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Chapter 1
INTRODUCTION AND BASIC CONCEPTS

Thermodynamics

1-1C Classical thermodynamics is based on experimental observations whereas statistical thermodynamics
is based on the average behavior of large groups of particles.

1-2C On a downhill road the potential energy of the bicyclist is being converted to kinetic energy, and
thus the bicyclist picks up speed. There is no creation of energy, and thus no violation of the conservation
of energy principle.

1-3C There is no truth to his claim. It violates the second law of thermodynamics.

Mass, Force, and Units

1-4C Pound-mass lbm is the mass unit in English system whereas pound-force 1bf is the force unit. One
pound-force is the force required to accelerate a mass of 32.174 Ibm by 1 ft/s. In other words, the weight
of a 1-lbm mass at sea level is 1 1bf.

1-5C Kg-mass is the mass unit in the SI system whereas kg-force is a force unit. 1-kg-force is the force
required to accelerate a 1-kg mass by 9.807 m/s”. In other words, the weight of 1-kg mass at sea level is 1
kg-force.

1-6C There is no acceleration, thus the net force is zero in both cases.

1-7 A plastic tank is filled with water. The weight of the combined system is to be determined.
Assumptions The density of water is constant throughout.

Properties The density of water is given to be p = 1000 kg/m’.

Analysis The mass of the water in the tank and the total mass are Miank = 3 kg
v=02m’
m,, =pV=(1000 kg/m)(0.2 m’) = 200 kg e
2

Miota] = Ny + Mgk = 200+3 =203 kg

Thus,
2 IN
W =mg =(203 kg)(9.81 m/s”) ————— |=1991N
l1kg-m/s
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1-8 The interior dimensions of a room are given. The mass and weight of the air in the room are to be
determined.

Assumptions The density of air is constant throughout the room.

Properties The density of air is given to be p = 1.16 kg/m’.

Analysis The mass of the air in the room is ROOM
m=pV =(1.16 kg/m*)(6x 6x8 m*) = 334.1 kg AIR
Thus, 6X6X8 m°
5 IN
W =mg = (334.1kg)(9.81 m/s?) ~|=3277N
1kg-m/s

1-9 The variation of gravitational acceleration above the sea level is given as a function of altitude. The
height at which the weight of a body will decrease by 1% is to be determined.

Analysis The weight of a body at the elevation z can be expressed as ‘A
W =mg =m(9.807—3.32 x10°z)

In our case,
W =099W, = 0.99mg, = 0.99(m)(9.807)

Substituting,

0.99(9.81) = (9.81-3.32x10°2) ——> 2 =29,539 m U

Sea level

1-10E An astronaut took his scales with him to space. It is to be determined how much he will weigh on
the spring and beam scales in space.

Analysis (a) A spring scale measures weight, which is the local gravitational force applied on a body:

1 1bf

W =mg = (150 Ibm)(5.48 f/s* ) ———
32.2 Ibm-ft/s

] =25.5 Ibf

(b) A beam scale compares masses and thus is not affected by the variations in gravitational acceleration.
The beam scale will read what it reads on earth,

W =150 Ibf

1-11 The acceleration of an aircraft is given in g’s. The net upward force acting on a man in the aircraft is
to be determined.

Analysis From the Newton's second law, the force applied is

i} =5297 N

F = ma =m(6 g) = (90 kg)(6x9.81 m/s*) -
1 kg-m/s
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1-12 [Also solved by EES on enclosed CD] A rock is thrown upward with a specified force. The
acceleration of the rock is to be determined.

Analysis The weight of the rock is

W =mg = (5 kg)(9.79 m/sz)[l —48.95N

kg-m/s? J
Then the net force that acts on the rock is

Foet = Fyp = Faown =150-48.95=101.05 N

From the Newton's second law, the acceleration of the rock becomes

2
GZEZIOI.OSN 1 kg-m/s _20.2 m/s? .
m S5kg IN

Stone

1-13 EES Problem 1-12 is reconsidered. The entire EES solution is to be printed out, including the
numerical results with proper units.

Analysis The problem is solved using EES, and the solution is given below.

W=m*gll[N]ll
m=5l|[kg]l|
9=9.79"[m/s*2]"

"The force balance on the rock yields the net force acting on the rock as"
F_net=F_up - F_down"[N]"

F_up=150"[N]"

F_down=W"[N]"

"The acceleration of the rock is determined from Newton's second law."
F _net=a*m

"To Run the program, press F2 or click on the calculator icon from the Calculate menu"

SOLUTION
a=20.21 [m/s"2]
F_down=48.95 [N]
F_net=101.1 [N]
F_up=150 [N]
9=9.79 [m/s*2]
m=5 [kg]
W=48.95 [N]



1-14 Gravitational acceleration g and thus the weight of bodies decreases with increasing elevation. The
percent reduction in the weight of an airplane cruising at 13,000 m is to be determined.

Properties The gravitational acceleration g is given to be 9.807 m/s” at sea level and 9.767 m/s” at an
altitude of 13,000 m.

Analysis Weight is proportional to the gravitational acceleration g, and thus the
percent reduction in weight is equivalent to the percent reduction in the
gravitational acceleration, which is determined from

.. . .. A .807-9.
%Reduction in weight = %Reduction in g = 28 100 = %x 100 = 0.41%

g

Therefore, the airplane and the people in it will weight
0.41% less at 13,000 m altitude.

Discussion Note that the weight loss at cruising altitudes is negligible.

Systems, Properties, State, and Processes

1-15C The radiator should be analyzed as an open system since mass is crossing the boundaries of the
system.

1-16C A can of soft drink should be analyzed as a closed system since no mass is crossing the boundaries
of the system.

1-17C Intensive properties do not depend on the size (extent) of the system but extensive properties do.

1-18C For a system to be in thermodynamic equilibrium, the temperature has to be the same throughout
but the pressure does not. However, there should be no unbalanced pressure forces present. The increasing
pressure with depth in a fluid, for example, should be balanced by increasing weight.

1-19C A process during which a system remains almost in equilibrium at all times is called a quasi-
equilibrium process. Many engineering processes can be approximated as being quasi-equilibrium. The
work output of a device is maximum and the work input to a device is minimum when quasi-equilibrium
processes are used instead of nonquasi-equilibrium processes.

1-20C A process during which the temperature remains constant is called isothermal; a process during
which the pressure remains constant is called isobaric; and a process during which the volume remains
constant is called isochoric.

1-21C The state of a simple compressible system is completely specified by two independent, intensive
properties.

1-22C Yes, because temperature and pressure are two independent properties and the air in an isolated
room is a simple compressible system.

1-23C A process is said to be steady-flow if it involves no changes with time anywhere within the system
or at the system boundaries.

1-24C The specific gravity, or relative density, and is defined as the ratio of the density of a substance to
the density of some standard substance at a specified temperature (usually water at 4°C, for which ppyo =
1000 kg/m®). That is, SG=p/ Pmo - When specific gravity is known, density is determined from

P =SGx Py -
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1-25 EES The variation of density of atmospheric air with elevation is given in tabular form. A relation for
the variation of density with elevation is to be obtained, the density at 7 km elevation is to be calculated,
and the mass of the atmosphere using the correlation is to be estimated.

Assumptions 1 Atmospheric air behaves as an ideal gas. 2 The earth is perfectly sphere with a radius of
6377 km, and the thickness of the atmosphere is 25 km.

Properties The density data are given in tabular form as

r, km z,km  p kg/m’ 14 X X X X
6377 0 1.225 »

6378 1 1.112

6379 2 1.007

6380 3 0.9093

6381 4 0.8194

6382 5 0.7364

6383 6 0.6601

6385 8 0.5258

6387 10 0.4135

6392 15 0.1948

6397 20 0.08891 5 10 15 0 2
6402 25  0.04008 2 km

Analysis Using EES, (1) Define a trivial function rtho= a+z in equation window, (2) select new parametric
table from Tables, and type the data in a two-column table, (3) select Plot and plot the data, and (4) select
plot and click on “curve fit” to get curve fit window. Then specify 2™ order polynomial and enter/edit
equation. The results are:

p(z) =a+ bz + cz* = 1.20252 — 0.101674z + 0.00223752*  for the unit of kg/m”,
(or, p(z) = (1.20252 — 0.101674z + 0.0022375z*)x10°  for the unit of kg/km")

where z is the vertical distance from the earth surface at sea level. At z =7 km, the equation would give p =
0.60 kg/m’.

(b) The mass of atmosphere can be evaluated by integration to be

- _ 2 2 5
m—Jpa’V— f:o (a+bz+cz")An(ry +z) dz-47rf

(a+bz+czz)(r02 +2roz+22)dz
0

= 4x|ard h+ry(2a+bry)h* | 2+ (a+2bry +crd Yh* |3+ (b+2cry)h* | 4+ch® /5]

where ry = 6377 km is the radius of the earth, # = 25 km is the thickness of the atmosphere, and a =
1.20252, b = -0.101674, and ¢ = 0.0022375 are the constants in the density function. Substituting and
multiplying by the factor 10 for the density unity kg/km?, the mass of the atmosphere is determined to be

m=5.092x10" kg

Discussion Performing the analysis with excel would yield exactly the same results.

EES Solution for final result:

a=1.2025166

b=-0.10167

¢=0.0022375

r=6377

h=25
m=4*pi*(a*r*2*h+r*(2*a+b*r)*h*2/2+(a+2*b*r+c*r*2)*h*3/3+(b+2*c*r)*h*4/4+c*h"5/5)*1E+9



Temperature

1-26C The zeroth law of thermodynamics states that two bodies are in thermal equilibrium if both have the
same temperature reading, even if they are not in contact.

1-27C They are celsius(°C) and kelvin (K) in the SI, and fahrenheit (°F) and rankine (R) in the English
system.

1-28C Probably, but not necessarily. The operation of these two thermometers is based on the thermal
expansion of a fluid. If the thermal expansion coefficients of both fluids vary linearly with temperature,
then both fluids will expand at the same rate with temperature, and both thermometers will always give
identical readings. Otherwise, the two readings may deviate.

1-29 A temperature is given in °C. It is to be expressed in K.

Analysis The Kelvin scale is related to Celsius scale by
T(K]=T(°C) + 273

Thus, T7(K]=37°C+273=310K

1-30E A temperature is given in °C. It is to be expressed in °F, K, and R.
Analysis Using the conversion relations between the various temperature scales,
T(K]=T(°C) +273 =18°C+ 273 =291 K
T(°F] = 1.87(°C) + 32 = (1.8)(18) + 32 = 64.4°F
T(R]=T(°F) + 460 = 64.4 + 460 = 524.4 R

1-31 A temperature change is given in °C. It is to be expressed in K.

