
5.1: PROBLEM DEFINITION

Situation:
Consider an automobile gas tank being filled by a nozzle.

Find:
(a) Discharge (gpm).
(b) Time to put 50 gallons in the tank (min).
(c) Cross-sectional area (ft2) of the nozzle and velocity at the exit (ft/s).

SOLUTION

a)

Q =
1 gal
10s

× 60 s
1 min

Q = 6 gpm

b)

t =
50 gal
6 gpm

t = 8.3min

c)

A =
π

4
D2 =

π

4
(1 in)2

1 ft2

(12 in)2

A = 0.00545 ft2

Discharge in cfs (ft3/s).

6 gal
min

× 1 min
60 s

× 35.29 ft3

264.2 gal
= 0.0133

ft3

s

Discharge velocity.

V =
Q

A
=
0.0133 ft3/s
0.00545 ft2

V = 2.44 ft/ s
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5.2: PROBLEM DEFINITION

Situation:
Water is released through Grand Coulee Dam.
A =Wd, W = 100 yd = 300 ft.
Q = 110000 ft3/ s.

Find:
Calculate river depth (ft).

Assumptions:
Make a reasonable estimate of the river velocity (V = 5mi/h = 7.3 ft/ s).

PLAN

Apply flow rate equation.

SOLUTION

The discharge is given by
Q = AV

Solving for depth

d =
Q

VW
=
110, 000 ft3/s
300× 7.3 ft2s

d = 50.2 ft
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5.3: PROBLEM DEFINITION

Situation:
Fill a jar with water and measure the time to fill.

Find:
Calculate discharge (m3/ s).
Calculate velocity (m/ s).

Assumptions:
Make an estimate of the cross-sectional area for the faucet (d = 0.5 in).
V = 2 L, t = 13 s.

PLAN

Apply flow rate equation.

SOLUTION

The discharge is

Q =
2 L
13 s

× 0.001 m
3

1 L
Q = 0.000154m3/ s

Faucet outlet area

A =
π

4
D2 =

π

4
(0.5 in)2 ×

µ
1 m

39.37 in

¶2
= 0.000127 m2

Discharge velocity

V =
Q

A
=
0.000154 m3/s
0.000127 m2

V = 1.2m/ s
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5.4: PROBLEM DEFINITION

Situation:
Liquid flows through a pipe at constant velocity.

Find:
Flow rate is (a) halved, (b) doubled, (c) quadrupled if pipe diameter is doubled

but velocity remains the same.

SOLUTION

Use discharge equation, Q = AV .
Since the diameter is doubled, the area is quadrupled so correct answer is c) .
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5.5: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
Q = 0.05 m3/s, D = 0.25m.

Find:
Mean velocity (m/s).

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

V =
Q

A

=
0.05m3/ s
π
4
(0.25m)2

V = 1.02 m/s
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5.6: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
V = 3 ft/s, D = 16 in.

Find:
Discharge in cfs and gpm.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

Q = V A

= (3 ft/ s)(
π

4
(1.333 ft)2)

Q = 4.19 ft3/s

= (4.19 ft3/s)(449 gpm/ft3/s)

Q = 1880 gpm
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5.7: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
V = 4 m/ s, D = 2m.

Find:
Discharge in m3/s and cfs.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

Q = V A

= (4m/ s)
³π
4
(2m)2

´
Q = 12.6 m3/s

Q = (12.6 m3/s)(1/0.02832)(ft3/s)/(m3/s)

Q = 445 cfs
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5.8: PROBLEM DEFINITION

Situation:
A pipe carries air.
V = 20 m/ s, D = 0.08m.

Find:
Mass flow rate (kg/m3).

Properties:
Air (20 ◦C, 200 kPa) Table A.2: R = 287 J/ kgK.

PLAN

1. Use Ideal Gas Law to find density.
2. Use Mass Flow Rate equation to find ṁ.

SOLUTION

1. Ideal gas law

ρ =
p

RT

=
200, 000Pa

(287 J/ kgK) (273 + 20) K

ρ = 2.378 kg/m3

2. Flow rate equation

ṁ = ρV A

= 2.378× 20× (π × 0.082/4)
ṁ = 0.239 kg/s
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5.9: PROBLEM DEFINITION

Situation:
A pipe carries natural gas.
V = 20 m/ s, D = 1m.

Find:
Mass flow rate (kg/m3).

Properties:
Methane (15 ◦C, 150 kPa gage) Table A.4: R = 518 J/ kgK.

PLAN

1. Apply the ideal gas law to find ρ.
2. Use the flow rate equation to find ṁ.

SOLUTION

1. Ideal gas law

ρ =
p

RT

=
(101 + 150)103 Pa

(518 J/ kgK) (273 + 15) K

= 1.682 kg/m3

2. Flow rate equation

ṁ = ρV A

= 1.682× 20× π × 0.52

ṁ = 26.4 kg/ s
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5.10: PROBLEM DEFINITION

Situation:
A duct is attached to an aircraft engine.
ṁ = 200 kg/ s, V = 240 m/ s.

Find:
Pipe diameter (m).

Properties:
Air (−18 ◦C, 50 kPa) Table A.2: R = 287 J/ kgK.
p = 50 kPa.

PLAN

1. Apply the ideal gas law to find ρ.
2. Use the flow rate equation to find A from ṁ and then find D.

SOLUTION

1. Ideal gas law

ρ =
p

RT

=
(50× 103 Pa)

(287 J/ kgK)(273− 18)K
= 0.683 kg/m3

2. Flow rate equation
ṁ = ρAV

So

A =
ṁ

ρV

=
200 kg/ s

(0.683 kg/m3)(240m/ s)

= 1.22 m2

A = (π/4)D2 = 1.22

D =

µ
4× 1.22m2

π

¶1/2
D = 1.25 m
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5.11: PROBLEM DEFINITION

Situation:
Air flows in a rectangular air duct.
A = 1.0m× 0.2 m, Q = 1000 m3/h.

Find:
Air velocity (m/s).

Properties:
Air (30 ◦C, 100 kPa).

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

V =
Q

A

=
1000m3/h (1 h/3600 s)

(1.0m× 0.2m)
V = 1.39 m/ s
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5.12: PROBLEM DEFINITION

Situation:
In a circular duct the velocity profile is v(r) = V0

¡
1− r

R

¢
.

Find:
Ratio of mean velocity to center line velocity, V̄

V0
.

PLAN

Apply the integral form of the flow rate equation, because velocity is not constant
across the cross-section.

SOLUTION

Flow rate equation

Q =

Z
vdA

where dA = 2πrdr. Then

Q =

Z R

0

V0
³
1−

³ r
R

´´
2πrdr

= V0(2π)

µ
r2

2
− r3

3R

¶
|R0

= 2πV0

µ
R2

2
− R2

3

¶
= (2/6)πV0R

2

Average Velocity

V̄ =
Q

A
V̄

V0
=

Q

A

1

V0

=
(2/6)πV0R

2

πR2
1

V0
V̄
Vo
= 1

3

12



5.13: PROBLEM DEFINITION

Situation:
Two dimensional flow in a channel of width W and depth D.
V (x, y) = VS

³
1− 4x2

W 2

´³
1− y2

D2

´
.

Find:
An expression for the discharge: Q = Q(VS, D, W ).

PLAN

Apply the integral form of the flow rate equation, because v is not constant over the
cross-section.

SOLUTION

Flow rate equation

Q =

Z
V · dA =

Z Z
V (x, y)dxdy

=

Z W/2

−W/2

Z D

y=0

VS

µ
1− 4x

2

W 2

¶µ
1− y2

D2

¶
dydx

Q = (4
9
)VSWD
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5.14: PROBLEM DEFINITION

Situation:
Water flows in a pipe with a linear velocity profile.
Vmax = 15 ft/ s, Vmin = 12 ft/ s.
D = 4 ft.

Find:
Discharge in cfs and gpm.

PLAN

Apply the integral form of the flow rate equation with area expressed as a function
of radius.

SOLUTION

Flow rate equation

Q =

Z
A

V dA

=

Z r0

0

V 2πrdr

The equation for the velocity distribution is a straight line in the form V = mr + b
with V = 15 ft/s at r = 0 and V = 12 ft/s at r = r0 yielding V = 15 ft/s−3r/r0.

Q =

Z r0

0

µ
15−

µ
3r

r0

¶¶
2πrdr

= 2πr20

µ
15

2
− 3
3

¶
= 2π

∙
4.00

µ
15

2
− 3
3

¶¸
Q = 163 cfs

= 163.4 ft3/ s

µ
449

gal/min

ft3/ s

¶
Q = 73, 400 gpm
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5.15: PROBLEM DEFINITION

Situation:
Water flows in a pipe with a linear velocity profile.
Vmax = 8 m/ s, Vmin = 6 m/ s.
D = 2m.

Find:
Discharge (m3/ s).
Mean velocity (m/ s).

PLAN

Apply the integral form of the flow rate equation with area expressed as a function
of radius.

SOLUTION

Flow rate equation

Q =

Z
A

V dA

=

Z r0

0

V 2πrdr

The equation for the velocity distribution is a straight line in the form V = mr + b
with V = 8 m/s at r = 0 and V = 6 m/s at r = r0 yielding V = 8 m/s−2r/r0.

Q =

Z r0

0

µ
8−

µ
2r

r0

¶¶
2πrdr

= 2πr20

µ
8

2
− 2
3

¶
= 2π × 1.0

µ
8

2
− 2
3

¶
Q = 20.9 m3/s

Mean velocity

V =
Q

A

=
20.9 m3/s

π (1 m)2

V = 6.67m/ s
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5.16: PROBLEM DEFINITION

Situation:
Air flows in a square duct with velocity profile shown in the figure.
D = 1m, Vmax = 10m/ s.

Find:
(a) Volume flow rate (m3/ s).
(b) Mean velocity (m/ s).
(c) Mass flow rate (kg/ s).

Properties:
Air: ρ = 1.2 kg/m3.

PLAN

Use various form of the flow rate equation.
Use the integral form of the flow rate equation because velocity is not constant of the
area.

SOLUTION

The velocity profile is V = 20y.

dQ = V dA

dQ = (20y)dy

Q = 2

Z 0.5

0

V dA

= 2

Z 0.5

0

20ydy

=
40y2

2
|0.50

= 20× 0.25
Q = 5 m3/s

Mean velocity

V =
Q

A

=
5m3/ s

1m2

V = 5 m/s

Mass flow rate

ṁ = ρQ

= (1.2 kg/m3)(5 m3/s)

ṁ = 6.0 kg/s
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5.17: PROBLEM DEFINITION

Situation:
An open channel flow has a 30o incline.
V = 18 ft/ s.
Depth = y = 4 ft.
Width = x = 30 ft.

Find:
Discharge (cfs).

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

Q = V ×A

= (18 ft/ s) (4 ft cos 30◦) (30 ft)

Q = 1, 870 cfs
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5.18: PROBLEM DEFINITION

Situation:
A rectangular channel has a 30o incline.
u = y1/3 m/ s.
Depth = y = 1m.
Width = x = 1.5m.
d = 1m× cos(30o) = 0.866 m

Find:
Discharge (m3/ s).

PLAN

Apply the integral form of the flow rate equation becuse velocity is not constant over
the area.

SOLUTION

Flow rate equation

Q =

Z 0.866

0

y1/3(1.5 dy)

= 1.5

Z 0.866

0

y1/3dy

=

µ
1.5

4/3

¶
y4/3|0.866 m0

Q = 0.93 m3/s
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5.19: PROBLEM DEFINITION

Situation:
A rectangular channel has a 30o incline.
u = 10[exp(y)− 1] m/ s.
y = 1m, x = 2m.

