Example 1: The ventilating fan of the bathroom of a building has a volume flow rate of 30 L/s and runs
continuously. If the density of air inside is 1.20 kg/m?, determine the mass of air vented out in one day.
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Figure 4-4.

Assumptions Flow through the fan is steady.
Properties The density of air in the building is given to be 1.20 kg/m’.
Analysis The mass flow rate of air vented out is <
iy = PV = (1.20 kg/m>)(0.030 m>/s) = 0.036 kg/s -
Then the mass of air vented out in 24 h becomes

m = 1ir; At = (0.036 kg/s)(24 x3600s) = 3110 kg
Discussion Note that more than 3 tons of air is vented out by a bathroom fan in one day.
Example 2: A desktop computer is to be cooled by a fan whose flow rate is 0.34 m%min. Determine the

mass flow rate of air through the fan. (The air density is 0.7 kg/m?) Also, if the average velocity of air is not to
exceed 110 m/min, determine the diameter of the casing of the fan.

Figure 4-5.

47



Assumptions Flow through the fan is steady.
Properties The density of air at a high elevation is given to be 0.7 kg/nr.
Analysis The mass flow rate of air 1s
ity = PV, = (0.7 kg/m> )(0.34 m? /min) = 0.238 kg/min = 0.0040 kg/s
If the mean velocity is 110 ni/min, the diameter of the casing is

2 Y 3 .
voar=-""p D:\/ﬂz 4034 m /min) _ o 66a
4 av (110 m/min)

Therefore, the diameter of the casing must be at least 6.3 cm to ensure that the mean
velocity does not exceed 110 my/min.

Example 3: Consider a river flowing toward a lake at an average velocity of 3 m/s at a rate of 500 m%s at a
location 90 m above the lake surface. Determine the total mechanical energy of the river water per unit mass
and the power generation potential of the entire river at that location.

River s 3 m/s

Figure 4-7.

Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The velocity given is
the average velocity. 3 The mechanical energy of water at the turbine exit is negligible.

Properties We take the density of water to be p= 1000 kg/m’.

Analysis Noting that the sum of the flow energy and the potential energy is constant for a given fluid body,
we can take the elevation of the entire river water to be the elevation of the free surface, and ignore the

flow energy. Then the total mechanical energy of the river water per unit mass becomes
2

€mech =pe+ke=gh+T

2\,
= (9.81mfs%(90n1)+(3mfsj ( 1kng 2)
2 1000m~=/s

=0.887 ki/kg
The power generation potential of the river water is obtained by

multiplying the total mechanical energy by the mass flow rate,

it = pV = (1000 kg/m> )(500 m>/s) = 500,000 kg/s

Woax = Emech = M€mecy = (500.000 kg/s)(0.887 kg/s) = 444,000 kW = 444 MW

Therefore. 444 MW of power can be generated from this river as it discharges into the lake if its power
potential can be recovered completely.
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Example 4: Water is pumped from a lake to a storage tank 20 m above at a rate of 70 L/s while consuming
20.4 kW of electric power. Disregarding any frictional losses in the pipes and any changes in kinetic energy,
determine (a) the overall efficiency of the pump—motor unit and (b) the pressure difference between the inlet

and the exit of the pump.

Storage tank

Figure 4-8.
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Assumptions 1 The elevations of the tank and the lake remain constant. 2 Frictional losses in the pipes are
negligible. 3 The changes in kinetic energy are negligible. 4 The elevation difference across the pump is
negligible.

Properties We take the density of water to be p= 1000 kg/m’.

Analysis (a) We take the free surface of the lake to be point 1 and the free surfaces of the storage tank to be
point 2. We also take the lake surface as the reference level (z; = 0). and thus the potential energy at points
1 and 2 are pe; = 0 and pe; = g2;5. The flow energy at both points is zero since both 1 and 2 are open to the
atmosphere (P; = Py = Pay). Further. the kinetic energy at both points is zero (ke; = ke, = 0) since the water
at both locations is essentially stationary. The mass flow rate of water and its potential energy at point 2 are

= pV = (1000 kg.-"'ma)(0.0TO 1113.-"'5) =T70kgfs

. [ 1kIkg )
pe; =gz =(9.81m/s 2 20 111)‘ —ng | =0.196 kl'’kg
L1000 m*/s~
Then the rate of increase of the mechanical energy of water becomes

AE pech fiuid = "1 @mech out — €mechin ) = M(Pey —0) =1ipe; =(70kg/s)(0.196 klkg) =13.TkW

The overall efficiency of the combined pump-motor unit is determined from its definition.

_ Mmentia 13TKW _ o o0 o0 67.2%

W iect in 204 kW
() Now we consider the pump. The change in the mechanical energy of
water as it flows through the pump consists of the change in the flow
energy only since the elevation difference across the pump and the change @
in the kinetic energy are negligible. Also. this change must be equal to the
useful mechanical energy supplied by the pump. which is 13.7 kW:

5H-5h

i pump-motor

={AP

&Emtch,ﬂuid = 'r”(emcch.out - emed:._in) =m

Solving for AP and substituting.

AP =

AR | o ( R
meclh.ﬂmd _ 13.7kJs llkPa m ‘:196 kPa

v oo7om¥sl 1k

Therefore. the pump must boost the pressure of water by 196 kPa in order to raise its elevation by 20 m.
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Example 5: Water is flowing from a hose attached to a water main at 400 kPa gage. A child places his
thumb to cover most of the hose outlet, causing a thin jet of high-speed water to emerge. If the hose is held
upward, what is the maximum height that the jet could achieve?

@
‘”.“."

