|5.1: PROBLEM DEFINITION

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

Find:
(a) Discharge (L/min).
(b) Time to put 190 liters in the tank (min).
(c) Cross-sectional area (m?) of the nozzle and velocity at the exit (m/s).

Assumptions:
Assume diameter of the nozzle to be 2.5 cm.

a)

1L 60 s
@ = 1_Os><1min
() =6 L/min
b)
1901
6 L/min

v T
A = =D?=2-(0.025m)?
4 7 (0:025m)

A =491 x 10"*m?

Discharge in cfs (m?/s).

6L o 1 min  0.001 m?

_ 3
min 60 s x L 0.006 m?/s

Discharge velocity.

Vo Q  0.006 m? /s
A 491 x 1074 m?2

V =122m/s




|5.2: PROBLEM DEFINITION

Situation:
Water is released through Grand Coulee Dam.
A=Wd, W =90m.
Q = 3100m3/s.

Find:
Calculate river depth (m).

Assumptions:
Make a reasonable estimate of the river velocity (V = 2.2m/s).
PLAN
Apply flow rate equation.
SOLUTION
The discharge is given by
Q=AV
Solving for depth
p Q@  3100m?/s
VW  22m/s x 90 m
d=15.7m



[5.3: PROBLEM DEFINITION

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

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

Assumptions:
Make an estimate of the cross-sectional area for the faucet (d = 0.0125m).
V=2L,t=13s.

Apply flow rate equation.

The discharge is

2L 0.001 m?®
13 s 1L
Q = 0.000154m3/ s

Q =

Faucet outlet area
T

A=

D* = %(0.0125 m)? = 0.000127 m?

Discharge velocity

v o Q _ 0.000154 m? /s
A 0.000127 m2

V=12m/s




|5.4: PROBLEM DEFINITION

Situation:

Another name for the volume flow rate equation could be:
a. the discharge equation

b. the mass flow rate equation

c. either a or b

Correct answer is (a), the discharge equation.




|5.5: PROBLEM DEFINITION

Situation:

Liquid flows through a pipe at constant velocity.
Find:

If a pipe twice the size is used with the same flow rate, find whether the flow rate
is (a) halved, (b) doubled, or (c¢) quadrupled.

Use discharge equation, Q) = AV'.
Since the diameter is doubled, the area is quadrupled so correct answer is .




[5.6: PROBLEM DEFINITION

Situation:

For flow of a gas in a pipe, which form of the continuity equation is more general?
a. ViA; = VLA,

b. P1V1A1 = PQVZAQ

c. both are equally applicable

The correct answer is (b). Equation (b) is more general, because it allows density to
vary. If the density is different at location 1 from the density at location 2, then Eq.
(a) is not applicable.




|5.7: PROBLEM DEFINITION

Situation:
Water flows in a pipe.
Q@ =0.06 m®/s, D = 0.35m.

Find:
Mean velocity (m/s).
PLAN
Apply the flow rate equation.
SOLUTION
Flow rate equation
Q
vV = —
A
_0.06m?/s
T(0.35m)
V =0.624 m/s




|5.8: PROBLEM DEFINITION

Situation:
Water flows in a pipe.

V=12m/s, D=0.46m.
Find:

Discharge in m®/s and L/min.

Apply the flow rate equation.

Flow rate equation

Q = VA
= (1.2m/s)(%(0-46m)2)

Q = 0.1993 m?/s
= (0.1993 m*/s)(1000 L/m)?/(1/60 min/s)
Q) = 11,958 L/min




[5.9: PROBLEM DEFINITION

Situation:

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

Find:
Discharge in m?/s.

Apply the flow rate equation.

Flow rate equation

= (4m/s) (Z (2 m)2)
Q=126 m3/s




[5.10: PROBLEM DEFINITION

Situation:
A pipe carries air.
V=19 m/s, D = 0.06 m.

Find:
Mass flow rate (kg/m?).

Properties:
Air (20°C, 180kPa) Table A.2: R =287 J/kgK.

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

1. Ideal gas law

P
RT

180, 000 Pa,
(287J/ kg K) (273 4 20) K
p = 2.141 kg/m?

2. Flow rate equation

m = pVA
= 2.141 x 19 x (7 x 0.06%/4)
m = 0.115 kg/s

10



|5.11: PROBLEM DEFINITION

Situation:
A pipe carries natural gas.

V=25 m/s, D=10.84m.
Find:
Mass flow rate (kg/m?).

Properties:
Methane (15°C, 160 kPa gage) Table A.4: R =518 J/kgK.

1. Apply the ideal gas law to find p.
2. Use the flow rate equation to find m.

1. Ideal gas law

P
RT

(101 + 160)10° Pa
(518J/ kg K) (273 + 15) K
= 1.749kg/m?

2. Flow rate equation

m = pVA
= 1.749 x 25 x 7 x (0.84)%/4
m = 24.2kg/s

11



|5.12: PROBLEM DEFINITION

Situation:
A duct is attached to an aircraft engine.
m =180 kg/s, V =255 m/s.

Find:
Pipe diameter (m).

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

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

1. Ideal gas law

P
RT

(50 x 103 Pa)
(287J/ kg K) (273 — 18) K
— 0.683 kg/m”

2. Flow rate equation
m = pAV
So
m
A = —
pV
180kg/s
(0.683kg/ m3)(255m/ s)
= 1.03 m?
A = (7/4)D* =1.03m?
b (4 x 1.03m2)1/2

7

D=115m

12



[5.13: PROBLEM DEFINITION

Situation:
Air flows in a rectangular air duct.

A=10m x 0.2 m, Q =1000 m?/h.

Find:
Air velocity (m/s).

Properties:
Air (30°C, 100kPa).

Apply the flow rate equation.

Flow rate equation
Q
A

1000 m®/ 1 (11/36005)
(1.0m x 0.2m)

V=139 m/s

13



|5.14: PROBLEM DEFINITION

Situation:
In a circular duct the velocity profile is v(r) = Vo (1 — %).

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

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

Flow rate equation

Q:/vdA

where dA = 27rdr. Then

2 3
= (2/6)nVyR?
Average Velocity
5 Q
V=7
VooQ1
Vo AW
~ (2/6)nVR? 1
N TR2 Vo
v _1
V, 3

14



[5.15: PROBLEM DEFINITION

Situation:
Two dimensional flow in a channel of width W and depth D.

V(z,y) = Vs (1 — %) <1 — %—2) )
Find:
An expression for the discharge: Q = Q(Vs, D, W).

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

Flow rate equation

sz/VdA://V@wM@
_ /_ZZ [ v (1-12) (1= 2) s

VSWD

15



|5.16: PROBLEM DEFINITION

Situation:
Water flows in a pipe with a linear velocity profile.

Vinax = 4.5 m/s, Viyin = 3.6 m/s.
D =12m.

Find:
Discharge in m?®/s and L/min.

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

Flow rate equation

Q:/AVdA

0
= / V2rrdr
0

The equation for the velocity distribution is a straight line in the form V = mr 4+ b
with V =45m/sat r =0and V = 3.6 m/s at r = rq yielding V' = 4.5 m/s—0.97 /.

ro 0.9r
Q = /0 <4.5—<T>)27rrd7“

Q=441m?/s

= 4.41m*/s (

@ = 264,600 L/min

1000 x 60 L/m3>

min/s

16



|5.17: PROBLEM DEFINITION

Situation:

Water flows in a pipe with a linear velocity profile.
Vinax = 8 m/s, Vipin = 6 m/s.
D =2m.

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

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

Flow rate equation

Q:/AVdA

T0
= / V2rrdr
0

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

- [ ()

Mean velocity

V =6.67Tm/s

17



[5.18: PROBLEM DEFINITION

Situation:
Air flows in a square duct with velocity profile shown in the figure.
D=1m, V. =10m/s.
Find:
(a) Volume flow rate (m3/s).
(b) Mean velocity (m/s).
(c¢) Mass flow rate (kg/s).

Properties:
Air: p=1.2kg/ m?.

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.

The velocity profile is V = 20y. For y =0 to y = 0.5,
dQ = VdA
dQ = (20y)dy

0.5
Q = 2/ VdA
0

0.5
= 2 / 20ydy
0

4092 0.5

2
= 20 x0.25

Q =5m’/s

Mean velocity

Mass flow rate

= (1.2 kg/m*)(5 m*/s)
m = 6.0 kg/s

18



[5.19: PROBLEM DEFINITION

Situation:
An open channel flow has a 30° incline.
V =45 m/s.
Depth =y =1.2m.
Width =z = 8.5m.
Find:
Discharge (m?/s).

Apply the flow rate equation.

Flow rate equation

Q = VxA
= (4.5m/s) (1.2mcos30°) (8.5m)
Q = 39.8m%/s

19



[5.20: PROBLEM DEFINITION

Situation:
A rectangular channel has a 30° incline.
u=y"? m/s.
Depth =y = 1m.
Width =z = 1.2m.
d=1m X cos(30°) = 0.866 m

Find:
Discharge (m?/s).

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

Flow rate equation

0.866
Q - / y'3(1.2 dy)
0

0.866
= 1.2 / y'3dy
0

_ 2 y4/3 0.866 m
4/3 0

Q=0.743 m3/s

20



|5.21: PROBLEM DEFINITION

Situation:
A rectangular channel has a 30° incline.
u = 8lexp(y) — 1] m/s.
y=1m, r=2m.

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

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

Discharge.

0.866
Q = / VdA where dA = 2dy
0

Q = / (8)(e” — 1)2 dy
— (@) — )

Q =818 m?/s
Mean velocity
. Q
V = —
A
818 m?/s
2% 0.866 m2
V =472 m/s

21



|5.22: PROBLEM DEFINITION

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

Find:
Discharge (m?/s).

