mm) is connected to a pipe containing water.
Column rise (h = 120mm) is due to pressure and surface tension.

Find:
Gage pressure at the center of the pipe (Pa-gage).

Assumptions:
The contact angle is small so cos θ ≈ 1 in the capillary rise equation.

Properties:
Water (20 ◦C), Table A-5: γ = 9790N/m3, σ = 0.073N/m.

PLAN

1. Find the column rise due to surface tension by applying the capillary rise equation.
2. Know that the total column rise observed is due to the sum of the hydrostatic
effect plus the capillary rise effect.
3. Subtract capillary head from total observed head to get the head associated with
the hydrostatic pressure.
4. Calculate pressure from the component of head that was due only to hydrostatics.

SOLUTION

1. Capillary rise equation (from Chapter 2):

Δh1 =
4σ

γd
(1)

2a. Hydrostatic equation.

Δh2 =
pA
γ

(2)

2b. Total column rise:

Δh = Δh1 +Δh2 =
4σ

γd
+

pA
γ

(3)
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3. Subtraction:

Δh1 =
4σ

γd
= 4

(
0.073N

m

)(
m3

9790N

)(
1.0

0.5× 10−3 m

)
= 0.05965m

4. Calculate pressure.

pA = (Δh−Δh1) γ = (0.120m− 0.05965m)
(
9790N/m3

)
= 590.8Pa

pA = 591Pa gage
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3.48: PROBLEM DEFINITION

Situation:
A tube (manometer) is connected to a pipe.

Find:
Pressure at the center of pipe B in units of kPa gage.

Properties:
γ1 = 10 kN/m3, γ2 = 20 kN/m3.

PLAN

Apply the manometer equation from point A (open leg of manometer, at the right
side) to point B (center of pipe)

SOLUTION

Manometer equation

pB = pA +
∑
down

γihi −
∑
up

γihi

were hi denotes the vertical deflection in the ith section of the manometer

pB = (0Pa)

+
(
0.30m× 20, 000N/m3

)
−

(
0.1m× 20, 000N/m3

)
−

(
0.5m× 10, 000N/m3

)
= −1000Pa

pB = −1.00 kPa gage

REVIEW

Tip! Note that a manometer that is open to atmosphere will read gage pressure.
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3.49: PROBLEM DEFINITION

Situation:
State 1: air at patm, liquid in tube at elevation 1.
State 2: air is pressurized; liquid at elevation 2.
� = 0.4m, Dcontainer = 8Dtube.

Find:
Pressure in the air within the container (Pa).

Properties:
Liquid, ρ = 1200 kg/m3.

PLAN

1. Find the decrease in liquid level in the container by applying conservation of mass.
2. Find the air pressure by applying the hydrostatic equation.

SOLUTION

1. Conservation of mass (applied to liquid)

Gain in mass of liq. in tube = Loss of mass of liq. in container

(Volume change in tube) ρliquid = (Volume change in container ) ρliquid
Vtube = Vcontainer

(π/4)D2
tube × � = (π/4)D2

container × (Δh)container

(Δh)container =

(
Dtube

Dcontainer

)2

�

(Δh)container = (1/8)2 × 40

= 0.625 cm

2. Hydrostatic equation

pcontainer = (� sin 10◦ +Δh)ρg

= [(0.4m) sin 10o + 0.00625m]
(
1200 kg/m3

) (
9.81m/ s2

)

pcontainer = 891Pa gage
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3.50: PROBLEM DEFINITION

Situation:
State 1: air at patm, liquid in tube at elevation 1.
State 2: air is pressurized; liquid at elevation 2.
Dcontainer = 10Dtube, � = 1m.

Find:
Pressure in the air within the container (Pa).

Properties:
liquid, γ = 7850N/m3.

PLAN

1. Find the decrease in liquid level in the container by using conservation of mass.
2. Find the pressure in the container by apply the manometer equation.

SOLUTION

1. Conservation of mass (applied to liquid)

Gain in mass of liq. in tube = Loss of mass of liq. in container

(Volume change in tube) ρliquid = (Volume change in container ) ρliquid
Vtube = Vcontainer

(π/4)D2
tube × � = (π/4)D2

container × (Δh)container

(Δh)container =

(
Dtube

Dcontainer

)2

�

(Δh)container =

(
1

10

)2

× 1m

= 0.01m

2. Manometer equation (point 1 = free surface of liquid in the tube; point 2 = free
surface of liquid in the container)

pcontainer = (� sin 10◦ +Δh)γ

= (1 sin 10◦ + 0.01)m× 7850N/m3

= 1441.2N/m2

pcontainer = 1441 Pa
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3.51: PROBLEM DEFINITION

Situation:
A pipe system has a manometer attached to it.

Find:
Gage pressure at center of pipe A (kPa).

Properties:
Mercury, Table A.4: γ = 1.33× 105 N/m3.
Water, Table A.5: γ = 9810N/m3.

PLAN

Apply the manometer equation.

SOLUTION

Manometer equation

pA = 0.4m× 1.33× 105 N/m3 − 1.4m× 9810N/m3

pA = 39.5 kPa gage
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3.52: PROBLEM DEFINITION

Situation:
A U-tube manometer can be used to measure γ.
Initial state: A U-tube manometer contains water.
Final state: An unknown liquid (V = 2 cm3) is added to the right leg
d = 0.5 cm, Δh = 5 cm.

Find:
Specific weight of unknown fluid (N/m3).

SOLUTION

1. Find the length of the column of the unknown liquid.

V = (π/4)(0.5 cm)2� = 2 cm3

Solve for �
� = 10.186 cm

2. Manometer equation (from water surface in left leg to liquid surface in right leg)

0 + (10.186 cm - 5 cm)(10−2 m/cm)(9810 N/m3)

−(10.186 cm)(10−2 m/cm)γliq. = 0

Solve for γliq.

508.7 Pa − 0.10186γliq. = 0

γliq. = 4995 N/m3
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3.53: PROBLEM DEFINITION

Situation:
Mercury and water are poured into a tube.
�mercury = �water = 375mm.

Find:
Locate the water surface (mm).
Locate the mercury surface (mm).
Find the maximum pressure in the U-tube (kPa gage).

Sketch:

Uniform diameter
tube

Mercury (Hg)

Water (H2O)

160 mm

4

3

2

1

375 mm

Assumptions:
Uniform diameter tube.

Properties:
Mercury (20 ◦C), Table A.4, γHg = 133000N/m3.
Water (20 ◦C), Table A.5, γ = 9790N/m3.

PLAN

1. Find p2 by applying the hydrostatic equation.
2. Find (z4 − z2) by applying the hydrostatic equation.
3. Solve (z2 − z3) by using the fact that the mercury column has a fixed length.
4. Locate the liquid surfaces by using lengths from steps 2 and 3.
5. Solve for the maximum pressure by applying the hydrostatic equation to the
mercury.

SOLUTION

1. Hydrostatic equation (apply to water column):

p1
γH2O

+ z1 =
p2

γH2O

+ z2

0 + z1 =
p2

9710N/m3
+ z2

p2 =
(
9710N/m3

)
(z1 − z2) =

(
9710N/m3

)
(0.375m) = 3641N/m2

Since the pressure across the water/mercury interface is constant, p2, H2O = p2, Hg.
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2. Hydrostatic equation (apply to Hg column):

p4
γHg

+ z4 =
p2
γHg

+ z2

0 + z4 =
3641N/m2

133000N/m3
+ z2

(z4 − z2) = 27.38m

3. Length constraint (length of Hg column is 375 mm):

(z2 − z3) + 160mm+ (z2 − z3) + 27.38mm = 375mm

(z2 − z3) = 93.18mm

4. Locate surfaces:

Water: (z1 − z2) + (z2 − z3) = 375mm+ 93.18mm = 468mm

The surface of the water is located 468 mm above the centerline of the horizontal leg

Mercury: (z4 − z2) + (z2 − z3) = 27.38mm + 93.18mm = 121mm

The surface of the mercury is located 121 mm above the centerline of the horizontal leg

5. Hydrostatic Equation:

p3
γHg

+ z3 =
p4
γHg

+ z4

p3 =
p4
γHg

+ γHg (z4 − z3) = 0 +
(
133000N/m3

)
(0.121m)

p3 = pmax = 16.1 kPa gage
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3.54: PROBLEM DEFINITION

Situation:
A manometer is used to measure pressure at the center of a pipe.

Find:
Pressure at center of pipe A (kPa).

Properties:
Water (10 ◦C, 1 atm) , Table A.5, γwater = 9810N/m3.
Mercury (20 ◦C, 1 atm) ,Table A.4, γHg = 133000N/m3

(assume this value applies at 10 ◦C).
Oil. Since S = 0.8, γoil = (0.8) (9810N/m3) = 7848N/m3.

PLAN

Since the manometer is applied to measure pressure at point A, select Eq. (3.21) of
EFM 10e in Table 3.2 (EFM 10e).

p1 = p2 +
∑
down

γihi −
∑
up

γihi

Let point B be situated at the top of the water column. Then, let A = 1 and B =2

pA = pB +
∑
down

γihi −
∑
up

γihi

Substitute terms

pA = pB + γwaterhwater1 + γHghHg − γoilhoil + γwaterhwater2

Since all terms on the right side of this equation are known, calculations may be done.