.
"

Water jet

S

Hose

Figure 4-12.
Solution:
Assumptions: 1) The flow exiting into the air is steady, incompressible, and irrotational (so that the Bernoulli
equation is applicable). 2) The water pressure in the hose near the outlet is equal to the water main
pressure. 3) The surface tension effects are negligible. 4) The friction between the water and air is negligible.
5) The irreversibilities that may occur at the outlet of the hose due to abrupt expansion are negligible.
Properties: We take the density of water to be 1000 kg/m?.
The velocity inside the hose is relatively low (V1 = 0) and we take the hose outlet as the reference level (z1 =
0). At the top of the water trajectory V2 = 0, and atmospheric pressure pertains. Then the Bernoulli equation
simplifies to,

p, v2 A e O p, w20 P, P,
— + — +E,] =— 4+ — +32 _:__+Er.2
P8 2g rg 28 rg P8
o= Pt Pam _ Prguee _ 400 kPa (mn me?)(l kg - m-"sz)
. P8 P& (1000 kg/m*)(9.81 m/s?) \ 1kPa IN
= 40.8 m

Discussion: It tells us that the water cannot possibly rise more than 40.8 m, and, in all likelihood, the rise will
be much less than 40.8 m due to irreversible losses that we neglected.
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Example 6: A large tank open to the atmosphere is filled with water to a height of 5 m from the outlet tap. A
tap near the bottom of the tank is now opened, and water flows out from the smooth and rounded outlet.

Determine the water velocity at the outlet.

20
-
3m Water
L
Figure 4-13.

Solution:

]

Assumptions: 1) The flow is incompressible and irrotational 2) The water drains slowly enough that the flow

can be approximated as steady.

0 2
p| V%f‘+ Py Vi, ya V2
J— — e — =
zﬁ 26 ' pg g © YT

Vo= V2gz, = V29.81 m/s*)(5 m) = 9.9 m/s
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Example 7: During a trip to the beach (Patm = 1 atm p= 101.3 kPa), a car runs out of gasoline, and it
becomes necessary to siphon gas out of the car of a Good Samaritan. The siphon is a small-diameter hose,
and to start the siphon it is necessary to insert one siphon end in the full gas tank, fill the hose with gasoline
via suction, and then place the other end in a gas can below the level of the gas tank. The difference in
pressure between point 1 (at the free surface of the gasoline in the tank) and point 2 (at the outlet of the
tube) causes the liquid to flow from the higher to the lower elevation. Point 2 is located 0.75 m below point 1
in this case, and point 3 is located 2 m above point 1. The siphon diameter is 4 mm, and frictional losses in
the siphon are to be disregarded. Determine (a) the minimum time to withdraw 4 L of gasoline from the tank
to the can and (b) the pressure at point 3. The density of gasoline is 750 kg/m?3.

i

)] z
Gasoline
siphoning
tube
2m
0.75 m
L 73

SOLUTION Gasoline is to be siphoned from a tank. The minimum time it
takes to withdraw 4 L of gasoline and the pressure at the highest point in
the system are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 Even though the
Bernoulli equation is not valid through the pipe because of frictional losses,
we employ the Bernoulli equation anyway in order to obtain a best-case esti-
mate. 3 The change in the gasoline surface level inside the tank is negligible
compared to elevations z; and z, during the siphoning period.

Properties The density of gasoline is given to be 750 kg/m?.

Analysis (a) We take point 1 to be at the free surface of gasoline in the
tank so that P, = P, (open to the atmosphere), V; = O (the tank is large
relative to the tube diameter), and z, = O (point 2 is taken as the reference
level). Also, P, = P, (gasoline discharges into the atmosphere). Then the
Bernoulli equation simplifies to

P{ Vi~ P Vi V3
+ +1= "‘—2"‘32/—} 2!|=_2
g g 2g
Solving for V, and substituting,
V,="V12gz, = V/2(9.81 m/s3)(0.75 m) = 3.84 m/s
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The cross-sectional area of the tube and the flow rate of gasoline are
A=aD%4 = 7(5 x 107> m)*4 = 1.96 X 10> m?
V= V,A = (3.84 m/s)(1.96 X 10™° m?) = 7.53 X 10> m*s = 0.0753 L/s
Then the time needed to siphon 4 L of gasoline becomes

Vo 4L
v 0.0753Lis

(b) The pressure at point 3 can be determined by writing the Bermoulli equa-

tion between points 2 and 3. Noting that V, = V; (conservation of mass), z,
=0,and P, = By,

0
P, V P,V Puw P
24 2+z{/=—:“+2é+z:3 e

=531s

—=—+47z
pg  Pg Pg pg pg
Solving for Py and substituting,
Py = Py — pgis
1N 1 kPa
= 101.3 kPa — (750 kg/m?)(9.81 m/s?)(2.75 )( )( )
(730 kg/m)( @B s mis2/\1000 N/m?
= 81.1 kPa
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Example 8: A piezometer and a Pitot tube are tapped into a horizontal water pipe to measure static and

stagnation (static + dynamic) pressures. For the indicated water column heights, determine the velocity at
the center of the pipe.

Solution:

Assumptions: 1) The flow is steady and incompressible. 2) Points 1 and 2 are close enough together that the
irreversible energy loss between these two points is negligible, and thus we can use the Bernoulli equation.

S
h;=12cm
hy =7 cm
r
hj=3cm
Water o ' oX "/ —aV,
O
X,
Stagnation
point
Figure 4-14.

Py = pg(hy + hy)
P2 = Pg{h‘l =+ hz + h}}

Noting that point 2 is a stagnation point and thus V, = 0 and z; = z,, the
application of the Bernoulli equation between points 1 and 2 gives

p, Vi p V0 Vi p,— P

—+t =+ =—+= tia =& TE=E———

pg  2g Pg g 2g Pg
Substituting the P, and P, expressions gives

V_IZ=P2_PI:Pg(h|+hz+h3}—pg(h|+hz):
2g rg pg

hy

Solving for V; and substituting,

Vi = \V2ghs = \V/2(9.81 m/s)(0.12 m) = 1.53 m/s
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Example 9: A pressurized tank of water has a 10-cm-diameter orifice at the bottom, where water discharges
to the atmosphere. The water level is 3 m above the outlet. The tank air pressure above the water level is
300 kPa (absolute) while the atmospheric pressure is 100 kPa. Neglecting frictional effects, determine the
initial discharge rate of water from the tank.