Find:
Discharge (m3/ s).
Mean velocity (m/ s).

PLAN

Apply the integral form of the flow rate equation becuse velocity is not constant over
the area.

SOLUTION

Discharge.

Q =

Z 0.866

0

V dy

Q =

Z 0.866

0

(10)(ey − 1)2 dy

= [(2)(10)(ey − y)]0.8660

Q = 10.23 m3/s

Mean velocity

V̄ =
Q

A

=
10.23 m3/s
2× 0.866 m2

V̄ = 5.91 m/s
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5.20: PROBLEM DEFINITION

Situation:
Water enters a weigh tank from a pipe.
t = 20min, W = 20kN.

Find:
Discharge (m3/s).

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

PLAN

Definition of discharge is a volume/time.

SOLUTION

Q =
V

∆t

=
W

γ∆t

=
20, 000N

9790N/m3 × 20min× 60 s/min
Q = 1.70× 10−3 m3/s
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5.21: PROBLEM DEFINITION

Situation:
Water enters a lock for a ship canal through 180 ports.
Ap = 2 ft× 2 ft, Arise = 105 ft× 900 ft.
Vrise = 6 ft/min.

Find:
Mean velocity in each port (ft/ s).

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation X
VpAp = Vrise ×Arise

180× Vp × (2× 2) ft2 =

µ
6

60

¶
ft/ s× (105× 900) ft2

Vport = 13.1 ft/s
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5.22: PROBLEM DEFINITION

Situation:
Water flows through a rectangular and horizontal open channel.
u = umax(y/d)

n, umax = 3 m/ s.
d = 1.2 m, and n = 1/6.

Find:
Discharge per meter of channel width (m2/ s).
Mean velocity (m/s).

PLAN

Apply the flow rate equation, considering that velocity is not constant of the cross-
sectional area.

SOLUTION

Discharge per meter

q =

Z d

0

umax
³y
d

´n
dy =

umaxd

n+ 1

=
3m/ s× 1.2m

1
6
+ 1

q = 3.09 m2/s

Mean velocity

V =
q

d

=
3.09m2/ s

1.2m

V = 2.57 m/s
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5.23: PROBLEM DEFINITION

Situation:
A flow with a linear velocity profile occurs in a triangular-shaped open channel.
Vmax = 6 ft/ s, d = 1 ft, wmax = 0.5 ft.

Find:
Discharge (cfs).

PLAN

Apply the flow rate equation, considering that velocity is not constant of the cross-
sectional area.

SOLUTION

Flow rate equation

Q =

Z
V dA

where V = 5y ft/s, dA = xdy = 0.5 ydy ft2

q =

Z 1

0

(6y)× (0.5ydy)

=
3y3

3
|10

q = 1 cfs
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5.24: PROBLEM DEFINITION

Situation:
Flow in a circular pipe.
V = Vc(1− (r/ro))n.

Find:
Mean velocity of the form V = V (Vc, n).

PLAN

Apply the flow rate equation, considering that velocity is not constant across the
cross-sectional area.

SOLUTION

Flow rate equation

Q =

Z
A

V dA

=

Z r0

0

Vc

∙
1−

µ
r

r20

¶¸n
2πrdr

= −πr20Vc
Z ro

0

Ã
1−

µ
r

r0

¶2!nµ
−2r
r20

¶
dr

This integral is in the form of Z U

0

undu =
Un+1

n+ 1

so the result is

Q = −πr20Vc

µ
1−

³
r
r0

´2¶n+1

n+ 1
|r00

=

µ
1

n+ 1

¶
Vcπr

2
0

V =
Q

A

V =
¡

1
n+1

¢
Vc
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5.25: PROBLEM DEFINITION

Situation:
Flow in a pipe.
V = 12(1− r2/r2o).
D = 1m, Vc = 12m/ s.

Find:
Plot the velocity profile.
Mean velocity (m/s).
Discharge (m3/s).

PLAN

1. Velocity profile is V = f (r).
2. Apply the flow rate equation, considering that velocity is not constant across the
cross-sectional area.

SOLUTION

1. Velocity

r/r0 1− (r/r0)2 V (m/s)
0.0 1.00 12.0
0.2 0.96 11.5
0.4 0.84 10.1
0.6 0.64 7.68
0.8 0.36 4.32
1.0 0.00 0.0

2. Flow rate equation
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Q =

Z
A

V dA

=

Z r0

0

12

µ
1− r

r20

¶
2πrdr

= 24π

Z ro

0

µ
r − r3

r20

¶
dr

= 24π

µ
r2

2
− r4

4r20

¶
|r00

= 2Vcπ

µ
r20
2
− r20
4

¶
= 2Vcπ

µ
r20
4

¶
V =

Q

A

V = (1/2)Vc

V = 6 m/s

Q = V A

= (6 ft/ s) (π/4) (1m)2

Q = 4.71 m3/s

26



5.26: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
D = 2 in, ṁ = 80 lb/min.

Find:
Mean velocity (ft/s).

Properties:
Water (60 ◦F), Table A.5: ρ = 1.94 slug/ ft3 = 62.37 lbf/ ft3.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

V =
ṁ

ρA

V =

80 lb/min
60 s/min

62.37 lbf/ ft3(π
4
× ( 2

12
ft)2)

V = 0.979 ft/s
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5.27: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
D = 0.20m, ṁ = 1000 kg/min.

Find:
Mean velocity (m/s).

Properties:
Water (20 ◦C), Table A.5: ρ = 998 kg/m3.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

V =
ṁ

ρA

=

1000 kg/min
60 s/min

998 kg/m3(π
4
× (0.2m)2)

V = 0.532 m/s
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5.28: PROBLEM DEFINITION

Situation:
Water enters a weigh tank.
W = 4765 lbf, t = 15min.

Find:
Discharge in units of cfs and gpm.

Properties:
Water (60 ◦F), Table A.5: γ = 62.37 lbf/ ft3.

SOLUTION

Q =
V

∆t

=
∆W

γ∆t

=
4765 lbf¡

62.37 lbf/ ft3
¢
(15min) (60 s/min)

Q = 0.0849 cfs

= 0.08449 cfs× 264.2 gps
35.31 cfs

× 60 s
1 min

Q = 37.9 gpm
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5.29: PROBLEM DEFINITION

Situation:
A shell and tube heat exchanger with one pipe inside another pipe. Liquids flow

in opposite directions.
Vo = Vi, Qo = Qi.

Find:
Find ratio of diameters.

PLAN

Use discharge equation Q = AV and neglect pipe wall thickness.

SOLUTION

Discharge and velocity the same so

Q = AinnerV = AouterV

Therefore
π

4
(D2

o −D2
i ) =

π

4
D2

i

so
Do

Di
=
√
2
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5.30: PROBLEM DEFINITION

Situation:
A heat exchanger has three pipes enclosed in a larger pipe.
V = 10m/ s, Dsmall = 2.5 cm with wall thickness 3mm.
Dlarge = 8 cm.

Find:
Discharge inside larger pipe.

PLAN

Use discharge equation, Q = AV where A is net area inside large pipe.

SOLUTION

The outside cross-sectional area of each smaller pipe is

A =
π

4
(2.5 + 0.6)2 = 7.55 cm2

The cross-sectional area between the large pipe and the small pipes is

A =
π

4
82 − 3× 7.55 = 27.61 cm2 = 0.002761 m2

The discharge is

Q = AV = 0.002761m2 × 10m/ s
Q = 0.0276m3/ s

31



5.31: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
V = 10 ft/ s, D = 4 in = 0.333 ft.

Find:
Discharge in units of cfs and gpm.
Mass flow rate (kg/s).

Properties:
Water (60 ◦F), Table A.5: ρ = 1.94 slug/ ft3.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

Q = V A

= (10 ft/ s)
³π
4
× (0.333 ft)2

´
Q = 0.873 cfs

= 0.873 cfs× 264.2 gps
35.31 cfs

× 60 s
1 min

Q = 392 gpm

Mass flow rate

ṁ = ρQ

= 0.8731 cfs× 1.94 slugs/ft3

ṁ = 1.69 slugs/s
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5.32: PROBLEM DEFINITION

Situation:
Control surface and volume.

Find:
What is a control surface and control volume?
Can mass pass through a control surface?

SOLUTION

A control volume is volume defined in space and the control surface encloses the
control volume. The control volume can translate, rotate and dilate or contract with
time.

Mass can pass through the control surface and, hence, through the control volume.
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5.33: PROBLEM DEFINITION

Situation:
Properties.

Find:
What is the difference between an intensive and extensive property?

SOLUTION

The value of an extensive property depends on the amount matter and an intensive
property is independent of the amount of matter. An example of an extensive property
is volume because the volume depends on the amount of matter contained in the
volume. Volume per unit mass (reciprocal density) is independent of the amount of
mass.
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5.34: PROBLEM DEFINITION

Situation:
Lagrangian and Eulerian descriptions.

Find:
Difference between Lagrangian and Eulerian descriptions of flow field.

SOLUTION

In the Lagrangian description, the difference in properties between two points in a field
is determined by applying Euler equation or the Bernoulli equation along a pathline
that passes through the two points. Thus a flow field is determined by starting with a
known initial state and calculating the flow properties at other points by integrating
along pathlines to those points. In the Eulerian description, the flow field is solved
for properties at a given point.
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5.35: PROBLEM DEFINITION

Situation:
Flow fields.

Find:
Shorcomings of using Lagrangian description.

SOLUTION

When using the Lagrangian description, in order to evaluate properties at an arbitrary
point in a flow field, the pathline that starts where the flow field is known and passes
through the desired point must be located. This is not a straight forward technique.
The problem is accentuated with unsteady flow where different pathlines may pass
through the same point at different times.
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5.36: PROBLEM DEFINITION

Situation:
Reynolds transport theorem.

Find:
The purpose of Reynolds transport theorem.

SOLUTION

The Reynolds transport theorem is used to relate the Lagrangian equations to the
Eulerian equations. The Lagrangian for mass, momentum and energy can be con-
verted to the Eulerian form by application of the Reynolds transport equation.
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5.37: PROBLEM DEFINITION

Situation:
Mass is flowing into and out of a tank.
Vi = 10m/ s, Ai = 0.10m

2, ρi = 3.00 kg/m
3.

Vo = 5m/ s, Ao = 0.20m
2, ρo = 2.00 kg/m

3.

Find:
Select the statement(s) that are true.

SOLUTION

Mass flow out

ṁo = (ρAV )2

=
¡
2 kg/m3

¢
(0.2m) (5m/ s)

= 2 kg/s

Mass flow in

ṁi = (ρAV )1

=
¡
3 kg/m3

¢
(0.1m) (10m/ s)

= 3 kg/s

Since the mass flow in is not equal to the mass flow out, the flow is unsteady.
Only selection (b) is valid .
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5.38: PROBLEM DEFINITION

Situation:
A piston in a cylinder is moving up and control consists of volume in cylinder.

Find:
Indicate which of the statements are true.

SOLUTION

a) True, there is no flow entering or leaving across the control surface.
b) True, since there is no mass flux across the control surfaces, the mass in the control
volume does not change with time.
c) True, since the mass in the control volume is constant, ρVcv=constant so ρ increases
as volume decreases.
d) True, assuming the piston is moving rapidly, there is no time for heat transfer so
temperaure must increaese.
e) True, due to piston motion the velocity of the gases in the cylinder will be changing
with time.
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5.39: PROBLEM DEFINITION

Situation:
Two flow cases: a closed tank is filled with a fluid and a pipe contracts.
V = 12 ft/ s, A = 1.5 ft2, ρ = 2 slug/ ft3..
V1 = 1 ft/ s, A1 = 2 ft

2, ρ1 = 2 slug/ ft
3.