SOLUTION

pA = 0 +
(
9810N/m3

)
(0.9m) +

(
133000N/m3

)
(0.6m)

−
(
7848N/m3

)
(1.8m) +

(
9810N/m3

)
(1.5m)

= 89.2 kPa

pA = 89.2 kPa gage
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REVIEW

1. To validate, look at left most leg of manometer. The pressure in the pipe is
holding up 600 mm of Hg and 0.9 m of water. Since 1 atm = 760 mm Hg =
3.1 m of water, we can estimate the pressure as 600/760 + 1/10 ≈ 0.9 atm.If
we assume that effects of the oil column (center leg) and water (right most leg)
cancel, we expect the pressure at A to be about 0.9 atm (which it is).

2. An alternative approach is to use specific gravity as shown below. This approach
makes calculations easier.

pA = pB + γwaterhwater1 + γHghHg − γoilhoil + γwaterhwater2

= pB + γwaterhwater1 + SHgγwaterhHg − Soilγwaterhoil + γwaterhwater2

= pB + γwater (hwater1 + SHghHg − Soilhoil + hwater2)

= 0 +
(
9810N/m3

)
(0.9 + 13.6× 0.6− 0.8× 1.8 + 1.5) m = 89.5 kPa
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3.55: PROBLEM DEFINITION

Situation:
A system is described in the problem statement.
�1 = 1m, �2 = 0.5m.
zA = 10m, zB = 11m.

Find:
(a) Difference in pressure between points A and B (kPa).
(b) Difference in piezometric head between points A and B (m).

Properties:
γ = 9810N/m3, S = 0.85.

PLAN

Apply the manometer equation.

SOLUTION

Manometer equation (apply from A to B)

pA − (1m)
(
0.85× 9810N/m3

)
+ (0.5m)

(
0.85× 9810N/m3

)
= pB

pA − pB = 4169Pa

pA − pB = 4.17 kPa

Piezometric head

hA − hB =

(
pA
γ

+ zA

)
−

(
pB
γ

+ zB

)

=
pA − pB

γ
+ (zA − zB)

=
4169N/m2

0.85× 9810N/m3
− 1m

= −0.5 m

hA − hB = −0.50 m
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3.56: PROBLEM DEFINITION

Situation:
A manometer attached to a tank.

Find:
Manometer deflection when pressure in tank is doubled.

Properties:
patm = 100 kPa, p = 150 kPa.

SOLUTION

p− patm = γh

For 150 kPa absolute pressure and an atmospheric pressure of 100 kPa,

γh = 150− 100 = 50 kPa

For an absolute pressure of 300 kPa (the pressure is doubled)

γhnew = 300− 100 = 200 kPa

Divide equations to eliminate the specific weight

hnew

h
=

200

50
= 4.0

so
hnew = 4.0h
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3.57: PROBLEM DEFINITION

Situation:
A manometer is tapped into a vertical conduit.

Find:
Difference in pressure between points A and B (kPa).
Difference in piezometric head between points A and B (m).

Properties:
From Table A.4, γHg = 133 kN/m3.

γoil = (0.95)(9810 N/m3)

= 9, 320 kN/m3

SOLUTION

Manometer equation

pA + (0.45m) (γoil) + (0.05m) γoil + (0.075m) γoil

− (0.075m) γHg − (0.05m) γoil = pB

thus

pA − pB = (−0.525 m)(9.320 kN/m3) + (0.075 m)(133 kN/m3)

pA − pB = 5.1 kPa

Piezometric head

hA − hB =
pA − pB

γoil

+ zA − zB

hA − hB =
5.1 kN/m2

9.320 kN/m3 + (0.45− 0)m

hA − hB = 0.997 m
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3.58: PROBLEM DEFINITION

Situation:
Two manometers attached to an air tank.

Find:
Difference in deflection between manometers (m).

Properties:
pleft = 0.9patm, pright = patm = 100 kPa.
γw = 9810N/m3.

SOLUTION

The pressure in the tank using manometer b is

pt = patm − γwΔhb

and using manometer a is
pt = 0.9patm − γwΔha

Combine equations
patm − γwΔhb = 0.9patm − γwΔha

or
0.1patm = γw(Δhb −Δha)

Solve for the difference in deflection

Δhb −Δha =
0.1patm
γw

=
0.1× 105 Pa

9.81× 103 N/m3

Δhb −Δha = 1.02 m
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3.59: PROBLEM DEFINITION

Situation:
Manometer–measuring pressure difference in a pipe.

Find:
(a) Pressure difference (pA − pB) in kPa.
(b) Piezometric pressure difference (pzA − pzB) in kPa.

Properties:
S = 2.8.

PLAN

Apply the manometer equation. Use the definition of piezometric pressure.

SOLUTION

Manometer equation (apply between points A & B)

pB = pA + 0.03γf − 0.03γm − 0.1γf

or
pA − pB = −0.03(γf − γm) + 0.1γf

Substitute in values

pA − pB = −0.03m(9810N/m3 − 2.8× 9810N/m3) + 0.1× 9810N/m3

pA − pB = 1.51 kPa

Definition of piezometric pressure

pz ≡ p+ γz

Thus

pzA − pzB =
(
pA + γ

H2O
zA

)
−

(
pB + γ

H2O
zB

)
= (pA − pB) + γ

H2O
(zA − zB)

= 1.51 kPa +
(
9.81 kN/m3

)
(−0.1m) = 0.529 kPa

pzA − pzB = 0.530 kPa
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3.60: PROBLEM DEFINITION

Situation:
A piston scale is used to measure weight.
Weight range: 270–1110N.
Height range: 1.2–1.8m tall.

Find:
Select a piston size and standpipe diameter.

SOLUTION

First of all neglect the weight of the piston and find the piston area which will give
reasonable manometer deflections. Equating the force on the piston, the piston area
and the deflection of the manometer gives

W = ΔhγA

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

A =
W

γΔh

For person 1.2 m tall and 270 N weight, the area for a 1.2 meter deflection (manometer
near eye level of person) would be

A =
270N

9810N/m3 × 1.2m
= 0.023 m2

while for a person 1.8 m tall and 1110 N weight would be

A =
1110N

9810N/m3 × 1.8m
= 0.063 m2

It will not be possible to maintain the manometer at the eye level for each person
so take a piston area of 0.05 m2. This would give a deflection of 0.6 m for the 1.2
meters, 270 N person and 2.4 m for the 1.8 meters, 1110 N person. This is a good
compromise.

The size of the standpipe does not affect the pressure. The pipe should be big enough
so the person can easily see the water level and be able to read the calibration on the
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scale. A 1.3 cm diameter tube would probably suffice. Thus the ratio of the standpipe
area to the piston area would be

Apipe

Apiston

=
π
4
× (0.013m)2

0.05m2
= 0.0027

This means that when the water level rises to 2.4 m, the piston will only have moved
by 0.0027× 8 = 0.0065 m or 6.5 mm.
The weight of the piston will cause an initial deflection of the manometer. If the
piston weight is 25 N or less, the initial deflection of the manometer would be

Δho =
Wpiston

γApiston

= 0.051 m or 51 mm

This will not significantly affect the range of the manometer (between 0.6 and 2.4
meter).
The system would be calibrated by putting known weights on the scale and marking
the position on the standpipe. The scale would be linear.
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Problem 3.61

Using Section 3.4 and other resources, answer the questions below. Strive for depth,
clarity, and accuracy while also combining sketches, words and equations in ways
that enhance the effectiveness of your communication. There are many possible
good answers to these questions. Here, we give some examples.

a. For hydrostatic conditions, what do typical pressure distributions on a panel look
like? Sketch three examples that correspond to different situations.

• Arrows (which represent normal stress) are compressive.

• Arrows are normal to the panel.

• Pressure varies linearly with elevation.

• Slope of pressure with respect to elevation (dp/dz) equal the negative of specific
weight (dp/dz = −γ) .

b. What is a center of pressure? What is a centroid of area?

• The center of pressure is an imaginary point. If pressure distribution is replaced
with a statically equivalent “point force,” then this resultant force acts at the
“center of pressure.”

• The centroid of area is the “geometric center.” For a flat plate, the centroid of
area is at the same location as the center of gravity for a thin uniform-density
plate of that shape,

c. In Eq. (3.23), what does p mean? What factors influence the value of p?

• P-bar (p)is the pressure evaluated at the elevation of the centroid of area.

• Typically p = γz. Since this equation has two variables, there are two factors
that influence the value of p :

– The specific weight of the liquid.

– The vertical distance z from liquid surface to the centroid of the panel.

d. What is the relationship between the pressure distribution on a panel and the
resultant force?

∣∣∣−→F
∣∣∣ =

∫
panel area

pdA

e. How far is the center of pressure from the centroid of area? What factors influence
this distance?

82



• Distance is given by I/ (yA). Thus

– The shape of the panel determines I.

– The depth of liquid and the angle of the panel determine y.

– The size of the panel determines A.
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3.62: PROBLEM DEFINITION

Situation:
Part 1. Consider the equation for the distance between the CP and the centroid

of a submerged panel (Eq. 3.33 in §3.4, EFM10e). In that equation, ycp is
a. the vertical distance from the water surface to the CP.
b. the slant distance from the water surface to the CP.