Aar
300 kPa
- T,
—

Im

10 cm

I
u.,______..;—*:'f'}T -

Figure 4-15.

Assumpftions 1 The orifice has a smooth entrance, and thus the frictional losses are negligible. 2 The flow
is steady, incompressible, and irrotational with negligible frictional effects (so that the Bernoulli equation is
applicable).

Properties We take the density of water to be 1000 kg/m’.

Analysis We take point 1 at the free surface of the tank, and point 2 at the exit of orifice, which is also
taken to be the reference level (z; = 0). Noting that the fluid velocity at the free surface is very low (¥} = 0)
and water discharges into the atmosphere (and thus P, = Py, the Bernoulli equation simplifies to
R LA vV, R-P
An, . B%, , B_AB,

|
pg g rPe 2g 2g PE

Solving for ¥; and substituting, the discharge velocity is determined to

P 1000 kg/m? 1kPa IN
=21.4m/'s

v _\/Z(PI—PQ) _\/2(300—100)I:Pa[101001}1,&1[12][11.:g-n:.fs,-2

J+2(9.81mf52)(3 m)

Then the initial rate of discharge of water becomes

2 2
7D Jfﬂ-lf‘“) (21.4m/s) =0.168 m*/s

V= AyifieVs = 2 v,

Discussion Note that this 1s the maximum flow rate since the
frictional effects are ignored. Also, the velocity and the flow rate
will decrease as the water level in the tank decreases.
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Example 10: The water in a 10-m-diameter, 2-m-high aboveground swimming pool is to be emptied by
unplugging a 3-cmdiameter, 25-m-long horizontal pipe attached to the bottom of the pool. Determine the
maximum discharge rate of water through the pipe. Also, explain why the actual flow rate will be less.

@)

Swimming pool

2
o 10m 3 em @
m
N ¢—»
25m —

Figure 4-16.

Assumptions 1 The orifice has a smooth entrance, and all frictional losses are negligible. 2 The flow is
steady, incompressible, and irrotational with negligible frictional effects (so that the Bernoulli equation is
applicable).
Analysis We take point 1 at the free surface of the pool. and point 2 at the exit of pipe. We take the
reference level at the pipe exit (z; = 0). Noting that the fluid at both points is open to the atmosphere (and
thus Py = P, = Puy) and that the fluid velocity at the free surface is very low (¥; = 0), the Bernoulli
equation between these two points simplifies to
2 2 2
i+;i+z1 =i+y—2+zz - =V—2 - W =,2g
re g P 2g 2g
The maximum discharge rate occurs when the water height in the pool is a maximum, which is the case at
the beginning and thus z; = 4. Substituting, the maximum flow velocity and discharge rate become

Vs max = /280 = y2(9.81m/s)(2 m) =6.26 m/s

Vmax = Aprip-eVZ_,max = 4 2max —

. 2 03m)?
D - M (6.26 m/s) = 0.00443 m°>/s = 4.43 Lis

Discussion The result above is obtained by disregarding all frictional effects. The actual flow rate will be
less because of frictional effects during flow and the resulting pressure drop. Also, the flow rate will

gradually decrease as the water level in the pipe decreases.
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Example 11: The water level in a tank is 20 m above the ground. A hose is connected to the bottom of the
tank, and the nozzle at the end of the hose is pointed straight up. The tank cover is airtight, and the air
pressure above the water surface is 2 atm gage. The system is at sea level. Determine the maximum height
to which the water stream could rise.

i

2 atm

20 m

1 j.

Figure 4-17.

Assumptions 1 The flow is steady, incompressible, and irrotational with negligible frictional effects (so that
the Bernoulli equation is applicable). 2 The friction between the water and air is negligible.

Properties We take the density of water to be 1000 kg/m’.

Analysis We take point 1 at the free surface of water in the tank, and point 2 at the top of the water
trajectory. Also. we take the reference level at the bottom of the tank. At the top of the water trajectory V;
= 0, and atmospheric pressure pertains. Noting that z; = 20 m, P; e = 2 atm, P = Py, and that the fluid
velocity at the free surface of the tank is very low (F; = 0). the Bernoulli equation between these two
points simplifies to

PV P, V} P P P -P P
il WL NI T N L A N L L NS .
rg 2g g 2g rg reg rE P
Substituting,
27 2

325 -m/s

2= 22'{1_11 . 101,325 N/m” | 1kg-m/s +20-40.7m o
(1000 kg/m*)(9.81 m/s?) 1atm ~IN ™y

Therefore, the water jet can rise as high as 40.7 m into the sky from the ground. %

Discussion The result obtained by the Bernoulli equation represents the
upper limit, and should be interpreted accordingly. It tells us that the
water cannot possibly rise more than 40.7 m (giving us an upper limit),
and in all likelihood. the rise will be much less because of frictional
losses.
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Example 12: A Pitot-static probe is used to measure the velocity of an aircraft flying at 3000 m. If the
differential pressure reading is 3 kPa, determine the velocity of the aircraft.

Assumptions 1The air flow over the aircraft is steady. incompressible, and irrotational with negligible
frictional effects (so that the Bernoulli equation is applicable). 2 Standard atmospheric conditions exist. 3

The wind effects are negligible.

Properties The density of the atmosphere at an elevation of 3000 m is p = 0.909 kg/m’.