Analysis This problem deals with temperature changes, which are identical in Kelvin and Celsius scales.
Thus, AT(K]=AT(°C)=15K

1-32E A temperature change is given in °F. It is to be expressed in °C, K, and R.

Analysis This problem deals with temperature changes, which are identical in Rankine and Fahrenheit
scales. Thus,

AT(R)=AT(-F)=45R
The temperature changes in Celsius and Kelvin scales are also identical, and are related to the changes in
Fahrenheit and Rankine scales by

AT(K) = AT(R)/1.8 =45/1.8 =25 K
and AT(°C) = AT(K) = 25°C

1-33 Two systems having different temperatures and energy contents are brought in contact. The direction
of heat transfer is to be determined.

Analysis Heat transfer occurs from warmer to cooler objects. Therefore, heat will be transferred from
system B to system A until both systems reach the same temperature.
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Pressure, Manometer, and Barometer

1-34C The pressure relative to the atmospheric pressure is called the gage pressure, and the pressure
relative to an absolute vacuum is called absolute pressure.

1-35C The atmospheric pressure, which is the external pressure exerted on the skin, decreases with
increasing elevation. Therefore, the pressure is lower at higher elevations. As a result, the difference
between the blood pressure in the veins and the air pressure outside increases. This pressure imbalance may
cause some thin-walled veins such as the ones in the nose to burst, causing bleeding. The shortness of
breath is caused by the lower air density at higher elevations, and thus lower amount of oxygen per unit
volume.

1-36C No, the absolute pressure in a liquid of constant density does not double when the depth is doubled.
It is the gage pressure that doubles when the depth is doubled.

1-37C If the lengths of the sides of the tiny cube suspended in water by a string are very small, the
magnitudes of the pressures on all sides of the cube will be the same.

1-38C Pascal’s principle states that the pressure applied to a confined fluid increases the pressure
throughout by the same amount. This is a consequence of the pressure in a fluid remaining constant in the
horizontal direction. An example of Pascal’s principle is the operation of the hydraulic car jack.

1-39C The density of air at sea level is higher than the density of air on top of a high mountain. Therefore,
the volume flow rates of the two fans running at identical speeds will be the same, but the mass flow rate of
the fan at sea level will be higher.

1-40 The pressure in a vacuum chamber is measured by a vacuum gage. The absolute pressure in the
chamber is to be determined.

Analysis The absolute pressure in the chamber is determined from

Pps = Py — Poae =92-35=57 kPa b 35kPa
abs

Patm = 92 kPa
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1-41E The pressure in a tank is measured with a manometer by measuring the differential height of the
manometer fluid. The absolute pressure in the tank is to be determined for the cases of the manometer arm
with the higher and lower fluid level being attached to the tank .

Assumptions The fluid in the manometer is
incompressible.

Properties The specific gravity of the fluid is given to be
SG = 1.25. The density of water at 32°F is 62.4 lbm/ft’
(Table A-3E)

Analysis The density of the fluid is obtained by multiplying
its specific gravity by the density of water,

p=SGxpy o =(1.25)(62.41bm/ft*) = 78.01bm/ft>

The pressure difference corresponding to a differential
height of 28 in between the two arms of the manometer is

1 Ibf

Air

28] in

P = 12.7 psia

AP = pgh = (78lbm/ft3)(32.174ft/sz)(28/12ft)[

Then the absolute pressures in the tank for the two cases become:

11t2
32.174 Ibm - ft/s> )| 144in?

(a) The fluid level in the arm attached to the tank is higher (vacuum):

Pis = Py — Poac =12.7-1.26 =11.44 psia
(b) The fluid level in the arm attached to the tank is lower:

P Poe + Py =12.7+1.26 =13.96 psia

abs = L gage atm

J =1.26psia

SG =1.25

Discussion Note that we can determine whether the pressure in a tank is above or below atmospheric
pressure by simply observing the side of the manometer arm with the higher fluid level.



1-42 The pressure in a pressurized water tank is measured by a multi-fluid manometer. The gage pressure
of air in the tank is to be determined.

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its
low density), and thus we can determine the pressure at the air-water interface.

Properties The densities of mercury, water, and oil are given to be 13,600, 1000, and 850 kg/m’,
respectively.

Analysis Starting with the pressure at point 1 at the air-water interface, and moving along the tube by
adding (as we go down) or subtracting (as we go up) the pgh terms until we reach point 2, and setting the

result equal to P, since the tube is open to the atmosphere gives

Pl + pwaterghl + poilth - pmercurygh3 = Patm Alir
Solving for Py, N
Pl = Patm _pwaterghl _poilgh2 +pmercurygh3 hy
or,
h
P =Py = g(pmercuryh3 _pwaterhl _poith) }
Water hy
Noting that Py goee = P; - Py and substituting,
P, gage = (9.81m/s7)[(13,600 kg/m*)(0.46 m) — (1000 kg/m>)(0.2 m) I o
%
L |
~ (850 kg/m*)(0.3 m)] — - ( 1 kPa 2] =7
lkg-m/s* A\ 1000 N/m
=56.9 kPa

Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the
same in the same fluid simplifies the analysis greatly.

1-43 The barometric reading at a location is given in height of mercury column. The atmospheric pressure
is to be determined.

Properties The density of mercury is given to be 13,600 kg/m’.

Analysis The atmospheric pressure is determined directly from

Patm = pgh

— (13,600 kg/m?)(9.81m/s>)(0.750 m)| — - ( 1kPa J
1kg-m/s* \ 1000 N/m

=100.1 kPa



1-44 The gage pressure in a liquid at a certain depth is given. The gage pressure in the same liquid at a
different depth is to be determined.

Assumptions The variation of the density of the liquid with depth is negligible.

Analysis The gage pressure at two different depths of a liquid can be expressed as

P = pgh, and P, = pgh,

Taking their ratio,
P, pghy, h 5
> . T Y
B opghy hy 6 %
Solving for P, and substituting gives v
h 2
Py="2p 22 (28 kpa) =84 kPa
h 3m

Discussion Note that the gage pressure in a given fluid is proportional to depth.

1-45 The absolute pressure in water at a specified depth is given. The local atmospheric pressure and the
absolute pressure at the same depth in a different liquid are to be determined.

Assumptions The liquid and water are incompressible.

Properties The specific gravity of the fluid is given to be SG = 0.85. We take the density of water to be
1000 kg/m®. Then density of the liquid is obtained by multiplying its specific gravity by the density of
water,

p=8Gxpy o =(0.85)(1000 kg/m’) =850 kg/m’

Analysis (a) Knowing the absolute pressure, the atmospheric

pressure can be determined from Paim
Patm =P- %h
1 kP
= (145 kPa) — (1000 kg/m*)(9.81 m/s?)(5 m) ————— h
1000 N/m Y
=96.0 kPa PP

(b) The absolute pressure at a depth of 5 m in the other liquid is
P= Patm + pgh
3 ) 1 kPa
=(96.0kPa) + (850 kg/m~)(9.81 m/s " )(5 m)) ————
1000 N/m
=137.7 kPa

Discussion Note that at a given depth, the pressure in the lighter fluid is lower, as expected.



1-46E 1t is to be shown that 1 kgf/cm® = 14.223 psi .
Analysis Noting that 1 kgf = 9.80665 N, 1 N =0.22481 1Ibf, and 1 in = 2.54 cm, we have

0.22481 Ibf
IN

1 kgf =9.80665 N =(9.80665N) =2.20463 Ibf

and

2
2.54 Cm] =14.223 Ibf/in* =14.223 psi

1 kgf/em? = 2.20463 Ibf/cm? = (2.20463 Ibf/cm? )[ 1
m

1-47E The weight and the foot imprint area of a person are given. The pressures this man exerts on the
ground when he stands on one and on both feet are to be determined.

Assumptions The weight of the person is distributed uniformly on foot imprint area.

Analysis The weight of the man is given to be 200 Ibf. Noting that pressure is force per ....
unit area, the pressure this man exerts on the ground is )

(a) On both feet: P= s = _2001bf =2.78Ibf/in? = 2.78 psi
2
24 2x36in
(b) On one foot: p= . _2000f s 56 ibpin = 5.56 psi

4 36in’
Discussion Note that the pressure exerted on the ground (and on the feet) is reduced by
half when the person stands on both feet.

1-48 The mass of a woman is given. The minimum imprint area per shoe needed to enable her to walk on
the snow without sinking is to be determined.

Assumptions 1 The weight of the person is distributed uniformly on the imprint area of the shoes. 2 One
foot carries the entire weight of a person during walking, and the shoe is sized for walking conditions
(rather than standing). 3 The weight of the shoes is negligible.

Analysis The mass of the woman is given to be 70 kg. For a pressure of
0.5 kPa on the snow, the imprint area of one shoe must be

_ W _mg _(10kg)9.81m/s’) IN [ 1kPa J_137m2
PP 0.5kPa Ikg-m/s®> \1000N/m? )
Discussion This is a very large area for a shoe, and such shoes would be

impractical to use. Therefore, some sinking of the snow should be allowed
to have shoes of reasonable size.

A




1-49 The vacuum pressure reading of a tank is given. The absolute pressure in the tank is to be determined.

Properties The density of mercury is given to be p = 13,590 kg/m’.

Analysis The atmospheric (or barometric) pressure can be expressed as

Palm = ,Ogh IN L kP
= (13,590 kg/m>)(9.807 m/s?)(0.750 m) - a -

1kg-m/s® )\ 1000 N/m
=100.0 kPa

Then the absolute pressure in the tank becomes
Py =Py — Py =100.0-15=285.0 kPa

Pabs

15 kPa

Patm = 750 mmHg

1-50E A pressure gage connected to a tank reads 50 psi. The absolute pressure in the tank is to be

determined.
Properties The density of mercury is given to be p = 848.4 [bm/ft’.

Analysis The atmospheric (or barometric) pressure can be expressed as

Fan = P8l 1 Ibf 1 £t
= (848.4 Ibm/ft> )(32.2 ft/s%)(29.1/12 ft)
, 32.2 Ibm-ft/s? )\ 144 in?
=14.29 psia

Then the absolute pressure in the tank is
Pips = Poage T Paym =50+14.29 = 64.3 psia

1-51 A pressure gage connected to a tank reads 500 kPa. The
absolute pressure in the tank is to be determined.
Analysis The absolute pressure in the tank is determined from

Pops = Pgage + Py =500+94 = 594 kPa

|

Pabs

L®

50 psi

Pabs

Pam = 94 kPa

500 kPa
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1-52 A mountain hiker records the barometric reading before and after a hiking trip. The vertical distance
climbed is to be determined.