Properties:
Water (20°C), Table A.5: v = 9790 N/m3.
PLAN
Definition of discharge is a volume/time.
SOLUTION
V
C T N
-
YAt

20,000 N
9790 N/ m? x 20 min x 60s/ min

Q=170 x 1073 m?/s

22



[5.23: PROBLEM DEFINITION

Situation:
Water enters a lock for a ship canal through 180 ports.
A, =0.6m x 0.6m, A5 = 32m x 275m.
Viise = 1.8 m/min.

Find:

Mean velocity in each port (m/s).

Apply the continuity equation.

Continuity equation

Z V;)Ap = Vige X Arise

1.8
180 x V, x (0.6 x 0.6)m* = (%> m/s x (32 x 275) m?

Voort = 4.1 m/s

23



|5.24: PROBLEM DEFINITION

Situation:
Water flows through a rectangular and horizontal open channel.
U = Upax (Y/d)™, Umax = 3 m/ 8.
d=1.2 m, and n = 1/6.
Find:
Discharge per meter of channel width (m?/s).
Mean velocity (m/s).

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

Discharge per meter

/d <y>"d Unaxd
= Umax | 5 =
1 0 d Y n+1
3m/s x 1.2m
i
I
g = 3.09 m?/s

Mean velocity

ISHES

3.09m?/ s
1.2m
V =257 m/s

24



[5.25: PROBLEM DEFINITION

Situation:

A flow with a linear velocity profile occurs in a triangular-shaped open channel.
Vinax = 1.8m/s, d = 0.3 m, wyay = 0.15m.

Find:
Discharge (m?/s).

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

Flow rate equation

Q:/VdA

where V = 1.8y m/s, dA = zdy = 0.15 ydy m?

g = /0 (1.8y) x (0.15ydy)

0.27y ‘0-3
3 o
q = 0.00243 m?/s

25



|5.26: PROBLEM DEFINITION

Situation:
Flow in a circular pipe.

V =V.(1—(r/r,)>)".

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

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

Flow rate equation

Q:/AVdA

9 To 2\ /=2
= —mryVe 1—(— —— | dr
0 To To

so the result is

n+1
1 2
~ \n+1 Verr
Q
vV = =
A
V= (7)) Ve

26



|5.27: PROBLEM DEFINITION

Situation:
Flow in a pipe.
V =12(1—-r%/rd).
D=1m,V,=12m/s.
Find:
Plot the velocity profile.

Mean velocity (m/s).
Discharge (m?/s).

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/ro 1—(r/rg)* 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
: t2me

pipe wall

T//////!/ 777 77

2. Flow rate equation

27



Q

A

Vi =(1/2)Ve
V=6m/s

— VA
= (6m/s) (r/4) (1m)”
Q =471 m?/s

28



[5.28: PROBLEM DEFINITION

Situation:
Water flows in a pipe.

D =0.1m, mm = 0.57 kg/s.

Find:
Mean velocity (m/s).

Properties:
Water (15.5°C), Table A.5: p = 1000 kg/m".
PLAN
Apply the flow rate equation.
SOLUTION
Flow rate equation
m
V = —
pA
B 0.57kg/s
1000kg/m? (% x (0.1m)?)
V =0.073 m/s

29



[5.29: PROBLEM DEFINITION

Situation:
Water flows in a pipe.

D =0.15m, rn = 700 kg/min.

Find:
Mean velocity (m/s).

Properties:
Water (20°C), Table A.5: p =998 kg/m?.
PLAN
Apply the flow rate equation.
SOLUTION
Flow rate equation
m
V = —
pA
700 kg/ min
_ 60 s/ min
998kg/ m3(% x (0.15m)?2)
V =0.662 m/s

30



[5.30: PROBLEM DEFINITION

Situation:
Water enters a weigh tank.
W =21,000N, £ = 15 min.
Find:
Discharge in units of m®/s and L/min.

Properties:
Water (15.5°C), Table A.5: v = 9810 N/m”.
SOLUTION
V
© 7 N
AW
At

21,000 N
(9810 N/In3) (15 min) (60s/ min)

Q = 0.0024m3/s

60 s

min

= 0.0024m®/s x 1000 L/m* x

@ = 144 L/min

31



|5.31: PROBLEM DEFINITION

Situation:
A shell and tube heat exchanger with one pipe inside another pipe
in opposite directions.

‘/:) = ‘/;7 Qo = Q’L
Find:
Find ratio of diameters.

Use discharge equation () = AVand neglect pipe wall thickness.

Discharge and velocity the same so
Q = Ainnerv = Aouterv
Therefore
7

4

L

D? — D) =
( o Z) 4

D?

SO

)

Do.:\/§

k3

32

. Liquids flow



|5.32: PROBLEM DEFINITION

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

Find:
Discharge inside larger pipe.

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= %(2.5 +0.6)% = 7.55 cm?
The cross-sectional area between the large pipe and the small pipes is
A= %82 — 3% 7.55 = 27.61 cm? = 0.002761 m’

The discharge is

Q = AV =0.002761m> x 10m/s
Q = 0.0276 m?/ s

33



|5.33: PROBLEM DEFINITION

Situation:
Water flows in a pipe.

V=26 m/s, D=0.15m.

Find:
Discharge in units of m®/s and L/min.
Mass flow rate (kg/s).

Properties:
Water (15.5°C), Table A.5: p = 1000 kg/m®.
PLAN
Apply the flow rate equation.
SOLUTION
Flow rate equation
Q = VA
— (2.6m/s) (% % (0.15 m)2>
Q = 0.046 m¥/s
1 L
— 0.046mYs x 0L 005
m3 1 min
Q) = 2760 L/min

Mass flow rate

mo o= pQ
— 0.046m>/s x 1000 kg/m®
m = 46 kg/s

34



|5.34: PROBLEM DEFINITION
Read §4.2, §5.2 of EFM10e, and the internet to find answers to the following questions.

Find:
a. What does the Lagrangian approach mean? What are three real-world examples
that illustrate the Lagrangian approach? [use examples that are not in the text].

Generally, a Lagrangian approach means to observe or describe the motion of a body
of matter of fixed identity. In fluid mechanics, the Lagrangian approach means moni-
toring the movement of a fluid particle, or clump of particles, along a given streamline.
Answers may vary for the real-world examples, but they could include looking at the
density change of a given mass of air in a balloon as a function of temperature, pre-
dicting the motion of a leaf floating in a river by knowing the location of a given
streamline, watching a charged particle being moved from one battery pole to an-
other through electrophoresis gel, or a person riding on a roller coaster saying: “my
velocity now is fast and downward. . ... now it’s slow and upward....”

Find:
b. What does the Eulerian approach mean? What are three real world examples
that illustrate the Eulerian approach? [use examples that are not in the text].

The Eulerian approach involves selecting a region in space and then describing the
motion that is occurring at points in that region. In addition, the Eulerian approach
allows properties to be evaluated at spatial locations as a function of time. This is
because the Eulerian approach uses fields. In fluid mechanics, this means that you
keep track of the whole velocity or pressure field; defining the field for all z and ¢ (1D),
or z, y, and ¢ (2D), or z, y, z and ¢ (3D). Mass can flow from one ”cell” in a flow field
to the next one. Answers may vary for the real-world examples, but examples could
include air being allowed to exit a balloon, the flow in and out of reservoir based on
a function of head differences and assuming that the inlet and outlet are on different
streamlines, or a groundwater flow model for which you know the pressure gradient
in a sandstone aquifer that extends from a mountain range to a river. The Eulerian
approach to describing the person on the roller coaster is to imagine a big cloud of
latitude, longitude, and elevation points (z, y, z field) through which the person is
traveling, and then predicting the location of the person as being pulled from a high
point to a low point by the gravity field through which they are also traveling.

Find:
c. What are three important differences between the Eulerian and the Lagrangian
approach?

35



Answers will vary. Some differences are given here.

1. L: defined unit of mass moving through space E: A field is quantified in space, and
any amount of mass moves according to that field.

2. L: Doesn’t use fields. E: Uses fields

3. L: Used in solid mechanics, and closed systems. E: Used for control volume (open
system) solutions.

4. L: In fluids, v = {(s, t), where s is location on a streamline. E: in fluids, v = f (x,

Y, 2, t)

Find:
d. Why use an Eulerian approach? What are the benefits?

The benefit of using a Eulerian approach is that you just need to be able to describe
the flow field, such as the pressure distribution, everywhere throughout the system,
which is often possible if you know the flow field conditions at various boundaries
and times. When using the Lagrangian description in fluids, 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.

Find:
e. What is a field? How is a field related to the the Eulerian approach?

A field is some variable that has been defined over some spatial region, such as the
pressure gradient as a function of x, y and z at some time t. If the field is unsteady,
it changes for different times t. For the Eulerian approach, we define gravity fields,
pressure fields, velocity fields, magnetic fields, etc., in a x,y,z spatial system, and then
predict the movement of matter through the field given certain boundary conditions
and initial conditions.

Find:
f. What are the shortcomings of describing a flow field using the Lagrangian descrip-
tion?

One must know where the streamlines are at all times, which is difficult in many
systems, especially those with turbulence.

36



|5.35: PROBLEM DEFINITION

Situation:
Properties.

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

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.

37



|5.36: PROBLEM DEFINITION

Situation:
State whether each of the following quantities is extensive or intensive:
a. mass

. volume

density

. energy

specific energy

a. mass — extensive, because it depends upon amount

b. volume — extensive, because it depends upon amount

c. density — intensive, because density doesn’t vary if you have more or less of a
substance (assuming T and P are the same). Also, when you divide and extensive
by an extensive property, you get an intensive property.

d. energy — extensive, because it depends upon amount

e. specific energy — intensive, because it is energy per mass. When you divide and
extensive by an extensive property, you get an intensive property.