Analysis We take point 1 at the entrance of the tube whose opening is parallel to flow. and point 2 at the
entrance of the tube whose entrance is normal to flow. Noting that point 2 is a stagnation point and thus V3

=0 and z; = z,. the application of the Bernoulli equation between points 1 and 2 gives

2 2 2 _ 2 L -P
RV, BV W _BR VW _PygR
rE 28 rE 28 2g re 2 P
Solving for V] and substituting, @
2(Pigg — 2 ? -m/s”
[P TR) _ (23000Nm ) 1ke s | _ g4 5 s 202 kmih
o 0.909 kg/m 1N
since 1 Pa=1N/m” and 1 m/s = 3.6 kmv/h. h
Discussion Note that the velocity of an aircraft can be determined
by simply measuring the differential pressure on a Pitot-static @ A,
probe. ¥

Example 13: While traveling on a dirt road, the bottom of a car hits a sharp rock and a small hole develops
at the bottom of its gas tank. If the height of the gasoline in the tank is 30 cm, determine the initial velocity of
the gasoline at the hole. Discuss how the velocity will change with time and how the flow will be affected if
the lid of the tank is closed tightly.

Assumptions 1 The flow is steady, incompressible, and irrotational with negligible frictional effects (so that
the Bernoulli equation is applicable). 2 The air space in the tank is at atmospheric pressure. 3 The splashing
of the gasoline in the tank during travel is not considered.

Analysis This problem involves the conversion of flow, kinetic, and potential energies to each other
without involving any pumps, turbines, and wasteful components with large frictional losses, and thus it is
suitable for the use of the Bernoulli equation. We take point 1 to be at the free surface of gasoline in the
tank so that P; = P,y (open to the atmosphere) V; = 0 (the tank is large relative to the outlet), and z; =0.3 m
and z; = 0 (we take the reference level at the hole. Also, P = P,y (gasoline discharges into the
atmosphere). Then the Bernoulli Equation simplifies to

Pitot
Tube

B v B Vv v} Gas Tank
— 7 =—=+—=+7, —> I=—
re 2g re 2g 2g
e
Solving for V; and substituting, Y :u'z_:_:_:_:_:.

v, =287 =20981m/s°)(03m) =2.43mis |-

Therefore. the gasoline will initially leave the tank with a velocity of 2.43 m/s.

al 5
Discussion The Bernoulli equation applies along a streamline, and streamlines generally do not make sharp
turns. The velocity will be less than 2.43 m/s since the hole is probably sharp-edged and it will cause some
head loss.
As the gasoline level is reduced, the velocity will decrease since velocity is proportional to the
square root of liquid height. If the lid is tightly closed and no air can replace the lost gasoline volume, the
pressure above the gasoline level will be reduced. and the velocity will be decreased.
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Example 14: Air at 110 kPa and 50°C flows upward through a 6-cm-diameter inclined duct at a rate of 45
L/s. The duct diameter is then reduced to 4 cm through a reducer. The pressure change across the reducer
is measured by a water manometer. The elevation difference between the two points on the pipe where the
two arms of the manometer are attached is 0.20 m. Determine the differential height between the fluid levels
of the two arms of the manometer.

Figure 4-18.

Assumptions 1The flow through the duct is steady., incompressible and urotational with negligible
frictional effects (so that the Bemoulli equation is applicable). 2 Air is an ideal gas. 3 The effect of air
column on the pressure change is negligible because of its low density. 3 The air flow is parallel to the
entrance of each arm of the manometer, and thus no dynamic effects are involved.

Properties We take the density of water to be p = 1000 kg/m’. The gas constant of air is R = 0.287
kPa-m’/kg K.

Analysis We take points 1 and 2 at the lower and upper connection points. respectively. of the two arms of
the manometer, and take the lower connection point as the reference level. Noting that the effect of
elevation on the pressure change of a gas is negligible. the application of the Bernoulli equation between
points 1 and 2 gives

RV R,V Vi -V

S+ 4 =44z, > PB-P=py

e 28 pg 2 2 {2)
where  p,, = P 110kPa =1.19kg/m>

RT  (0.287kPa-m’/kg K)(50+273K)

% v 0.045m’/s
V=t =159 m/s
4 aD}/4  7(0.06m)* /4
v v 0.045m°/;
Vy=—=——= 2 —358ms
4y aDy /4 x(0.04m)° /4
Substituting,

P, —-P, =(1.19kg/m?)

(35.8m/s)? —(15.9 m/s)? IN
2 1kg-m/s’

differential height of water in the manometer corresponding to this pressure change is determined from
AP = o0 2h to be

] =612 N/m? =612 Pa The

h= =
Pyaer€ (1000 kg/m>)(9.81m/s?)

P-P 612 N/m? [lkg-nu's2

] =0.0624m=6.24 cm
1N

Discussion When the effect of air columm on pressure change is considered. the pressure change becomes

2 2
Par V3 —V17)
P-P=——" 2 +Par&(zy—71)

= (1-19kg/n13){(358 ms)” — (159 mis)”

2

+(9.81m/s%)(0.2 m) %
lkg-mv/s

=(61242)N/m? =614 N/m? =614 Pa
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Example 15: A Pitot-static probe connected to a water manometer is used to measure the velocity of air. If
the deflection (the vertical distance between the fluid levels in the two arms) is 7.3 cm, determine the air
velocity. Take the density of air to be 1.25 kg/m3.

Pitot-static

Air probe 73 cm
e
—_—
 —
—
Manometer
Figure 4-19.

Assumptions 1The flow of air is steady, incompressible, and irrotational with negligible frictional effects
(so that the Bernoulli equation is applicable). 2 The effect of air column on the pressure change is
negligible because of its low density, and thus the air column in the manometer can be ignored.

Properties We take the density of water to be p= 1000 kg/m’. The density of air is given to be 1.25 kg/m’.