Assumptions The variation of air density and the gravitational . 780 mbar
acceleration with altitude is negligible.

Properties The density of air is given to be p = 1.20 kg/m’. h=7?

Analysis Taking an air column between the top and the bottom of the
mountain and writing a force balance per unit base area, we obtain

Wair /4= Pbottom - P, 930 mbar

top

(pgh)air = Pbottom - Ptop

(1.20 kg/m>)(9.81 m/s> )()| — - 1 bar ~ = (0.930-0.780) bar
1 kg-m/s® ) 100,000 N/m

It yields h=1274 m

which is also the distance climbed.

1-53 A barometer is used to measure the height of a building by recording reading at the bottom and at the
top of the building. The height of the building is to be determined.

Assumptions The variation of air density with altitude is negligible.

Properties The density of air is given to be p = 1.18 kg/m®. The 730 mmHg
density of mercury is 13,600 kg/m’.

Analysis Atmospheric pressures at the top and at the bottom of the
building are

Ptop = (pgh)top
=(13,600kg/m3)(9.807m/sz)(0.730m)[ IN J[ 1 kPa J

1kg-m/s* )\ 1000 N/m>
=97.36 kPa
755 mmHg
Pbottom = (pgh)bottom IN 1 kP
= (13,600 kg/m>)(9.807 m/s*)(0.755 m) . a .
lkg-m/s® )\ 1000 N/m
=100.70 kPa

Taking an air column between the top and the bottom of the building and writing a force balance per unit
base area, we obtain

Wair /4= Pbottom - P

top

(pgh) air — Pbottom - Ptop

(1.18 kg/m>)(9.807 m/s* )(h) IN 1kPa ) (100.70-97.36) kPa
2 2
1 kg-m/s ) 1000 N/m

It yields h=288.6 m
which is also the height of the building.



1-54 EES Problem 1-53 is reconsidered. The entire EES solution is to be printed out, including the
numerical results with proper units.

Analysis The problem is solved using EES, and the solution is given below.

P_bottom=755"[mmHg]"

P_top=730"[mmHg]"

g=9.807 "[m/s"2]" "local acceleration of gravity at sea level"

rho=1.18"kg/m"3]"

DELTAP_abs=(P_bottom-P_top)*CONVERT('mmHg','kPa")"'[kPa]" "Delta P reading from
the barometers, converted from mmHg to kPa."

DELTAP_h =rho*g*h/1000 "[kPa]" "Equ. 1-16. Delta P due to the air fluid column
height, h, between the top and bottom of the building."

"Instead of dividing by 1000 Pa/kPa we could have multiplied rho*g*h by the EES function,
CONVERT('Pa','’kPa’)"

DELTAP_abs=DELTAP_h

SOLUTION

Variables in Main
DELTAP_abs=3.333 [kPa]
DELTAP_h=3.333 [kPa]
g=9.807 [m/s”2]

h=288 [m]

P_bottom=755 [mmHg]
P_top=730 [mmHg]
rho=1.18 [kg/m"3]

1-55 A diver is moving at a specified depth from the water surface. The pressure exerted on the surface of
the diver by water is to be determined.

Assumptions The variation of the density of water with depth is negligible.

Properties The specific gravity of seawater is given to be SG = 1.03. We take the density of water to be
1000 kg/m’.

Analysis The density of the seawater is obtained by multiplying its Paim
specific gravity by the density of water which is taken to be 1000 S
kg/m’: h .
p =SGx py = (1.03)(1000 kg/m’) = 1030 kg/m’ Y
P

The pressure exerted on a diver at 30 m below the free surface of
the sea is the absolute pressure at that location:

P = Patm + pgh
= (101 kPa)+ (1030 kg/m>)(9.807 m/s?)(30 m) _ 1kPa
1000 N/m?

=404.0 kPa
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1-56E A submarine is cruising at a specified depth from the water surface. The pressure exerted on the
surface of the submarine by water is to be determined.

Assumptions The variation of the density of water with depth is

negligible. Patm

Properties The specific gravity of seawater is given to be SG = 1.03. Sea

The density of water at 32°F is 62.4 Ibm/ft’ (Table A-3E). %

Analysis The density of the seawater is obtained by multiplying its \

specific gravity by the density of water, ¢ P,

p=8Gx py o =(1.03)(62.4 bn/ft’) = 64.27 Ibm/ft’

The pressure exerted on the surface of the submarine cruising 300 ft
below the free surface of the sea is the absolute pressure at that

location:
P=P,., +pgh
. 3 ) 1 Ibf 1 ft?
=(14.7 psia) + (64.27 lbm/ft” )(32.2 ft/s")(175 ft)
. 32.2 Ibm-ft/s® ) 144 in?
=92.8 psia

1-57 A gas contained in a vertical piston-cylinder device is pressurized by a spring and by the weight of
the piston. The pressure of the gas is to be determined.

Analysis Drawing the free body diagram of the piston and balancing the vertical forces yield

PA=P, A+W + FSlDring

Fs Tin,
Thus, P
P-P mg+Fspring
— %atm
_ (95 kPa)+ (4kg)(9.81m/s?)+60 N  1kPa
_1234kpg  3¥107m? 1000 N/m*
—123. »



1-58 EES Problem 1-57 is reconsidered. The effect of the spring force in the range of 0 to 500 N on the
pressure inside the cylinder is to be investigated. The pressure against the spring force is to be plotted, and
results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

g=9.807"[m/s"2]"

P_atm= 95"kPa]"

m_piston=4"[kg]"

{F_spring=60"[N]"}

A=35*CONVERT('cm”2','m"2")"[m"2]"

W_piston=m_piston*g"[N]"

F_atm=P_atm*A*CONVERT('kPa','N/m"2")"[N]"

"From the free body diagram of the piston, the balancing vertical forces yield:"
F_gas=F_atm+F_spring+W _piston"[N]"
P_gas=F_gas/A*CONVERT('N/m”2','kPa'")"[kPa]"

I:spring [N] Pgas [kPa]
0 106.2

55.56 1221
1111 138
166.7 153.8
222.2 169.7
277.8 185.6
333.3 201.4
388.9 217.3
444.4 233.2
500 2491
260 T T T T T T T T T
240
220

—_ 200

a

x 180

w 160

>

o 140
120
100

F__.
spring
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1-59 [Also solved by EES on enclosed CD] Both a gage and a manometer are attached to a gas to measure
its pressure. For a specified reading of gage pressure, the difference between the fluid levels of the two
arms of the manometer is to be determined for mercury and water.

Properties The densities of water and mercury are given to be Pyt =

1000 kg/m’ and be py, = 13,600 kg/m’. 80 kPa
Analysis The gage pressure is related to the vertical distance #/ -®
between the two fluid levels by AIR ] I
P, gage h
Pgage =pgh—— h=—-
rg

(a) For mercury,

Prage _ 80 kPa 1kN/m? ) 1000 kg/m s>
Prgg€ (13,600 kg/m?)(9.81 m/s*) | 1kPa 1kN

h=

]=0.60 m

(b) For water,

Ppge 80 kPa (1 KN/m? Ilooo kg/m s>

h_
1 kPa 1 kN

o8 (1000 kg/m®)(9.81 m/s?)

J:8.16 m



1-18

1-60 EES Problem 1-59 is reconsidered. The effect of the manometer fluid density in the range of 800 to
13,000 kg/m® on the differential fluid height of the manometer is to be investigated. Differential fluid
height against the density is to be plotted, and the results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

Function fluid_density(Fluid$)
If fluid$="Mercury' then fluid_density=13600 else fluid_density=1000
end

{Input from the diagram window. If the diagram window is hidden, then all of the input must
come from the equations window. Also note that brackets can also denote comments - but
these comments do not appear in the formatted equations window.}

{Fluid$='"Mercury'

P_atm =101.325 "kpa"

DELTAP=80 "kPa Note how DELTAP is displayed on the Formatted Equations
Window."}

g=9.807 "m/s2, local acceleration of gravity at sea level"

rho=Fluid_density(Fluid$) "Get the fluid density, either Hg or H20O, from the function"
"To plot fluid height against density place {} around the above equation. Then set up the
parametric table and solve."

DELTAP = RHO*g*h/1000

"Instead of dividing by 1000 Pa/kPa we could have multiplied by the EES function,
CONVERT('Pa','kPa")"

h_mm=h*convert('m','mm’) "The fluid height in mm is found using the built-in CONVERT
function."

P_abs=P_atm + DELTAP

Manometer Fluid Height vs Manometer Fluid Density

hmm [mMm] | p [kg/m?]

%1 97 8%0 11000———4———M—————F——— 11—
3784 2156 - |
2323 3511 8800 ]
1676 4867 |
1311 6222
1076 7578 | 6600 -
913.1 8933 [r]' |
792.8 10289 4400} )
700.5 11644 m I ]
627.5 13000 - ]

0 1 | 1 | 1 | 1 | 1 | 1 |

0 2000 4000 6000 8000 10000 12000 14000
p [kg/m*3]



1-61 The air pressure in a tank is measured by an oil
manometer. For a given oil-level difference between the two

1-19

columns, the absolute pressure in the tank is to be determined.
Properties The density of oil is given to be p = 850 kg/m”.

Analysis The absolute pressure in the tank is determined from

AIR
P=P,, +pgh
3 2 1kPa
= (98 kPa) + (850 kg/m>)(9.81m/s*)(0.60 m)) ——
_ 103 kP 1000N/m?
B a P =98 kPa

t

1-62 The air pressure in a duct is measured by a mercury manometer. For a given mercury-level difference

between the two columns, the absolute pressure in the duct is to be determined.
Properties The density of mercury is given to be p = 13,600 kg/m’.

Analysis (a) The pressure in the duct is above atmospheric pressure

since the fluid column on the duct side is at a lower level.

(b) The absolute pressure in the duct is determined from

P =Py +pgh
IN 1 kP
= (100 kPa) + (13,600 kg/m> )(9.81 m/s*)(0.015 m) . 2 .
1 kg-m/s” )\ 1000 N/m
=102 kPa

1-63 The air pressure in a duct is measured by a mercury manometer. For a
given mercury-level difference between the two columns, the absolute
pressure in the duct is to be determined.

Properties The density of mercury is given to be p = 13,600 kg/m’.

Analysis (a) The pressure in the duct is above atmospheric pressure since the
fluid column on the duct side is at a lower level.