> oo o

38



|5.37: PROBLEM DEFINITION

Situation:

What type of property do you get when you divide an extensive property by another
extensive property — extensive or intensive?

Hint: Consider density.

When you divide an extensive property by another extensive property, you get an
intensive property.

39



|5.38: PROBLEM DEFINITION

Situation:
Control surface and volume.

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

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.

40



[5.39: PROBLEM DEFINITION

Situation:
In Fig 5.11 in §5.2 of EFM10e,
a. the CV is passing through the system.
b. the system is passing through the CV.

The answer is (b), the system, which is a defined mass (think of the system as a dyed
collection of molecules), is moving through the CV.

41



|5.40: PROBLEM DEFINITION

Situation:
Reynolds transport theorem.
Find:
The purpose of Reynolds transport theorem.

The Reynolds transport theorem is used to relate Lagrangian equations to their Eu-
lerian counterpart forms. The Lagrangian equations for conservation of mass, mo-
mentum and energy can be converted to their Eulerian forms by application of the
Reynolds transport theorem.

42



|5.41: PROBLEM DEFINITION

Situation:
Mass is flowing into and out of a tank.
Vi =10m/s, Ay = 0.10m? p, = 3.00kg/ m?.
Vo=5m/s, Ay = 0.20m? p, = 2.00kg/ m>.

Find:
Select the statement(s) that are true.
SOLUTION
Mass flow out
me = (pAV)2
= (2kg/m?) (0.2m) (5m/s)
= 2kg/s
Mass flow in
i = (pAV)
= (3kg/m®) (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 |

43



|5.42: 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.

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, pVzconstant so p 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.

44



|5.43: PROBLEM DEFINITION

Situation:
Two flow cases: a closed tank is filled with a fluid and a pipe contracts.
V =36m/s, A=0.14m?, p = 1030kg/m".
Vi =0.3m/s, A4 =0.18m?, p, = 1030kg/m".
Vo =0.6m/s, Ay = 0.09m?, p, = 1030kg/m".

Find:

a) Value of b.

b) Value of dByy/dt.
c) Value of > bpV - A
d

(
E
(d) Value of d/dt [ bpdV

Case (a) Case (b)

)[b=1 1) [B=1

9) [dB,/dt = 0 9) |dBy./dt = 0

3) DbpV-A=> pV-A 3) X bpV-A=> pV-A
= —1030 x 3.6 x 0.14 = 1030 x 0.3 x 0.18 — 1030 x 0.6 x 0.09
> bpV - A = —519 kg/s Y bpV-A=0

4) |4 [ bpdV=+519 kg/s| 4) |2 [ bpd¥ =0
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|5.44: PROBLEM DEFINITION

Situation:

The law of conservation of mass for a closed system requires that the mass of the
system is:

a. constant

b. zero

The answer is (a), constant, by definition.
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|5.45: PROBLEM DEFINITION

Situation:

Consider the simplified form of the continuity equation, Eq. 5.29 of EFM10e. An
engineer is using this equation to find the Q¢ of a creek at the confluence with a
large river, because she has automatic electronic measurements of the river discharge
upstream (Qg,) and downstream (@ gq) of the creek confluence.

Find:

a. Which of the 3 terms on the left-hand side of Eq. 5.29 will the engineer assume
is zero? Why?

b. Sketch the creek and the river and sketch the CV you would select to solve this
problem.

a. The engineer will assume that the %mw term is zero. This is because there
can’t be any water stored at the confluence, which is the fork where 2 drainages join
together (con=with; fluence=flow) so flow in must equal flow out. Make a sketch
(part b) to see how this works.

b. Sketch not shown here. One possible sketch consists of 2 tubes coming into the
confluence, one for the creek, and one for the river upstream of the confluence. You
could make a small box for the confluence — that box would be your control volume,
or CV. You would then sketch one tube leaving the box, for the downstream reach
of the river. Your CV doesn’t have a place (e.g. a lake or a dam) for storage, so

%mcv is zero.
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|5.46: 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?

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

0 Pdv + mout - min

:% cv

Since the density is constant

d . .
0= E(p‘/cv) + Mout — Min

Since the volume of the control volume is constant the unsteady term is zero so
mout = min-
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|5.47: 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 pdV + mout - min

:E Ccv

The density of the air in the control volume can change with time, the unsteady term
may not be zero and Mgy # My
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|5.48: 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.

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.

20



[5.49: PROBLEM DEFINITION

Situation:

Two pipes are connected in series.
D1 = 2D2, ‘/1 = 4m/s

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

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

Alarge‘/iarge = Asmall‘/small
Alar
— ge

‘/small - ‘/large(

Asmall
= 4m/s x 2?

‘/small =16 HI/S

o1



|5.50: PROBLEM DEFINITION

Situation:

The level in the tank is influenced by the motion of pistons A and B moving left.

Viy=2Vg, Dy =0.075m, Dg =0.15m.
Find:

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

Sketch:

©
1)

Apply the continuity equation. Select a control volume as shown above.

is coincident with and moves with the water surface.

Continuity equation

d
mo — m, = pdV

d
p2VpAa — pVpAp = _pdt/ dv

where Ay = (7/4)0.075%; Ap = (7/4)0.15% and A4 = (1/4)Ap. Then

Wi(1/4)Ap — VgAp = —% AV
Vadp((1/2) —1) = -2 [ aw
dt J,.
d

| A = (1/2)VpAs

d
—(AR) = (1/2)VpAs

dh

AL = (1/2)VpAg

Assume it

Because (1/2)VpApg is positive dh/dt is positive; therefore, one concludes that the

water surface is | rising.
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|5.51: 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.
Find:

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

Sketch:
h lV
\
v Section A
Assumptions:

Assume V' is constant across section A.
Assume the air has constant density.

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

Continuity equation
d

b, = 2 IV
e at Je., "
pV'A" = —(=2pVA)
2VA = V'A

The control volume has radius r so

B 2V A B 2V 2 B Vr

V/

A 2mrh b

Convective acceleration

a. — V@(V)

- (EE)

__ V3D
e = 2

23



|5.52: PROBLEM DEFINITION

Situation:
Pipe flows A and B merge into a single pipe.
Qa=0.04t m3/s, Qg = 0.006t>m?/s.
Aexit = 0.01 m?, t =1s.

Find:
Velocity at the exit, V.
Acceleration at the exit, aeyi;.

Assumptions:
Incompressible flow.

Apply the continuity equation.

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

Qexit = Qa+0p
Vexit = (Al t) (Qa+Qp)

1
— <O o mz) (.04t m®/s + 0.006t* m®/s)

= 4tm/s +0.6t> m/s

Then at t = 1 sec,

Vexit = 4.6 m/s

The acceleration along a pathline at the (s — z) exit is
ov ov
exit = o + V45—
foit = T on

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

ov
Qexit = i 4+1.2t m/s2

Then at t = 1 sec

dexit = 5.2 m /82
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|5.53: PROBLEM DEFINITION

Situation:
Air flow downward through a pipe and then outward between two parallel disks.
Q =0.380m?/s, r = 20 cm
D =0.1m, h =0.6cm.
Find:
Expression for acceleration at point A.

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

PLAN

Apply the flow rate equation.

SOLUTION
)

Flow rate equation

7

Q Q
%_A_Qﬂ'?“h

Evaluate convective acceleration along a radial pathline (s — r)

V.0V,
or

B (273%) (=1) <27r632h)

A, =

=

Vioipe =

N

pipe
(0.380m?/ s)
7(0.1 m)?>

‘/;)ipe =48.4 m/s

(@)
~

(0.38m?/ s)?
(0.2m)(27 (0.2m) (0.006 m))?
a. = —12,700 m/s?

. — —
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|5.54: PROBLEM DEFINITION

Situation:
Air flow downward through a pipe and then outward between two parallel disks.

Q = Qo(t/to), r = 20 cm.
D =10cm, h = 1cm.
to=1s, Qo =0.1m3/s.
Find:
(a) At t =2 s, acceleration at point A: as.
(b) At t = 3 s, acceleration at point A: as.

Local acceleration

_ oV _ 9/ Q
W= Tor T ot \2mrn

W - 9 Glt/to)
¢ ot 2mrh
0 — Qo/to
¢ 2nrh
0.1m3 1
teny = —OAWYSIS) g geg 0

27 X 0.20m x 0.0l m
From solution to Problem 5.53 in EFM10e

02
R

r(2mrh)?
At t =250 =02m3/s

ac2s = —5,066 m/s2
Qos = ay~+ a.=7.958 — 5,066
azs = —5,058 m/s?

At t=3s,Q=0.3m?/s

acss = —11,398 m/s2
azgs = —11,398 4+ 7.958
azs = —11,390 m/s?
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|5.55: 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.
Agur = Aiyy = 0.0025 m2, Aganic = 0.1m?,
At h=1m, dh/dt =0.1m, V = /2gh.
Find:
Velocity in the inlet: Vi,.
Assumptions:
Incompressible flow.

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

Continuity equation

d

. - . = dV
d
_pvgnAin + p%utAout - _E(pAtankh)
dh
_V;nAin + V;JutAout = _Atank (E)

—Vin(.0025) 4+ 1/2g(1)(.0025) = —0.1(0.1) x 102
v/19.62(.0025) + 10~

0.0025
Vin = 4.47 m/s

Vin =
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|5.56: PROBLEM DEFINITION

Situation:

A bicycle tire is inflated with air.The density of the air in the inflated tire is 6.4
kg/m?3.

¥V=0.0009 m*, @i, = 0.02m?/ min.
Find:

Time needed to inflate the tire.