Analysis We take point 1 on the side of the probe where the entrance is parallel to flow and is connected to
the static arm of the Pitot-static probe, and point 2 at the tip of the probe where the entrance is normal to
flow and 1s connected to the dynamic arm of the Pitot-static probe. Noting that point 2 is a stagnation point
and thus 75 =0 and z; = z. the application of the Bernoulli equation between points 1 and 2 gives

2 2 2 Y
AW, BV, L BKE B ., [BB
re  2g reg g re g pg Pair

The pressure rise at the tip of the Pitot-static probe 1s simply the
pressure change indicated by the differential water column of the
manometer.,

Py~ B = Pyater 8 2)

Combining Eqs. (1) and (2) and substituting, the flow velocity is determined to be

2P e *)(©-81m/s)(0.073
p, = |2Putecsl _ 201000 kg/m®)(O 3111::;5 )0.073m) _ 45 8 01e
Pair 1.25kg/m

Discussion Note that flow velocity in a pipe or duct can be measured easily by a Pitot-static probe by
inserting the probe into the pipe or duct parallel to flow. and reading the differential height. Also note that
this is the velocity at the location of the tube. Several readings at several locations in a cross-section may be
required to determine the mean flow velocity.

Al; Piltjot 7.3 cm
)
-

Manometer
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Example 16: The pump of a water distribution system is powered by a 15-kW electric motor whose efficiency
is 90 percent. The water flow rate through the pump is 50 L/s. The diameters of the inlet and outlet pipes are
the same, and the elevation difference across the pump is negligible. If the pressures at the inlet and outlet
of the pump are measured to be 100 kPa and 300 kPa (absolute), respectively, determine (a) the mechanical
efficiency of the pump and (b) the temperature rise of water as it flows through the pump due to the
mechanical inefficiency.

Water
T S0LJs
300 kPa . @
Mmotor = 0%
| Motor |
15 kW

Figure 4-21

Assumptions 1 The flow is steady and incompressible. 2 The pump is driven
by an external motor so that the heat generated by the motor is dissipated to
the atmosphere. 3 The elevation difference between the inlet and outlet of
the pump is negligible, z; = z,. 4 The inlet and outlet diameters are the
same and thus the inlet and outlet velocities and kinetic energy correction
factors are equal, V;, = V, and a; = a,.

Properties We take the density of water to be 1 kg/L = 1000 kg/m3 and its
specific heat to be 4.18 klJ/kg - °C.

Analysis (a) The mass flow rate of water through the pump is

fir = pV = (1 kg/L)(50 Lfs) = 50 kg/s
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The motor draws 15 kW of power and is 90 percent efficient. Thus the
mechanical (shaft) power it delivers to the pump is

Wpump, shaft — nmmorwe]ectric = (Ugﬂ](ls kW] = 135 kW
To determine the mechanical efficiency of the pump, we need to know the
increase in the mechanical energy of the fluid as it flows through the pump,
which is
. . . (P, V3 (P, Vi
AE oo uid = E mech, out = E mech,in = M N Tay 5 gLy —m ) T o+ gL
Simplifying it for this case and substituting the given values,

(300 — 100) kPa) ( 1kxJ
1000 kg/m’ 1 kPa - m’

. P,— P
AE rech, fuia = m( . p I) = (50 kg/s

)= 10 kW

Then the mechanical efficiency of the pump becomes

Woump.u  AE oo muia  10kW
e =0.741 or 74.1%

Noump = = - =
pump Wpump, <haft Wpump. chaft 135 kW

(b) Of the 13.5-kW mechanical power supplied by the pump, only 10 kW is
imparted to the fluid as mechanical energy. The remaining 3.5 kW is con-
verted to thermal energy due to frictional effects, and this “lost” mechanical
energy manifests itself as a heating effect in the fluid,

Em&h_]ﬂss = I'II'I'Irpump, shafi — '&Emech_ﬂuid =135 —-10=35kW

The temperature rise of water due to this mechanical inefficiency is deter-
mined from the thermal energy balance, E ., s = MU, — uy) = mcAT.
Solving for AT,

Emh, loss 35 KW

AT = - = = 0.017°C
mc (50 kg/s)(4.18 kI/ kg - °C)

Therefore, the water will experience a temperature rise of 0.017°C due to
mechanical inefficiency, which is very small, as it flows through the pump.

Example 17: In a hydroelectric power plant, 100 m%/s of water flows from an elevation of 120 m to a turbine,
where electric power is generated. The total irreversible head loss in the piping system from point 1 to point
2 (excluding the turbine unit) is determined to be 35 m. If the overall efficiency of the turbine—generator is 80
percent, estimate the electric power output.
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3
\]mmi’s 120 m
h;=35m

Turbine , @

Generator
Thurbine—gen = 80%

Figure 4-22

Solution: The available head, flow rate, head loss, and efficiency of a hydroelectric turbine are given. The

electric power output is to be determined.

Assumptions: 1) The flow is steady and incompressible. 2) Water levels at the reservoir and the discharge

site remain constant.
Properties: We take the density of water to be 1000 kg/m?.

Analysis  The mass flow rate of water through the turbine is
i = pV = (1000 kg/m*)(100 m*/s) = 10° kg/s

We take point 2 as the reference level, and thus z, = 0. Also, both points 1
and 2 are open to the atmosphere (P, = P, = P,.) and the flow velocities
are negligible at both points (V; = V, = 0). Then the energy equation for
steady, incompressible flow reduces to

P 2 '[) P 1.'!{2 G
Zé_l_ﬂl%-l_zl +hp:r:::r =?§+ﬂz_\g+22/ + Aycvine.e T AL —

hturbine,e =4 - jFIL

Substituting, the extracted turbine head and the corresponding turbine
power are

h[urhan‘f =3I — hL =120—35=85m

. ) kg
W oirbine. e = MERmine ¢ = (10° kg/s)(9.81 m/s*)(85 m)(—lﬂﬂﬂ mzfsz) = 83,400 kW
Therefore, a perfect turbine—generator would generate 83,400 kW of elec-
tricity from this resource. The electric power generated by the actual unit is

WE]BCIIiC = nlumine—genwturblne.f = (0'8{])(83 4 MW) = 66.7 MW

Discussion Note that the power generation would increase by almost 1 MW
for each percentage point improvement in the efficiency of the turbine—
generator unit.