(b) The absolute pressure in the duct is determined from
P=P

s + B I'N 1 kP

= (100 kPa) + (13,600 kg/m>)(9.81 m/s?)(0.045 m) . a
1 kg-m/s

=106 kPa

1000 N/m? J

t

AIR 15 njm
P
‘1

T

AIR

P




1-20

1-64 The systolic and diastolic pressures of a healthy person are given in mmHg. These pressures are to be
expressed in kPa, psi, and meter water column.

Assumptions Both mercury and water are incompressible substances.
Properties We take the densities of water and mercury to be 1000 kg/m® and 13,600 kg/m’, respectively.

Analysis Using the relation P = pgh for gage pressure, the high and low pressures are expressed as

1IN 1kPa
By = peh: . = (13,600 kg/m?)(9.81 m/s*)(0.12 m =16.0 kPa
high Pg high ( g )( ) lkgm/52 1000N/m2

IN 1kPa
B, = pehy,, = (13,600 kg/m*)(9.81 m/s*)(0.08 m =10.7 kPa
o = P8 = g X )[lkg-m/szJ[IOOON/sz

Noting that 1 psi = 6.895 kPa,

1 psi . 1 psi .
Bion = (16.0 Pa)) ————— [ =2.32 psi and A, =(10.7 Pa)) —————— | =1.55 psi
hign = ( )(6.895kPaj P low = )[6.895kPa] P
For a given pressure, the relation P = pgh can be expressed for
mercury and water as P = p waterghwater and P=p mercuryghmercury :
Setting these two relations equal to each other and solving for .
water height gives LA
P mercury ::
P = p water ghwater = /0 mercuryghmercury - h water — mercury y h
water —:
Therefore, ==
h pmercury h 13,600 kg/m3 :E

water, high = mercury, high = W (0.12m)=1.63m \ v

pwater
Pmen 13,600 kg/m*
hwater,low = aen hmercury,low = —g3 (008 m) =1.09m N\\Q\r)}
1000 kg/m

p water

Discussion Note that measuring blood pressure with a “water” monometer would involve differential fluid
heights higher than the person, and thus it is impractical. This problem shows why mercury is a suitable
fluid for blood pressure measurement devices.
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1-65 A vertical tube open to the atmosphere is connected to the vein in the arm of a person. The height that
the blood will rise in the tube is to be determined.

Assumptions 1 The density of blood is constant. 2 The gage pressure of
blood is 120 mmHg.

Properties The density of blood is given to be p = 1050 kg/m”.
Analysis For a given gage pressure, the relation P = pgh can be expressed

for mercury and blood as P = py40a8Mpioed ANd P = Percury &mercury -

Setting these two relations equal to each other we get

P= Plood ghblood = pmercury ghmercury

Solving for blood height and substituting gives

pmercury _ 13,600 kg/m3

hblood = mercury

(0.12m)=1.55m
Phlood 1050 kg/m*

Discussion Note that the blood can rise about one and a half meters in a tube connected to the vein. This
explains why IV tubes must be placed high to force a fluid into the vein of a patient.

1-66 A man is standing in water vertically while being completely submerged. The difference between the
pressures acting on the head and on the toes is to be determined.

Assumptions Water is an incompressible substance, and thus the
density does not change with depth. 7
‘head

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

Analysis The pressures at the head and toes of the person can be
expressed as

Phead = Patm + pghhead and Ptoe = Patm + pghtoe

where 4 is the vertical distance of the location in water from the free Y Pice
surface. The pressure difference between the toes and the head is
determined by subtracting the first relation above from the second,

Ptoe - Phead = pghtoe - pghhead = pg(htoe - hhead)
Substituting,
IN 1kP
Py = Posg = (1000 kg/m*)(9.81 m/s?)(1.80 m - 0)[ J{ a J: 17.7 kPa

1kg-m/s* )\ 1000N/m?

Discussion This problem can also be solved by noting that the atmospheric pressure (1 atm = 101.325 kPa)
is equivalent to 10.3-m of water height, and finding the pressure that corresponds to a water height of 1.8
m.
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1-67 Water is poured into the U-tube from one arm and oil from the other arm. The water column height in
one arm and the ratio of the heights of the two fluids in the other arm are given. The height of each fluid in
that arm is to be determined.

Assumptions Both water and oil are incompressible substances. Water oil

Properties The density of oil is given to be p = 790 kg/m’. We take A
the density of water to be p =1000 kg/m”. A h

Analysis The height of water column in the left arm of the monometer
is given to be 4y, = 0.70 m. We let the height of water and oil in the Ny —X—
right arm to be A, and A, respectively. Then, s, = 4h,,. Noting that hya
both arms are open to the atmosphere, the pressure at the bottom of Y
the U-tube can be expressed as

Pbottom = Patm + pwghwl and Pbottom = Patm + pwghWZ + pagha

Setting them equal to each other and simplifying,
Pyl = py8hyy + paghy = pyhi =Py TPy o by =hy (0, /Py,
Noting that &, = 44, the water and oil column heights in the second arm are determined to be
0.7m= h,, +(790/1000)44,, —  h,, =0.168m

0.7m =0.168 m+(790/1000)2, —  h, =0.673m

Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is
lighter than water.

1-68 The hydraulic lift in a car repair shop is to lift cars. The fluid gage pressure that must be maintained in
the reservoir is to be determined.

Assumptions The weight of the piston of the lift is negligible.

Analysis Pressure is force per unit area, and thus the gage pressure required
is simply the ratio of the weight of the car to the area of the lift,

P atm

B84 D? /4
(2000 kg)(9.81m/s*)
7(0.30m)* /4

( LN J =278 kN/m? =278 kPa

1000 kg - m/s* P

Discussion Note that the pressure level in the reservoir can be reduced by using a piston with a larger area.
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1-69 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-
tube manometer. The pressure difference between the two pipelines is to be determined.

Assumptions 1 All the liquids are incompressible. 2
The effect of air column on pressure is negligible.

Properties The densities of seawater and mercury
are given to be py, = 1035 kg/m® and Pug = 13,600
kg/m®. We take the density of water to be p ,,=1000
kg/m’.

Analysis Starting with the pressure in the fresh
water pipe (point 1) and moving along the tube by
adding (as we go down) or subtracting (as we go up)
the pgh terms until we reach the sea water pipe

(point 2), and setting the result equal to P, gives

B+ py ghy, — Prg&hug = Pair&Mair + Psca8hsea = P2
Rearranging and neglecting the effect of air column on pressure,
B =Py ==py, ghy, + prg8hug = Psca&hsea = &(Prghug = Pty = Pseallsea)
Substituting,
P, — P, =(9.81m/s?)[(13600 kg/m>)(0.1m)
— (1000 kg/m*)(0.6 m)— (1035 kg/m*>)(0.4 m)](lk—N]
1000 kg - m/s*
=3.39kN/m? = 3.39 kPa

Therefore, the pressure in the fresh water pipe is 3.39 kPa higher than the pressure in the sea water pipe.

Discussion A 0.70-m high air column with a density of 1.2 kg/m’ corresponds to a pressure difference of
0.008 kPa. Therefore, its effect on the pressure difference between the two pipes is negligible.
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1-70 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-
tube manometer. The pressure difference between the two pipelines is to be determined.

Assumptions All the liquids are incompressible.

Properties The densities of seawater and mercury are
given to be p,, = 1035 kg/m’ and py, = 13,600 kg/m’.
We take the density of water to be p  =1000 kg/m’.
The specific gravity of oil is given to be 0.72, and thus
its density is 720 kg/m’.

Analysis Starting with the pressure in the fresh water
pipe (point 1) and moving along the tube by adding (as
we go down) or subtracting (as we go up) the pgh

terms until we reach the sea water pipe (point 2), and
setting the result equal to P, gives

Pl +/0wghw _pHgthg _poilghoil +pseaghsea = PZ

Rearranging,
Pl _PZ = _pwghw + pHgthg + poilghoil - pseaghsea
= g(pl-lg hHg + poilhoil ~—Pw hw ~ Psea hsea )

Substituting,
P, — P, =(9.81m/s*)[(13600 kg/m*)(0.1m) + (720 kg/m>)(0.7 m) — (1000 kg/m*)(0.6 m)
—(1035kg/m>)(0.4 m)] N
1000 kg - m/s>
=8.34kN/m?* = 8.34 kPa

Therefore, the pressure in the fresh water pipe is 8.34 kPa higher than the pressure in the sea water pipe.
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1-71E The pressure in a natural gas pipeline is measured by a double U-tube manometer with one of the
arms open to the atmosphere. The absolute pressure in the pipeline is to be determined.

Assumptions 1 All the liquids are incompressible. 2
The effect of air column on pressure is negligible. 3 The
pressure throughout the natural gas (including the tube)

Al
is uniform since its density is low. —k /lr\

Properties We take the density of water to be p,, = 62.4 L0in 7 Water
Ibm/ft’. The specific gravity of mercury is given to be

13.6, and thus its density is py, = 13.6x62.4 = 848.6 —‘A— H

Ibmy/ft’. hy

Analysis Starting with the pressure at point 1 in the
natural gas pipeline, and moving along the tube by
adding (as we go down) or subtracting (as we go up) the
pgh terms until we reach the free surface of oil where

Natural

the oil tube is exposed to the atmosphere, and setting
the result equal to Py, gives

Pl - pHgthg - pwaterghwater = Patm

Solving for P,
Pl = Patm + pHgthg + pwaterghl

Mercury

Substituting,

1 Ibf 1 ft2
P =142 psia+(32.2 ft/s?)[(848.6 Ibm/ft> )(6/12 ft) + (62.4 Ibm/ft*)(27/12 ft)] b . ! .
32.2 Ibm-ft/s®> )\ 144 in

=18.1psia

Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the
same in the same fluid simplifies the analysis greatly. Also, it can be shown that the 15-in high air column
with a density of 0.075 Ibm/ft’ corresponds to a pressure difference of 0.00065 psi. Therefore, its effect on
the pressure difference between the two pipes is negligible.
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1-72E The pressure in a natural gas pipeline is measured by a double U-tube manometer with one of the
arms open to the atmosphere. The absolute pressure in the pipeline is to be determined.