Properties:
Pin = 1.2 kg/m37 Pcv = 64kg/m3

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

Continuity equation

d
in — _Mcv
(@) = o

This equation may be integrated to give

(PQ)int = Moy

or

(pQ)in
0.0009 m? x 6.4kg/m”
1.2kg/m® x 0.02m3/ min x (1 min/60s)
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|5.57: PROBLEM DEFINITION

Situation:
A cylinder falls in a tube containing a liquid.
Ve =12 m/s, Dyype = 0.2m, Deyringer = 0.15m.
Find:
Mean velocity of the liquid in between the cylinder and the wall.

Sketch:

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.

Continuity equation

d
0 = a pdV + mo — ml
0 = Lytvpa
- dt T41A
0 = Vede+Vr (%) [(0.2m)% — (0.15m)?]
_ ™ 2 ™ 2 2
0 = —12m/s x (4) (0.15m)> + Vy <4> [(0.2m)? — (0.15m)?]
V. - 0.02m3/s
T (0.0137m?)

Vr =1.46 m/s (upward)
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|5.58: PROBLEM DEFINITION

Situation:
A round tank is being filled with water.
V,=3m/s, Dr =12m, D, = 0.3 m.
Find:
Rate at which the water surface is rising.

Sketch:

C.S.

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

Continuity equation

d

_a d o

0 o cvp V4 m, — m;
d

0 = S(hdr)— ((3+Vi)4y)

where Ap = tank area, Vi =rise velocity and A, =pipe area.

dh
0 — AT% - 3Ap - VRA;D

but dh/dt = Vg so

0 = ArVi—34, — Vi4,

Ve — 34, _ (3m/s) (7/4)(0.3m)?
AT - Ap [(71'/4) (1.2 m)2 _ (7-‘-/4) (03 m)z}
Ve =02 m/s
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[5.59: PROBLEM DEFINITION

Situation:
A sphere is falling in a cylinder filled with water.
Dy =20cm, Dy =0.3m, V; =1.2m/s.

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

Sketch:

T Vi=1.2m/s

Apply the continuity equation.

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 V; and the
velocity exiting is V5
Continuity equation

d
~ | pav = 0=, — iy
7 CVpV 0=m; —m

AVi = AV,

4 4
Vo = 218 m/s

The velocity of the water relative to a stationary observer is

V= V- ‘/sphere
V = 218-12
V =0.98 m/s
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[5.60: PROBLEM DEFINITION

Situation:
Air flows in a rectangular duct.
Q=144m3/s;, Ay =20cm x 60 cm.
Ay =10cm x 40 cm.

Find:
Air speed for initial duct area, V.
Air speed for latter duct area, V5.

Assumptions:
Constant air density.

Apply the flow rate equation.

Flow rate equation

_Q
Vl—Al

(1.44m3/s)

(0.2m x 0.6m)
Vi=12m/s

(1.44m3/s)
(0.1m x 0.4m)
Vo =36 m/s
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|5.61: PROBLEM DEFINITION

Situation:
A pipe divides into two outlets.
DSOcm =30 c1m, D200m =20 cim, DlScm = 18 cm.
Vooem = ‘/1807717 Q =04 ng/ S.

Find:
Discharge in each branch.
PLAN
Apply the flow rate equation.
SOLUTION
Flow rate equation
vV = QSOCm
Acombined
vV - (0.4m3/s)
T ((0.2m)* + (0.18m)?)
= 7.03m/s

Q20 cm VA20
= (7.03m/s) (7 (0.1m) (0.1 m))

QQO cm — 0.221 ng/S

Q18 cm  — VA18
= (7.03m/s) (7 (0.09m) (0.09 m))

ng cm — 0.179 m3/s
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|5.62: PROBLEM DEFINITION

Situation:
A pipe divides into two outlets.
DSOcm =30 c1m, D200m =20 cim, Dchm = 15cm.

QZOC’H’L == 2Ql5cm7 Q - 04 mg/s

Find:
Mean velocity in each outlet branch.

Continuity equation

Qror. = 0.40 m? /s = Qoo + Q15

Since Q20 = 2@15

0.40 = 2Q15+ Q15
Qs = 0.138 m?/s;
Q0 = 0.267 m®/s;

Flow rate equation

%t

e
Vis = 7.36 m/s

(@20

Voo = ——

20 Ao

Voo = 8.50 m/s
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|5.63: PROBLEM DEFINITION

Situation:
Water flows through pipe that is in series with a narrower pipe.
A pipe divides into two outlets.
Dgos = 0.25m, Dy15 = 0.15m.
Voosm = Voism, @ = 3400 liters per minute.

Find:
Mean velocity in each pipe.

Apply the flow rate equation.

Flow rate equation

@ = 3400 L/min = 0.06 m®/s
Q
A0.25
0.06m?/s

T (0.25m)’
‘/0.25 =1.22 m/s
Q

Ao
0.06 m3/ s

T(0.15m)?
‘/0_15 =34 m/s

Voos =

65



|5.64: PROBLEM DEFINITION

Situation:
Water flows through a tee.
Dy=Dg=4m, Dg = 2m.
Va=6m/s, Vo =4m/s.

Find:
Mean velocity in outlet B.
PLAN
Apply the continuity equation.
SOLUTION
Continuity equation
 VaA, - VA,
_ [(6m/s) (m/4) (4m)* — (4m/s) (m/4) (2m)*)]
(/4 (4m)”)
Ve =5.00 m/s
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|5.65: PROBLEM DEFINITION

Situation:
Gas flows in a round conduit that tapers to a smaller diameter.
Dy =12m, Dy =0.6m, V;, =15m/s.

Find:
Mean velocity at section 2.

Properties:
p; = 2.0kg/m3 p, = 1.5kg/ m>.
PLAN
Apply the continuity equation.
SOLUTION
Continuity equation
vV, — pr AV
, = Sl
pa A2
_ p1DIV1
p2 D3

(2.0kg/m?) (1.2m)* (15m/s)
(1.5kg/ m3) (0.6 m)”
Vo =80.0 m/s
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|5.66: PROBLEM DEFINITION

Situation:
Pipes A and B are connected to an open tank.

Qa=028m3/min, A= "7.4m? dh/dt = 0.025m/ min.
Find:

Discharge in pipe B.

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

Sketch:

-

i

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

Continuity equation

d
0 = — [ pdV+) pV-A

dh
0 = AP Lo,
dt“‘QB Qa
dh
_ .- AY
8)> Qa I

= 0.28m*/min — (7.4 m?)(0.0025 m/min)
Qp = 0.095 m?/ min

Because @) is positive [flow is leaving the tank through pipe B.
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|5.67: PROBLEM DEFINITION

Situation:
A tank has one inflow and two outflows.
Dy =0.1m, Vo1m = 3m/s.
Dgin, = 0.15m, Vy15m = 2.1m/s.
D3 = 0.075m, Voorsm = 1.2m/s.
Tiank = 0.9m.

Find:
Is the tank filling or emptying.
dh

Rate at which the tank level is changing: %

SOLUTION
Vs 2 3
Inflow = (3m/s) <Z> (0.1m)* = 0.024 m®/s
Outflow = (2.1m/s) (g) (0.15m)> + (1.2m/s) (%) (0.075m)? = 0.042 m?/s
Outflow > Inflow, Thus, tank is emptying
dh @
d A
O (0.042 - 0.024) ¥/ s
7(0.9m)?
% = —0.0071 m/s
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|5.68: PROBLEM DEFINITION

Situation:
A tank is filled with water over time.
D; =30cm =0.3m, V; =0.3m/s.
D,=15cm =0.15m, V, = 0.6 m/s.
hi =0m, Diapq = 0.3m.
DtankZ = 0.6 m, hg =3m.

Find:

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

Sketch:

L I/so cm DIA

sm _30cm DIA
C.S.
Y | __
30 cm ; f: 75‘cm
I h I|
0.3 m/s—>" | I —>(0.6 Mm/s

ENL " I

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.

Continuity equation

d
% pdV = mi—mo
d
%(pAh) = (pAV )i — (pAV ) out
d
—(pA —
dt(p h) p( 1
A@ ~0.0277  0.0135w
dt 4 4
A@ ~0.01357
dt 4

T x (0.3 m)2> (0.3m/s) —p (% x (0.15 m/s)2> (0.6m/s)

Since Adh/dt > 0, the water level must be While the water column occupies

the 30 cm. section, the rate of rise is

dh 0.01357/4

dt A
001357
4 x7/4%(0.3)?
= 0.15 m/s
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Determine the time it takes for the water surface to reach the 0.6 m section:

dh
= (= )¢
- (@)

3
— 2 _9ps.
t 015~ 20

Therefore, at the end of 20 s. the water surface will be in the 0.6 cm section.

the rise velocity will be:

dh  0.01357
dt 4A
0.01357

4 x /4 % (0.6)
4 — 0.04 m/s
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[5.69: PROBLEM DEFINITION

Situation:

A lake is fed by an inlet and has no outlet. Lake surface area is A(h), where h is
depth in meters.

Qin = 34m% s, A(h) = 4.5+ 5.5h km?.

Qpvap = 0.36 m*/ s per km?.

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

Apply the continuity equation.

Continuity equation

QEvap. = Qin.
(0.36 m*s/km?) (4.5 + 5.5h) km? = 34 m%/s

Solve for depth h :
h = 16.4 m | at equilibrium

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

0.36(4.5 + 5.5 x 0) = Qhn.

Lake will dry up when | Qy,, = 1.62 m?/s
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[5.70: PROBLEM DEFINITION

Situation:

A nozzle discharges water onto a plate moving towards the nozzle. Plate speed
equals half the jet speed.