Part 2. Next, consider the figure shown. For case 1 as shown, the viewing window
on the front of a submersible exploration vehicle is at a depth of y1. For case 2,
the submersible has moved deeper in the ocean, to y2. As a result of this increased
overall depth of the submersible and its window, does the spacing between the CP
and centroid

(a) get larger,
(b) stay the same, or
(c) get smaller?

SOLUTION

Part 1. The correct answer is (b), the slant difference from the water surface to
the CP.

Part 2. The answer is (c), get smaller. Consider equation 3.33 in §3.4 (10e) for

the spacing of the CP and centroid, given by ycp − ȳ = I
ȳA

. On the right-hand side

of the equation, the moment of inertia I and the area A do not change. Only ȳ
changes. As both the CP and centroid get deeper, ȳ increases, so the space between
them decreases.
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3.63: PROBLEM DEFINITION

Situation:
Which of these assumptions and/or limitations must be known when using Eq. 3.33

of §3.4 (EFM10e) for a submerged surface or panel to calculate the distance between
the centroid of the panel and the center of pressure of the hydrostatic force (select all
that apply):

a. The equation only applies to a single fluid of constant density
b. The pressure at the surface must be p = 0 gage
c. The panel must be vertical
d. The equation gives only the vertical location (as a slant distance) to the CP,

not the lateral distance from the edge of the body

SOLUTION

The correct answers are a, b, and d
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3.64: PROBLEM DEFINITION

Situation:
Two cylindrical tanks have bottom areas A and 4A respectively, and are filled with

water to the depths shown in the problem statement.

Find:
a. Which tank has the higher pressure at the bottom of the tank?
b. Which tank has the greater force acting downward on the bottom circular

surface?

PLAN

Use the hydrostatic equation,

P = −γΔz

SOLUTION

Part a) Which tank has the higher pressure at the bottom?
Tank 1

P1 = γh at the bottom

Tank 2

P2 = γ(
1

2
h) =

1

2
γh at the bottom

Solution:

Tank 1 has the higher pressure at the bottom

Part b) Which tank has the greater force acting downward at the bottom?

PLAN

Use F = pA

SOLUTION

Tank 1

F1 = pA = γhA
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Tank 2

P2 = pA =

(
1

2
γh

)
(4A) = 2γhA

Solution:

Tank 2 has the greater force acting downard on the tank bottom
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3.65: PROBLEM DEFINITION

Situation:
Irrigation ditch and gate
1.2 m wide, 1.2 m deep, and the ditch is competely full of water
There is no water on the other side of the gate
Hot weather, so the water is 21◦C

Find:
FH acting on the gate

Properties:

From Table A.5 (EFM 10e): γwater = 9788.2N/m3 at 21 ◦C

PLAN

Use the concept of calculating the magnitude of a force acting on a panel.

SOLUTION

Use Eq. 3.28 in §3.4

Fp = pA

Fp = γhA where h = depth to centroid = 0.6m

Fp =

(
9788.2N

m3

)
(0.6m) (1.2m× 1.2m)

Fp = 8457N
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3.66: PROBLEM DEFINITION

Situation:
Two submerged gates are described in the problem statement.

Find:
Determine which statements are true.
(a) TA increases with H.
(b) TB increases with H.
(c) TA does not change with H.
(d) TB does not change with H.

PLAN

Apply equilibrium equations. Apply hydrostatic force equations.

SOLUTION

Let the horizontal gate dimension be given as b and the vertical dimension, h.

Torque (Gate A). Equilibrium. Sum moments about the hinge:

TA = F (ycp − ȳ) (1)

Hydrostatic force equation (magnitude)

F = p̄A (2)

= γ

(
H − h

2

)
bh

Hydrostatic force equation (center of pressure)

ycp − ȳ =
I

ȳA
(3)

=
bh3

12

1(
H − h

2

)
bh

Combine eqns. 1 to 3:

TA = F (ycp − ȳ)

=

[
γ

(
H − h

2

)
bh

] [
bh3

12

1(
H − h

2

)
bh

]

= γ
bh3

12
(4)
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Therefore, TA does not change with H.

Torque (gate B). Equilibrium. Sum moments about the hinge:

TB = F

(
h

2
+ ycp − ȳ

)
(5)

Combine eqns. 2, 3, and 5:

TB = F

(
h

2
+ ycp − ȳ

)

=

[
γ

(
H − h

2

)
bh

] [
h

2
+

bh3

12

1(
H − h

2

)
bh

]

=
γh2b (3H − h)

6
(6)

Thus, TA is constant but TB increases with H.

Case (b) is a correct choice.

Case (c) is a correct choice.

REVIEW

Case A provides an example of how to design a gate so that the torque to hold the
gate closed is independent of water depth.
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3.67: PROBLEM DEFINITION

Situation:
This problem involves Gate A (see sketch).

Find:
Choose the statements that are valid for Gate A.
(a) The hydrostatic force acting on the gate increases as H increases.
(b) The distance between the CP on the gate and the centroid of the gate decreases

as H increases.
(c) The distance between the CP on the gate and the centroid of the gate remains

constant as H increases.
(d) The torque applied to the shaft to prevent the gate from turning must be

increased as H increases.
(e) The torque applied to the shaft to prevent the gate from turning remains

constant as H increases.

SOLUTION

Let the horizontal gate dimension be given as b and the vertical dimension, h.

Torque (Gate A). Sum moments about the hinge:

TA = F (ycp − ȳ) (1)

Hydrostatic force equation (magnitude)

F = p̄A (2)

= γ

(
H − h

2

)
bh

Hydrostatic force equation (center of pressure)

ycp − ȳ =
I

ȳA
(3)

=
bh3

12

1(
H − h

2

)
bh

Combine eqns. 1 to 3:

TA = F (ycp − ȳ)

=

[
γ

(
H − h

2

)
bh

] [
bh3

12

1(
H − h

2

)
bh

]

= γ
bh3

12
(4)
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Therefore, TA does not change withH. The correct answers are obtained by reviewing
the above solution.

a, b, and e are valid statements.
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3.68: PROBLEM DEFINITION

Situation:
Water exerts a load on square panel.
d = 1m, h = 2m

Find:
(a) Depth of the centroid (m).
(b) Resultant force on the panel (kN).
(c) Distance from the centroid to the center of pressure (m).

Properties:
Water (15 ◦C), Table A.5: γ = 9800N/m3.

PLAN

1. Locate the centroid by inspection (center of the panel).
2. Find the pressure at the depth of the centroid using the hydrostatic equation.
3. Find the resultant force using F = pA.
4. Find the distance between the centroid and the CP using ycp − ȳ = I/ (ȳA)

SOLUTION

1. Depth of the centroid of area:

z = d+ h/2 = 1m + (2m) /2

z = 2m

2. Hydrostatic equation:

p = γz =
(
9800N/m3

)
(2m) = 19.6 kPa

3. Resultant force:

F = pA = (19.6 kPa) (2m) (2m)

F = 78.4 kN

4. Distance to CP:
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• Find I using formula from Fig. A.1.

I =
bh3

12
=

(2m) (2m)3

12
= 1.333m4

• Recognize that ȳ = z = 2m.

• Final calculation:

ycp − ȳ =
I

ȳA
=

(1.333m4)

(2m) (2m)2

ycp − ȳ = 0.167 m
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3.69: PROBLEM DEFINITION

Situation:
Seawater exerts a load on a round viewing window.
h = 1.5m, θ = 600, D = 0.5m

Find:
Hydrostatic force on the window ( kN).
Locate the CP (center of pressure).

Properties:
Seawater: S = 1.03, γ = 1.03× 9810N/m3 = 10100N/m3.

PLAN

1. Find distances using trig.
2. Find the pressure at the depth of the centroid using the hydrostatic equation.
3. Find the resultant force using F = pA.
4. Find the distance between the centroid and the CP using ycp − ȳ = I/ (ȳA)

SOLUTION

1. Distances:

• Slant height

ȳ =
D

2
+

h

sin θ
=

0.5m

2
+

1.5m

sin 60o
= 1.982m

• Depth of centroid

Δz = h+
D

2
sin 60o = 1.5m +

0.5m

2
sin 60o = 1.717m

2. Hydrostatic equation:

p = γΔz =
(
10100N/m3

)
(1.717m) = 17.34 kPa

3. Resultant force:

F = pA = (17.34 kPa)
π (0.5m)2

4
= 3.40 kN

F = 3.40 kN

4. Distance to CP:
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• Find Ī using formula from Fig. A.1.

Ī =
πr4

4
=

π (0.25m)4

4
= 0.00307m4

• Final calculation:

ycp − ȳ =
I

ȳA
=

(0.00307m4)

(1.982m)
(

π(0.5m)2

4

) = 0.0079m

ycp − ȳ = 7.9 mm
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3.70: PROBLEM DEFINITION

Situation:
Water exerts a load on a submerged gate.

Find:
Force of gate on block (kN).