Assumptions 1 All the liquids are incompressible. 2
The pressure throughout the natural gas (including the
tube) is uniform since its density is low. oil

Properties We take the density of water to be p ,, = 62.4 ﬁ
Ibnm/ft’. The specific gravity of mercury is given to be

13.6, and thus its density is py, = 13.6x62.4 = 848.6
Ibm/ft’. The specific gravity of oil is given to be 0.69, —x T %K
and thus its density is o = 0.69x62.4 = 43.1 Ibv/ft. hy,

Analysis Starting with the pressure at point 1 in the
natural gas pipeline, and moving along the tube by
adding (as we go down) or subtracting (as we go up) the
pgh terms until we reach the free surface of oil where

Water

Natural ‘

hoil

the oil tube is exposed to the atmosphere, and setting
the result equal to Py, gives

P = prg8hug + Poit &Ml — Pwater &water = Pam
Solving for P,
B = Py + Prg &g + Pwater 8 — Poit Mol
Substituting,
P, =14.2 psia+ (32.2 ft/s*)[(848.6 Ibm/ft> )(6/12 ft) + (62.4 Ibm/ft> )(27/12 ft)

2
- @31 oy (15/12 | —— |

_ 322 Ibm-fi/s> ) 144 in
=17.7psia

Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the
same in the same fluid simplifies the analysis greatly.
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1-73 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure
gage and a manometer. The differential height / of the mercury column is to be determined.

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its
low density), and thus the pressure at the air-water interface is the same as the indicated gage pressure.
Properties We take the density of water to be p,,=1000 kg/m’. The specific gravities of oil and mercury are
given to be 0.72 and 13.6, respectively.

Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we
go down) or subtracting (as we go up) the pgh terms until we reach the free surface of oil where the oil

tube is exposed to the atmosphere, and setting the result equal to Py, gives

Pl +POw ghw - pHgthg - poilghoil = Patm
’ 80 kPa
Rearranging, -®
P =Py, = poilghoil + pHgthg - prhW AIR 7T
or,
Water
Pl gage
———=8Gh,; +SG Hg hHg —h,,
Pw& h
Substituting,
2
803kPa . 1000 kg mz/s =0.72%(0.75 m)+13-6><hHg -0.3m
(1000 kg/m~)(9.81 m/s*) 1kPa.-m

Solving for Ay, gives Ay, = 0.582 m. Therefore, the differential height of the mercury column must be
58.2cm.

Discussion Double instrumentation like this allows one to verify the measurement of one of the
instruments by the measurement of another instrument.
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1-74 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure
gage and a manometer. The differential height / of the mercury column is to be determined.

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its
low density), and thus the pressure at the air-water interface is the same as the indicated gage pressure.

Properties We take the density of water to be p ,, =1000 kg/m®. The specific gravities of oil and mercury
are given to be 0.72 and 13.6, respectively.

Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we
go down) or subtracting (as we go up) the pgh terms until we reach the free surface of oil where the oil

tube is exposed to the atmosphere, and setting the result equal to Py, gives
P+ pywghy, — Prg8hug — Poit &hoit = Pam
Rearranging, 40 kPa
P =Py = Poit&hoit + Prg&hug — P &hyy
AIR

or, \],, .
R oil

P W

S = SGoilhoil +SG Hg hHg _hw e T
pwg h

h e
Substituting, w
1000 kg-m/s?
403kPa - B2 1=0.72%(0.75 m) +13.6 X /iy, ~0.3m
(1000 kg/m~)(9.81 m/s*) 1kPa.-m

Solving for Ay, gives hy, = 0.282 m. Therefore, the differential height of the mercury column must be
28.2 cm.

Discussion Double instrumentation like this allows one to verify the measurement of one of the
instruments by the measurement of another instrument.

1-75 The top part of a water tank is divided into two compartments, and a fluid with an unknown density is
poured into one side. The levels of the water and the liquid are measured. The density of the fluid is to be
determined.

Assumptions 1 Both water and the added liquid are
incompressible substances. 2 The added liquid does not mix with
water.

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

Analysis Both fluids are open to the atmosphere. Noting that the
pressure of both water and the added fluid is the same at the
contact surface, the pressure at this surface can be expressed as

Pcontact = Patm +pfghf = Patm +pwghw

Simplifying and solving for ps gives

h 45 cm
prghy =pyghy —  pr=—"p,=——-

Py = 2o (1000 kg/m?) = 562.5 kg/m>

Discussion Note that the added fluid is lighter than water as expected (a heavier fluid would sink in water).
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1-76 A double-fluid manometer attached to an air pipe is considered. The specific gravity of one fluid is
known, and the specific gravity of the other fluid is to be determined.

Assumptions 1 Densities of liquids are constant. 2 The air
pressure in the tank is uniform (i.e., its variation with
elevation is negligible due to its low density), and thus the
pressure at the air-water interface is the same as the
indicated gage pressure.

Properties The specific gravity of one fluid is given to be
13.55. We take the standard density of water to be 1000
kg/m’.

Analysis Starting with the pressure of air in the tank, and
moving along the tube by adding (as we go down) or
subtracting (as we go up) the pgh terms until we reach the
free surface where the oil tube is exposed to the
atmosphere, and setting the result equal to P, give

Air
P =76 kPa

Fluid 1
SG,

Pair+p1gh1_p2gh2 :Patm - Pair_Patm :SG2pwgh2 _SGlpwghl

Rearranging and solving for SG,,

Fluid 2

22|cm SG;

SG, =8G, h—+ .
5 Py ghy 0.40m

M, Pir = Pum _ 5 55022m 76 —100 kPa
(1000 kg/m*)(9.81m/s*)(0.40 m)

1000 kg -m/s>
15 |=5.0
1kPa.-m

Discussion Note that the right fluid column is higher than the left, and this would imply above atmospheric

pressure in the pipe for a single-fluid manometer.
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1-77 The fluid levels in a multi-fluid U-tube manometer change as a result of a pressure drop in the trapped
air space. For a given pressure drop and brine level change, the area ratio is to be determined.

Assumptions 1 All the liquids are
incompressible. 2 Pressure in the brine
pipe remains constant. 3 The variation
of pressure in the trapped air space is
negligible.

A
Air

Properties The specific gravities are
given to be 13.56 for mercury and 1.1
for brine. We take the standard density Water

of water to be p,=1000 kg/m’. Area, 4,

SG=1.1

Analysis 1t is clear from the problem _
i A

statement.and the ﬁgure that the brlqe Mereury Ahy =5 mm
pressure is much higher than the air

: SG=13.56 .
pressure, and when the air pressure
drops by 0.7 kPa, the pressure | / Area, 4,
difference between the brine and the air
space increases also by the same
amount.

Starting with the air pressure (point A) and moving along the tube by adding (as we go down) or
subtracting (as we go up) the pgh terms until we reach the brine pipe (point B), and setting the result equal

to Pp before and after the pressure change of air give
Before: Py +pywghy, + Prg&hng — Poc &y = Pp
Afier: Py +py8hy, + Prg8€hug 2 = Por&horr = P

Subtracting,

P, -P
AL = §Gy, Ahy, —SGy Ay =0 (1)

Py =Py + pug8Ahy, — P gAM,, =0 — o g

where Ahy, and Ay, are the changes in the differential mercury and brine column heights, respectively,

due to the drop in air pressure. Both of these are positive quantities since as the mercury-brine interface
drops, the differential fluid heights for both mercury and brine increase. Noting also that the volume of
mercury is constant, we have 4, Ahyg o = Ay Ay 4ign and

P, —Py =-0.7kPa=-700 N/m? =700 kg/m -s>

Ahy, =0.005m

Ahyy = Ahyg ighe + My e = Al + Al Ay /A = Al (14 4, /A )
Substituting,

700 kg/m - s?
(1000 kg/m>)(9.81 m/s?)

=[13.56%0.005(1+ 4,/4,)— (1.1 0.005)]m

It gives
Az/Al = 0.1 34
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1-78 A multi-fluid container is connected to a U-tube. For the given specific gravities and fluid column
heights, the gage pressure at A and the height of a mercury column that would create the same pressure at

A are to be determined.

Assumptions 1 All the liquids are incompressible. 2 The
multi-fluid container is open to the atmosphere.

Properties The specific gravities are given to be 1.26
for glycerin and 0.90 for oil. We take the standard
density of water to be p, =1000 kg/m’, and the specific
gravity of mercury to be 13.6.

Analysis Starting with the atmospheric pressure on the
top surface of the container and moving along the tube
by adding (as we go down) or subtracting (as we go up)
the pgh terms until we reach point 4, and setting the

result equal to P, give
Palm +p0i1ghoi1 + pwghw _pglyghgly = PA

Rearranging and using the definition of specific gravity,

PA _Patm =SG oilpwghoil +SG wpwghw _SGglypwghgly

or

PA,gage =8Py (SG oilhoil +SG whw - SGgly

Substituting,

Py gage = (9:81m/5)(1000 kg/m*)[0.90(0.70 m) +1(0.3 m) ~1.26(0.70 m)](

=0.471kN/m? = 0.471kPa

The equivalent mercury column height is

h

70 cm Oil
SG=0.90

30 cm Water
Glycerin

20 cm SG=1.26

90 cm

1000 kg - m/s*

PA,gage 0.471 kN/Il’l2
hHg = =

 Pueg  (13.6)(1000 kg/m® )(9.81m/s?)

1kN

L |

15 cm

1kN

1000 kg - m/s?

|

J =0.00353m=0.353cm

Discussion Note that the high density of mercury makes it a very suitable fluid for measuring high

pressures in manometers.
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Solving Engineering Problems and EES

1-79C Despite the convenience and capability the engineering software packages offer, they are still just
tools, and they will not replace the traditional engineering courses. They will simply cause a shift in
emphasis in the course material from mathematics to physics. They are of great value in engineering
practice, however, as engineers today rely on software packages for solving large and complex problems in
a short time, and perform optimization studies efficiently.

1-80 EES Determine a positive real root of the following equation using EES:
2%~ 10x*° - 3x = -3

Solution by EES Software (Copy the following line and paste on a blank EES screen to verify solution):
2*x"3-10"x"0.5-3*x = -3

Answer: x =2.063 (using an initial guess of x=2)

1-81 EES Solve the following system of 2 equations with 2 unknowns using EES:
3 2_
X -y =775
3xy+y=3.5
Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution):
xA3-yr2=7.75
3*x*y+y=3.5
Answer x=2 y=0.5

1-82 EES Solve the following system of 3 equations with 3 unknowns using EES:

2x—-y+z=5
3x% + 2y=z+2
Xy +2z=8
Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution):
2*x-y+z=5
3*xN2+2*y=z+2
X*y+2*z=8

Answer x=1.141, y=0.8159, z=3.535

1-83 EES Solve the following system of 3 equations with 3 unknowns using EES:
x2y —-z=1
x—3y0‘5+ Xz=-2
X+y—z=2
Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution):
xA2*y-z=1
x-3*y*0.5+x*z=-2
X+y-z=2
Answer x=1, y=1, z=0
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1-84E EES Specific heat of water is to be expressed at various units using unit conversion capability of
EES.

Analysis The problem is solved using EES, and the solution is given below.