Example 18: Water is pumped from a lower reservoir to a higher reservoir by a pump that provides 20 kW of
useful mechanical power to the water. The free surface of the upper reservoir is 45 m higher than the surface
of the lower reservoir. If the flow rate of water is measured to be 0.03 m%/s, determine the irreversible head

loss of the system and the lost mechanical power during this process.
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Figure 4-23

SOLUTION Water is pumped from a lower reservoir to a higher one. The
head and power loss associated with this process are to be determined.
Assumptions 1 The flow is steady and incompressible. 2 The elevation dif-
ference between the reservoirs is constant.

Properties We take the density of water to be 1000 kg/m?3.

Analysis The mass flow rate of water through the system is

m = pV = (1000 kg/m*)(0.03 m*/s) = 30 kg/s

We choose points 1 and 2 at the free surfaces of the lower and upper reser-
voirs, respectively, and take the surface of the lower reservoir as the refer-
ence level (z; = 0). Both points are open to the atmosphere (P, = P
= P,.,) and the velocities at both locations are negligible (V; = V, = Q).
Then the energy equation for steady incompressible flow for a control volume
between 1 and 2 reduces to

- 0
vi 0 .
m(%+ a,?”a + g7, ) + W pump

{ 2 20 ]
P}, vi/ ) .
=m( '_+O:'2?2 +gzz)+W*"'H +E

’b turbine mech, loss

mech, loss - Emach, loss Wpump - mgzz

W pump = 182, + E

Substituting, the lost mechanical power and head loss are determined to be

; _ _ > 1N 1 kKW
E et 10ss = 20 kW — (30 kg/s)(9.81 m/s?)(45 m)(1 - Wsz) (1 00N - ms)

= 6.76 KW
Noting that the entire mechanical losses are due to frictional losses in piping

and thus E__\ 1occ = Eech, loss, piping € irreversible head loss is determined
to be

Y E mech toss piping_ 6.76 kKW (1 kg - mfsz) (1000 N - mfs) Ciom
t itg (30 kg/s)(9.81 m/s%) 1IN 1 kW o

Example 19: Underground water is to be pumped by a 70 percent efficient 3-kW submerged pump to a pool
whose free surface is 30 m above the underground water level. The diameter of the pipe is 7 cm on the
intake side and 5 cm on the discharge side. Determine (a) the maximum flow rate of water and (b) the
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pressure difference across the pump. Assume the elevation difference between the pump inlet and the outlet
and the effect of the kinetic energy correction factors to be negligible.
|

Pool

Figure 4-24
Assumptions 1 The flow is steady and incompressible. 2 The elevation difference between the inlet and the
outlet of the pump is negligible. 3 We assume the frictional effects in piping to be negligible since the

maximum flow rate is to be determined, Emtcmoss‘ pipping = 0. 4 The effect of the kinetic energy correction
factors is negligible, &= 1.

Properties We take the density of water to be 1 kg/L = 1000 kg/m’.

Analysis (a) The pump-motor draws 3-kW of power, and is 70% efficient. Then the useful mechanical (shaft)
power it delivers to the fluid is

JFF}pu.rnp,u = f?pump—motcrﬁ}elecuic =(0.70)3kW) =2.1kW

We take point 1 at the free surface of underground water, which is also taken as the reference level (z; = 0),
and point 2 at the free surface of the pool. Also, both 1 and 2 are open to the atmosphere (P; = Py = Pay). the
velocities are negligible at both points (7, = 5 = 0). and frictional losses in piping are disregarded. Then the
energy equation for steady incompressible flow through a control volume between these two points that
includes the pump and the pipes reduces to

B Ve : P v . .
n‘{—1+a’1 %-‘rg‘:l ]+Wpump :;i;[—2+a’2 72+8?2)+erbine + E mechloss
P p

In the absence of a turbine, Emcch, loss = Emm loss, pump + Em]oss, piping and

W yump. u = P pump — E mech loss, pump - Thus,

. ] 30m
W oump,u = 11872
Then the mass and volume flow rates of water become @
. W 2.1kl 1000m? /s> - -
= pump. u = 3 s m /s =7.14 kg/‘S —_ np -
275 (9.81m/s“)(30 m) 1kJ — R
o 714k S - =
v=" :%5/53 ~7.14x10° m%Is
P2 1000 kg/m
(b) We take points 3 and 4 at the inlet and the exit of the pump. respectively. where the flow velocities are
; y 33 ; ; 33
V3=£= (2/ :7.14><10 meszl.86m:’s. 2 :1: 'I; :?.14><10 ;n ;823.64rn:’s
Ay aDI/4 7(0.07m)’ /4 Ay aD}/4  7(0.05m)>/4
We take the pump as the control volume. Noting that z; = z,, the energy equation for this control volume
reduces to

2 2

: .P3 V3 _ : - P4 V4 _ . .
m ?+03T+g_,3J+Wpump —IH[?-HI‘; T‘l‘gi“ +Wﬂlfb1ﬂ£ +ED].BC]11055,1)‘I]DI§)

pa(Vs =vi) N W pump.u

—)P4_P3: 5 U

Substituting,

_ (1000 kg/m*)(1.0)[(1.86 m/s)* — (3.64 m:’s)z][ 1kN ]+ 2.1kI/s {lkN-mJ
2 1000kg-m/s? ) 7.14x102 m3/s\ 1KkJ

=(—4.9+294.1) kN/m” = 289.2 kPa

Example 20: A fan is to be selected to ventilate a bathroom whose dimensions are 2 m x 3 m x 3 m. The air
velocity is not to exceed 8 m/s to minimize vibration and noise. The combined efficiency of the fan—motor unit
to be used can be taken to be 50 percent. If the fan is to replace the entire volume of air in 10 min, determine

P4_P3
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(a) the wattage of the fan—-motor unit to be purchased, (b) the diameter of the fan casing, and (c) the
pressure difference across the fan. Take the air density to be 1.25 kg/m® and disregard the effect of the
kinetic energy correction factors.