SOLUTION

Hydrostatic force

Fhs = p̄A

= yγA

= (10m)×
(
9810N/m3

)
× (4× 4) m2

= 1.5696× 106 N

Center of pressure

ycp − ȳ =
I

ȳA

=
bh3/12

ȳA

=
(4× 43/12) m4

(10m) (4× 4) m2

= 0.13333m

Equilibrium (sum moments about the pivot)

Fhs (ycp − ȳ)− Fblock (2m) = 0(
1.5696× 106 N

)
(0.13333m)− Fblock (2m) = 0

Fblock = 1.046× 105 N (acts to the left)

Fgate = 105 kN (acts to the right)
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3.71: PROBLEM DEFINITION

Situation:
Wet concrete is held in place with forms.
Ties are spaced on 0.6 m centers.

Find:
Hydrostatic force per meter on form (N/m).
Force exerted on bottom tie (N).

Properties:
Concrete, γ = 23, 600N/m3.

SOLUTION

Hydrostatic force

Fhs = pA = ȳγA

= 1.5m× 23, 600N/m3 × (3m)

Fhs = 106, 200N/m

Center of pressure

ycp = ȳ +
I

ȳA

= 1.5 +
(0.3× 33)/12

1.5× 3
= 1.65 m

Equilibrium (sum moments about the top tie)

Fbottom tie =
Fhs × ycp

h

=
0.6m× 106, 200N/m× 1.65m

3m

Fbottom tie = 35, 046N (tension)
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3.72: PROBLEM DEFINITION

Situation:
A rectangular gate is hinged at the water line.
h = 1.2m, b = 2.4m.

Find:
Force to keep gate closed.

Properties:
From Table A.4, γWater = 9810 N/m3.

SOLUTION

Hydrostatic Force (magnitude):

FG = p̄A

=
(
γH2O × ȳ

) (
2.9 m2

)
=

(
9810N/m3 × 0.6m

) (
2.9m2

)
= 17, 070N

Center of pressure. Since the gate extends from the free surface of the water, FG

acts at 2/3 depth or 0.8 m below the water surface.

Moment Equilibrium. (sum moments about the hinge)

∑
M = 0

(FG × 0.8m)− (1.2m)F = 0

F =
17, 070N× 0.8m

1.2m

F = 11, 380 N to the left
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3.73: PROBLEM DEFINITION

Situation:
A submerged gate sits at an angle.
h = 6m, b = 4m, θ = 30 ◦.

Find:
Reaction at point A.

Assumptions:
Gate is weightless.

Properties:
Water, Table A.5: γ = 9810N/m3.

PLAN

The reaction at A can be found by summing moments about the stop. The steps are
1. Find the hydrostatic force.
2. Locate the center of pressure.
3. Sum moments about the stop.

SOLUTION

1. Hydrostatic force (magnitude)

F = p̄A

= (3 m + 3 m× cos 30◦)(9810 N/m3)× 24 m2

F = 1, 318, 000 N

2. Center of pressure:

ȳ = 3 +
3

cos 30o

= 6.464 m

ycp − y =
I

ȳA

=
(4× 63/12)m4

6.464 m× 24 m2

= 0.4641 m
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3. Moment equilibrium about the stop:

∑
Mstop = 0

(6m)RA − (3m− 0.464m)× 1, 318, 000N = 0

Thus
RA = 557 kN (acting normal to the gate)
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3.74: PROBLEM DEFINITION

Situation:
A submerged gate holds back water.
b = 2m

Find:
Force P required to begin to open gate (kN).

Assumptions:
Gate is weightless.

Properties:
Water, Table A.5: γ = 9810N/m3.

SOLUTION

The length of gate is
√
42 + 32 = 5 m

Hydrostatic force

F = p̄A

= (γΔz)A

= (9810N/m3)(3m)(2m× 5m)

= 294.3 kN

Center of pressure

ycp − ȳ =
Ī

ȳA

=
((2× 53) /12) m4

(2.5m + 1.25m) (2m× 5m)
= 0.5556m
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Equilibrium

∑
Mhinge = 0

294.3 kN× (2.5m + 0.5556m)− (3m)P = 0

P = 299. 75 kN

P = 300 kN
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3.75: PROBLEM DEFINITION

Situation:
A submerged gate opens when the water level reaches a certain value.

Find:
h in terms of � to open gate.

PLAN

As depth of water increase, the center of pressure will move upward. The gate will
open when the center of pressure reaches the pivot.

SOLUTION

Center of pressure (when the gate opens)

ycp − ȳ = 0.60�− 0.5�

= 0.10� (1)

Center of pressure (formula)

ycp − ȳ =
Ī

ȳA

=
(�× �3) /12

(h+ �/2)�2
(2)

Combine Eqs. (1) and (2)

0.10� =
(�× �3) /12

(h+ �/2)�2

0.10 =
�

12(h+ �/2)

h =
5

6
�− 1

2
�

=
1

3
�

h = �/3
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3.76: PROBLEM DEFINITION

Situation:
A butterfly valve is described in the problem statement.
d = 3m, θ = 30 ◦, ȳ = 9m.

Find:
Torque required to hold valve in position (N-m).

SOLUTION Hydrostatic force

F = p̄A = yγA

= (9 m× 9810 N/m3)

(
π × D2

4

)
m2

=

(
9m× 9810N/m3 × π × (3m)2

4

)

= 623, 770 N

Center of pressure

ycp − ȳ =
I

ȳA

=
πr4/4

ȳπr2

=
(1.5m)2 /4

9m/0.866
= 0.054 m

Torque

Torque = 0.054m× 623, 770N

T = 33, 685 N-m
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3.77: PROBLEM DEFINITION

Situation:
A submerged gate may fall due to its weight (or be held in place by pressure).
y1 = 1m, y2 = 4m, w = 1m.
W = 150 kN, α = 45o.

Find:
Will the gate fall or stay in position?

Properties:
Water (10 ◦C), Table A.5, γ = 9810N/m3.

SOLUTION

1. Geometry

• Slant height:

ȳ =
y1 + y2/2

sinα
=

(1 + 4/2)m

sin 45o
= 4.243m

• Depth of centroid:

Δz = y1 +
y2
2

=

(
1 +

4

2

)
m = 3m

• Panel surface area

A =
( y2
sinα

)
w =

(
4m

sin 45o

)
(1m) = 5.657m2

2. Pressure at Centroid:

p̄ = γΔz =
(
9810N/m3

)
(3m) = 29.43 kPa

3. Hydrostatic force:

F = p̄A = (29.43 kPa)
(
5.657m2

)
= 166.5 kN

4. Distance from CP to centroid:
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• Area moment of inertia from Fig. A.1:

Ī =
wh3

12

h =
y2

sinα
=

4m

sin 45o
= 5.657m

Ī =
wh3

12
=

(1m) (5.657m)3

12
= 15. 09m4

• Final Calculation:

ycp − ȳ =
Ī

ȳA
=

(15. 09m4)

(4.243m) (5.657m2)
= 0.6287m

5. Torques:

• Torque caused by hydrostatic force:

xh =
h

2
− (ycp − ȳ) =

5.657m

2
− 0.6287m = 2.200m

THS = Fxh = (166.5 kN) (2.2m) = 366 kN · m

• Torque caused by the weight:

xw =
y2/2

tanα
=

4m/2

tan 45o
= 2m

TW = Wxw = (150 kN) (2m) = 300 kN · m

The torque caused by the hydrostatic force exceeds the torque caused by the weight:
So the gate will stay in position.
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3.78: PROBLEM DEFINITION

Situation:
A submerged gate may fall due to its weight.
y1 = 1m, y2 = 2m, w = 1m.
W = 80, 000N, α = 45o.

Find:
Will gate fall or stay in position?

Properties:
Water (10 ◦C), Table A.5, γ = 9810N/m3.

SOLUTION

1. Hydrostatic Force:

• Area:

A =
y2

sinα
× w =

2m

sin 45◦
× 1m = 2.83m2

• Depth of the centroid of the plate:

Δz = y1 +
y2
2

= 1m +
2m

2
= 2m

• Final Calculation:

F = p̄A = γΔzA =
(
9810N/m3

)
(2m)

(
2.83m2

)
= 55, 525N

2. Distance from CP to centroid:

• Area moment of inertia from Fig. A.1:

Ī =
wh3

12

h =
y2

sinα
=

2m

sin 45◦
= 2.83m

Ī =
wh3

12
=

(1m)(2.83)3

12
= 1.9m4

108



• Slant height:

ȳ =
h

2
+

y1
sinα

=
2.83m

2
+

2.83

sin 45◦
= 2.83m

• Final Calculation:

ycp − ȳ =
I

ȳA
=

(1.9m4)

(2.83m) (2.83m2)
= 0.24m

3. Torque due to weight:

• Moment arm:

x1 =
y2 tanα

2
=

(2m) (tan 45◦)

2
= 2m

• Final calculation:

M1 = Wx1 = (80, 000N) (1m) = 80, 000 N ·m

4. Torque due hydrostatic pressure:

• Moment arm:

x2 = h/2− (ycp − ȳ) =
2.83m

2
− (0.24m) = 1.2m

• Final calculation:

M1 = Fx2 = (55, 525N) (1.2m) = 66, 630N

Since the torque due to weight exceeds the torque due to hydrostatic pressure,
the gate will fall .
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3.79: PROBLEM DEFINITION

Situation:
A submerged gate is described in the problem statement.

Find:
Hydrostatic force (F ) on gate.
Ratio (RT/F ) of the reaction force to the hydrostatic force.