Qin = 0.14m?¥s, V;,, = 2V,
Find:

Rate at which the plate deflects water.

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

Continuity equation

Qin = Qp
Reference velocities to the moving plate. Let V, be the speed of the water jet relative

to the nozzle. From the moving plate, the water has a speed of V, + 1/2V, = 3V, /2.
Thus

Qp = Qm
= V;'nAo
3V, 3
- (%) 0= S
3
= 5@0

Qp =0.21 m*/s
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[5.71: PROBLEM DEFINITION

Situation:
A tank with a depth h has one inflow (m®/s) and one outflow through a 0.3 m
diameter pipe. The outflow velocity is

Q = 0.57m%s, Vour = v/2gh, Doy = 0.3m.
Find:
Equilibrium depth of liquid.

Apply the continuity equation and the flow rate equation.

Continuity equation

Qin. = Qout at equilibrium
Qouwt = 0.57m?%/s

Flow rate equation

Qout = ‘/outAout
0.57 = (y/2gh)(w/4 x D?,) where D = 0.3 m

out

Solving for A yields
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|5.72: 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.

Dy =15cm, Q4 = 0.085m?¥/s.

Sa=0.95 De=15cm.

QB = 0.0281113/8, SB = 085, DB = 10cm.

Find:

Mass flow rate at C.

Average velocity at C.

Specific gravity of the mixture.

Assumptions:
Steady state.

Apply the continuity equation and the flow rate equation.

Continuity equation
D =Y i = 0
—pAVaAs — ppVBAp + pcVeAc = 0
pcVeAe = 0.95 x 1000kg/m® x 0.085m®/ s
+0.85 x 1000kg/m® x 0.028 m*/ s
m = 104.55 kg/s

Continuity equation, assuming incompressible flow

VeAc = VaAx+VpAp
= 0.085+0.028 = 0.113 m*/s

Flow rate equation

Q 0113m?*/s

Ve=64 m/s
104.55

- — 925.22 ko /m?
Pc 013~ 0222 ke/m

925.22
1000
S =0.925
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|5.73: PROBLEM DEFINITION

Situation:
O, and CH,4 are mixed in a mixer before exiting.
V02 = VCH4 = 5m/ S.
Acpm, = lem?, Ap, = 3cm?.
Find:
Exit velocity of the gas mixture, V.

Properties:
From Table A.2: Rp, =260J/kgK, Roy, =518/ kg K.
T =100°C, p = 1.9kg/ m?, p = 200 kPa.

PLAN
Apply the ideal gas law to find inlet density. Then apply the continuity equation.
SOLUTION
Ideal gas law
D
P = BT
B 200, 000 Pa
~ (260J/kgK) (273 + 100) K
— 2.06 kg/m®
B 200, 000 Pa
Per: = 5187/ kg K) (273 + 100) K
— 1.03 kg/m’

Continuity equation

S - S
pVede = po,Vo,A0, + pen, Vor Acn,
2.06kg/ m? x 5m/s x 3em? + 1.03kg/ m? x 5m/s x 1 cm?

-‘/'e =
1.9kg/ m3 x 3 cm?

Ve =6.33 m/s
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|5.74: PROBLEM DEFINITION

Situation:
A pipe with a series of holes is used to distribute air.

Qhole = 067140 (@)1/2

r

Nhole — 50/ m, L =10m.
Dyipe = 0.5m, Dpge = 2.5 cm.

Find:
Velocity of air entering the pipe.

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

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

Qin - AVEn - NQhole

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

The total number of holes
N = 50 x 10 = 500 holes
The density in the pipe is

_ P __100000+100Pa 0y
P=RT ~ (287J/kgK) (273 +20) K~ '8

The flow rate through the holes is

QA 1/2
Qhole = O67140 (Tp)

2 % 100 P
Quoe = 0.67(% (0.025m)2)( x 100 Pa

1/2
. g/ m

The velocity at the pipe entrance is

NQnole 500 x 0.00426 m?/s
A T % (0.5m)”
V =108m/s

v
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|5.75: PROBLEM DEFINITION

Situation:
Water through a globe valve.
@) = 38 L/min, Ary = 0.0032m.
D; =0.025m, Dy = 0.0125m

Find:
Pressure drop across the valve.

Properties:
T =15.5°C.

Apply the Bernoulli equation between the 0.025 m upstream pipe and the opening at
the seat of the valve.

The pressure drop across the globe valve is
p1r—p2 V22 - V12

v 2
assuming negligible change in elevation. The p; is the pressure in the pipe and py at
the valve seat. From continuity V5As = V3 A; so

()]
Ay
The area between the disc and the seat is
Ay = 21rAr = 27 x 0.0064 m x 0.0032 m = 0.000129 m?

P1— D2 :V_f
Y 29

The upstream pipe area is
Ay = 7r? = 7 x (0.0125 m)* = 0.000491 m?
Thus A; /Ay = 4.0. The volume flow rate is

0.001 m3L

Q:?)S L/mln W

= 0.000633 m® /s

and the velocity in the pipe is

_ @ _ 0.000633 m*/s
Ay 0.000491 m?2

Vi =128 m/s

Thus
2 - (1.28m/s)22 [42 _ 1] —125m
g 2x9.81m/s
The specific weight of water at 15.5°C is 9799 N/m?. The pressure drop is
pp—p1 = 9799 N/m® x 1.25 m = 12,248.75 Pa

pg—p1:12kPa
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|5.76: PROBLEM DEFINITION

Situation:
Water flow through an orifice in a pipe.
Dy =25cm, D, =1.5cm.

1/2
0.644, = Ay, Q = CA, (%) .
Ap = 10kPa, Q = 1000kg/ m?.
Find:
a) Derive equation for discharge.
b) Evaluate discharge across orifice.

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

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

b1 —p2 = B(V22 - V12)

2
P 2V22

= V(= —
2 l(‘/lQ )
P AL

= Vi(— —

— Pan? 11
N 2< 141) (A% A%)
p 9 A%—A%)
= - (A <—
5 (1) A2A2

_ / 2(p1 — p2) Al 1/2

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

Solving for V1A; = Q

Ay
— =0.64
A,
and
Ay 0.644, D,\?
2 — 064 [ =2
Ay Ay 00 <D1)
Ay o 2 1.5cm)’
— = 41 — ] =0.64
= 0.2304



Substitute into discharge equation

_ 2(p1 — p2) 1 1/2
Q@ = 0.64A,4/ p (1—A§/A%)

— p2) 1/2
= 0.64A4,
P 1 —0. 23042

20
O = 0.6584, \/M

For a Ap = 10 kPa the discharge is

Q = 0.658x (T x 0.015> m2), | 220000 Pa
4 1000 kg/m

= 0.000520 m*/s
Q=520x10""m3/s

80



|5.77: PROBLEM DEFINITION

Situation:
A tank is filled with air from a compressor.
V=10m? m = 0.5 kg/s.
Find:
Time to increase the density of the air in the tank by a factor of 2.

Properties:
po = 2kg/m?
PLAN
Apply the continuity equation.
SOLUTION
Continuity equation
d
Mo —m; = —— pdV
dt Jov
d
dp
V(——) = 0.5

Separating variables and integrating

0.5p,dt

pdp = v
20 T Ty

pr =Py 0.5pyAt
2 B v
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|5.78: PROBLEM DEFINITION

Situation:

A tire develops a slow leak.

m = 0.68pA/vRT, ¥=0.015m3 ¢t = 3h.
Find:

Area of the leak.
Properties:

From Table A.2: 287 J/kg K.
T = 15.5°C, py = 205 kPa, py — 170 kPa.

Apply the continuity equation.
Continuity equation
Mout —%(pV)
Ideal gas law »
PRI

Combining previous 2 equations

G Y (dp
ot T RT \ dt

Let 10t = 0.68pA/v RT in the above equation
0.68pA V¥ (dp)

dt

VRT ~ RT

Separating variables and integrating

1(@) _ (0.684VRT)

p \ dt d
(po) (0.68AV RT)
n|{—| = —=
P v

Finding area

0.015

((0.68) (3h) (3,600s/h) 1/287 J/kg K x 288 K
| A =859 x 1070 m2 = 8.59 x 10~* mm?|

) n(306/271)
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[5.79: PROBLEM DEFINITION

Situation:
An O bottle leaks oxygen through a small orifice causing the pressure to drop.
m = 0.68pA/vVRT, V= 0.1m?.
D = 0.12mm.

Find:
Time required for the specified pressure change.

Properties:
From Table A.2: R =260J/kgK.
T =18°C, py = 10 MPa.

p = 5MPa.
PLAN
Apply the continuity equation and the ideal gas law.
SOLUTION
Continuity equation
d
Mout _%(pv)
Ideal gas law
o
RT

Combining previous 2 equations

. (Y \dp
Mout ==\ BT ) 4t

Let 14y = 0.68A/+v/ RT in the above equation

0.68pA__<i)@
VRT RT

dt
Separating variables and integrating

1 (@) (0.68AVRT)

p \ dt V
(po) (0.68AV RT)
n|{—)] = ———=¢
P v
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Finding time

= (swavar) (3
0.68AVRT p
A = %(0.12 x 1073 m)? = 1.131 x 105 m?

VRT = /260 x 291 = 275.1 m/s

. 0.1 m? x £n (10/5) s 1o
T 068x113lm2x 10f m?x 275 m/s i

|t:9h6min.|
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|5.80: PROBLEM DEFINITION

Situation:
A tank is draining through an orifice.
hy =3m, h =0.5m.
Dy =0.6m, Dy =3cm
Find:
Time required for the water surface to drop the specified distance (3 to 0.5 m).