5 m/s

S Exhaust
S fan

Air —

Assumptions 1 The flow is steady and incompressible. 2 Frictional losses along the flow (other than those
due to the fan-motor inefficiency) are negligible. 3 The fan unit is horizontal so that z = constant along the
flow (or. the elevation effects are negligible because of the low density of air). 4 The effect of the kinetic
energy correction factors is negligible, a=1.

Properties The density of air is given to be 1.25 kg/nr’.

Analysis (a) The volume of air in the bathroomis /=2mx3mx3m=18
m’. Then the volume and mass flow rates of air through the casing must be

v 18m’
_r_°m 0.03m>/s
At 10x60s

= pV =(1.25kg/m>)(0.03m>/s) = 0.0375 kg/s

We take points 1 and 2 on the inlet and exit sides of the fan, respectively. Point 1 is sufficiently far from the
fan so that P 1 = Pam and the flow velocity is negligible (¥ = 0). Also, Py = Pam. Then the energy equation
for this control volume between the points 1 and 2 reduces to

B V12 ; | P sz ; ; ; : sz
m —+a'17+g:1 FWoump =M —+ T+g:2 +Worbine T Emechioss > Penu 2111027
P P

sCe Epech oss = Emechloss pump 1 this case and Wiymg = Woump — Emech loss, pump - Substituting,

. v (8 m/s)> IN [ 1W )
W, =ma, —=(0.0375kg/s)(1.0 =12W
fan-u 22 ( &/8)(1.0) 2 lkg-m/s® L 1N -m/s

W,
mu _12W_o 4w

77 tan-motor 0.5

Therefore, the electric power rating of the fan/motor unit must be 2.4 W.

(b) For air mean velocity to remain below the specified value, the diameter of the fan casing should be

=0.069m=6.9cm

/ 3
V=V, =(aD; 14V, — DE:\/W _\/4(0.03111 /s)

W, | #8ms)

(¢) To determine the pressure difference across the fan unit, we take points 3 and 4 to be on the two sides of

the fan on a horizontal line. Noting that z; = z; and V3 = ¥, since the fan is a narrow cross-section and

neglecting flow loses (other than the loses of the fan unit, which is accounted for by the efficiency). the
energy equation for the fan section reduces to

ri;i+ﬁf’fmu :rili - F-B= W-’m“ = Wfa.l

ol o) mip V

Substituting . Py -

12W (IN-m/s

P 3 = 3
0.03m7/s\ 1IW
Therefore, the fan will raise the pressure of air by 40 Pa before discharging it.

Example 21: Water is being pumped from a large lake to a reservoir 25 m above at a rate of 25 L/s by a 10-
kW (shaft) pump. If the irreversible head loss of the piping system is 7 m, determine the mechanical
efficiency of the pump.

): 40N/m* =40Pa
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t Reservoir

/‘—_-_‘-

Assumptions 1 The flow is steady and incompressible. 2 The elevation difference between the lake and the
reservoir is constant.

Properties We take the density of water to be p = 1000 kg/m’.

Analysis We choose points 1 and 2 at the free surfaces of the lake and the reservoir, respectively, and take
the surface of the lake as the reference level (z; = 0). Both points are open to the atmosphere (P; = P; = Pay)
and the velocities at both locations are negligible (7 = V2 = 0). Then the energy equation for steady
incompressible flow through a control volume between these two points that includes the pump and the pipes
reduces to

P, V2 . P 15 . .
i —1+a1L+g:1 +mep =m —2+H2—2+322 + Winbine + £ mechiloss —
Jeoj 2 o, 2 '

pump.u mech loss. piping

since, in the absence of a turbine. E o 1055 = £ mechloss, pump T £ mech loss, piping 212

me,u = Wpump - Emech loss, pump - Noting ThEIt -Emech loss. piping = _i'j;lrghl ) the USEﬁl]_ pump power '15 (
menp__u =1igzy +righy = Pvgﬁ:g +h;)

I

| . | 1kN
— (1000 kg/m>)(0.025 m>/s)(9.81m / s2)[(25+ 7) m] _
1000 kg-my/'s™ |

= 7.85kNmy/s =7.85kW

Then the mechanical efficiency of the pump becomes

—_— W pup.u _ 7.85 KW
PP w,.e  10KW

=0.785 =78.5%

Example 22: Water flows at a rate of 0.035 m%/s in a horizontal pipe whose diameter is reduced from 15 cm
to 8 cm by a reducer. If the pressure at the centerline is measured to be 470 kPa and 440 kPa before and
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after the reducer, respectively, determine the irreversible head loss in the reducer. Take the kinetic energy
correction factors to be 1.05.

A p0kpa .

Water 4
@ 15 cm > 440 kPa @ S cm
Y
L //$
Reducer

Assumptions 1 The flow is steady and incompressible. 2 The pipe is horizontal. 3 The kinetic energy
correction factors are given to be a3 = op = &= 1.05.

Properties We take the density of water to be p = 1000 kg/m’.

Analysis We take points 1 and 2 along the centerline of the pipe before and after the reducer, respectively.