EQUATION WINDOW

"GIVEN"
C_p=4.18 [kJ/kg-C]

"ANALYSIS"

C_p_1=C_p*Convert(kJ/kg-C, kd/kg-K)

2=C_p*Convert(kJ/kg-C, Btu/lbm-F)
C_p*Convert(kJ/kg-C, Btu/lbm-R)

C_p_
C_p_3=
C_p_4=C_p*Convert(kJ/kg-C, kCal/kg-C)

FORMATTED EQUATIONS WINDOW

GIVEN
Cp, = 418 [kJkgC]

ANALYSIS
- kJ/kg—K
p1 = kJ/kg—C
C,, = C 0238846 - —ibm—F
p2 = b ' kJ/kg—C
C,3 = C 0238846 - —Mbm—R
p3 = b ‘ kJ/kg—C
kCal/kg-C
Cps = Cp - [0238846 - ————
’ kJ/kg—C

SOLUTION WINDOW

-bwl\)—‘-lk

18 [kJ/kg-C]
4.18 [kJ/kg-K]

0.9984 [Btu/lbm-F]
0.9984 [Btu/lbm-R]
0.

C_
C_
C_
C_
C_ 9984 [kCal/kg-C]

'O'O'U'O'O
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Review Problems

1-85 A hydraulic lift is used to lift a weight. The
diameter of the piston on which the weight to be

placed is to be determined. Weight
Assumptions 1 The cylinders of the lift are F 2500 kg
vertical. 2 There are no leaks. 3 Atmospheric * 1

pressure act on both sides, and thus it can be
disregarded. 25kg F,
Analysis Noting that pressure is force per unit area, *
the pressure on the smaller piston is determined
from

p:ﬂ: mg N 10 cm c D, —)

Y4 apla

~ (25kg)(9.81m/s?) 1kN
7(0.10m)* /4 {1000 kg - m/s?

=31.23kN/m? = 31.23kPa

From Pascal’s principle, the pressure on the greater piston is equal to that in the smaller piston. Then, the
needed diameter is determined from

F
R=P=-2=-"128 3123 kN/m’ -
4, 7D," /4 aD,” /4
Discussion Note that large weights can be raised by little effort in hydraulic lift by making use of Pascal’s
principle.

2
_ (2500kg)(9-81m/s*) 1kN D, =1.0m
1000 kg - m/s?

1-86 A vertical piston-cylinder device contains a gas. Some weights are to WEIGTHS
be placed on the piston to increase the gas pressure. The local atmospheric

pressure and the mass of the weights that will double the pressure of the
gas are to be determined.

Assumptions Friction between the piston and the cylinder is negligible.

Analysis The gas pressure in the piston-cylinder device initially depends
on the local atmospheric pressure and the weight of the piston. Balancing GAS
the vertical forces yield

m piston g

P =100kPa

atm

_p_ _(5kg)(9.81m/s2)[ KN

7(0.12m?*)/4 1000 kg - m/s>
The force balance when the weights are placed is used to determine the mass of the weights

(mpiston + mweights )g
A

(5 KE+ M ignis NO-81m/s ) 1kN
7(0.12m?)/4 1000 kg - m/s?

] =95.66 kN/m? = 95.7 kPa

P=P, +

200 kPa =95.66 kPa +

J mweights =115.3 kg

A large mass is needed to double the pressure.
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1-87 An airplane is flying over a city. The local atmospheric pressure in that city is to be determined.
Assumptions The gravitational acceleration does not change with altitude.

Properties The densities of air and mercury are given to be 1.15 kg/m’ and 13,600 kg/m’.

Analysis The local atmospheric pressure is determined from

Patm = Pplane +pgh
1kN

—  —  |=91.84kN/m? =91.8kPa
1000 kg - m/s>

=58kPa +(1.15 kg/m*>)(9.81 m/s*)(3000 m)[

The atmospheric pressure may be expressed in mmHg as

Pim 91.8kPa (1000 Pa j(looo mm

B = -
T pe (13,600 kg/m3)(9.81m/s?) | 1kPa

) =688 mmHg
Im

1-88 The gravitational acceleration changes with altitude. Accounting for this variation, the weights of a
body at different locations are to be determined.

Analysis The weight of an 80-kg man at various locations is obtained by substituting the altitude z (values
in m) into the relation

IN
W =mg = (80kg)(9.807 —3.32x10 ™ zm/s? ) ———
lkg - m/s*

Sea level: (z=0m): W = 80x(9.807-3.32x10°9x0) = 80x9.807 = 784.6 N
Denver: (z=1610 m): W = 80x(9.807-3.32x10°x1610) = 80x9.802 = 784.2 N
Mt. Ev.: (z = 8848 m): W = 80x(9.807-3.32x10°x8848) = 80x9.778 = 782.2 N

1-89 A man is considering buying a 12-oz steak for $3.15, or a 320-g steak for $2.80. The steak that is a
better buy is to be determined.

Assumptions The steaks are of identical quality.

Analysis To make a comparison possible, we need to express the cost of each steak on a common basis. Let
us choose 1 kg as the basis for comparison. Using proper conversion factors, the unit cost of each steak is
determined to be

12 ounce steak:  Unit Cost = ($3'15j (16 OZJ ( Lbm J =$9.26/kg

120z J\ 1lbm )\ 0.45359 kg
320 gram steak: __
- nby s 7\
. $2.80 )( 1000 g o s R TR g B g
Unit Cost =| ——— =$8.75/k - > %)
(mg]( ke ] : 2333043480

Therefore, the steak at the international market is a better buy.
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1-90 The thrust developed by the jet engine of a Boeing 777 is given to be 85,000 pounds. This thrust is to
be expressed in N and kgf.

Analysis Noting that 1 Ibf = 4.448 N and 1 kgf = 9.81 N, the thrust —~
developed can be expressed in two other units as
Thrust in N: Thrust = (85,000 lbf)( 4.448 N) =3.78x10° N %
11bf ~
. 5 1 kgf 4
Thrust in kgf: Thrust = (37.8x10 N)(9 81Nj =3.85x10" kgf

1-91E The efficiency of a refrigerator increases by 3% per °C rise in the minimum temperature. This
increase is to be expressed per °F, K, and R rise in the minimum temperature.
Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a
change of 1 K or 1°C in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the increase in
efficiency is

(a) 3% for each K rise in temperature, and

(b), (¢) 3/1.8=1.67% for each R or °F rise in temperature.

1-92E The boiling temperature of water decreases by 3°C for each 1000 m rise in altitude. This decrease in
temperature is to be expressed in °F, K, and R.
Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a
change of 1 K or 1°C in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the decrease in
the boiling temperature is

(a) 3 K for each 1000 m rise in altitude, and

(b), (c) 3x1.8=5.4°F =5.4 R for each 1000 m rise in altitude.

1-93E The average body temperature of a person rises by about 2°C during strenuous exercise. This
increase in temperature is to be expressed in °F, K, and R.

Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a
change of 1 K or 1°C in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the rise in the
body temperature during strenuous exercise is

(a) 2K
(b) 2x1.8 = 3.6°F
(c) 2x1.8=3.6R
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1-94E Hyperthermia of 5°C is considered fatal. This fatal level temperature change of body temperature is
to be expressed in °F, K, and R.
Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a

change of 1 K or 1°C in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the fatal level of
hypothermia is

(a) 5K
(b) 5x1.8=9°F
(c) 5x1.8=9R

1-95E A house is losing heat at a rate of 4500 kJ/h per °C temperature difference between the indoor and
the outdoor temperatures. The rate of heat loss is to be expressed per °F, K, and R of temperature difference
between the indoor and the outdoor temperatures.
Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a
change of 1 K or 1°C in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the rate of heat
loss from the house is

(a) 4500 kJ/h per K difference in temperature, and

(b), (c) 4500/1.8 =2500 kJ/h per R or °F rise in temperature.

1-96 The average temperature of the atmosphere is expressed as Ty, = 288.15 — 6.5z where z is altitude in
km. The temperature outside an airplane cruising at 12,000 m is to be determined.

Analysis Using the relation given, the average temperature of the atmosphere at an altitude of 12,000 m is
determined to be

Tam = 288.15 - 6.5z
=288.15-6.5x12
=210.15K = - 63°C
Discussion This is the “average” temperature. The actual temperature at different times can be different.

1-97 A new “Smith” absolute temperature scale is proposed, and a value of 1000 S is assigned to the
boiling point of water. The ice point on this scale, and its relation to the Kelvin scale are to be determined.
Analysis All linear absolute temperature scales read zero at absolute zero pressure,
and are constant multiples of each other. For example, T(R) = 1.8 T(K). That is, K S
multiplying a temperature value in K by 1.8 will give the same temperature in R.
The proposed temperature scale is an acceptable absolute temperature scale 373.15 T 1000
since it differs from the other absolute temperature scales by a constant only. The
boiling temperature of water in the Kelvin and the Smith scales are 315.15 K and
1000 K, respectively. Therefore, these two temperature scales are related to each
other by
1000
373.15
The ice point of water on the Smith scale is

T(S)ice = 2.6799 T(K)ice = 2.6799x273.15="732.0 S R

7(S) =

T(K) = 2.6799 T(K)
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1-98E An expression for the equivalent wind chill temperature is given in English units. It is to be
converted to SI units.

Analysis The required conversion relations are 1 mph = 1.609 km/h and 7(°F) = 1.87(°C) + 32. The first
thought that comes to mind is to replace 7(°F) in the equation by its equivalent 1.87(°C) + 32, and V" in mph
by 1.609 km/h, which is the “regular” way of converting units. However, the equation we have is not a
regular dimensionally homogeneous equation, and thus the regular rules do not apply. The ¥ in the equation
is a constant whose value is equal to the numerical value of the velocity in mph. Therefore, if V' is given in
km/h, we should divide it by 1.609 to convert it to the desired unit of mph. That is,

F)=914—-[914— T, ... (CF)][0475— 0.0203(V / 1.609) + 0.304~/V / 1.609]

equlv (O
or
F) =914 —[914 T, i CF)I[0475—0.0126V + 02404V ]

equlv (o

where V' is in km/h. Now the problem reduces to converting a temperature in °F to a temperature in °C,
using the proper convection relation:

187, iy (°C) +32 = 914~ [914 — (18T, i (°C) +32)1[0.475 - 0.0126F + 0240V |

which simplifies to
(°C) =33.0-(33.0— T pient )(0.475—-0.0126) + 0.240x/7)

equw

where the ambient air temperature is in °C.
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1-99E EES Problem 1-98E is reconsidered. The equivalent wind-chill temperatures in °F as a function of
wind velocity in the range of 4 mph to 100 mph for the ambient temperatures of 20, 40, and 60°F are to be
plotted, and the results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

"Obtain V and T_ambient from the Diagram Window"

{T_ambient=10

V=20}

V_use=max(V,4)

T_equiv=91.4-(91.4-T_ambient)*(0.475 - 0.0203*V_use + 0.304*sqrt(V_use))

"The parametric table was used to generate the plot, Fill in values for T_ambient and V (use Alter
Values under Tables menu) then use F3 to solve table. Plot the first 10 rows and then overlay the
second ten, and so on. Place the text on the plot using Add Text under the Plot menu."