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

= () -
2 x (7/4 x (0.6m)*) (v/3 — +/0.5) m!/2
V2% 9.81m/s? x (7/4) x (0.03m)?
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|5.81: PROBLEM DEFINITION

Situation:
A cylindrical drum of water is emptying through a pipe on the bottom.
D =06 m R=0.3 m.
V =+2¢h, L =12 m.
d=0.05 m, hy = 0.3 m.

Sketch:
'y
a
r L oy
\ R+y
!
Ve
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.

Continuity equation

My — My = —% CvpdV
+pVA = 4 pdV (1)
dt J.,
WA = —pe(¥) 2
dt\/2ghA = —dV (3)
Let dV = L(2x)dy. Substituted into Eq. (3) we have
dt\/2ghA = 2Lady (4)
But h can be expressed as a function of y:
h=R+y
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or
dt\/29(R +y)A = 2Lxdy

Also

R = 2244’
v = VR2—y?=/(R—-y)(R+y)
dt\/2g(R+y)A = —2L/(R—y)(R +y)dy

i - - (%) N (5)

Integrate Eq. (5)

tlh = ( A)/ VR — ydy
) (2/3)(R—y)* /| *

)2/3 [(2R)*? — R3/?

- (3
(75

s “\

For R=1

_ (%) (2/3)(2* — 1) (6)

In Eq. (5) A = (7/4)d*> = 0.00196 m?. Therefore

t = |2x L2m (2/3)(1.828)

\/19.62m/s” x 0.00196 m2

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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|5.82: PROBLEM DEFINITION

Situation:
Water drains from a pressurized tank.

Ve:,/%p+2gh, h, = 2 m.
A=1m? A, = 10cm?.

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: p = 1000 kg/m3.

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

Continuity equation

av
O = —pAY.
P p
Density is constant. The differential volume is Adh so the above equation becomes
Adh
— = —dt
AVe
o Adh
=dt

Ae,/%p + 2gh

Integrating this equation gives
Al (2 /2
— = (—p + 2gh> 0 = At
g\p

or

and for A =1m? A, =103 m? h, =2 m, p = 10 kPa and p = 1000 kg/m? results
in

|At = 329s or 5.48 min| (supply pressure of 10 kPa)

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

A 2
At = — o =639 s or
A\l g

|At = 10.6 min | (supply pressure of zero)
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|5.83: PROBLEM DEFINITION

Situation:
A tapered tank drains through an orifice at bottom of tank.
V. =+2gh, D =d + Ch.
ho=1m, h = 20cm, d = 20 cm.
C1 =03, d; =5cm.

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

PLAN
Apply the continuity equation.
SOLUTION
From continuity equation
dh
— A (=
Q@ = —ar(%)
dh
dt - —ATE

where Q = /2ghA; = \/2gh(m /4)d;

Ap = %(d +Ch)? = %(dQ +2dCyh + C2h?)
—(d? +2dCyh + C1h?)dh
V2gh'2d;
Lo /h (d? + 2dC1h + C?h?)dh
ho V2ght/2d]

\/1 /ho T |
t = d*h=12 £ 24O hY? + C2h3/%)dh

dt =

2 h
t = [d*h*? + (2/3)dCy R + (1/5)CTR?] )"
d?\/Zg h

Evaluating the limits of integration gives

t (@ = W1/2) + 2dCy (R = B3/2) + LC3(hY* — h72)|

2
&2
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|5.84: PROBLEM DEFINITION

Situation:
Water drains out of a spherical tank that begins at half full.
V. =+2gh, R=0.5m, d. = 1cm.

Sketch:
Yy
Y
f A Coex
R-h
, =
\$._//
Ve
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.

Continuity equation

p%[ = —pA.V,
et av dh
ar =i
Continuity becomes
dh A
oA 2gh

The cross-sectional area in terms of R and h is
A= 7T[R2 —(R- h)2] = m(2Rh — h2)

Substituting into the differential equation gives

7(—2Rh + h?)
dh = dt
Aev/2gh
or T
T (—2RA'? + h3/?) dh = dt
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Integrating this equation results in

T 4 2
(——Rh3/2 + —h5/2) %= At

V29A, 3 5
Substituting in the limits yields
T 14
—RY? = At
V2gA. 15

For R =0.5m and A, = 7.85 x 107° m?, the time to empty the tank is

| At = 1491 s or 24.8 min |
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|5.85: PROBLEM DEFINITION

Situation:
A tank containing oil is draining from the bottom.
Dr=2m, h, =5m.
L=6m,d, =2cm.
p= (po +patm) X (L - ho)/<L — h) — Patm-

dh/dt = —A./Ar X \/2gh + 2p/p.

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

Properties:
p = 880kg/ m3, p, = 300kPa, pu, = 100 kPa.

SOLUTION From the continuity equation

TR
e

dh Vedo Ao 2
°o_ L = 2gh + =
dt PAT AT 1%

L—h
p:(p0+patm) (L—}:) — Patm

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

where

Depth, m

1 T T T T T T
0 10 20 30 40 50 60 70

Time, min
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|5.86: PROBLEM DEFINITION

Situation:

Rocket Propulsion. To prepare for problems 5.87, 5.88, and 5.89 in EFM10e, use the
internet or other resources and define the following terms in the context of rocket
propulsion: (a) solid fuel, (b) grain, and (c) surface regression.

Also explain how a solid fuel rocket engine works.

Answers will vary, but should include the following elements:

(a) Solid fuel, or solid propellants, are used in rockets

(b) grain is the initial or starting amount of solid, expressed as a length (because it
is a solid, and has some given diameter), also called “charge”, of the solid fuel.

(c) surface regression, also called burn rate, is the rate at which the solid fuel is
burned. Since the grain is defined as a length, the surface regression is a length/time.
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|5.87: PROBLEM DEFINITION

Situation:
Propellant fuels an end-burning rocket motor.
D.,=01m, D, =0.08m, 7 = 1.5cm/s.

Find: Gas velocity at nozzle exit plane.

Properties:
p=1800kg/ m? R =415J/kgK.
pe = 10kPa, T' = 2200 °C.

PLAN Apply the continuity equation and the ideal gas law.

SOLUTION Ideal gas law

p

Pe — ﬁ
10000 Pa ,
- — 0.00974 k
4157/ kg K x 2473 K g/m

The rate of mass decease of the solid propellant is p,A.’ where p,, is the propellant
density, A, is the chamber cross-sectional area and 7 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

Vo= ppAer
‘ peAe
A, = 7/4% (0.1 m)*> =0.00785 m?
A, = 7/4x(0.08 m)* = 0.00503 m>
0.015
V. = 1800 kg/m® x 0.00785 m? x m/s

[0.00974 kg/m® x 0.00503 m?2]

Ve = 4330 m/s
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|5.88: PROBLEM DEFINITION

Situation:
Propellant fuels a cylindrical-port rocket motor.
Dy=02m, D =0.12m.
D.=02m, V., =1800m/s.
pe = 10kPa, 7 = 1.0cm/ s.
L =0.4m.

Find:
Gas density at the exit.

Properties:
p, = 2000kg/ m? R =415J/kgK.

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

A, = wDL+2(n/4)(Di — D?)
= 7x0.12m x 0.4m + g((o.sz —(0.12m)?) = 0.191 m?
_ VopyAg
Pe VA
A, = (7/4) x (0.20 m)? = 0.03142 m?
(0.01 m/s x 2,000 kg/m” x 0.191 m?)
1,800 m/s x 0.03142 m?

p. = 0.0676 kg/m?

95



[5.89: PROBLEM DEFINITION

Situation:
Propellant flows through a nozzle in a rocket chamber.
. 0.65p.A; . .
m = ———, I = apy.
RT,

n = 0.3, p. = kPa.
" n 1/(1—n)
Do = (r,;%)l/(l ) (%) (RTC)I/[Q(I—TZ)}'

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

Apply the flow rate equation.

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

pprAg = m
n O65pcAt
PpapeAg = “JRT
1-n ap, (Ag 1/2
= b (Ze)(RT,
Pe 0.65 (At)( )
_ 1/(1-n)
aﬂp>”“ (A 1/(2(1-n))
c— \ T AF — RTC "
P (0.65 A, (RT)

Ap. = 3.5 MPa(l+ 0'2())1/(1—0.3)
Ap, = 4.54 MPa
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[5.90: PROBLEM DEFINITION

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

0.65p.A,
_ e 0.1 m.
VR, " .
L=0.1m, A, =1cm?.
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 =350J/kgK, p=300kPa.
SOLUTION
Continuity equation. Control volume is defined by piston and cylinder.
d 0.65p.A,
E(Pv) + AT 0
dp dV 0.65p.A,
| #anlid — 4 ———— =0
a " Pa TR
dp d¥  0.65p.A,

ap _ (ﬁ) v TDDelly
dt v/ dt  V/RT,
V = (7/4)(0.1m)*(0.1m) = 7.854 x 10~* m®

d

d_‘; — (/4)(0.1m)%(30m/s) = —0.2356 m® s
~p 300,000Pa

P = RT ~ (350J/kgK x 8T3K)

= 0.982 kg/m*

dp 0.982kg/ m? 3

ap _ _ 0.2

dt 7854 x 10-1n < (70235607 s)

0.65 x 300,000 Pa x 1 x 10~*m?
7.854 x 10~4m? x /350 J/kg/ K x 873K

9 — 250 kg/m®-s
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[5.91: PROBLEM DEFINITION

Situation:

Gas is flowing from Location 1 to 2 in a pipe expansion. The inlet density, diameter
and velocity are p;, Dy, and V' respectively. If D5 is 2D;, and V5 is %Vl, what is
the magnitude of py?

a. py = 4p,
b. py = 2p,
C. P2 = %Pl
d. py = py

Apply the continuity equation, and utilize the definition of volume flowrate.