SOLUTION

F = p̄A

=

(
h+

2h

3

)
γ

(
Wh/ sin 60◦

2

)

F =
5γWh2

3
√
3

ycp − ȳ =
I

ȳA
=

W (h/ sin 60◦)3

(36× (5h/(3 sin 60◦))
× Wh

2 sin 60◦

=
h

15
√
3

ΣM = 0

RTh/ sin 60
◦ = F

[(
h

3 sin 60◦

)
−

(
h

15
√
3

)]

RT

F
=

3

10
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3.80: PROBLEM DEFINITION

Situation:
A concrete form is described in the problem statement.
y1 = 1.5m, θ = 60 ◦.

Find:
Moment at base of form per meter of length (kN·m/m).

Properties:
Concrete, γ = 24 kN/m3.

Assumptions:
Assume that the form has a length of w =1 meter into the paper.

PLAN

Find the moment by muliplying the hydrostatic force by its moment arm. The plan
for reaching the goal is:
1. Calculate the hydrostatic force.
2. Calculate the centroid of area using I = bh3/12.
3. Calculate the center of pressure.
4. Use results from steps 1 to 3 to calculate the moment.

SOLUTION

1. Hydrostatic force

F = p̄A = γzchw

h = height of panel =

(
1.5m

sin 60◦

)
= 1.7321m

F =
(
24000N/m3

)(
1.5

2
m

)
(1.7321m) (1m) = 31178N

2. Centroid of area

I =
bh3

12
=

(1m) (1. 732 1m)3

12
= 0.433m4
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3. Center of pressure

ycp − ȳ =
I

ȳA

ȳ = (1. 732 1m) /2 = 0.866 05m

A = hw = (1. 732 1m) (1m) = 1.7321m2

ycp − ȳ =
(0.4331m4)

(0.86605m) (1.7321m2)
= 0.2887m

4. Moment at base

M = (force) (moment arm)

= (31178N) (1.7321m/2− 0.2887m)

M = 18 kN·m per meter of form
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3.81: PROBLEM DEFINITION

Situation:
A submerged gate is described in the problem statement.
θ = 45 ◦.

Find:
Is the gate stable or unstable.

SOLUTION

ycp =
2

3
× 8

cos 45◦
= 7.54 m

Point B is (8/cos 45◦) m - 3.5 m = 7.81 m along the gate from the water surface;

therefore, the gate is unstable.
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3.82: PROBLEM DEFINITION

Situation:
Two hemispherical shells are sealed together.
ro = 10.75 cm, ri = 10.5 cm.

Find:
Force required to separate the two shells.

Assumptions:
The pressure seal is at the average radius (r = 10.6 cm)

Properties:
patm = 101.3 kPa, pi = 0.25patm.

PLAN

1. Apply equilibrium to a freebody comprised of the top half of the shell plus the air
inside.
2. Calculate the force.

SOLUTION

1. Equilibrium.

pinsideA

patmA
Fpull

∑
Fy = 0

Fpull + piA− patmA = 0

2. Force to separate shells.

Fpull = (patm − pi)A = patm (1− 0.25)A

= (1− 0.25)
(
101000N/m2

) (
π (0.106m)2

)
= 2670N

Fpull = 2670N
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3.83: PROBLEM DEFINITION

Situation:
An air chamber is held together by bolts.
d = 20 cm, D = 40 cm.
A-A: 20 bolts, Dbolt = 2.5 cm.

Find:
Number of bolts required at section B-B.

Assumptions:
Same force per bolt at B-B.

SOLUTION

Hydrostatic force

F per bolt at A− A = p(π/4)D2/20

p
(π
4

) D2

20
= p

(π
4

) d2

n

n = 20×
(

d

D

)2

= 20×
(
1

2

)2

n = 5 bolts
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3.84: PROBLEM DEFINITION

Situation:
Submerged rectangular and curved gates.
ȳ = 0.25�.

Find:
Magnitude of reaction at A.
Comparison to that for a plane gate.

SOLUTION

a)

FHydr = p̄A = (0.25�+ 0.5�× 0.707)× γW� = 0.6036γW�2

ycp − ȳ =
I

ȳA
=

W�3/12

((0.25�/0.707) + 0.5�)×W�

ycp − ȳ = 0.0976�∑
Mhinge = 0

Then − 0.70RA�+ (0.5�+ 0.0976�)× 0.6036γW�2 = 0

RA = 0.510γW�2

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

Situation:
A radial gate holds back water.

Find:
Where the resultant of the pressure force acts.

SOLUTION

dF=pdA

Consider all the differential pressure forces acting on the radial gate as shown. Be-
cause each differential pressure force acts normal to the differential area, then each
differential pressure force must act through the center of curvature of the gate. Be-
cause all the differential pressure forces will be acting through the center of curvature
(the pin), the resultant must also pass through this same point (the pin).

Resultant passes through the pin.
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3.86: PROBLEM DEFINITION

Situation:
A curved surface is described in the problem statement.
� = 1m.

Find:
(a) Vertical hydrostatic force.
(b) Horizontal hydrostatic force.
(c) Resultant force.

Properties:
Water, Table A.5: γ = 9810N/m3.

SOLUTION

(a) FV = 1m× 9, 810N/m3 × 1m2 ×+(1/4)π × (1m)2 × 1m× 9, 810N/m3

FV = 17, 515 N

(b) x =
M0

FV

=

1× 1× 1× 9, 810× 0.5 + 1× 9, 810×
1∫
0

√
1− x2xdx

17, 515N

x = 0.467 m

FH = p̄A

= (1 + 0.5)9, 810N/m3 × 1m× 1m

FH = 14, 715 N

ycp = ȳ + Ī/ȳA

= 1.5 +
(1× 13)m4

12× 1.5m× 1m× 1m

ycp = 1.555 m
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(c) FR =
√
(14, 715N)2 + (17, 515N)2

FR = 22, 876 N

tan θ =
14, 715N

17, 515N

θ = 40◦2′
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3.87: PROBLEM DEFINITION

Situation:
A radial gate is described in the problem statement.

Find:
Hydrostatic force acting on gate.

SOLUTION

x

y

60°

The resultant must pass through the center of curvature of the gate. The horizontal
component of hydrostatic force acting on the gate will be the hydrostatic force acting
on the vertical projection of the gate or:
Hydrostatic force

FH = p̄A

= 7.5 m× 9810 N/m3 × 12 m× 15 m

FH = 13, 243, 500 N

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

FV = γV

where V = [(60/360)π × 152 m2 −
(
1

2

)
15× 15 cos 30◦ m2]× 12 m

= 20.32 m2 × 12 m

= 244 m3
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Then FV = (9810 N/m3)(244 m3) = 2, 393, 640 N

Fresultant = (13, 243, 500 i + 2, 393, 640 j)N

This force is acting through the center of curvature of the gate.
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3.88: PROBLEM DEFINITION

Situation:
A plug sits in a hole in the side of a tank.
z = 2m, ro−ring = 0.2m, rplug = 0.25m.

Find:
Horizontal and vertical forces on plug.

Properties:
Water, Table A.5: γ = 9810N/m3.

SOLUTION

Hydrostatic force

Fh = p̄A

= γzA

= 9810N/m3 × 2m× π × (0.2m)2

Fh = 2465 N

The vertical force is simply the buoyant force.

Fv = γV

= 9810N/m3 × 4

6
× π × (0.25m)3

Fv = 321 N
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3.89: PROBLEM DEFINITION

Situation:
A dome below the water surface is described in the problem statement.
y1 = 1m, y2 = 2m.

Find:
Magnitude and direction of force to hold dome in place.

Properties:
Water (10 ◦C), Table A.5: γ = 9810N/m3.

SOLUTION

1. Horizontal component of force.

FH = (1m + 1m)9810N/m3 × π × (1m)2

= 61, 640 N = 61.64 kN

2. Center of pressure.

(ycp − ȳ) =
I

ȳA

=
π × (1m)4 /4

2m× π × (1m)2

= 0.125m

3. Vertical component of force

FV =

(
1

2

)(
4π × (1m)3

3

)
9, 810N/m3

= 20, 550 N

FV = 20.6 kN
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4. Answer

Fhorizontal = 61.64 kN (applied to the left to hold dome in place)

Line of action is 0.125m below a horizontal line passing through the dome center

Fvertical = 20.6 kN (applied downward to hold dome in place)
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3.90: PROBLEM DEFINITION

Situation:
A dome below the water surface.
d = 3m

Find:
Force on the dome.

Properties:
Water, Table A.5: γ = 9810N/m3.

SOLUTION

(4/3)(r/π)

Vertical projection

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

Hydrostatic force

FH = p̄A

p̄ =

(
4

3

)(
1.5m

π

)
m (9810 N/m3)

= 6248 N/m2

FH = (6248 N/m2)
(π
8

)
(32) m2 = 22, 072 N

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

Dome
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Thus,

FV = γV

= (9810 N/m3)

(
(1/6)πD3

4

)
m3

FV = 34, 654 N

The resultant force is then given below. This force acts through the center of curva-
ture of the dome.

Fresult = 22, 072 + 34, 654 N
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Problem 3.91

Apply the grid method to each situation described below. Note: Unit cancellations
are not shown in this solution.
a.)
Situation:

A basketball floating in a lake.