Tequiv Tambient \ [mph]

[F] [F] 20—
:22 :3(5) 18 105_ Wind Chill Temperature _
-40 -15 10 of ;
34 10 10 3

27 5 10 -10F

21 0 10 _20:_ Wind speed =10 mph

15 5 10 -

9 10 10 : %

3 15 10 T 40f

3 20 10 S sof

75 25 20 -

68 20 20 -60F

-61 -15 20 70E

-53 -10 20 :

46 5 20 R

-39 0 20

_32 5 20 Tambient

25 10 20

18 15 20

11 20 20 60— ‘ ‘ ‘ ‘
-87 25 30 1
I )

64 10 30 “

-56 -5 30 30

49 0 30

-41 5 30 % 20

-33 10 30 R

26 15 30 €

18 20 30 0

93 25 40

-85 -20 40 10 T - o0F

77 15 40 20 ame

69 10 40

61 5 40 0

54 0 40 vV [mphl

46 5 40

38 10 40

-30 15 40

22 20 40
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1-100 One section of the duct of an air-conditioning system is laid underwater. The upward force the water
will exert on the duct is to be determined.

Assumptions 1 The diameter given is the outer diameter of the duct (or, the thickness of the duct material is
negligible). 2 The weight of the duct and the air in is negligible.

Properties The density of air is given to be p = 1.30 kg/m’>. We

take the density of water to be 1000 kg/m”. ? 3 D15 em 6
Analysis Noting that the weight of the duct and the air in it is

negligible, the net upward force acting on the duct is the buoyancy L=20m

force exerted by water. The volume of the underground section of Fa

the duct is

V =AL = (zD* / 4)L =[7(0.15m)? /4](20 m) = 0.353 m*
Then the buoyancy force becomes

1kN

Fy = pgV = (1000 kg/m*)(9.81 m/s*)(0.353 m*)) —————
1000 kg - m/s

J =346 kN

Discussion The upward force exerted by water on the duct is 3.46 kN, which is equivalent to the weight of
a mass of 353 kg. Therefore, this force must be treated seriously.

1-101 A helium balloon tied to the ground carries 2 people. The acceleration of the balloon when it is first
released is to be determined.

Assumptions The weight of the cage and the ropes of the balloon is negligible.
Properties The density of air is given to be p = 1.16 kg/m’. The density of helium gas is 1/7" of this.
Analysis The buoyancy force acting on the balloon is

Vballoon = 41‘51‘3/3 = 47[(5 m)3 /3 = 5236 m3
Fp = pairgvballoon

= (1.16 kg/m>)(9.81m/s*)(523.6 m*) J:5958 N e :

{1 kg-m/s’

The total mass is

Mye

= PV = [#kg/m3j(523.6 m?) =86.8 kg

Mygta) = Myge + 1M =86.84+2x70=226.8 kg

people
The total weight is
) IN
W =m g =(226.8 kg)(9.81 m/s”) > |=2225N
1kg-m/s
Thus the net force acting on the balloon is m =140 kg o)
F =Fg—W =5958-2225=3733 N
Then the acceleration becomes
F, lkg-m/s*
g fnet _ 3733 N g-m/s _16.5 m/s?
My, 226.8kg IN
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1-102 EES Problem 1-101 is reconsidered. The effect of the number of people carried in the balloon on
acceleration is to be investigated. Acceleration is to be plotted against the number of people, and the results
are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

"Given Data:"

rho_air=1.16"[kg/m*3]" "density of air"
g=9.807"[m/s"2]"

d_balloon=10"[m]"

m_1person=70"[kg]"

{NoPeople = 2} "Data suppied in Parametric Table"

"Calculated values:"

rho_He=rho_air/7"[kg/m”3]" "density of helium"

r_balloon=d_balloon/2"[m]"

V_balloon=4*pi*r_balloon*3/3"[m"3]"

m_people=NoPeople*m_1person"[kg]"

m_He=rho_He*V_balloon"[kg]"

m_total=m_He+m_people"[kg]"

"The total weight of balloon and people is:"

W-_total=m_total*g"[N]"

"The buoyancy force acting on the balloon, F_b, is equal to the weight of the air displaced by
the balloon."

F_b=rho_air*V_balloon*g"[N]"

"From the free body diagram of the balloon, the balancing vertical forces must equal the
product of the total mass and the vertical acceleration:"

F_b-W_total=m_total*a_up

30 L I |

A, [m/s’] | NoPeople
28.19
16.46
10.26
6.434
3.831
1.947

0.5204
-0.5973
-1.497
-2.236

OO N[O |WIN(—

ayp [m/sA2]

-
o

NoPeople
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1-103 A balloon is filled with helium gas. The maximum amount of load the balloon can carry is to be
determined.
Assumptions The weight of the cage and the ropes of the balloon is
negligible.

Properties The density of air is given to be p = 1.16 kg/m’. The

density of helium gas is 1/7th of this.

Analysis In the limiting case, the net force acting on the balloon will
be zero. That is, the buoyancy force and the weight will balance each

other:

Thus,

W =mg="Fjy
Helium
F 5958 N
Myotal = L= — = 607.3 kg balloon
g 9.81m/s
[T
Mpeople = Miotal ~ Mye = 607.3-86.8 =520.5 kg m b

1-104E The pressure in a steam boiler is given in kgf/cm®. It is to be expressed in psi, kPa, atm, and bars.

Analysis We note that 1 atm = 1.03323 kgf/em?®, 1 atm = 14.696 psi, 1 atm = 101.325 kPa, and 1 atm =
1.01325 bar (inner cover page of text). Then the desired conversions become:

In atm:

In psi:

In kPa:

In bars:

P = (92 kgf/cm?)

P = (92 kgf/em?)

P =(92kgf/em?)

P =(92kgf/lem?)

1 atm

1.03323 kgf/cm?

1 atm

=89.04 atm

1.03323 kgf/em?

1 atm

14.696 psi
1 atm

J =1309 psi

101.325kPa

1.03323 kgf/em?

1 atm

=9022 kPa
1 atm

1.03323 kgf/em?

(1.01325 bar

=90.22 bar
1 atm

Discussion Note that the units atm, kgf/cmz, and bar are almost identical to each other.
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1-105 A barometer is used to measure the altitude of a plane relative to the ground. The barometric
readings at the ground and in the plane are given. The altitude of the plane is to be determined.

Assumptions The variation of air density with altitude is negligible.

Properties The densities of air and mercury are given to be p = 1.20
kg/m® and p = 13,600 kg/m’.

Analysis Atmospheric pressures at the location of the plane and the
ground level are

Pplane = (pgh)plane
= (13,600 kg/m*)(9.81 m/s?)(0.690 m) IN I kPa
’ ' ' 1kg-m/s* | 1000 N/m?

=92.06 kPa
Pground = (pgh)ground
(13.600 ke/m)(9.81 m/s?)(0.753 m)| —— I kPa h
=(13, . s . m
£ 1kg-m/s? )| 1000 N/m>
=100.46 kPa

Taking an air column between the airplane and the ground and writing
a force balance per unit base area, we obtain

Wair /4= Pground _Pplane
(pgh)air = Pground _Pplane

IN 1 kPa
1kg-m/s* || 1000 N/m?

(1.20 kg/m*>)(9.81 m/s> )(h)[ J = (100.46—92.06) kPa
It yields h=714 m
which is also the altitude of the airplane.

1-106 A 10-m high cylindrical container is filled with equal
volumes of water and oil. The pressure difference between the
top and the bottom of the container is to be determined.
Properties The density of water is given to be p = 1000 kg/m’.
The specific gravity of oil is given to be 0.85.

Analysis The density of the oil is obtained by multiplying its
specific gravity by the density of water,

p=8Gx py o =(0.85)(1000 kg/m*) = 850 kg/m’

Oil
SG=10.85

Water

The pressure difference between the top and the bottom of the
cylinder is the sum of the pressure differences across the two
fluids,

APtotal = APoil = (pgh) oil T (pgh) water [

+ AP,

water

1 kPa
1000 N/m?

= [(850 kg/m*)(9.81 m/s?)(5 m)+ (1000 kg/m>)(9.81 m/s?)(5 m)]
=90.7 kPa

0 Sea level
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1-107 The pressure of a gas contained in a vertical piston-cylinder device is measured to be 250 kPa. The
mass of the piston is to be determined.

Assumptions There is no friction between the piston and the cylinder. P
Analysis Drawing the free body diagram of the piston and balancing i i
the vertical forces yield )
W=PA-P, A
mg =(P—-P,,)A4 T T T
P

2
(m)(9.81 m/s2) = (250—100 kPa)(30 10~ m> ){%J
a

It yields m=45.9 kg

1-108 The gage pressure in a pressure cooker is maintained constant at 100 kPa by a petcock. The mass of
the petcock is to be determined.
Assumptions There is no blockage of the pressure release valve.
Analysis Atmospheric pressure is acting on all surfaces of the petcock, which Pom
balances itself out. Therefore, it can be disregarded in calculations if we use
the gage pressure as the cooker pressure. A force balance on the petcock (ZF
= 0) yields
W = Pyge A P
} W=mg

e Paged (100 kPa)(4x10™°m?) [ 1000 kg/m s
g 9.81 m/s* 1 kPa
= 0.0408 kg

1-109 A glass tube open to the atmosphere is attached to a water pipe, and the pressure at the bottom of the
tube is measured. It is to be determined how high the water will rise in the tube.

Properties The density of water is given to be p = 1000 kg/m’.
Analysis The pressure at the bottom of the tube can be expressed as

P:Palm +(pgh)tube

Solving for A, :f A .,
= P~ Pam Pun=92kPa [~
rg §

~ (115-92) kPa 1kg-m/s? ) 1000 N/m?
(1000 kg/m*)(9.81m/s?) IN 1 kPa
=2.34m
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1-110 The average atmospheric pressure is given as P, =101.325(1—0.02256z)’*° where z is the
altitude in km. The atmospheric pressures at various locations are to be determined.