V2 = 2 ft/ s, A2 = 1 ft
2, ρ2 = 2 slug/ ft

3.

Find:
(a) Value of b.
(b) Value of dBsys/dt.
(c) Value of

P
bρV ·A

(d) Value of d/dt
R
cv bρdV

SOLUTION

Case (a) Case (b)
1) b = 1 1) B = 1

2) dBsys/dt = 0 2) dBsys/dt = 0

3)
P

bρV ·A =
P

ρV ·A 3)
P

bρV ·A =
P

ρV ·A
= −2× 12× 1.5 = 2× 1× 2− 1× 2× 2P

bρV ·A = −36 slugs/s
P

bρV ·A = 0
4) d

dt

R
cv bρdV = +36 slugs/s 4) d

dt

R
cv bρdV = 0
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5.40: PROBLEM DEFINITION

Situation:
Pipe flows full with water.

Find:
Is it possible for the volume flow rate into the pipe to be different than the flow

rate out of the pipe?

SOLUTION

Application of the continuity equation to a control volume passing through the inlet
section and outlet section shows

0 =
d

dt

Z
cv

ρdV + ṁout − ṁin

Since the density is constant

0 =
d

dt
(ρVcv) + ṁout − ṁin

Since the volume of the control volume is constant the unsteady term is zero so
ṁout = ṁin.
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5.41: PROBLEM DEFINITION

Situation:
Air flows in a tube.

Find:
Is it possible for the mass flow rate into the tube to be different than the flow rate

out of the tube?
Air is pumped into one end of a tube at a certain mass flow rate. Is it necessary that
the same mass flow rate of air comes out the other end of the tube?
Application of the continuity equation over a control surface that includes the inlet
and outlet shows

0 =
d

dt

Z
cv

ρdV + ṁout − ṁin

The density of the air in the control volume can change with time, the unsteady term
may not be zero and ṁout 6= ṁin
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5.42: PROBLEM DEFINITION

Situation:
Tire develops a leak.

Find:
How do air and density change with time?
How is air density related to tire pressure?

Assumptions:
Constant temperature.

SOLUTION

If an automobile tire develops a leak, how does the mass of air and density change
inside the tire with time?
Assume the effective volume of the tire is unchanged. The air mass in the tire will
decrease. Also, since the tire volume is constant, the air density will also decrease.

Assuming the temperature remains constant, how is the change in density related to
the tire pressure?
From the ideal gas law, a decrease in density relates directly to a decrease in pressure.

43



5.43: PROBLEM DEFINITION

Situation:
Two pipes are connected in series.
D1 = 2D2, V1 = 5m/ s.

Find:
Velocity in smaller pipe (m/ s).

SOLUTION

Use continuity equation for discharge. Q = AV which is valid since density is con-
stant.

AlargeVlarge = AsmallVsmall

Vsmall = Vlarge

µ
Alarge
Asmall

¶
= 5 m/s× 22

Vsmall = 20m/ s

44



5.44: PROBLEM DEFINITION

Situation:
The level in the tank is influenced by the motion of pistons A and B moving left.
VA = 2VB, DA = 3 in, DB = 6 in.

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

Sketch:

PLAN

Apply the continuity equation. Select a control volume as shown above. Assume it
is coincident with and moves with the water surface.

SOLUTION

Continuity equation

ṁo − ṁi = − d

dt

Z
cv
ρdV

ρ2VBAA − ρVBAB = −ρ d
dt

Z
cv
dV

where AA = (π/4)3
2;AB = (π/4)6

2 and AA = (1/4)AB. Then

2VB(1/4)AB − VBAB = − d

dt

Z
CV

dV

VBAB((1/2)− 1) = − d

dt

Z
CV

dV

d

dt

Z
CV

dV = (1/2)VBAB

d

dt
(Ah) = (1/2)VBAB

A
dh

dt
= (1/2)VBAB

Because (1/2)VBAB is positive dh/dt is positive; therefore, one concludes that the
water surface is rising.
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5.45: PROBLEM DEFINITION

Situation:
Two round plates move together. At the instant shown, the plate spacing is h.

Air flows across section A with a speed V 0.

Find:
An expression for the radial component of convective acceleration at section A.

Sketch:

Assumptions:
Assume V 0 is constant across section A.
Assume the air has constant density.

PLAN

Apply the continuity equation to the control volume defined in the problem sketch.

SOLUTION

Continuity equation

ṁo − ṁi = − d

dt

Z
c.v.

ρdV

ρV 0A0 = −(−2ρV A)
2V A = V 0A0

The control volume has radius r so

V 0 =
2V A

A0
=
2V πr2

2πrh
=

V r

h

Convective acceleration

ac = V 0 ∂

∂r
(V 0)

=

µ
V r

h

¶µ
∂

∂r

¶µ
V r

h

¶
=

V 2r

h2

ac =
V 2D
2h2
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5.46: PROBLEM DEFINITION

Situation:
Pipe flows A and B merge into a single pipe.
QA = 0.02t m

3/ s, QB = 0.008t
2m3/ s.

Aexit = 0.01 m
2, t = 1 s.

Find:
Velocity at the exit, Vexit.
Acceleration at the exit, aexit.

Assumptions:
Incompressible flow.

PLAN

Apply the continuity equation.

SOLUTION

Since the flow is incompressible, the unsteady term is zero. Continuity equation

Qexit = QA +QB

Vexit =

µ
1

Aexit

¶
(QA +QB)

=

µ
1

0.01m2

¶
(.02t m3/s + 0.008t2 m3/s)

= 2t m/s + 0.8t2 m/s

Then at t = 1 sec,
Vexit = 2.8 m/s

The acceleration along a pathline at the (s→ x) exit is

aexit =
∂V

∂t
+ V

∂V

∂x

Since V varies with time, but not with position, there is no convective acceleration
so

aexit =
∂V

∂t
= 2 + 1.6t m/s

Then at t = 1 sec
aexit = 3.6 m/s2
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5.47: PROBLEM DEFINITION

Situation:
Air flow downward through a pipe and then outward between to parallel disks.
Q = 0.380m3/ s, r = 20 cm
D = 0.1m, h = 0.6 cm.

Find:
(a) Expression for acceleration at point A.
(b) Value of acceleration at point A.
(c) Velocity in the pipe.

PLAN

Apply the flow rate equation.

SOLUTION

a)
Flow rate equation

Vr =
Q

A
=

Q

2πrh
Evaluate convective acceleration along a radial pathline (s→ r)

ac =
Vr∂Vr
∂r

=

µ
Q

2πrh

¶
(−1)

µ
Q

2πr2h

¶
ac =

−Q2

r(2πrh)2

b)

Vpipe =
Q

Apipe

=
(0.380m3/ s)
π
4
(0.1m)2

Vpipe = 48.4 m/s

c)

ac = − (0.38m3/ s)2

(0.2m)(2π (0.2m) (0.006m))2

ac = −12, 700 m/s2
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5.48: PROBLEM DEFINITION

Situation:
Air flow downward through a pipe and then outward between to parallel disks.
Q = Q0(t/t0), r = 20 cm.
D = 10 cm, h = 1 cm.
t0 = 1 s, Q0 = 0.1m

3/ s.

Find:
(a) At t = 2 s, acceleration at point A: a2.
(b) At t = 3 s, acceleration at point A: a3.

SOLUTION

Local acceleration

ac =
∂V

∂t
=

∂

∂t

µ
Q

2πrh

¶
ac =

∂

∂t

Q0(t/t0)

2πrh

ac =
Q0/t0
2πrh

ac;2,3 =
(0.1m3/ s/1 s)

2π × 0.20m× 0.01m = 7.958 m/s2

From solution to Problem 5.47

ac =
−Q2

r(2πrh)2

At t = 2s,Q = 0.2 m3/s

ac,2s = −5, 066 m/s2

a2s = ac + ac = 7.957− 5, 066
a2s = −5, 060 m/s2

At t = 3s, Q = 0.3 m3/s

ac,3s = −11, 398 m/s2

a3s = −11, 398 + 7.957
a3s = −11, 400 m/s2
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5.49: PROBLEM DEFINITION

Situation:
Water flows into a tank through a pipe on the side and then out a pipe on the

bottom of the tank.
Aout = Ain = 0.0025m

2, Atank = 0.1m2,
At h = 1m, dh/dt = 0.1m, V =

√
2gh.

Find:
Velocity in the inlet: Vin.

Assumptions:
Incompressible flow.

PLAN

Apply the continuity equation. Let the control surface surround the liquid in the
tank and let it follow the liquid surface at the top.

SOLUTION

Continuity equation

ṁo − ṁi = −
d

dt

Z
cv

ρdV

−ρVinAin + ρVoutAout = −
d

dt
(ρAtankh)

−VinAin + VoutAout = −Atank
µ
dh

dt

¶
−Vin(.0025) +

p
2g(1)(.0025) = −0.1(0.1)× 10−2

Vin =

√
19.62(.0025) + 10−4

0.0025

Vin = 4.47 m/s
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5.50: PROBLEM DEFINITION

Situation:
A bicycle tire is inflated with air.The density of the air in the inflated tire is 0.4

lbm/ft3.
V = 0.045 ft3, Qin = 1 ft

3/min.

Find:
Time needed to inflate the tire.

Properties:
ρin = 0.075 lb/ ft

3, ρCV = 0.04 lb/ ft
3.

PLAN

Apply the continuity equation. Select a control volume surrounding the air within
tire.

SOLUTION

Continuity equation

(ρQ)in =
d

dt
Mcv

This equation may be integrated to give

(ρQ)in t =MCV

or

t =
MCV

(ρQ)in

=
0.045 lb/ ft3 × 0.4
0.075 lb/ ft3 × (1/60)
t = 14.4 s
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5.51: PROBLEM DEFINITION

Situation:
A cylinder falls in a tube containing a liquid.
VC = 4 ft/ s, Dtube = 8 in, Dcylinder = 6 in.

Find:
Mean velocity of the liquid in between the cylinder and the wall.

Sketch:

PLAN

Apply continuity equation and let the c.s. be fixed except at the bottom of the
cylinder where the c.s. follows the cylinder as it moves down. The top of the control
volume is stationary with resepct to the wall.

SOLUTION

Continuity equation

0 =
d

dt

Z
ρdV + ṁo − ṁi

0 =
d

dt
(V ) + VTAA

0 = VCAC + VT
³π
4

´ £
(8 in)2 − (6 in)2

¤
0 = −4 ft/ s×

³π
4

´
(6 in)2 + VT

³π
4

´ £
(8 in)2 − (6 in)2

¤
VT =

144 ft in2/ s¡
64 in2 − 36 in2

¢
VT = 5.14 ft/s (upward)
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5.52: PROBLEM DEFINITION

Situation:
A round tank is being filled with water.
Vp = 10 ft/ s, DT = 4 ft, Dp = 1 ft.

Find:
Rate at which the water surface is rising.

Sketch:

PLAN

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

SOLUTION

Continuity equation

0 =
d

dt

Z
CV

ρdV+ ṁo − ṁi

0 =
d

dt
(hAT )− ((10 + VR)Ap)

where AT = tank area, VR =rise velocity and Ap =pipe area.