Find:
Find buoyant force (N).

Assumptions:
m = 596 g.

Solution:
Since the basketball is floating, the buoyant force equals the weight of the ball.
The mass of a basketball is between 567 and 624 grams (from encarta.msn.com on
2/12/08). Using a typical mass:

FB = Weight = mg =

(
596 g

1.0

)(
1.0 kg

1000 g

)(
9.81m

s2

)(
N · s2
kg · m

)
≈ 5.9N

FB ≈ 5.9N

b.)
Situation:

Copper sphere in kerosene.
D = 1mm.

Find:
Find buoyant force (N).

Properties:
Kerosene (20 ◦C), Table A.4, γ = 8010N/m3.

Solution:

FB = γV

FB = γ
πD3

6
=

(
8010N/m3

) π (0.001m)3

6
= 4.19× 10−6 N

FB = 4.19× 10−6 N

c.)
Situation:

Helium balloon in air.
D = 0.3m.

Find:
Find buoyant force (N).
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Properties:
Air (20 ◦C), Table A.3, γ = 11.8N/m3.

Solution:

FB = γV

FB = γ
πD3

6
=

(
11.8N/m3

)(
π (0.3m)3

6

)
= 0.167N

FB = 0.167N
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Problem 3.92

Using Section 3.6 and other resources, answer the questions below. Strive for depth,
clarity, and accuracy while also combining sketches, words and equations in ways that
enhance the effectiveness of your communication.

a. Why learn about buoyancy? That is, what are important technical problems that
involve buoyant forces?

• boiling heat transfer–vapor bubbles are acted on by buoyant force.

• particles in liquids–sand carried by a river; mixing of solids in liquids.

• vessel design–ships, submarines, jet-skis, etc.

b. For a buoyant force, where is the center of pressure? Line of action?

• The buoyant force acts through an imaginary point called the center of pressure.

• The center of pressure is at the center-of-mass of the displaced fluid.

• For a uniform density fluid, the center of pressure is at the centroid of volume
of the displaced fluid.

• The buoyant force acts parallel to an imaginary line called the “line of action.”
This line in parallel to the gravity vector.

c. What is displaced volume? Why is it important?

• When the object is placed into a fluid, it move fluid away. This volume of this
fluid is called the “displaced volume.”

• Displaced volume is important because the buoyant forces is the product of
displaced volume and specific weight.
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d. What is the relationship between pressure distribution and buoyant force?

• The integral of pressure over surface area gives the buoyant force:

F =

∫
A

−pn̂dA
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3.93: PROBLEM DEFINITION

Situation:
Three spheres of the same diameter are submerged in the same body of water.

One sphere is steel, one is a spherical balloon filled with water, and one is a spherical
balloon filled with air.

a. Which sphere has the largest buoyant force?
b. If you move the steel sphere from a depth of 0.3 m to 3 m, what happens to the

magnitude of the buoyant force acting on that sphere?
c. If all 3 spheres are released from a cage at a depth of 1 m, what happens to the

3 spheres, and why?

SOLUTION

Answers:
a. All 3 spheres have the same buoyant force, because they all have the same
diameter, and all displace the same volume of water (assuming the air-fillled balloon
doesn’t compress under the compressive inward force that would be incurred, and
would increase as you moved the balloon deeper). Remember, Fb is a function of the
specific weight of the displaced fluid, not the specific weight of the displacing body.
b. When you move the steel sphere deeper, Fb does not change.
c. To answer this question about releasing the 3 spheres from a cage, do a force
balance on each of the 3 bodies. For all 3 cases, the force balance results in W acting
down, and Fb acting up. For the case of the steel sphere, W is greater than Fb, so
the steel sphere sinks. For the case of the water balloon, W and Fb are essentially
the same, so the water balloon hovers at the same depth, assuming the weight of
the ballon’s rubber is negligible. Since rubber is lighter than water, the water-filled
ballon might appear to hover, or move just perceptibly upward. For the case of the
air-filled balloon, W is significantly less than Fb, so the air-filled ballon would move
upward. If the air-filled balloon were compressed due to the inward-acting water
pressure, this would make Fb even smaller because the volume would decrease.
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3.94: PROBLEM DEFINITION

Situation:
A rod is floating in a liquid.

Find:
Determine if the liquid is

a. lighter than water
b. must be water
c. heavier than water.

SOLUTION

Rod weight

W = (2LAγW + LA2γW )

W = 4LAγW (1)

Since part of the rod extends above the liquid,

FB < VγLiq = 3LAγLiq (2)

Equilibrium applied to the rod

W = FB (3)

Combine Eqs. (1), (2) and (3).

4LAγW < 3LAγLiq

γLiq >
4

3
γW .

The liquid is more dense than water so is answer c).
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3.95: PROBLEM DEFINITION

Situation:
A ship is sailing from salt to fresh water.
W = 3.4× 108 N.
A = 3500m2, L = 240m.

Find:
Will the ship rise or settle?
Amount (m) the ship will rise or settle.

PLAN

1. To establish whether the ship will rise or settle, apply the equilibrium equation.
2. Determine the volume displaced in both salt and fresh water.
3. Calculate the distance the ship moves.

SOLUTION

1. Equilibrium. The weight of the ship is balanced by the buoyant force

W = FB = γV

As the ship moves into freshwater, the specific weight of the water decreases Thus,
the volume of the displaced water will increase as shown below.

W = FB = (γ ↓) (V ↑)

Thus the ship will settle .

2. Volume displaced (salt water):

W = FB = γsVs

Vs =
W

γs

=
3.4× 108 N

1.03 (9810N/m3)

Volume displaced (fresh water):

W = FB = γfVf

Vf =
W

γf

=
3.4× 108 N

9810N/m3

3. Distance moved. The distance moved Δh is given by

ΔV = AΔh

where ΔV is the change in displaced volume and A is the section area of the ship at
the water line. Thus:

(
3.4× 108 N

9810N/m3

)
−

(
3.4× 108 N

1.03 (9810N/m3)

)
=

(
3500m2

)
Δh

Thus:
Δh = 0.288m
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3.96: PROBLEM DEFINITION

Situation:
A spherical buoy is anchored in salt water.
W = 1200N, D = 1.2m.
T = 4500N, y = 20m.

Find:
Weight of scrap iron (N) to be sealed in the buoy.

Properties:
Seawater, Table A.4 γs = 10070N/m3.

PLAN

1. Find the buoyant force using the buoyant force equation.
2. Find the weight of scrap iron by applying equilibrium.

SOLUTION

1. Buoyant force equation:

FB = γsV =
(
10070N/m3

) π (1.2m)3

6
= 9111N

2. Equilibrium

ΣFy = 0

FB = Wbuoy +Wscrap + T

9111N = 1200N +Wscrap + 4500N

Wscrap = 3420N
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3.97: PROBLEM DEFINITION

Situation:
A buoy has a spherical top and conical bottom.
m = 460 kg, D = 1m, θ = 30 ◦.

Find:
Location of water level.

Properties:
ρ = 1010 kg/m3.

SOLUTION

The buoyant force is equal to the weight.

FB = W

The weight of the buoy is 9.81× 460 = 4512 N.
The volume of the hemisphere at the bottom of the buoy is

V =
1

2

π

6
D3 =

π

12
13 =

π

12
m3

The buoyant force due to the hemisphere is

FB =
π

12
(9.81m/ s2)(1010 kg/m3) = 2594 N

Since this is less than the buoy weight, the water line must lie above the hemisphere.
Let h is the distance from the top of the buoy. The volume of the cone which lies
between the top of the hemisphere and the water line is

V =
π

3
r2oho −

π

3
r2h =

π

3
(0.52 × 0.866− h3 tan2 30)

= 0.2267− 0.349h3
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The additional volume needed to support the weight is

V =
4512N− 2594N

9.81m/ s2 × 1010 kg/m3
= 0.1936 m3

Equating the two volumes and solving for h gives

h3 =
0.0331

0.349
= 0.0948 m3

h = 0.456 m
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3.98: PROBLEM DEFINITION

Situation:
In air, a rock weighs Wair = 925N.
In water, a rock weighs Wwater = 781 kg.

Find:
The volume of the rock (liters).

Properties:
Water (15oC) ,Table A.5, γ = 9800N/m3.

PLAN

1. Apply equilibrium to the rock when it is submerged in water.
2. Solve the equation from step 1 for volume, convert volume to L.

SOLUTION

1. Equilibrium:

⎧⎨
⎩

Force to hold
rock stationary in water

(apparent weight)

⎫⎬
⎭+

{
Buoyant Force

on rock

}
=

{
Weight of rock

in air

}

Wwater + FB = Wair

Wwater + γV = Wair

781N + 9810N/m3V= 925N

2. Solve for volume, report volume in L.

V =
925N− 781N

9810N/m3
= 0.01468m3

V = 14.7 L
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3.99: PROBLEM DEFINITION

Situation:
A cube is suspended in carbon tetrachloride.
m1 = 700 g, L = 0.06m

Find:
The mass of the cube (kg).

Properties:
Carbon Tetrachloride (20oC) ,Table A.4, γ = 15600N/m3.

PLAN

1. Find the force on the balance arm scale by finding the weight of the block.
2. Find m2 by applying equilibrium to the cube.