Noting that z; = z;. the energy equation for steady incompressible flow through a control volume between
these two points reduces to

2 2 _ 2 1,2
ﬂ+al£+:l+"[!plmp.ll:i+a2y_2+:2+huubimg+;?1, - -'IILZPI Pz_l_ﬂ'(Vl Vi)
g 2g R 4 2g | re 2g
where
. . ,
VI:K: {2/ _ U.D35m;5 198 m/s
4 a{/4 7(0.15m)° /4
v v 0.035m>/
v, = - B 6.96ms

4, aDI/4  7(0.08m)> /4
Substituting, the head loss in the reducer is determined to be

B (470- 440) kPa 1kN/m? Y 1000 kg - m/s? | 1.05[(1.98 m/s)? —(6.96 m/s)?]
(1000 kg/m>)(9.81m/s?)| 1kPa 1kN 2(9.81m/s?)
=3.06-2.38=0.68m

JIFL

Example 23: A hydraulic turbine has 85 m of head available at a flow rate of 0.25 m%/s, and its overall
turbine—generator efficiency is 78 percent. Determine the electric power output of this turbine.

Assumptions 1 The flow is steady and incompressible. 2 The available head remains constant.

Properties We take the density of water to be p = 1000 kg/m’.

Eff=78%

Analysis When the turbine head is available, the corresponding power
output is determined from Generator
W rusvine = Mrusbine’ "2 iurbine = Mrurbine 2 Ve turbine

Substituting,

kg-m/s? /L 1000 N -m/s.
Example 24: Water enters a hydraulic turbine through a 30-cm diameter pipe at a rate of 0.6 m3/s and exits
through a 25-cmdiameter pipe. The pressure drop in the turbine is measured by a mercury manometer to be
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1.2 m. For a combined turbine— generator efficiency of 83 percent, determine the net electric power output.
Disregard the effect of the kinetic energy correction factors.

L L
H Generator t'
! |

C/

s

l AP=1.2mHg

Assumptions 1 The flow is steady and incompressible. 2 All losses in the turbine are accounted for by turbine
efficiency and thus /iy = 0. 3 The elevation difference across the turbine is negligible. 4 The effect of the
kinetic energy correction factors is negligible. ¢y, = ab = = 1.

Properties We take the density of water to be 1000 kg/m’ and the density of mercury to be 13,560 kg/m’.

Analysis We choose points 1 and 2 at the inlet and the exit of the turbine. respectively. Noting that the
elevation effects are negligible. the energy equation in terms of heads for the turbine reduces to

2 2 2 2
P |7¢ P ¢ 2 —P a(Vy™ —F.
_1+Q1L+:1+};pmnpr“ =—2+G’2—2+;2 +hturbine,e+;?L - ;?nnbinqe — 1 2 + ( 1 2 )
rE 28 = 2g Pwater & 2g
(1)
where
v v 0.6m°/; @
vV =— M _g49mis W,

4, aD{ /4 7(0.30m)* /4

Turbine
v v 0.6m>/s

=== > =12.2m/s
4, D}/4 7(025m)>/4

Vs

Generator

The pressure drop corresponding to a differential height of 1.2 m in the
mercury manometer is

P-P= (pHg ~ Pwater )g"r"

1kN

=[(13.560 —1000) kg/m> (9.8 1m/s” )(1.2 1n)[—
1000 kg - m/s?

\,

A

=148 kN/m? = 148 kPa
Substituting into Eq. (1), the turbine head is determined to be

148 kN/m* (1000 kg -m/s
(1000kg/m®)9.81m/s?)|  1kN

(8.49 r:nf's)2 —(12.2 m/s) 2
2(9.81m/s?)

=151-39=112m

hmmm_ e =

}+(l .0)

Then the net electric power output of this hydroelectric turbine becomes

Wiurbine = Mrurbine-gen "8 M urbine.e = Mrurbine-gen 2Y& M urbine e

Y

IN ! 1kW
lkg-m/s® | 1000 N-m/s

=0.83(1000 kg/m>)(0.6 m>/s)(9.81m/s?)(11.2 m)[

5

]:55kw

Example 25: An oil pump is drawing 35 kW of electric power while pumping oil with p = 860 kg/m3 at a rate
of 0.1 m3/s. The inlet and outlet diameters of the pipe are 8 cm and 12 cm, respectively. If the pressure rise
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of oil in the pump is measured to be 400 kPa and the motor efficiency is 90 percent, determine the
mechanical efficiency of the pump. Take the kinetic energy correction factor to be 1.05.

1 IS5 KW
L
L L

0.1 m¥/s
Assumptions 1 The flow is steady and incompressible. 2 The elevation difference across the pump is
negligible. 3 All the losses in the pump are accounted for by the pump efficiency and thus /i = 0. 4 The
kinetic energy correction factors are givento be o, = oo = o= 1.05.

Properties The density of oil is given to be p = 860 kg/m’.

Analysis We take points 1 and 2 at the inlet and the exit of the pump, respectively. Noting that z; = =, the
energy equation for the pump reduces to

bil wo P Vi p-B aW;-1)
E+a12—+_1 +hgump w :—+a22—+_2+hmme,e+hL = Doyumpu = e + 22
where @ 18 kW
% v 0.1m?/
=== =19.9ms e
4 Dy /4 7(0.08m)” /4
. . 3 Motor
v v 0.1m"/s
Vy=—=—a—= o =884m/s
4, D3 /4 7(0.12m)’ /4
Substituting. the useful pump head and the corresponding useful . @
pumping power are determined to be 01l

400.000 N/m? lkg-m/s> | 1.05[(8.84m/s)> —(19.9 m/s)>
m [ g s ]+ [@84m/fs)” ~(199m/S) T _ 47 1 170=304m

h =
PR (860 kg/m>)(9.81m/s?) IN 2(9.81m/s?)

1kN 1kW
1000 kg-m/s> | 1kN-m/s

I;I}P'hmp,u = p(@‘:pump__u = (860 kg:’m3 ¥0.1 1113;‘5)(9.81 m/s? )(304 m)[ ] =25.6kW

Then the shaft pumping power and the mechanical efficiency of the pump become

Wplmp._shafr = -’?moerelecuic =(0.90)(35kW) =31.5kW

~ Poumpu  25.6kW

Ty = Wymp o 31.5kW

=0.813=81.3%
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