0 = AT
dh

dt
− 10Ap − VRAp

but dh/dt = VR so

0 = ATVR − 10Ap − VRAp

VR =
10Ap

AT −Ap
=

(10 ft/ s) (π/4)(1 ft)2£
(π/4) (4 ft)2 − (π/4) (1 ft)2

¤
VR = (2/3) ft/s
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5.53: PROBLEM DEFINITION

Situation:
A sphere is falling in a cylinder filled with water.
D1 = 8 in, D2 = 1 ft, V1 = 4 ft/ s.

Find:
Velocity of water at the midsection of the sphere.

Sketch:

PLAN

Apply the continuity equation.

SOLUTION

As shown in the above sketch, select a control volume that is attached to the falling
sphere. Relative to the sphere, the velocity entering the control volume is V1 and the
velocity exiting is V2
Continuity equation

− d

dt

Z
CV

ρdV = 0 = ṁi − ṁo

A1V1 = A2V2³π
4
(1.0 ft)2

´
(4 ft) = V2

π
£
(1.0 ft)2 − (0.67 ft)2

¤
4

V2 = 7.26 fps

The velocity of the water relative to a stationary observer is

V = V2 − Vsphere

V = 7.26− 4.0
V = 3.26 ft/ s
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5.54: PROBLEM DEFINITION

Situation:
Air flows in a rectangular duct.
Q = 1.44 m3/s, A1 = 20 cm× 60 cm.
A2 = 10 cm× 40 cm.

Find:
Air speed for initial duct area, V1.
Air speed for latter duct area, V2.

Assumptions:
Constant air density.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

V1 =
Q

A1

=
(1.44m3/ s)

(0.2m× 0.6m)
V1 = 12 m/s

V2 =
(1.44m3/ s)

(0.1m× 0.4m)
V2 = 36 m/s
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5.55: PROBLEM DEFINITION

Situation:
A pipe divides into two outlets.
D30cm = 30 cm, D20cm = 20 cm, D15cm = 15 cm.
V20cm = V15cm, Q = 0.3 m3/ s.

Find:
Discharge in each branch.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

V =
(0.3m)

π
4

¡
(0.2m)2 + (0.15m)2

¢
= 6.11 m/s

Q20 cm = V A20

= (6.11m/ s) (π (0.1m) (0.1m))

Q20 cm = 0.192 m3/s

Q15 cm = V A15

= (6.11m/ s) (π (0.075m) (0.075m))

Q15 cm = 0.108 m3/s
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5.56: PROBLEM DEFINITION

Situation:
A pipe divides into two outlets.
D30cm = 30 cm, D20cm = 20 cm, D15cm = 15 cm.
Q20cm = 2Q15cm, Q = 0.3 m3/ s.

Find:
Mean velocity in each outlet branch.

SOLUTION

Continuity equation
Qtot. = 0.30 m3/s = Q20 +Q15

Since Q20 = 2Q15

0.30 = 2Q15 +Q15

Q15 = 0.10 m3/s;

Q20 = 0.20 m3/s;

Flow rate equation

V15 =
Q15

A15

V15 = 5.66 m/s

V20 =
Q20

A20

V20 = 6.37 m/s

57



5.57: PROBLEM DEFINITION

Situation:
Water flows through pipe that is in series with a narrower pipe.
A pipe divides into two outlets.
D10 = 10 in, D6 = 6 in.
V20cm = V15cm, Q = 898 gal/min.

Find:
Mean velocity in each pipe.

PLAN

Apply the flow rate equation.

SOLUTION

Flow rate equation

Q = 898 gpm = 2 cfs

V10 =
Q

A10

=
2 ft3/ s

π
4

¡
10
12
ft
¢2

V10 = 3.67 ft/ s

V6 =
Q

A6

=
2 ft3/ s

π
4
(0.5 ft)2

V6 = 10.2 ft/ s
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5.58: PROBLEM DEFINITION

Situation:
Water flows through a tee.
DA = DB = 4m, DC = 2m.
VA = 6m/ s, VC = 4m/ s.

Find:
Mean velocity in outlet B.

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation

VB =
VAAA − VcAc

AB

=
[(6m/ s) (π/4) (4m)2 − (4m/ s) (π/4) (2m)2)]

(π/4 (4m)2)

VB = 5.00 m/s
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5.59: PROBLEM DEFINITION

Situation:
Gas flows in a round conduit that tapers to a smaller diameter.
D1 = 1.2m, D2 = 0.6m, V1 = 15m/ s.

Find:
Mean velocity at section 2.

Properties:
ρ1 = 2.0 kg/m

3, ρ2 = 1.5 kg/m
3.

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation

V2 =
ρ1A1V1
ρ2A2

=
ρ1D

2
1V1

ρ2D
2
2

=
(2.0 kg/m3) (1.2m)2 (15m)

(1.5 kg/m3) (0.6m)2

V2 = 80.0 m/s
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5.60: PROBLEM DEFINITION

Situation:
Pipes A and B are connected to an open tank.
QA = 10 ft

3/min, A = 80 ft2, dh/dt = 1 in/min.

Find:
Discharge in pipe B.
If flow in pipe B is entering or leaving the tank.

Sketch:

PLAN

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

SOLUTION

Continuity equation

0 =
d

dt

Z
CV

ρdV +
X

ρV ·A

0 = A
dh

dt
+QB −QA

QB = QA −A
dh

dt

= 10 ft3/min− (80 ft2)( 1
12
ft/min)

QB = +3.33 cfm

Because QB is positive flow is leaving the tank through pipe B.
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5.61: PROBLEM DEFINITION

Situation:
A tank has one inflow and two outflows.
D4in = 4 in = 0.333 ft, V4in = 10 ft/ s.
D6in = 6 in = 0.5 ft, V6in = 7 ft/ s.
D3in = 3 in = 0.25 ft, V3in = 4 ft/ s.
Dtank = 3 ft.

Find:
Is the tank filling or emptying.
Rate at which the tank level is changing: dh

dt

SOLUTION

Inflow = (10 ft/ s)
³π
4

´µ 4
12
ft

¶2
= 0.8727 cfs

Outflow = (7 ft/ s)
³π
4

´
(0.5 ft)2 + (4 ft/ s)

³π
4

´
(0.25 ft)2 = 1.571 cfs

Outflow > Inflow, Thus, tank is emptying

dh

dt
= −Q

A

= −(1.571− 0.8727) ft
3/ s

π (3 ft)2

dh

dt
= −0.0247 ft/s
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5.62: PROBLEM DEFINITION

Situation:
A tank is filled with water over time.
Di = 12 in = 1 ft, Vi = 1 ft/ s.
Do = 6 in = 0.5 ft, Vo = 2 ft/ s.
h1 = 0 ft, Dtank1 = 1 ft.
Dtank2 = 2 ft, h2 = 10 ft.

Find:
At t = 22 s, if the the water surface will be rising or falling.
Rate at which the tank level is changing: dh

dt

Sketch:

PLAN

Apply the continuity equation. Define a control volume in which the control surface
(c.s.) is coincident with the water surface and moving with it.

SOLUTION

Continuity equation

d

dt

Z
cv

ρdV = ṁi − ṁo

d

dt
(ρAh) = (ρAV )in − (ρAV )out

d

dt
(ρAh) = ρ

³π
4
× (1 ft)2

´
(1 ft/ s) + ρ

³π
4
× (0.5 ft/ s)2

´
(2 ft/ s)

A
dh

dt
=

π

4
− π

8

A
dh

dt
=

π

8

Since Adh/dt > 0, the water level must be rising. While the water column occupies
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the 12 in. section, the rate of rise is

dh

dt
=

π/8

A

=
π

8× π/4× (1)2

= 1/2 ft/s

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

10 =

µ
dh

dt

¶
t;

t =
10

1/2
= 20 secs.

Therefore, at the end of 20 sec. the water surface will be in the 2 ft. section. Then
the rise velocity will be:

dh

dt
=

π

8A

=
π

8× π/4× (2 ft)2

dh
dt
= 1/8 ft/sec
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5.63: PROBLEM DEFINITION

Situation:
A lake is fed by an inlet and has no outlet. cfs. Lake surface area is , where h is

depth in feet.
Qin = 1200 ft

3/ s, A(h) = 4.5 + 5.5hmi2.
QEvap = 13 ft

3/ smi2.

Find:
Equilibrium depth of lake.
The minimum discharge to prevent the lake from drying up.

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation

QEvap. = Qin.¡
13 ft3/s/mi2

¢
(4.5 + 5.5h) mi2 = 1200 ft3/s

Solve for depth h :
h = 16.0 ft. at equilibrium

The lake will dry up when h = 0 and QEvap. = Qin.. For h = 0,

13(4.5 + 5.5× 0) = Qin.

Lake will dry up when Qin. = 58.5 ft3/s
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5.64: PROBLEM DEFINITION

Situation:
A nozzle discharges water onto a plate moving towards the nozzle. Plate speed

equals half the jet speed.
Qin = 5 ft

3/ s, Vin = 2Vp.

Find:
Rate at which the plate deflects water.

PLAN

Apply the continuity equation. Select a control volume surrounding the plate and
moving with the plate.

SOLUTION

Continuity equation
Qin = Qp

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

Qp = Qin

= VinAo

=

µ
3Vo
2

¶
(Ao) =

3

2
(VoAo)

=
3

2
Qo

Qp = 7.5 cfs
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5.65: PROBLEM DEFINITION

Situation:
A tank with a depth h has one inflow ( ft3/s) and one outflow through a 1 ft

diameter pipe. The outflow velocity is .
Q = 20 ft3/ s, Vout =

√
2gh, Dout = 1 ft.

Find:
Equilibrium depth of liquid.

PLAN

Apply the continuity equation and the flow rate equation.

SOLUTION

Continuity equation

Qin. = Qout at equilibrium

Qout = 20 ft3/ s

Flow rate equation

Qout = VoutAout

20 = (
p
2gh)(π/4×D2

out) where D = 1 ft.

Solving for h yields
h = 10.1 ft.
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5.66: PROBLEM DEFINITION

Situation:
Flows with different specific weights enter a closed tank through ports A and B and

exit the tank through port C. Assume steady flow. Details are provided on figure
with problem statement.
DA = 6 in, QA = 3 ft

3/ s.
SA = 0.95, DC = 6 in.
QB = 1 ft

3/ s, SB = 0.85, DB = 4 in.

Find:
Mass flow rate at C.
Average velocity at C.
Specific gravity of the mixture.

Assumptions:
Steady state.

PLAN

Apply the continuity equation and the flow rate equation.

SOLUTION

Continuity equationX
ṁi −

X
ṁo = 0

−ρAVAAA − ρBVBAB + ρCVCAC = 0

ρCVCAC = 0.95× 1.94 slug/ ft3 × 3 ft3/ s + 0.85× 1.94 slug/ ft3 × 1 ft3/ s
ṁ = 7.18 slugs/s

Continuity equation, assuming incompressible flow

VCAC = VAAA + VBAB

= 3 + 1 = 4 cfs

Flow rate equation

VC =
Q

A
=

4 ft3/ s
π
4
(0.5 ft)2

VC = 20.4 ft/ s

ρC =
7.18

4
= 1.795 slugs/ft3

S =
1.795

1.94

S = 0.925
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5.67: PROBLEM DEFINITION

Situation:
O2 and CH4 are mixed in a mixer before exiting.
VO2 = VCH4 = 5m/ s.
ACH4 = 1 cm

2, AO2 = 3 cm
2.

Find:
Exit velocity of the gas mixture, Ve.

Properties:
From Table A.2: RO2 = 260 J/ kgK, RCH4 = 518 J/ kgK.
T = 100 ◦C, ρ = 2.2 kg/m3, p = 250 kPa.

PLAN

Apply the ideal gas law to find inlet density. Then apply the continuity equation.