SOLUTION

1. Force on balance arm:{
Force on

balance arm

}
=

{
Weight
of block

}
= mg = (0.7 kg)

(
9.81m/ s2

)
= 6.867N

2. Equilibrium (applied to cube):{
Force on

balance arm

}
+

{
Buoyant Force

on cube

}
= {Weight of cube}

F + γ (L2)
3 = m2g

Solve for m2 :

m2 =
F + γ (L2)

3

g
=

(6.867N) + (15600N/m3) (0.06m)3

9.81m/ s2

m2 = 1.04 kg
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3.100: PROBLEM DEFINITION

Situation:
A block is submerged in water.
Wwater = 300N, Wair = 700N.

Find:
The volume of the block (liters).
The specific weight of the material that was used to make the block (N/m3).

Properties:
Water (15oC) ,Table A.5, γ = 9800N/m3.

PLAN

1. Find the block’s volume by applying equilibrium to the block.
2. Find the specific weight by using the definition.

SOLUTION

1. Equilibrium (block submerged in water):

⎧⎨
⎩

Force to hold
block in water

(apparent weight)

⎫⎬
⎭+

{
Buoyant Force

on block

}
=

{
Weight of block

in air

}

Wwater + FB = Wair

Wwater + γH2OV = Wair

Solve for volume:

V =
Wair −Wwater

γH2O

=
700N− 300N

9800N/m3
= 4.08× 10−2 m3

V = 40.8 L

2. Specific weight (definition):

γblock =
weight of block

volume of block
=

700N

4.08× 10−2 m3
= 17157N/m3

γblock = 17.2 kN/m3
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3.101: PROBLEM DEFINITION

Situation:
A cylindrical tank is filled with water.
A cylinder of wood is set afloat in the water.
Dtank = 0.3m, Dwood = 0.125m.
Wwood = 9N, Lwood = 0.0625m.

Find:
Change of water level in tank.

Properties:
Water, Table A.5: γ = 9810N/m3.

PLAN

When the wood enters the tank, it will displace volume. This volume can be visualized
as adding extra water to the tank. Thus, find this volume and use it to determine
the increase in water level.

1. Find the buoyant force by applying equilibrium.
2. Find the displaced volume by applying the buoyancy equation.
3. Find the increase in water level by equating volumes.

SOLUTION

1. Equilibrium
weight of block = buoyant force on block

FB = Wblock = 9N

2. Buoyancy equation
FB = γH2OVD = 9N

VD =
9N

9810N/m3
= 0.000917m3

3. Find Δh of the tank resulting from volume change

VD = (volume change) = (tank section area) (height change)

0.000917m3 =
π (0.3m)2

4
Δh

Δh = 0.013m
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3.102: PROBLEM DEFINITION

Situation:
An inverted cone contains water (state 1).
A block (S = 0.6) is added (state 2).
V = (π/3)h3, h1 = 10 cm.
Vblock = 200 cm3.

Find:
Change of water level.

SOLUTION

1. Equilibrium (apply to block)

FB = Wblock = (γblock) (Vblock)

2. Buoyancy equation

FB =
(
γH2O

)
(VD) = (γblock) (Vblock)

Thus

(VD) =

(
γblock

γH2O

)
(Vblock) = (0.6)

(
200 cm3

)
= 120 cm3

3. Volume considerations.(
final

volume

)
=

(
initial water

volume

)
+

(
displaced
volume

)

Calculate initial water volume

V =
π

3
h3 =

π

3
(10 cm)3 = 1047 cm3

Calculate final volume

Vfinal =
(
1047 cm3

)
+

(
120 cm3

)
= 1167 cm3

4. Increase in water level
Vfinal =

π

3
h3
f

1167 cm3 =
π

3
h3
f

hf = 10.368 cm

Δh = 10.368 cm− 10 cm = 0.368 cm

Δh = 0.37 cm
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3.103: PROBLEM DEFINITION

Situation:
A platform floats in water.
Wplatform = 30 kN, Wcylinder = 1kN/m.
y = 1m, Dcylinder = 1m.

Find:
Length of cylinder so that the platform floats 1 m above water surface.

Properties:
γwater = 10, 000N/m3.

SOLUTION

1. Equilibrium (vertical direction)

(
Weight of
platform

)
+ 4

(
Weight of
a cylinder

)
= 4

(
Buoyant force
on a cylinder

)

(30000N) + 4L

(
1000N

m

)
= 4 (γVD)

(30000N) + 4L

(
1000N

m

)
= 4

(
10000N

m3

)(
π (1m)2

4
(L− 1m)

)

2. Solve for L
L = 2.24m
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3.104: PROBLEM DEFINITION

Situation:
A block floats in two layered liquids.
b = 6L, h = 3L.

Find:
Depth block will float.

Assumptions:
The block will sink a distance y into the fluid with S = 1.2.

Properties:
ρblock = 0.75ρwater.

SOLUTION

1. Equilibrium.

∑
Fy = 0

−
(

Weight
of block

)
+

(
Pressure force
on btm of block

)
= 0

− (Vblock) (γblock) + pbtmA = 0

−(6L)2 × 3L× 0.75γwater + (L× γwater + y × 1.2γW )36L2 = 0

y = 1.105L
d = y + L

d = 2.105L
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3.105: PROBLEM DEFINITION

Situation:
A submerged gate has a concrete block attached to it.
b = 1m, � = 2m.

Find:
Minimum volume of concrete to keep gate in closed position (m3).

Properties:
Concrete γ = 23.6 kN/m3.

SOLUTION

Hydrostatic force on gate and CP

F = p̄A = 1m× 9, 810N/m3 × 2m× 1m = 19, 620 N

ycp − ȳ =
I

ȳA
=

1m× (2m)3

12× 1m× 2m× 1m
= 0.33 m

Sum moments about the hinge to find the tension in the cable

T = 19, 620× 1− 0.33

2.5
= 5, 258 N

Equilibrium applied to concrete block(
Tension
in cable

)
+

(
Buoyant
force

)
= (Weight)

T + VγH2O = Vγc

Solve for volume of block

V =
T

γc − γH2O

=
5258N

23, 600N/m3 − 9, 810N/m3

V = 0.381 m3
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3.106: PROBLEM DEFINITION

Situation:
Ice is added to a cylindrical tank holding water.
d = 0.6m, h = 1.2m.
Wice = 22N.

Find:
Change of water level in tank after ice is added.
Change in water level after the ice melts.
Explain all processes.

Properties:
γwater = 9810N/m3.

SOLUTION

Change in water level (due to addition of ice)

Wice = Fbuoyancy

= ΔVWγW

So

ΔVW =
Wice

γW

=
22N

9810N/m3

= 0.00224 m3

Rise of water in tank (due to addition of ice)

Δh =
ΔVW

Acyl

=
0.00224 m3

(π/4)(0.6 m)2
= 0.00793m = 8mm

Δh = 8mm <== (due to addition of ice)

Answer ⇒ When the ice melts, the melted water will occupy the same volume of
water that the ice originally displaced; therefore, there will be no change in water
surface level in the tank after the ice melts.
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3.107: PROBLEM DEFINITION

Situation:
A partially submerged wood pole is attached to a wall.
θ = 30 ◦.

Find:
Density of wood.

Properties:
γ = 9810N/m3.

SOLUTION

FB

W

Mhinge = 0

−Wwood × (0.5L cos 30◦) + FB. × (5/6)L cos 30◦ = 0

−γwood × AL× (0.5L cos 30◦) +

(
1

3
ALγH2O

)
×

(
5

6
L cos 30◦

)
= 0

γwood =
(
10
18

)
γH2O

γwood = 5, 450 N/m3

ρwood = 556 kg/m3
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3.108: PROBLEM DEFINITION

Situation:
A submerged gate is described in the problem statement.
d = 25 cm, W = 200N.
y = 10m, L = 1m.

Find:
Length of chain so that gate just on verge of opening.

PLAN

Apply hydrostatic force equations and then sum moments about the hinge.

SOLUTION

Hydrostatic force

FH = p̄A = 10m× 9, 810N/m3 × πD2

4

= 98, 100N/m2 × π
π

4
(1m)2

= 77, 048 N

ycp − ȳ =
I

ȳA

=
πr4/4

10m× πD2/4

ycp − ȳ =
r2

40
= 0.00625 m

Equilibrium

cpy -y

F

FH
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∑
MHinge = 0

FH × (0.00625 m)− 1m× F = 0

But F = Fbuoy −W

= A(10 m− �)γH2O − 200

=
π

4
(0.25m)2(10− �)(9, 810N/m3)− 200N

= 4815.5 N− 481.5� N− 200 N

= (4615.5− 481.5�) N

where � = length of chain

77, 048N× 0.00625m− 1m× (4615.5− 481.5�) N = 0

(481.55− 4615.5 + 481.5�) Nm = 0

� = 8.59 m
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3.109: PROBLEM DEFINITION

Situation:
A balloon is used to carry instruments.
z = 4500m,
p4500 = 56 kPa.
Winstruments = 35N.

Find:
Diameter of spherical balloon.

Assumptions:
Standard atmospheric temperature condition.