T T
plzD%V1 = PQZD§V2
1

PlD% Vi = P2(2D1)2(§ V1)
1
P = P2(4>(§)
pr = 2p
1
P2 = §P1

The correct answer is (c).
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[5.92: PROBLEM DEFINITION

Situation:

Air is flowing from a ventilation duct (cross-section 1) as shown, and is expanding
to be released into a room at cross-section 2. The area at cross-section 2, A,, is 3
times A;. Assume that the density is constant. The relation between )1and @) is:

a

b
¢
d

L Q=3
Q2=
Q2 =3 @
Q=9 @

Apply the continuity equation.

According to the continuity equation, ) = ()1, because there is no storage in the
duct.

Therefore the correct answer is (b).

Note: It is also true that V4 = %Vl, but the relationship between the two velocities
is not the subject of this question.
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[5.93: PROBLEM DEFINITION

Situation:

Water is flowing from Location 1 to 2 in this pipe expansion. D; and V' are known
at the inlet. Dy and Ps are known at the outlet. What equation(s) do you need to
solve for the inlet pressure P;? Neglect viscous effects.

a. The continuity equation

b. The continuity equation and the flow rate equation.

¢. The continuity equation, the flow rate equation, and the Bernoulli equation

d. There is insufficient information to solve the problem

We know that we need to apply the continuity equation, utilize the definition of
volume flowrate, and use the Bernoulli equation which relates pressure, elevation,
and velocity. To verify that there is sufficient information to solve the problem, set
up the equations and document the knowns and unknowns.

AV = AV,

A1, Vi and Ay are known, so one can solve for V5
PV} P, V?
1 + 2 _2 + _2
Y 29 Y2

Vi, P, and V5 are known, so one can solve for P;

Thus, we have demonstrated that there is sufficient info to solve the problem

Therefore the correct answer is (c).
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[5.94: PROBLEM DEFINITION

Situation:
Water flows in a pipe with a contraction.
Q=17m%/s,d=06m, D=18m.
Find:
Pressure at point B.

Assumptions:
Water temperature is 10 °C.

Properties:

Water (10°C), Table A.5: v = 9810 N/m”.
pa = 153 kPa.

Apply the Bernoulli equation and the continuity equation.

Continuity equation

1.7m?
Vi = Q _ /s 5 = 0.67 m/s
Aa /4% (1.8m)
1.7m?3
Ve = Lo LTWYS o s

A 7/4x (0.6m)”

The Bernoulli equation

%—FV—X-FZA = @—FV—B?-FZB
Y29 Yo 29
pg _ 153kPa  (0.67m/s)® (6.02m/s)’ .
gl 9810 N/m® = 19.62 m/s*  19.62 m/s’
ps = 123,606 N/m?
pg = 124kPa

101

2 m



[5.95: PROBLEM DEFINITION

Situation:

Water flows through a contraction section of circular pipe.
Vin = (10 m/s) [1 — exp(—t/10)], D; = 2D,

Find:
Velocity variation at outlet.

Apply the continuity equation.

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

As, 2\ ?
Vow = Vi (—AM) _ (1) %

Vour=(40 m/s) [1 — exp (—5)]
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[5.96: PROBLEM DEFINITION

Situation:
An annular venturimeter is mounted in a pipe with air flow at standard conditions.
D=15cm =0.15m, d = 0.8D.

Find:
Find the volume flow rate.

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

Properties:
Ap = 0.05m H,0, p = 1.22kg/m"”.

Apply the Bernoulli equation.

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

Vi Vs
p1+721+ﬂ7 :p2+722+07

Also z; = 2. From the continuity equation

AV = AV
But
T 2 2
4y = (D — )
4
SO
Ay _ 1 d?
A D2
= 0.36
Therefore v
1
=L =2
V2 0.36 81

Substituting into the Bernoulli equation

b1 —p2 = g(vf - ‘/12)
- gvf(z.m? —1)
= 3.36pV}
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The standard density is 1.22 kg/m? and the pressure difference is

Ap = (0.05m) (9810N/m")
= 490.5 Pa

Solving for V;

490.5N/m”
3.36 (1.22kg/m")
= 119.66m?/s
Vi = 10.94 m/s

Vo=

The discharge is
Q = AW
_ m 2
— (10.94m/s) (4) (0.15m)
= 0.193 m*/s
Q=02m?/s
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[5.97: PROBLEM DEFINITION

Situation:
A venturi-type applicator is used to spray liquid fertilizer.
Dy =1cm, Ay/A; =2, Q =8 L/ min.
23 = —0.1m, Q; = 0.5v/Ah.

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

Properties:

T =20°C.

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.

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

V2 2
BBy
2g v 2
From the continuity equation
Ay
Vi = =V
1 A, 2
= 2V,
Also z; = 29 so
V2
b P2 —2(1-2%
T 29
_ 5%
29
At the exit ps = 0 (gage)
D1 _SV_22
gl 2g
The flow rate is 8 L/min or
L 1 min 1073 m?

Q = — X X
min 60 s 1L
= 0.133x 107 m*/s

The exit diameter is 1 cm so
Ay = %(0.01 m)?
= 7.85x 1075 m?
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The exit velocity is

Q@ 0.133x107%m?/s

V, = < =
2 Ay 7.85 x 10~° m2
= 1.692 m/s
Therefore
P s (1.692m/s)?
vy 2 x 9.81m/ 2
= —0.259m

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

Ah == hg—hl

= 0.05—(—=0.259) — 0.1
= 0.209 m

a) The flow rate in the feed tube is

Qf = 0.5v0.209
Qs = 0.228 L/min

b) Concentration in the mixture

Q 0.228 L/min

Q+Q,  (84+0.228) L/min

5ri— = 0.028 (or 2.8%)
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[5.98: PROBLEM DEFINITION

Situation:
Air flows upward in a vertical venturi.

Vi = 24m/s, Ag/Al = 0.5.

Find:
Deflection of manometer.

Assumptions:
Uniform air density.

Properties:
p=1lkg/m’ v =189kN/m’.

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.

Continuity equation
Vidr = Vady
A
%= ()
= (24m/s)(2)
= 48 m/s

Bernoulli equation

D1+ PTVE = Do+ pTVQQ
P21 — P22 = (1/2)p(‘/22 - ‘/12)
pa—p2 = (1/2) (Lkg/m?) [(48m/s)* — (24 m/s)’]

— 864 N/m’
Manometer equation

Pz1 — P2 = Ah(%iquid - Vair)
864N/m”> = Ah(18,900 N/m® — 9.80 N/m?)
| Ah = 0.046 m |
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[5.99: PROBLEM DEFINITION

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

Find:
Design an operable atomizer.

Assume the bottom of the tube through which water will be drawn is 12.5 cm. 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 12.5 cm. up the tube.
In other words ppec must be —(0.125)7y,..or = —1226 Pa. Let the outlet diameter
of the atomizer be 1.25 cm. and the neck diameter be 0.625 cm. 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

Vi _ Y

Dn + 5 5

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

pn = —1226 Pa and py = 0

or
V2 V2
1226 + pQ” - pTO (1)
VnAn = ‘/OAO
VoA
Vi = ZO (2)
1.25 \?
B V0<0.625)
Vo = 4

Eliminate V,, between Egs. (1) and (2)

p(4Vp)? pVi

1226 —
T 2
160V oV
—1226 —
T 2
1 2
SPV0" 1996
2
2452/15\ /2
p
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Assume p = 1.27 kg/m3

oo (2452/15\"
° U 127

= 11.3m/s

Q = VA= (11.3m/s)(7/4)(0.0125m)?
= 1.39 x 107 m*/s
= 0.083 m*/min

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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[5.100: PROBLEM DEFINITION

Situation:
A suction device based on a venturi lifts objects submerged in water.
A, =103m?2, A, = 0.25A,, A, = 0.1 m2.
Find:
(a) Velocity of water at exit for maximum lift.
(b) Discharge.
(¢) Maximum load supportable by suction cup.

Properties:
Water (15°C) Table A.5: p, = 1,700 Pa, p = 999 kg/m?.
Dot — 100 kPa.

Apply the Bernoulli equation and the continuity equation.

Venturi exit area, A, = 1072 m?, Venturi throat area, A; = (1/4)A., Suction cup
area, Ay = 0.1 m?

Pam = 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.

p V2 Pe meax
+—tzn=—+—F—"+2% 1
72 T T Ty ®
Continuity equation
‘/tAt = ‘/eAe
A
Vi = Ve— 2
=y @)
Vi = 4V,

Then Eq. (1) can be written as
1700, (4Vew)? 100,000 , V7,

€max

g 29 29

o = () ()]
- [() Qenan

Vemax = 3.62 m/s
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anax - ‘/eAe
(3.62 m/s)(107* m?)

Qumax = 0.00362 m3 /s

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

Pt + P)/Ah = DPsuction
Psuction = 17 700 Pa + 9, 800 N/ m3 X 2m
— 21,300 Pa

But the pressure in the water surrounding the suction cup will be pyym +7v X 1 =
(100 + 9.80) kPa, or

Pwater — Dsuction = (109,800 — 21, 300) Pa
= 88,500 Pa

Thus the maximum lift will be:
Liftmax = ApAs = (pwater - psuction)As

= (88,500 N/m?)(0.1 m?)
Lift., = 8,850 N
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[5.101: PROBLEM DEFINITION

Situation:

A hovercraft is supported by air pressure.
[=45m, w=21m, W = 89kN,

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 =15.5°C, p=1latm), p = 1.22kg/m’, Table A.3.

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.