SOLUTION

Ideal gas law

ρ02 =
p

RT

=
250, 000Pa

(260 J/ kgK) (273 + 100) K

= 2.57 kg/m3

ρCH4
=

250, 000Pa

(518 J/ kgK) (273 + 100) K

= 1.29 kg/m3

Continuity equationX
ṁi =

X
ṁo

ρeVeAe = ρO2VO2AO2 + ρCH4VCH4ACH4

Ve =
2.57 kg/m3 × 5m/ s× 3 cm2 + 1.29 kg/m3 × 5m/ s× 1 cm2

2.2 kg/m3 × 3 cm2

Ve = 6.84 m/s
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5.68: PROBLEM DEFINITION

Situation:
A pipe with a series of holes is used to distribute air.
Qhole = 0.67A0

¡
2∆p
r

¢1/2
.

nhole = 50/m, L = 10m.
Dpipe = 0.5m, Dhole = 2.5 cm.

Find:
Velocity of air entering the pipe.

Properties:
From Table A.2: R = 287 J/ kgK.
T = 20 ◦C, ppipe = 100Pa gage

PLAN

The total discharge out of the holes is equal to the inlet discharge.

Qin = AVin = NQhole

where N is the number of holes and Qholeis the discharge for each hole.

SOLUTION

The total number of holes

N = 50× 10 = 500 holes

The density in the pipe is

ρ =
p

RT
=

100, 100Pa

(287 J/ kgK) (273 + 20) K
= 1.19 kg/m3

The flow rate through the holes is

Qhole = 0.67Ao

µ
2∆p

ρ

¶1/2
Qhole = 0.67

³π
4
(0.025m)2

´µ 2× 100Pa
1.19 kg/m3

¶1/2
= 0.00426 m3/s

The velocity at the pipe entrance is

V =
NQhole

A
=
500× 0.00426m3/ s

π
4
× (0.5m)2

V = 10.8m/ s
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5.69: PROBLEM DEFINITION

Situation:
Water through a globe valve.
Q = 10 gal/min, ∆r2 = 0.125 in.
D1 = 1 in, D2 = 0.5 in

Find:
Pressure drop across the valve.

Properties:
T = 60 ◦F.

PLAN

Apply the Bernoulli equation between the 1 inch upstream pipe and the opening at
the seat of the valve

SOLUTION

The pressure drop across the globe valve is

p1 − p2
γ

=
V 2
2 − V 2

1

2g

assuming negligible change in elevation. The p1 is the pressure in the pipe and p2 at
the valve seat. From continuity V2A2 = V1A1 so

p1 − p2
γ

=
V 2
1

2g

"µ
A1
A2

¶2
− 1
#

The area between the disc and the seat is

A2 = 2πr∆r = 2π × 0.25 in× 0.125 in = 0.196 in2

The upstream pipe area is

A1 = πr2 = π × (0.5 in)2 = 0.785 in2

Thus A1/A2 = 4.0. The volume flow rate is

Q = 10 gpm
0.002228 ft3/s

1 gpm
= 0.02228 ft3/s

and the velocity in the pipe is

V1 =
Q

A1
=
0.02228 ft3/s
0.785 in2

144 in2

1 ft2
= 4.08 ft/s

Thus
p1 − p2

γ
=

(4.08 ft/ s)2

2× 32.2 ft/ s2
£
42 − 1

¤
= 3.88 ft

The specific weight of water at 60oF is 62.37 lbf/ft3. The pressure drop is

p2 − p1 = 62.37 lbf/ft3 × 3.88 ft = 242psfd
p2 − p1 = 1.68 psid
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5.70: PROBLEM DEFINITION

Situation:
Water flow through an orifice in a pipe.
D1 = 2.5 cm, Do = 1.5 cm.

0.64Ao = A2, Q = CAo

³
2∆p
ρ

´1/2
.

∆p = 10 kPa, Q = 1000 kg/m3.

Find:
a) Derive equation for discharge.
b) Evaluate discharge across orifice.

PLAN

Apply the continuity equation and the Bernoulli equation between pipe and vena
contracta. Neglect elevation change.

SOLUTION

Let point 1) be at the centerline of the upstream pipe and point 2) at the vena
contracta. The Bernoulli equation gives

p1 − p2 =
ρ

2
(V 2
2 − V 2

1 )

=
ρ

2
V 2
1 (

V 2
2

V 2
1

− 1)

=
ρ

2
V 2
1 (

A21
A22
− 1)

=
ρ

2
(V1A1)

2

µ
1

A22
− 1

A21

¶
=

ρ

2
(V1A1)

2

µ
A21 −A22
A21A

2
2

¶
Solving for V1A1 = Q

Q = A2

s
2(p1 − p2)

ρ
(

A21
A21 −A22

)1/2

The ratio of the cross-sectional area at the vena contracta to the area of the orifice
is

A2
Ao
= 0.64

and

A2
A1

=
0.64Ao

A1
= 0.64

µ
Do

D1

¶2
A2
A1

= 0.64

µ
Do

D1

¶2
= 0.64×

µ
1.5 cm
2.5 cm

¶2
= 0.2304
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Substitute into discharge equation

Q = 0.64Ao

s
2(p1 − p2)

ρ
(

1

1−A22/A
2
1

)1/2

Q = 0.64Ao

s
2(p1 − p2)

ρ
(

1

1− 0.23042 )
1/2

Q = 0.658Ao

r
2(p1 − p2)

ρ

For a ∆p = 10 kPa the discharge is

Q = 0.658× (π
4
× 0.0152 m2)

s
2× 10000 Pa
1000 kg/m3

= 0.000520 m3/ s

Q = 5.20× 10−4m3/ s
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5.71: PROBLEM DEFINITION

Situation:
A tank is filled with air from a compressor.
V = 10m3, ṁ = 0.5ρ0

ρ
kg/ s.

Find:
Time to increase the density of the air in the tank by a factor of 2.

Properties:
ρ0 = 2kg/m

3

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation

ṁo − ṁi = − d

dt

Z
CV

ρdV

− d

dt
(ρV) = −ṁi

V(
dρ

dt
) = 0.5ρ0/ρ

Separating variables and integrating

ρdρ =
0.5ρ0dt

V
ρ2

2
|f0 =

0.5ρ0dt

V
ρ2f − ρ20
2

=
0.5ρ0∆t

V

∆t = Vρ0

∙µ
ρ2f
ρ20

¶
− 1
¸

=
¡
10m3

¢
(2 kg/m3)((2)2 − 1)

∆t = 60s
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5.72: PROBLEM DEFINITION

Situation:
A tire develops a slow leak.
ṁ = 0.68pA/

√
RT , V = 0.5 ft3, t = 3h.

Find:
Area of the leak.

Properties:
From Table A.2: R = 1716 ft lbf/ slug R.
T = 60 ◦F, p1 = 30psig, p2 = 25psig.

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation

ṁout = −
d

dt
(ρV)

Ideal gas law
ρ =

p

RT
Combining previous 2 equations

ṁout = −
V

RT

µ
dp

dt

¶
Let ṁout = 0.68A/

√
RT in the above equation

0.68pA√
RT

= − V

RT

µ
dp

dt

¶
Separating variables and integrating

1

p

µ
dp

dt

¶
= −(0.68A

√
RT )

V

cn

µ
p0
p

¶
=

(0.68A
√
RT )

V

Finding area

A =

µ
V

0.68t
√
RT

¶
cn

µ
p0
p

¶
=

Ã
0.5

(0.68) (3 h) (3, 600 s/h)
p
1, 716 ft lbf/ slug R× 520 R

!
cn(44/39)

A = 8.69× 10−9 ft2 = 1.25× 10−6 in2

75



5.73: PROBLEM DEFINITION

Situation:
An O2 bottle leaks oxygen through a small orifice causing the pressure to drop.
ṁ = 0.68pA/

√
RT , V = 0.1m3.

D = 0.12mm.

Find:
Time required for the specified pressure change.

Properties:
From Table A.2: R = 260 J/ kgK.
T = 18 ◦C, p0 = 10MPa.
p = 5MPa.

PLAN

Apply the continuity equation and the ideal gas law.

SOLUTION

Continuity equation

ṁout = −
d

dt
(ρV)

Ideal gas law
ρ =

p

RT

Combining previous 2 equations

ṁout = −
µ

V

RT

¶
dp

dt

Let ṁout = 0.68A/
√
RT in the above equation

0.68pA√
RT

= −
µ

V

RT

¶
dp

dt

Separating variables and integrating

1

p

µ
dp

dt

¶
= −(0.68A

√
RT )

V

cn

µ
p0
p

¶
=

(0.68A
√
RT )

V
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Finding time

t =

µ
V

0.68A
√
RT

¶
cn

µ
p0
p

¶
A =

π

4
(0.12× 10−3 m)2 = 1.131× 10−8 m2

√
RT =

√
260× 291 = 275.1 m/s

t =
0.1 m3 × cn (10/5)

0.68× 1.131m2 × 10−8 m2 × 275 m/s = 3.28× 10
4 s

t = 9h 6 min.
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5.74: PROBLEM DEFINITION

Situation:
A tank is draining through an orifice.
h1 = 3m, h = 0.5m.
DT = 0.6m, D2 = 3 cm

Find:
Time required for the water surface to drop the specified distance (3 to 0.5 m).

SOLUTION

From Example 5-6 the time to decrease the elevation from h1 to h is

t =

µ
2AT√
2gA2

¶
(h
1/2
1 − h1/2)

=
2×

¡
π/4× (0.6m)2

¢ ¡√
3−
√
0.5
¢
m1/2p

2× 9.81m/ s2 × (π/4)× (0.03m)2

t = 185 s
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5.75: PROBLEM DEFINITION

Situation:
A cylindrical drum of water is emptying through a pipe on the bottom.
D = 2 ft, R = 1 ft.
V =

√
2gh, L = 4 ft.

d = 2 ft = 0.167 ft, h0 = 1 ft.

Sketch:

Find:
Time to empty the drum.

PLAN

Apply the continuity equation. Let the control surface surround the water in the
tank. Let the c.s. be coincident with the moving water surface. Thus, the control
volume will decrease in volume as the tank empties. Situate the origin at the center
of the tank.

SOLUTION

Continuity equation

ṁo − ṁi = − d

dt

Z
cv
ρdV

+ρV A = − d

dt

Z
cv
ρdV (1)

ρ
p
2ghA = −ρ d

dt
(V) (2)

dt
p
2ghA = −dV (3)
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Let dV = L(2x)dy. Substituted into Eq. (3) we have

dt
p
2ghA = 2Lxdy (4)

But h can be expressed as a function of y:

h = R+ y

or
dt
p
2g(R+ y)A = 2Lxdy

Also

R2 = x2 + y2

x =
p
R2 − y2 =

p
(R− y)(R+ y)

dt
p
2g(R+ y)A = −2L

p
(R− y)(R+ y)dy

dt = −
µ

2L√
2gA

¶p
(R− y)dy (5)

Integrate Eq. (5)

t|t0 = −
µ

2L√
2gA

¶Z R

0

p
R− ydy

=

µ
2L√
2gA

¶
[(2/3)(R− y)3/2]−R0

t =

µ
2L√
2gA

¶
(2/3)

£
(2R)3/2 −R3/2

¤
For R = 1

t =

µ
2L√
2gA

¶
(2/3)(23/2 − 1) (6)

In Eq. (5) A = (π/4)d2 = 0.0219 ft2. Therefore

t =

Ã
2× 4 ftp

64.4 ft/ s2 × 0.0219 ft2

!
(2/3)(1.828)

t = 55.5 s

REVIEW

The above solution assumes that the velocity of water is uniform across the jet just as
it leaves the tank. This is not exactly so, but the solution should yield a reasonable
approximation.
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5.76: PROBLEM DEFINITION

Situation:
Water drains from a pressurized tank.