Properties:
pair = phelium = 56 kPa.
Rair = 287 J/kg −K (From Table A.2 of EFM 10e)
Rhelium = 2077 J/kg −K (From Table A.2 of EFM 10e)

PLAN

Apply buoyancy force and the ideal gas law.

SOLUTION

Temperature in the atmosphere

T = 299− 3.221× 10−3 × 4500 = 281.5

Ideal gas law

ρair =
56, 000N/m2

287 J/kg −K× 281.5K

= 0.693 kg/m3

ρHe =
56, 000 N/m2

2077 kg ·K× 281.5K

= 0.0958 kg/m3

Equilibrium

W

F
B

WI
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∑
F = 0

0 = FB −Whelium −Wmaterial −Winstruments

0 =
1

6
πD3g(ρair − ρHe)− πD2(0.5N/m2)− 35N

35 = D3 × 5.13(0.693− 0.0958)−D2 × 1.57

D = 2.44 m
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3.110: PROBLEM DEFINITION

Situation:
A helium weather balloon is made of flexible material.
pballoon = 10 kPa + patm.
dsea = 1m, m = 100 g.

Find:
Maximum altitude of balloon.

Assumptions:
T0 = 288 K

SOLUTION

Initial Volume

V0 =
π

6
D3

0

=
π

6
(1m)3

= 0.524 m3

Ideal gas law

ρ0,He =
p0,He

RHeT0

=
111, 300 kPa

(2077 J/ kgK)(288K)

= 0.186 kg/m3

Conservation of mass
m0 = malt.

V0ρ0,He = Valt.ρHe

Valt. = V0

ρ0,He

ρHe

Equilibrium

∑
Fz = 0

Fbuoy. −W = 0

Valt.ρairg − (mg + WHe) = 0

Eliminate V—alt. (
V0ρ0
ρHe

)
ρairg = (mg + V0ρ0,Heg)

Eliminate ρ’s with equation of state

(V0ρ0)(palt./Rair)g

(palt. + 10, 000)/(RHe)
= (mg + V0ρ0g)
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(0.524m3)(0.186 kg/m3)(9.81m/ s2)(2077 J/ kgK)palt.
(palt. + 10, 000)(287 J/ kgK)

= (0.1 kg)(9.81m/ s2) + (0.524m3)(0.186 kg/m3)(9.81m/ s2)

Solve
palt. = 3888 Pa

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

p = p0

[
T0 − α(z − z0)

T0

]g/αR

= 101, 300Pa

[
296K− 5.87× 10−3 K/m(13, 720m)

296K

]5.823

= 15, 940 Pa

Because palt. < pat top of troposphere we know that palt. occurs above the stratosphere.
The stratosphere extends to 16.8 km where the temperature is constant at -57.5oC.
The pressure at the top of the stratosphere is given by Eq. (3.16)

p = p0e
−(z−z0)g/RT

= 15.9 kPa exp

[
−(16, 800− 13, 720)m× 9.81m/ s2

287 J/ kgK× 215.5K

]

= 9.75 kPa

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

p = p0

[
T0 + α(z − z0)

T0

]−g/αR

Using this equation to solve for the altitude, we have

3888 kPa

9750 kPa
=

[
215.5K + 1.387K/ km× (z − 16.8) km

215.5K

]−9.81/(0.001387×287)

0.399 = [1 + 0.00644× (z − 16.8)]−24.6

z = 22.8 km
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3.111: PROBLEM DEFINITION

Situation:
A hydrometer is floating in oil.
Vbulb = 1 cm3, Astem = 0.1 cm2.
z = 6.0 cm (not 5.3 cm as shown in sketch), W = 0.015N.

Find:
Specific gravity of oil.

Properties:
γW = 9810N/m3.

SOLUTION

1. Equilibrium

Fbuoy. = W

V Dγoil = W

2. Calculations

(1 cm3 + (6.0 cm)(0.1 cm2))(0.013) m3/cm3γoil = 0.015 N

(1 + 0.6)× 10−6 m3γoil = 0.015 N

γoil = 9375 N/m3

3. Definition of S

S =
γoil

γH2O

=
9375N/m3

9810N/m3

S = 0.956
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3.112: PROBLEM DEFINITION

Situation:
A hydrometer in water.
Vbulb = 1 cm3, Astem = 0.1 cm2.
z = 5.3 cm.

Find:
Weight of hydrometer.

Properties:
Water, γW = 9810N/m3.

SOLUTION

Equilibrium

Fbuoy. = W

V DγW = W

Calculations

(1 cm3 + (5.3 cm)(0.1 cm2))(0.1m)3/cm3(γW ) = W

(1.53 cm3)(10−6 m3/cm3)(9810 N/m3) = W

W = 1.50× 10−2 N
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3.113: PROBLEM DEFINITION

Situation:
A hydrometer is described in the problem statement.

Find:
Weight of each ball.

Properties:
S10% = 1.012, S50% = 1.065.
γwater = 9810N/m3.

SOLUTION

Equilibrium (for a ball to just float, the buoyant force equals the weight)

FB = W (1)

Buoyancy force

FB =

(
πD3

6

)
γfluid (2)

Combine Eq. (1) and (2) and let D = 0.01m.

W =

(
πD3

6

)
Sγwater

=

(
π (0.01)3

6

)
S (9810)

= 5.136× 10−3S (3)

The following table (from Eq. 3) shows the weights of the balls needed for the required
specific gravity intervals.

ball number 1 2 3 4 5 6
sp. gr. 1.01 1.02 1.03 1.04 1.05 1.06

weight (mN) 5.19 5.24 5.29 5.34 5.38 5.44
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3.114: PROBLEM DEFINITION

Situation:
A hydrometer floats in a liquid.
Liquid levels range from btm to top of stem.
d1 = 1 cm, d2 = 2 cm.
L1 = 8 cm, L2 = 8 cm.
W = 40 g.

Find:
Range of specific gravities.

Properties:
γH2O = 9810N/m3.

SOLUTION

When only the bulb is submerged

FB = W

V DγH2O = W
π

4

[
(0.02m)2 × 0.08m

]
× 9810N/m3 × S = 0.040 kg × 9.81m/ s2

S = 1.59

When the full stem is submerged

π

4

[
(0.02m)2 × (0.08m) + (0.01m)2 × (0.08m)

]
9, 810N/m3×S = 0.040 kg×9.81m/ s2

S = 1.27

Thus, the range is
1.27 ≤ S ≤ 1.59
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3.115: PROBLEM DEFINITION

Situation:
A barge is floating in water.
l = 12m, b = 6m.
W = 1780 kN.

6 m

12 m

Find:
Stability of barge.

Properties:
γwater = 9810N/m3.

SOLUTION

Draft =
1780× 103 N

12m× 6m× 9810N/m3

= 2.52 m > 2.4 m

Will Sink
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3.116: PROBLEM DEFINITION

Situation:
A floating body is in water.

Find:
Location of water line for stability.
Specific gravity of material.

SOLUTION

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

GM =
Ioo
V

−GC = 0

where GC is the distance from the center of gravity to the center of buoyancy.

Moment of inertia at the waterline

Ioo =
w3L

12

where L is the length of the body. The volume of liquid displaced is �wL so

GC =
w3L

12�wL
=

w2

12�

The value for GC is the distance from the center of buoyancy to the center of gravity,
or

GC =
w

2
− �

2

So
w

2
− �

2
=

w2

12�
or (

�

w

)2

− �

w
+

1

6
= 0

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

�

w
= 0.211
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The weight of the body is equal to the weight of water displaced.

γbVb = γfVf

Therefore

S =
γb

γf

=
w�L

w2L
=

�

w
= 0.211

S = 0.211

The specific gravity is smaller than this value, thus the body will be unstable (floats
too high).
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3.117: PROBLEM DEFINITION

Situation:
A block of wood.
d = 1m, L = 1m.

Find:
Stability.

Properties:
γwood = 7500N/m3.

SOLUTION

draft =
1× 7500N/m3

9, 810N/m3
= 0.7645 m

cfrom bottom =
0.7645m

2
= 0.3823m

Metacentric height

G = 0.500 m; CG = 0.500− 0.3823 = 0.1177 m

GM =
I

V
− CG

=
πR4/4

0.7645× πR2
− 0.1177

= 0.0818 m− 0.1177 m (negative)

Thus, block is unstable with axis vertical.
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3.118: PROBLEM DEFINITION

Situation: A block of wood.
d = 1m, L = 1m.

Find:
Stability.

Properties:
γwood = 5000N/m3.

SOLUTION

draft = 1m× 5000N/m3

9810N/m3

= 0.5097 m

Metacentric height

GM =
I00
V

− CG

=

[
π × (0.5m)4 /4

0.5097m× π × (0.5m)2

]
−

(
0.5− 0.5097

2

)
m

= −0.122 m, negative

So will not float stable with its ends horizontal.
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3.119: PROBLEM DEFINITION

Situation:
A floating block is described in the problem statement.
W = 2H, L = 3H.

Find:
Stability.

SOLUTION

Analyze longitudinal axis

GM =
I00
V

− CG

=
3H(2H)3

12×H × 2H × 3H
− H

2

= −H

6

Not stable about longitudinal axis.

Analyze transverse axis.

GM =
2H × (3H)3

12×H × 2H × 3H
− 3H

4
= 0

Neutrally stable about transverse axis.
Not stable
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