1. Force equilibrium (vertical direction)

ApA = W
|44 8.9 kN 9
Ap = — = = 942N
P A~ (45 x2.1) m? /m
2. Bernoulli equation (elevations terms are neglected; point 1 is in the chamber; point

2 is underneath the skirt)

AL
y4i P2 = P2 PQ

2
(942N/m*) +0 = 0+ (1.22kg/m”’) V%
2 (942N/m?)

V- —_— @~ 7
’ (1.22kg/m?)

=39.3m/s

3. Flow rate equation

Q=VA=(39.3m/s)(0.075m) (9m +4.2m) = 39m?*/s

Q = 2340 m*®/ min
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[5.102: PROBLEM DEFINITION

Situation:
Water forced out of a cylinder by a piston.
d=0.05m, D=0.1m, V =18m/s.

Find:

Efflux velocity and force required to drive piston.

Properties:
T =15.5°C.

Apply the Bernoulli equation and the continuity equation.

Continuity equation

ViAi = VoA,

2
= (2) s

Vo=T72m/s

Bernoulli equation

12} ‘/'12 ‘/'22

:

= B [(72m/s)? — (18m/s)’]

v 2 29
no= S -1
1000 kg /m”®
2
— 24,300 Pa

Then

Foston = p1A; = 24,300 Pa x (7/4) x (0.1m)?
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[5.103: PROBLEM DEFINITION

Situation:
Air flows through constant area, heated pipe.
D=10cm, V =10m/s.
po = 80kPa, p; = 100 kPa.

Find:

Velocity at exit.

Determine if the Bernoulli equation be used to relate the pressure and velocity
changes.

Properties:

T, = 20°C, T, = 50°C.

Apply the continuity equation.

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

Vi = p Vs
“ -0
P2
From ideal gas law
po_nls
pa  p2Th
SO
100 kP 323 K
Vo = 10m/s 2

80 kPa . 293 K
Vo =13.8m/s

The Bernoulli equation is not applicable because the density is not constant.
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[5.104: 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, p; = 100kPa.

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.

115



[5.105: PROBLEM DEFINITION

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

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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[5.106: PROBLEM DEFINITION

Situation:
The following questions have to do with cavitation.

Find:
a. Is it more correct to say that cavitation has to do with
i) vacuum pressures, or
ii) vapor pressures?

It is most correct to say that cavitation has to do with vapor pressures. Vapor pressure
is a function of the ambient temperature. It may a occur at a pressure that is not a
vacuum with respect to atmospheric pressure at that location. For example, boiling
of water occurs at atmospheric pressure (in an open pot) at 100°C.

Find:
b. Is cavitation more likely to occur on the low pressure (suction) side of a pump,
or the high pressure (discharge) side? Why?

Cavitation is more likely to occur on the suction side of a pump. When the pump
adds energy to the water, continuity still must be satisfied, so Q;, = Qous, Which is
also A1V} = AV, Therefore, both the upstream and downstream velocities may be
very high. According to the energy equation, before the pump, if V; is large, then
Py, will be small. P; may be reduced to the vapor pressure.

Find:

c. What does the word cavitation have to do with cavities, like the ones we get in
our teeth? Is this aspect of cavitation the

(i) cause, or the

(ii) result of the phenomenon?

Cavitation can cause small holes, or cavities, to be knocked out of the surface of
structures that are adjacent to where it occurs. These small pits grow larger and
larger if the cavitation continues, in the following manner. When cavitation occurs,
small bubbles of vapor are created. As soon as the fluid containing such bubbles is
swept into a location of slightly higher pressure, the bubbles implode again. When
the bubbles implode, a shock wave is created that can pit the surface of adjacent
structures, such as the metal of a pump, or the concrete walls of a dam. Therefore
the cavities, are (ii) the result of the phenomenon, not the cause.

Find:
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d. When water goes over a waterfall, and one can see lots of bubbles in the water,
is that due to cavitation?
Why, or why not?

When water goes over a waterfall, the bubbles you see are entrained air. Cavitation
does not occur here because the temperatures are not high, nor are the pressures low
(conditions that would be required to cause the vapor pressure to be reached).
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[5.107: PROBLEM DEFINITION

Situation:
Cavitation in a venturi section.

D =50cm, d =10 cm.
Find:

Discharge for incipient cavitation.
Properties:

Water (10°C), Table A.5: p = 1000 kg/ m?.
pa = 130kPa, pasn, = 100 kPa.

Apply the continuity equation and the Bernoulli equation.

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

pv2 pvzroa
pa+ TA = Pthroat T %

where V4 = Q/A4 = Q/((m/4) x 0.50%)
Continuity equation

Q  Q
Athroat 7T/4 X (010 Hl)2

0
5(‘/tiroat - VA2) = PA — Pthroat

pQ* 1 1
2 [((r/4) x (0.10m)*)2  ((x/4) x (0.50m)?)2
= 230,000 Pa — 1,230 Pa
500Q%(16,211 — 25) = 228,770 Pa

Q = 0.168 m3/s

Whroat =
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[5.108: PROBLEM DEFINITION

Situation:

A sphere moves below the surface in water.
D=03m, h=3.6m.

Find:
Speed at which cavitation occurs.

Properties:
Water (10°C), Table A.5: p = 1000 kg/m”.

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

Let p, 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

1 1
Po+ 5oV5 +vho = p+ 5p(1.5V5)* + 5(hy + 0.15)
Solving for the pressure p gives

p=po — 0.625pV% — 0.157

The pressure at a depth of 3.6 m is 35,862 N/m?. The density of water is 1000 kg/m?
and the specific weight is 9810 N/m3. At a temperature of 10°C, the vapor pressure
is 1.23 kPa. Substituting into the above equation

1230 Pa = 35,862 Pa — (0.625) (1000) V2 — (0.15) (9810)
33,160 = 625V

Solving for V,, gives

V,="7.3m/s
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[5.109: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h=18m,V =8m/s.

Find:
Speed that cavitation occurs.

Assumptions:
Patm = 101 kPa abs; pyapor = 1,230 Pa abs.

Properties:
T =10°C, py = 70 kPa.

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.

Pressure Coefﬁcient
(pmin - pO)

C pr—
P PV /2

where

Po = Patm + 1.8y =101,000Pa + 1.8m x 9,810N/m?* = 118,658 Pa abs.
Pmin = 70,000 Pa abs; V5 =8 m/s

hen 70,000 Pa — 118,658 P
L= R 1521
500 x (8m/s)
Now use C, = —1.521 (constant) for evaluating V' for cavitation where pp, is now
Pvapor:

(1,230 Pa — 118, 658 Pa)
(1,000/2)Vy
Vo =124 m/s

—1.521 =

121



[5.110: PROBLEM DEFINITION

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

Find:
Speed that cavitation begins.

Properties:
T =10°C, py = 70 kPa.

Same solution procedure applies as in Prob. 5.98.

From the solution to Prob. 5.98, we have the same C,, but py = 101,000 + 3y =
130,430. Then:

1,230 Pa — 130,430 Pa
(1, 000/2) V7
Vo =13.0 m/s

—1.521 =
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|5.111: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h=12m,V =75m/s.

Find:
Speed that cavitation begins.

Properties:
po = 17 kPa vacuum.
Water (10°C) Table A.5, p, = 1230 N/m?.

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 = —17,000 Pa gage
po = 1.2y=12x9810= 11,772 Pa
Then
(Pwmin — Po) (—17,000 — 11,772) Pa
Cp = 3 — 3 3
PV /2 (1000 kg/m*/2) x (7.5m/s)
C, = —1.02
NOW let plnin = pvapor — 1230 N/H12
Then
102 — 1230 Pa — 11,772 Pa
' (1000 kg/m® /2) V2
Vo = 4.55 m/s

123



|5.112: PROBLEM DEFINITION

Situation:
A hydrofoil is tested in water.
h=3m,V =75m/s.

Find:
Speed that cavitation begins when depth is 3 m.

Properties:
T =10°C, py = 17 kPa vacuum.

PLAN Same solution procedure applies as in Prob. 5.111 in EFM10e.

SOLUTION From solution of Prob. 5.111 in EFM10e we have C}, = —1.02 but now

po = 3y = 29,430 Pa. Then:

29,430 Pa + 100,070 Pa
(1000/2) V¢
Vo =159 m/s

—-1.02 =
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[5.113: PROBLEM DEFINITION

Situation:

A sphere moving in water.

V = 1.5V}.
Find: Speed at which cavitation occurs.
Properties:

Water (10°C) Table A.5: p, = 1230 N/m?, v = 9810 N/m®.

po = 124 kPa.
PLAN
Apply the Bernoulli equation between a point in the free stream to the 90° position
where V' = 1.5V5. The free stream velocity is the same as the sphere velocity
(reference velocities to sphere).
SOLUTION
Bernoulli equation

V2 p(1.5V;)?2

where pg = 124 kPa
pVE(2.25 — 1)

5 — (124,000 Pa — 1230 Pa)

. _ 2(122,770 N/m?)
(1.25)1000 kg/m”
Vo =14 m/s
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|5.114: PROBLEM DEFINITION

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

Find:
Velocity at which cavitation occurs.

Properties:
Water (10°C) Table A.5 p, = 1,230 Pa, p = 1000 kg/ m?>.
po = 80kPa, puem, = 100 kPa.

PLAN
Apply the definition of pressure coefficient.
SOLUTION
Pressure coefficient
(p — po)
C, =
T (pVE/2)

po = 100,000Pa+ 1 x 9,810 Pa = 109,810 Pa
p = 80,000 Pa
(80,000 — 109, 810) Pa
[(1000kg/ m3) (5m/s)? /2]
C, = —2.385

For cavitation to occur p = 1,230 Pa

~2.385 = (1,230 — 109, 810)/(1,000V2/2)
Vo =9.54 m/s
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