Ve =
q

2p
ρ
+ 2gh, ho = 2 m.

A = 1m2, Ae = 10 cm
2.

Find:
Time for the tank to empty with given supply pressure.
Time for the tank to empty if supply pressure is zero.

Properties:
p = 10 kPa.
Water, Table A.5: ρ = 1000 kg/m3.

PLAN

Apply the continuity equation. Define a control surface coincident with the tank
walls and the top of the fluid in the tank.

SOLUTION

Continuity equation

ρ
dV

dt
= −ρAeVe

Density is constant. The differential volume is Adh so the above equation becomes

−Adh

AeVe
= −dt

or

− Adh

Ae

q
2p
ρ
+ 2gh

= dt

Integrating this equation gives

− A

Ae

1

g

µ
2p

ρ
+ 2gh

¶1/2
|0ho= ∆t

or

∆t =
A

Ae

1

g

"µ
2p

ρ
+ 2gho

¶1/2
−
µ
2p

ρ

¶1/2#
and for A = 1 m2, Ae = 10

−3 m2, ho = 2 m, p = 10 kPa and ρ = 1000 kg/m3 results
in

∆t = 329 s or 5.48 min (supply pressure of 10 kPa)

For zero pressure in the tank, the time to empty is

∆t =
A

Ae

s
2ho
g
=639 s or

∆t = 10.6 min (supply pressure of zero)
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5.77: PROBLEM DEFINITION

Situation:
A tapered tank drains through an orifice at bottom of tank.
Ve =

√
2gh, D = d+ C1h.

h0 = 1m, h = 20 cm, d = 20 cm.
C1 = 0.3, dj = 5 cm.

Find:
Derive a formula for the time to drain.
Calculate the time to drain.

PLAN

Apply the continuity equation.

SOLUTION

From continuity equation

Q = −AT

µ
dh

dt

¶
dt = −AT

dh

Q

where Q =
√
2ghAj =

√
2gh(π/4)d2j

AT =
π

4
(d+ C1h)

2 =
π

4
(d2 + 2dC1h+ C2

1h
2)

dt =
−(d2 + 2dC1h+ C1h

2)dh√
2gh1/2d2j

t = −
Z h

h0

(d2 + 2dC1h+ C2
1h

2)dh√
2gh1/2d2j

t =
1

d2j
√
2g

Z h0

h

(d2h−1/2 + 2dC1h
1/2 + C2

1h
3/2)dh

t =
2

d2j
√
2g

£
d2h1/2 + (2/3)dC1h

3/2 + (1/5)C2
1h

5/2
¤h0
h

Evaluating the limits of integration gives

t =
2

d2j
√
2g

h
(d2(h

1/2
0 − h1/2) + 2

3
dC1(h

3/2
0 − h3/2) + 1

5
C2
1(h

5/2
0 − h5/2)

i
t = 13.8 s
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5.78: PROBLEM DEFINITION

Situation:
Water drains out of a spherical tank that begins at half full.
Ve =

√
2gh, R = 0.5m, de = 1 cm.

Sketch:

Find:
Time required to empty the tank.

PLAN

Apply the continuity equation. Select a control volume that is inside of the tank and
level with the top of the liquid surface.

SOLUTION

Continuity equation

ρ
dV

dt
= −ρAeVe

Let
dV

dt
= A

dh

dt
Continuity becomes

dh

dt
= −Ae

A

p
2gh

The cross-sectional area in terms of R and h is

A = π[R2 − (R− h)2] = π(2Rh− h2)

Substituting into the differential equation gives

π(−2Rh+ h2)

Ae

√
2gh

dh = dt
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or
π√
2gAe

¡
−2Rh1/2 + h3/2

¢
dh = dt

Integrating this equation results in

π√
2gAe

µ
−4
3
Rh3/2 +

2

5
h5/2

¶
|0R= ∆t

Substituting in the limits yields

π√
2gAe

14

15
R5/2 = ∆t

For R = 0.5 m and Ae = 7.85× 10−5 m2, the time to empty the tank is

∆t = 1491 s or 24.8 min
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5.79: PROBLEM DEFINITION

Situation:
A tank containing oil is draining from the bottom.
DT = 2m, ho = 5m.
L = 6m, de = 2 cm.
p = (po + patm)× (L− ho)/(L− h)− patm.
dh/dt = −Ae/AT ×

p
2gh+ 2p/ρ.

Find:
Predict the depth of the oil with time for a one hour period.

Properties:
ρ = 880 kg/m3, po = 300 kPa, patm = 100 kPa.

SOLUTION From the continuity equation

dMcv

dt
= ρAT

dh

dt
= −ṁo

dh

dt
= −ρVeAo

ρAT
=

Ao

AT

r
2gh+

2p

ρ

where

p = (p0 + patm)

µ
L− h0
L− h

¶
− patm

A numerical program was developed and the numerical solution provides the following
results:

Time, min

0 10 20 30 40 50 60 70

D
ep

th
, m

1

2

3

4

5

6
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5.80: PROBLEM DEFINITION

Situation:
Propellant fuels an end-burning rocket motor.
Dc = 0.1m, De = 0.08m, ṙ = 1cm/ s.

Find: Gas velocity at nozzle exit plane.

Properties:
ρ = 1750 kg/m3, R = 415 J/ kgK.
pe = 10 kPa, T = 2200 ◦C.

PLAN Apply the continuity equation and the ideal gas law.

SOLUTION Ideal gas law

ρe =
p

RT

=
10000Pa

415 J/ kgK× 2473K = 0.00974 kg/m3

The rate of mass decease of the solid propellant is ρpAcṙ where ρp is the propellant
density, Ac is the chamber cross-sectional area and ṙ is the regression rate. This is
equal to the mass flow rate supplied to the chamber or across the control surface.
From the continuity equation

Ve =
ρpAcṙ

ρeAe

Ac = π/4× (0.1 m)2 = 0.00785 m2

Ae = π/4× (0.08 m)2 = 0.00503 m2

= 1750 kg/m3 × 0.00785 m2 × 0.01 m/s£
0.00974 kg/m3 × 0.00503 m2

¤
Ve = 2800 m/s
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5.81: PROBLEM DEFINITION

Situation:
Propellant fuels a cylindrical-port rocket motor.
D0 = 0.2m, D = 0.12m.
De = 0.2m, Ve = 2000m/ s.
pe = 10 kPa, ṙ = 1.2 cm/ s.
L = 0.4m.

Find:
Gas density at the exit.

Properties:
ρg = 2200 kg/m

3, R = 415 J/ kgK.

SOLUTION Area of the grain surface (internal surface and two ends)

Ag = πDL+ 2(π/4)(D2
0 −D2)

= π × 0.12m× 0.4m + π

2
((0.2m)2 − (0.12m)2) = 0.191 m2

ρe =
VgρgAg

VeAe

Ae = (π/4)× (0.20 m)2 = 0.03142 m2

ρe =

¡
0.012 m/s× 2, 200 kg/m3 × 0.191 m2

¢
2, 000 m/s× 0.03142 m2

ρe = 0.0802 kg/m
3
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5.82: PROBLEM DEFINITION

Situation:
Propellant flows through a nozzle in a rocket chamber.

ṁ =
0.65pcAt√

RTc
, ṙ = apnc .

n = 0.3, pc = kPa.

pc =
¡ aρp
0.65

¢1/(1−n) ³Ag

At

´1/(1−n)
(RTc)

1/[2(1−n)].

Find:
Derive a formula for chamber pressure.
Calculate the increase in chamber pressure if a crack increases burn area by 20%.

PLAN

Apply the flow rate equation.

SOLUTION

Continuity equation. The mass flux off the propellant surface equals flow rate through
nozzle.

ρpṙAg = ṁ

ρpap
n
cAg =

0.65pcAt√
RTc

p1−nc =
aρp
0.65

µ
Ag

At

¶
(RTc)

1/2

pc =
³ aρp
0.65

´1/(1−n)µAg

At

¶1/(1−n)
(RTc)

1/(2(1−n))

∆pc = 3.5 MPa(1 + 0.20)1/(1−0.3)

∆pc = 4.54 MPa
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5.83: PROBLEM DEFINITION

Situation:
A piston moves in a cylinder and drives exhaust gas out an exhaust port in a four

cycle engine.

ṁ =
0.65pcAv√

RTc
, dbore = 0.1m.

L = 0.1m, Av = 1cm
2.

V = 30m/ s.

Find:
Rate at which the gas density is changing in the cylinder.

Assumptions:
The gas in the cylinder is ideal and has a uniform density and pressure.

Properties:
T = 600 ◦C, R = 350 J/ kgK, p = 300 kPa.

SOLUTION

Continuity equation. Control volume is defined by piston and cylinder.

d

dt
(ρV ) +

0.65pcAv√
RTc

= 0

V
dρ

dt
+ ρ

dV

dt
+
0.65pcAv√

RTc
= 0

dρ

dt
= −

³ρ
V

´ dV

dt
− 0.65pcAv√

RTc
V = (π/4)(0.1m)2(0.1m) = 7.854× 10−4 m3

dV

dt
= −(π/4)(0.1m)2(30m/ s) = −0.2356 m3/s

ρ =
p

RT
=

300, 000Pa

(350 J/ kgK× 873K)
= 0.982 kg/m3

dρ

dt
= − 0.982 kg/m3

7.854× 10−4m3 × (−0.2356m
3/ s)

− 0.65× 300, 000Pa× 1× 10−4m2

7.854× 10−4m3 ×
p
350 J/ kg/K× 873K

dρ
dt
= 250 kg/m3·s
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5.84: PROBLEM DEFINITION

Situation:
Water flows in a pipe with a contraction.
Q = 70 ft3/ s, d = 2 ft, D = 6 ft.

Find:
Pressure at point B.

Assumptions:
Water temperature is 50 ◦F.

Properties:
Water (50 ◦F), Table A.5: γ = 62.4 lbf/ ft3.
pA = 3500 psf.

PLAN

Apply the Bernoulli equation and the continuity equation.

SOLUTION

Continuity equation

VA =
Q

AA
=

70 ft3/ s

π/4× (6 ft)2
= 2.476 ft/s

VB =
Q

AB
=

70 ft3/ s

π/4× (2 ft)2
= 22.28 ft/s

The Bernoulli equation

pA
γ
+

V 2
A

2g
+ zA =

pB
γ
+

V 2
B

2g
+ zB

pB
γ

=
3500 lbf/ft2

62.4 lbf/ft3
+
(2.476 ft/s)2

64.4 ft/s2
− (22.28 ft/s)

2

64.4 ft/s2
− 4 ft

pB = 2775 lbf/ft2

pB = 19.3 lbf/in2
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5.85: PROBLEM DEFINITION

Situation:
Water flows through a contraction section of circular pipe.
Vin = (10 m/s) [1− exp(−t/10)], Di = 2Do.

Find:
Velocity variation at outlet.

PLAN

Apply the continuity equation.

SOLUTION

Because water is incompressible, there is no unsteady term in continuity equation, so

Vout = Vin

µ
Ain
Aout

¶
=

µ
2

1

¶2
Vin

Vout=(40 m/s)
£
1− exp

¡
− t
10

¢¤
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5.86: PROBLEM DEFINITION

Situation:
An annular venturimeter is mounted in a pipe with air flow at standard conditions.
D = 4 in = 0.333 ft, d = 0.8D.

Find:
Find the volume flow rate

Assumptions:
Flow is incompressible, inviscid, steady and velocity is uniformly distributed.

Properties:
∆p = 3 in H2O, ρ = 0.00237 slug/ ft3.

PLAN

Apply the Bernoulli equation.

SOLUTION

Take point 1 as upstream in pipe and point 2 in annular section. The flow is incom-
pressible, steady and inviscid so the Bernoulli equation applies

p1 + γz1 + ρ
V 2
1

2
= p2 + γz2 + ρ

V 2
2

2

Also z1 = z2. From the continuity equation

A1V1 = A2V2

But
A2 =

π

4
(D2 − d2)

so

A2
A1

= 1− d2

D2

= 1− 0.82

= 0.36

Therefore
V2 =

V1
0.36

= 2.78V1

Substituting into the Bernoulli equation

p1 − p2 =
ρ

2
(V 2
2 − V 2

1 )

=
ρ

2
V 2
1 (2.78

2 − 1)

= 3.36ρV 2
1
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The standard density is 0.00237 slug/ft3 and the pressure difference is

∆p =

µ
3 in

12 in/ ft

¶¡
62.4 lbf/ ft3

¢
= 15.6 psf

Solving for V1

V 2
1 =

15.6 lbf/ ft2

3.36
¡
0.00237 slug/ ft3

¢
= 1957 ft2/ s2

V1 = 44.2 ft/s

The discharge is

Q = A1V1

= (44.2 ft/ s)
³π
4

´
(0.333 ft)2

= 3.86 cfs

Q = 231 cfm
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5.87: PROBLEM DEFINITION

Situation:
A venturi-type applicator is used to spray liquid fertilizer.
D2 = 1 cm, A2/A1 = 2, Q = L/min.
z3 = −0.1m, Ql = 0.5

√
∆h.

Find:
The flow rate of liquid fertilizer.
The mixture ratio of fertilizer to water at exit.

Properties:
T = 20 ◦C.

PLAN

Use the continuity and Bernoulli equation to find the pressure at the throat and use
this pressure to find the difference in piezometric head and flow rate.

SOLUTION

The Bernoulli equation is applicable between stations 1 (the throat) and 2 (the exit).

p1
γ
+ z1 +

V 2
1

2g
=

p2
γ
+ z2 +

V 2
2

2g

From the continuity equation

V1 =
A2
A1

V2

= 2V2

Also z1 = z2 so

p1
γ
− p2

γ
=

V 2
2

2g
(1− 22)

= −3V
2
2

2g

At the exit p2 = 0 (gage)
p1
γ
= −3V

2
2

2g

The flow rate is 10 lpm or

Q = 10 lpm× 1 min
60 s

× 10
−3 m3

1 L
= 0.166× 10−3 m3/s

The exit diameter is 1 cm so

A2 =
π

4
(0.01m)2

= 7.85× 10−5 m2
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The exit velocity is

V2 =
Q

A2
=
0.166× 10−3m3/ s
7.85× 10−5m2

= 2.115 m/s

Therefore

p1
γ

= −3× (2.115m/ s)2

2× 9.81m/ s2
= −0.684 m

Let point 3 be the entrance to the feed tube. Then

∆h = h3 − h1

=
p3
γ
+ z3 − (

p1
γ
+ z1)

=
p3
γ
− p1

γ
+ (z3 − z1)

= 0.05− (−0.687)− 0.1
= 0.634 m

a) The flow rate in the feed tube is

Qf = 0.5
√
0.634

Qf = 0.398 lpm

b) Concentration in the mixture

Ql

Ql +Qw
=

0.398 lpm
(10 + 0.398) lpm

Ql

Ql+Qw
= 0.038 (or 3.8%)
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5.88: PROBLEM DEFINITION

Situation:
Air flows upward in a vertical venturi.
V1 = 80 ft/ s, A2/A1 = 0.5.

Find:
Deflection of manometer.

Assumptions:
Uniform air density.

Properties:
ρ = 0.0644 lb/ ft3, γ = 120 lbf/ ft3.

PLAN

Apply the Bernoulli equation from 1 to 2 and then the continuity equation. Let
section 1 be in the large duct where the manometer pipe is connected and section 2
in the smaller duct at the level where the upper manometer pipe is connected.

SOLUTION

Continuity equation

V1A1 = V2A2

V2 = V1

µ
A1
A2

¶
= (80 ft/ s) (2)

= 160 ft/s

Bernoulli equation

pz1 +
ρV 2

1

2
= pz2 +

ρV 2
2

2
pz1 − pz2 = (1/2)ρ(V 2

2 − V 2
1 )

pz1 − pz2 = (1/2)

µ
0.0644 lbf/ ft3

32.2 ft/ s2

¶£
(160 ft/ s)2 − (80 ft/ s)2

¤
= 19.2 psf

Manometer equation

pz1 − pz2 = ∆h(γliquid − γair)

19.2 = ∆h(120 lbf/ ft3 − 0.0644 lbf/ ft3)
∆h = 0.160 ft.
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5.89: PROBLEM DEFINITION

Situation:
An atomizer utilizing a constriction in an air duct.

Find:
Design an operable atomizer.

SOLUTION

Assume the bottom of the tube through which water will be drawn is 5 in. below the
neck of the atomizer. Therefore if the atomizer is to operate at all, the pressure in
the necked down portion must be low enough to draw water 5 in. up the tube. In
other words pneck must be −(5/12)γwater = −26 psfg. Let the outlet diameter of the
atomizer be 0.5 in. and the neck diameter be 0.25 in. Assume that the change in
area from neck to outlet is gradual enough to prevent separation so that the Bernoulli
equation will be valid between these sections. Thus

pn +
ρV 2

n

2
= p0 +

ρV 2
0

2

were n and 0 refer to the neck and outlet sections respectively. But

pn = −26 psfg and p0 = 0

or

−26 + ρV 2
n

2
=

ρV 2
0

2
(1)

VnAn = V0A0

Vn =
V0A0
An

(2)

= V0

µ
0.5 in

0.25 in

¶2
Vn = 4V0

Eliminate Vn between Eqs. (1) and (2)

−26 + ρ(4V0)
2

2
=

ρV 2
0

2

−26 + 16ρV0
2

2
=

ρV 2
0

2
15ρV0

2

2
= 26

V0 =

µ
52/15

ρ

¶1/2
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Assume ρ = 0.0024 slugs/ft2

V0 =

µ
52/15

0.0024

¶1/2
= 38 ft/s

Q = V A = (38 ft/ s) (π/4)(
0.5

12
ft)2

= .052 cfs

= 3.11 cfm

One could use a vacuum cleaner (one that you can hook the hose to the discharge
end) to provide the air source for such an atomizer.
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5.90: PROBLEM DEFINITION

Situation:
A suction device based on a venturi lifts objects submerged in water.
Ae = 10

−3m2, At = 0.25Ae, As = 0.1m
2.

Find:
(a) Velocity of water at exit for maximum lift.
(b) Discharge.
(c) Maximum load supportable by suction cup.

Properties:
Water (15 ◦C) Table A.5: pv = 1, 700Pa, ρ = 999 kg/m3.
patm = 100 kPa.

PLAN

Apply the Bernoulli equation and the continuity equation.

SOLUTION

Venturi exit area, Ae = 10−3 m2, Venturi throat area, At = (1/4)Ae, Suction cup
area, As = 0.1 m2

patm = 100 kPa

Twater = 15◦ C

Bernoulli equation for the Venturi from the throat to exit with the pressure at the
throat equal to the vapor pressure of the water. This will establish the maximum
lift condition. Cavitation would prevent any lower pressure from developing at the
throat.

pv
γ
+

V 2
t

2g
+ zt =

pe
γ
+

V 2
emax

2g
+ ze (1)

Continuity equation

VtAt = VeAe

Vt = Ve
Ae

At
(2)

Vt = 4Ve

Then Eq. (1) can be written as

1, 700

γ
+
(4Vemax)

2

2g
=

100, 000

γ
+

V 2
emax

2g

Vemax =

∙µ
1

15

¶µ
2g

γ

¶
(98, 300)

¸1/2
=

∙µ
1

15

¶µ
2

ρ

¶
(98, 300)

¸1/2
Vemax = 3.62 m/s
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Qmax = VeAe

= (3.62 m/s)(10−3m2)

Qmax = 0.00362 m3/s

Find pressure in the suction cup at the level of the suction cup.

pt + γ∆h = psuction

psuction = 1, 700 Pa+ 9, 800N/m3 × 2m
= 21, 300 Pa

But the pressure in the water surrounding the suction cup will be patm + γ × 1 =
(100 + 9.80) kPa, or

pwater − psuction = (109, 800− 21, 300) Pa
= 88, 500 Pa

Thus the maximum lift will be:

Liftmax = ∆pAs = (pwater − psuction)As

= (88, 500 N/m2)(0.1 m2)

Liftmax = 8, 850 N

100



5.91: PROBLEM DEFINITION

Situation:
A hovercraft is supported by air pressure.
l = 15 ft, w = 7 ft, W = 2000 lbf,

Find:
Air flow rate necessary to support the hovercraft.

Assumptions:
Air is incompressible.
Steady flow.
Viscous effects are negligible.
Air in the chamber is at stagnation conditions (V = 0, p = uniform)
Just under the skirt p = patm

Properties:
Air (T = 60 ◦F, p = 1atm) , ρ = 0.00237 slug/ ft3, Table A.3.

PLAN

Because flow rate is the goal, apply Q = V A. The steps are:
1. Find the pressure in the chamber by apply force equilibrium in the vertical direc-
tion.
2 Find V by applying the Bernoulli equation from inside the chamber to just under
the skirt.
3. Apply the flow rate equation.

SOLUTION

1. Force equilibrium (vertical direction)

∆pA = W

∆p =
W

A
=

2000 lbf
(15× 7) ft2

= 19.05 lbf/ ft2

2. Bernoulli equation (elevations terms are neglected; point 1 is in the chamber; point
2 is underneath the skirt)

p1 + ρ
V 2
1

2
= p2 + ρ

V 2
2

2¡
19.05 lbf/ ft2

¢
+ 0 = 0 +

¡
0.00237 slug/ ft3

¢ V 2
2

2

V2 =

s
2
¡
19.05 lbf/ ft2

¢¡
0.00237 slug/ ft3

¢ µ slug · ft
lbf · s2

¶
= 127.9 ft/ s

3. Flow rate equation

Q = V A = (127.9 ft/ s) (3/12 ft) (30 ft + 14 ft) = 1407 ft3/ s

Q = 84, 400 cfm
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5.92: PROBLEM DEFINITION

Situation:
Water forced out of a cylinder by a piston.
d = 2 in, D = 4 in, V = 6 ft/ s.

Find:
Efflux velocity and force required to drive piston.

Properties:
T = 60 ◦F.

PLAN

Apply the Bernoulli equation and the continuity equation.

SOLUTION

Continuity equation

V1A1 = V2A2

V2 = V1

µ
D

d

¶2
= 6×

µ
4 in

2 in

¶2
V2 = 24 ft/ s

Bernoulli equation

p1
γ
+

V 2
1

2g
=

V 2
2

2g

p1 =
ρ

2
(V 2
2 − V 2

1 )

=
1.94 slug/ ft3

2

£
(24 ft/ s)2 − (6 ft/ s)2

¤
= 518 psf

Then

Fpiston = p1A1 = 518× (π/4)×
µ
4

12
ft

¶2
F = 45.2 lbf
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5.93: PROBLEM DEFINITION

Situation:
Air flows through constant area, heated pipe.
D = 4 in, V = 10m/ s.
p2 = 80kPa, p1 = 100 kPa.

Find:
Velocity at exit.
Determine if the Bernoulli equation be used to relate the pressure and velocity

changes.

Properties:
T1 = 20

◦C, T2 = 50 ◦C.

PLAN

Apply the continuity equation.

SOLUTION

The flow is steady so the continuity equation for constant area pipe yields

ρ1V1 = ρ2V2

V2 = V1

µ
ρ1
ρ2

¶
From ideal gas law

ρ1
ρ2
=

p1
p2

T2
T1

so

V2 = 10 m/s
100 kPa
80 kPa

× 323 K
293 K

V2 = 13.8m/ s

The Bernoulli equation is not applicable because the density is not constant.
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5.94: PROBLEM DEFINITION

Situation:
On a hot day a fuel pump can cavitate.

Find:
What is happening to the gasoline?
How does this affect pump operation?

Properties:
p2 = 80kPa, p1 = 100 kPa.

SOLUTION

Sometimes driving your car on a hot day, you may encounter a problem with the fuel
pump called pump cavitation. What is happening to the gasoline?
The temperature of a hot day causes the vapor pressure to increase. The high fluid
velocities in a pump can cause the pressure to decrease to the point that cavitation
occurs.

How does this affect the operation of the pump?
At this point, the pump designed to pump liquid is no longer effective.
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5.95: PROBLEM DEFINITION

Situation:
Cavitation.

Find:
What is cavitation?
Why does tendency for cavitation in a liquid increase with temperature?

SOLUTION

What is cavitation?
Cavitation occurs when the liquid pressure reaches the vapor pressure and local boiling
occurs.

Why does the tendency for cavitation in a liquid increase with increased tempera-
tures?
The tendency of cavitation to increase with temperature is the result of the vapor
pressure increasing with temperature.
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5.96: PROBLEM DEFINITION

Situation:
Cavitation in a venturi section.
D = 40 cm, d = 10 cm.

Find:
Discharge for incipient cavitation.

Properties:
Water (10 ◦C), Table A.5: ρ = 1000 kg/m3.
pA = 120 kPa, patm = 100 kPa.

PLAN

Apply the continuity equation and the Bernoulli equation.

SOLUTION

Cavitation will occur when the pressure reaches the vapor pressure of the liquid
(pV = 1, 230 Pa abs).
Bernoulli equation

pA +
ρV 2

A

2
= pthroat +

ρV 2
throat

2

where VA = Q/AA = Q/((π/4)× 0.402)
Continuity equation

Vthroat =
Q

Athroat
=

Q

π/4× (0.10m)2
ρ

2
(V 2
throat − V 2

A) = pA − pthroat

ρQ2

2

∙
1

((π/4)× (0.10m)2)2
− 1

((π/4)× (0.40m)2)2

¸
= 220, 000Pa− 1, 230Pa

500Q2(16, 211− 63) = 218, 770Pa
Q = 0.165 m3/s

106



5.97: PROBLEM DEFINITION

Situation:
A sphere moves below the surface in water.
D = 1 ft, h = 12 ft.

Find:
Speed at which cavitation occurs.

Properties:
Water (50 ◦F), Table A.5: ρ = 1.94 slug/ ft3.

PLAN

Apply the Bernoulli equation between the free stream and the maximum width.

SOLUTION

Let po be the pressure on the streamline upstream of the sphere. The minimum
pressure will occur at the maximum width of the sphere where the velocity is 1.5
times the free stream velocity.
Bernoulli equation

po +
1

2
ρV 2

o + γho = p+
1

2
ρ(1.5Vo)

2 + γ(ho + 0.5)

Solving for the pressure p gives

p = po − 0.625ρV 2
o − 0.5γ

The pressure at a depth of 12 ft is 749 lbf/ft2. The density of water is 1.94 slugs/ft3

and the specific weight is 62.4 lbf/ft3. At a temperature of 50oF, the vapor pressure
is 0.178 psia or 25.6 psfa. Substituting into the above equation

25.6 psfa = 749 psfa− (0.625) (1.94)V 2
o − (0.5) (62.4)

692.2 = 1.21V 2
o

Solving for Vo gives

Vo = 23.9 ft/s
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5.98: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h = 1.8m, V = 8m/ s.

Find:
Speed that cavitation occurs.

Assumptions:
patm = 101 kPa abs; pvapor = 1, 230 Pa abs.

Properties:
T = 10 ◦C, p0 = 70kPa.

PLAN

Consider a point ahead of the foil (at same depth as the foil) and the point of minimum
pressure on the foil, and apply the pressure coefficient definition between these two
points.

SOLUTION

Pressure coefficient

Cp =
(pmin − p0)

ρV 2
0 /2

where

p0 = patm + 1.8γ = 101, 000 kPa + 1.8m× 9, 810N/m3 = 118, 658 Pa abs.
pmin = 70, 000 Pa abs; V0 = 8 m/s

Then
Cp =

70, 000Pa− 118, 658Pa
500× (8m/ s)2

= −1.521

Now use Cp = −1.521 (constant) for evaluating V for cavitation where pmin is now
pvapor:

−1.521 =
(1, 230Pa− 118, 658Pa)

(1, 000/2)V 2
0

V0 = 12.4 m/s
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5.99: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h = 3m, V = 8m/ s.

Find:
Speed that cavitation begins.

Properties:
T = 10 ◦C, p0 = 70kPa.

PLAN

Same solution procedure applies as in Prob. 5.98.

SOLUTION

From the solution to Prob. 5.98, we have the same Cp, but p0 = 101, 000 + 3γ =
130, 430. Then:

−1.521 =
1, 230Pa− 130, 430Pa

(1, 000/2)V 2
0

V0 = 13.0 m/s
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5.100: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h = 4 ft, V = 25 ft/ s.

Find:
Speed that cavitation begins.

Properties:
p0 = 2.5 psi vacuum.
Water (50 ◦F) Table A.5, pv = 0.178 psia.

PLAN

Consider a point ahead of the foil (at same depth as the foil) and the point of minimum
pressure on the foil, and apply the pressure coefficient definition between these two
points.

SOLUTION

pmin = −2.5× 144 = −360 psf gage
p0 = 4γ = 4× 62.4 = 249.6 psf

Then

Cp =
(pmin − p0)

ρV 2
0 /2

=
(−360− 249.6)

(1.94 slug/ ft3/2)× (25 ft/ s)2
Cp = −1.005

Now let pmin = pvapor = 0.178 psia = −14.52 psia = −2, 091 psfg
Then

−1.005 = − 249.6 psf+ 2, 091
(1.94 slug/ ft3/2)V 2

0

V0 = 49.0 ft/s
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5.101: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h = 10 ft, V = 25 ft/ s.

Find:
Speed that cavitation begins when depth is 10 ft.

Properties:
T = 50 ◦F, p0 = 2.5 psi vacuum.

PLAN Same solution procedure applies as in Prob. 5.100.

SOLUTION From solution of Prob. 5.100 we have Cp = −1.005 but now p0 =
10γ = 624 psf. Then:

−1.005 = −624 lbf+ 2, 091 lbf
(1.94/2)V 2

0

V0 = 52.8 ft/s
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5.102: PROBLEM DEFINITION

Situation:
A sphere moving in water.
V = 1.5V0.

Find: Speed at which cavitation occurs.

Properties:
Water (50 ◦F) Table A.5: pv = 0.178 psia, γ = 62.4 lbf/ ft

3.
p0 = 18 psia.

PLAN

Apply the Bernoulli equation between a point in the free stream to the 90◦ position
where V = 1.5V0. The free stream velocity is the same as the sphere velocity
(reference velocities to sphere).

SOLUTION

Bernoulli equation

ρV 2
0

2
+ p0 = p+

ρ(1.5V0)
2

2
where p0 = 18 psia

ρV 2
0 (2.25− 1)

2
= (18 psia− 0.178 psia)(144 in2/ ft2)

V 2
0 =

2(17.8 psia)(144 in2/ ft2)

(1.25)(1.94)) ft2/s2

V0 = 46.0 ft/sec
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5.103: PROBLEM DEFINITION

Situation:
A cylinder is moving in water.
h = 1m, V0 = 5m/ s.

Find:
Velocity at which cavitation occurs.

Properties:
Water (10 ◦C) Table A.5 pv = 1, 230 Pa, ρ = 1000 kg/m3.
p0 = 80kPa, patm = 100 kPa.

PLAN

Apply the definition of pressure coefficient.

SOLUTION

Pressure coefficient

Cp =
(p− p0)

(ρV 2
0 /2)

p0 = 100, 000Pa + 1× 9, 810 Pa = 109, 810 Pa
p = 80, 000 Pa

Cp =
(80, 000− 109, 810)Pa£
(1000 kg/m3) (5m/ s)2 /2

¤
Cp = −2.385

For cavitation to occur p = 1, 230 Pa

−2.385 = (1, 230− 109, 810)/(1, 000V 2
0 /2)

V0 = 9.54 m/s
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5.104: PROBLEM DEFINITION

Situation:
A flow field is defined.
u = V (x3 + xy2), v = V (y3 + yx2), w = 0.

Find:
Is continuity satisfied?

PLAN

Apply the continuity equation.

SOLUTION

Continuity equation

∂u

∂x
+

∂v

∂y
+

∂w

∂z
= V (3x2 + y2) + V (3y2 + x2) + 0

6= 0 Continuity is not satisfied
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5.105: PROBLEM DEFINITION

Situation:
A flow field is defined.
u = y/(x2 + y2)3/2, v = −x/(x2 + y2)3/2, w = 0.

Find:
Check if continuity is satisfied.
Check if flow is rotational or irrotational.

SOLUTION

∂u

∂x
= −3y

2

2x

(x2 + y2)5/2
∂v

∂y
=
3x

2

2y

(x2 + y2)5/2

∂u

∂y
=

1

(x2 + y2)3/2
− 3y
2

2y

(x2 + y2)5/2

∂v

∂x
= − 1

(x2 + y2)3/2
+
3x

2

2x

(x2 + y2)5/2

For continuity

∂u

∂x
+

∂v

∂y
= − 3xy

(x2 + y2)5/2
+

3xy

(x2 + y2)5/2

= 0

Continuity is satisfied

For irrotationality

∂v

∂x
− ∂u

∂y
= − 1

(x2 + y2)3/2
+

3x2

(x2 + y2)5/2
− 1

(x2 + y2)3/2
+

3y2

(x2 + y2)5/2

=
2

(x2 + y2)3/2
6= 0

Rotational flow
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5.106: PROBLEM DEFINITION

Situation:
A velocity field is defined.
u = Axy.

Find:
What is a possible y-component?
What must the y-component be if the flow is irrotational?

SOLUTION

u = Axy
∂u

∂x
+

∂v

∂y
= 0

Ay +
∂v

∂y
= 0

∂v

∂y
= −Ay

v = (−1/2)Ay2 + C(x)

for irrotationality

∂u

∂y
− ∂v

∂x
= 0

Ax− ∂v

∂x
= 0

∂v

∂x
= Ax

v = 1/2Ax2 + C(y)

If we let C(y) = −1/2Ay2 then the equation will also satisfy continuity.

v = 1/2A(x2 − y2)
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5.107: PROBLEM DEFINITION

Situation:
Expressing the differential continuity equation in different form.

SOLUTION The continuity equation is

∂ρ

∂t
+∇ · (ρV) = 0

Taking derivative by parts

∂ρ

∂t
++(V ·∇) ρ+ ρ (∇ ·V) = 0

Dρ
Dt
+ ρ∇ ·V = 0
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