Analysis The atmospheric pressures at various locations are obtained by substituting the altitude z values in
km into the relation

P,,, =101325(1-0.022562)325%6

Atlanta: (z=0.306 km): P, = 101.325(1 - 0.02256x0.306)°*° = 97.7 kPa
Denver: (z=1.610 km): P, = 101.325(1 - 0.02256x1.610)>*°° = 83.4 kPa
M. City: (z=2.309 km): Py = 101.325(1 - 0.02256x2.309)°*° = 76.5 kPa
Mt. Ev.: (z = 8.848 km): P, = 101.325(1 - 0.02256x8.848)>%°° = 31.4 kPa

1-111 The air pressure in a duct is measured by an inclined manometer. For a given vertical level
difference, the gage pressure in the duct and the length of the differential fluid column are to be determined.

Assumptions The manometer fluid is an incompressible substance.
Properties The density of the liquid is given to be p

=0.81 kg/L = 810 kg/m’. Fresh
Analysis The gage pressure in the duct is determined Water
from
L —
Pgage =Pabs_Patm ngh IN 1P <>8cm
a
= (810 kg/m>)(9.81 m/s?)(0.08 m) 5 > _//<35o
1 kg-m/s 1 N/m
=636 Pa

The length of the differential fluid column is
L=h/sin@=(8cm)/sin35°=13.9 cm

Discussion Note that the length of the differential fluid column is extended considerably by inclining the
manometer arm for better readability.

1-112E Equal volumes of water and oil are poured into a U-tube from different arms, and the oil side is
pressurized until the contact surface of the two fluids moves to the bottom and the liquid levels in both
arms become the same. The excess pressure applied on the oil side is to be determined.

Assumptions 1 Both water and oil are incompressible substances. 2 /
Oil does not mix with water. 3 The cross-sectional area of the U-tube
is constant. Water Blown

Properties The density of oil is given to be py; = 49.3 Ibm/ft’. We take
the density of water to be p,, = 62.4 Ibm/ft’.

Analysis Noting that the pressure of both the water and the oil is the 0il
same at the contact surface, the pressure at this surface can be
expressed as

Pcontact = Pblow + pagha = Patm + pwghw
Noting that 4, = h,, and rearranging,
Pgage,blow = Pblow - Patm = (pw — Poil )gh

; X 1 Ibf 1 ft?
= (62.4-49.3 Ibm/ft>)(32.2 ft/s>)(30/12 ft) - -

] 32.2 Ibm-ft/s 144 in
=0.227 psi

Discussion When the person stops blowing, the oil will rise and some water will flow into the right arm. It
can be shown that when the curvature effects of the tube are disregarded, the differential height of water
will be 23.7 in to balance 30-in of oil.

30in
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1-113 It is given that an IV fluid and the blood pressures balance each other when the bottle is at a certain
height, and a certain gage pressure at the arm level is needed for sufficient flow rate. The gage pressure of
the blood and elevation of the bottle required to maintain flow at the desired rate are to be determined.

Assumptions 1 The IV fluid is incompressible. 2 The IV bottle is open to the atmosphere.
Properties The density of the IV fluid is given to be p = 1020 kg/m’.

Analysis (a) Noting that the IV fluid and the blood pressures balance each Pum
other when the bottle is 1.2 m above the arm level, the gage pressure of v k- -
the blood in the arm is simply equal to the gage pressure of the IV fluid at Bottle "=~ """
adepthoft2m,
Pgage, arm — Pabs - Patm = /Ogharm—boltle
= (1020 kg/m>)(9.81 m/s?)(1.20 m) L kN L kPa
& ' ' 1000 kg-m/s* )| 1 kN/m? 1.2m
=12.0 kPa

(b) To provide a gage pressure of 20 kPa at the arm level, the height of the
bottle from the arm level is again determined from Pyoe orm = £8Mam-bottie

to be \

T
<
<<

Pa €, arm
harm-bottle = - W
Pg
20 kPa 1000 kg-m/s* | 1 kN/m? 20
= =Z.U m
(1020 kg/m*)(9.81m/s?) 1kN 1 kPa

Discussion Note that the height of the reservoir can be used to control flow rates in gravity driven flows.
When there is flow, the pressure drop in the tube due to friction should also be considered. This will result
in raising the bottle a little higher to overcome pressure drop.
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1-114 A gasoline line is connected to a pressure gage
through a double-U manometer. For a given reading v
of the pressure gage, the gage pressure of the gasoline /\
line is to be determined. = /\
Assumptions 1 All the liquids are incompressible. 2
The effect of air column on pressure is negligible.
Properties The specific gravities of oil, mercury, and 45|cm
gasoline are given to be 0.79, 13.6, and 0.70,
respectively. We take the density of water to be p,, = Air
1000 kg/m’.

Analysis Starting with the pressure indicated by the

pressure gage and moving along the tube by adding —
(as we go down) or subtracting (as we go up) the pgh

Pyge = 370 kPa

0Oil

50/cm

terms until we reach the gasoline pipe, and setting the Water Lt

result equal to Pgyoline giVes v v Mercury

Pgage ~Pw ghw * Poil ghoil ~ Pug thg ~ Pgasoline ghgasoline = Pgasoline

Rearranging,
Pgasoline = Pgage ~—Pw g(hw -SG oilhoil +SG Hg hHg +SG gasoline hgasoline)
Substituting,
Prasotine =370 kPa - (1000 kg/m?)(9.81m/5?)[(0.45 m) — 0.79(0.5 m) +13.6(0.1m) + 0.70(0.22 m)]

5 1kN ( 1kPa j
1000 kg - m/s> \ 1kN/m?

=354.6 kPa
Therefore, the pressure in the gasoline pipe is 15.4 kPa lower than the pressure reading of the pressure
gage.
Discussion Note that sometimes the use of specific gravity offers great convenience in the solution of
problems that involve several fluids.
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1-115 A gasoline line is connected to a pressure gage P...— 180 kPa
through a double-U manometer. For a given reading of L -

the pressure gage, the gage pressure of the gasoline line /\ )
is to be determined. — /\ Oil

Assumptions 1 All the liquids are incompressible. 2 The

effect of air column on pressure is negligible.

Properties The specific gravities of oil, mercury, and 45fem

gasoline are given to be 0.79, 13.6, and 0.70,
respectively. We take the density of water to be p,, =
1000 kg/m’.

Analysis Starting with the pressure indicated by the
pressure gage and moving along the tube by adding (as T
we go down) or subtracting (as we go up) the pgh terms

Air

Water

until we reach the gasoline pipe, and setting the result

equal to P, gasoline gives \\J \\J Mercury

Pgage ~Pw ghw + poilghoil ~ Pug thg ~ Pgasoline ghgasoline = Pgasoline

Rearranging,
Pgasoline = Pgage ~—Pw g(hw -SG oilhoil +SG Hg hHg +SG gasoline hgasoline)
Substituting,
Pyasotine =180 kPa - (1000 kg/m*)(9.807 m/s)[(0.45 m) — 0.79(0.5 m) +13.6(0.1m) +0.70(0.22 m)]

y 1kN [ 1kPa j
1000 kg - m/s* \ 1kN/m?

=164.6 kPa
Therefore, the pressure in the gasoline pipe is 15.4 kPa lower than the pressure reading of the pressure
gage.
Discussion Note that sometimes the use of specific gravity offers great convenience in the solution of
problems that involve several fluids.
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1-116E A water pipe is connected to a double-U manometer oil

whose free arm is open to the atmosphere. The absolute //\
pressure at the center of the pipe is to be determined.

Assumptions 1 All the liquids are incompressible. 2 The A A L

solubility of the liquids in each other is negligible.

Properties The specific gravities of mercury and oil are given
to be 13.6 and 0.80, respectively. We take the density of water
to be p,, = 62.4 Ibm/ft’. 35|in
Analysis Starting with the pressure at the center of the water
pipe, and moving along the tube by adding (as we go down) or
subtracting (as we go up) the pgh terms until we reach the v ||
free surface of oil where the oil tube is exposed to the S @ 15} in
atmosphere, and setting the result equal to P, gives Water Y

\/ Mercury
Pwater pipe pwaterghwater + poilghoil - pHg thg - poilghoil = Patm \/

Solving for Pyater pipe,
P,

Oil

40| in|
60| in

= Patm + pwaterg(hwater - SGoilhoil + SGthHg + SGoilhoil)

water pipe
Substituting,
Paerpipe = 14.2psia +(62.41bm/ft* )(32.2 fi/s > )[(35/12 ft) — 0.8(60/12 ft) +13.6(15/12 1)

2
+0.8(40/12 ft)] x 1 Ibf > Lt >

) 32.2 Ibm-ft/s 144 in
=22.3 psia

Therefore, the absolute pressure in the water pipe is 22.3 psia.

Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the
same in the same fluid simplifies the analysis greatly.
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1-117 The temperature of the atmosphere varies with altitude z as T =T, — fz, while the gravitational

acceleration varies by g(z) =g, /(1+z/ 6,370,320)* . Relations for the variation of pressure in atmosphere
are to be obtained () by ignoring and (b) by considering the variation of g with altitude.
Assumptions The air in the troposphere behaves as an ideal gas.
Analysis (a) Pressure change across a differential fluid layer of thickness dz in the vertical z direction is
dP = —pgdz
P

——=————"_"Then,
RT ~ R(T, - f)

From the ideal gas relation, the air density can be expressed as p =

P
-———gdz
R(Ty — fp2)
Separating variables and integrating from z = 0 where P = P, to z =z where P =P,
ap __ [ 84z
P, P R(T, — )
Performing the integrations.
T, —
In £ - & O_'HZ
B Rp Ty
Rearranging, the desired relation for atmospheric pressure for the case of constant g becomes
&
R
T,

0

dpP =

(b) When the variation of g with altitude is considered, the procedure remains the same but the expressions
become more complicated,

P 8o d
_ dz
R(T, - fz) (1+2/6,370,320)

Separating variables and integrating from z = 0 where P = P, to z =z where P =P,

apP __ f 8odz
7, P R(T, — Bz)(1+z/6,370,320)*

Performing the integrations,

z

” g 1 vk
B RB|(+KTy | ) A+kz)  (14+KT, / B)? TO—,Bz|O

where R =287 J/kg-K = 287 m?/s>K is the gas constant of air. After some manipulations, we obtain

P =P, exp| - £o [ ! + ! In I+kz J
R(p+kTy)\1+1/kz 1+kTy/pB 1-p2/T,

where 7, =288.15 K, p = 0.0065 K/m, g, =9.807 m/s*, k= 1/6,370,320 m™', and z is the elevation in m..

Discussion When performing the integration in part (b), the following expression from integral tables is
used, together with a transformation of variable x =7, — gz,

2 - o
x(a+ bx) a(a+ bx) X

Also, for z= 11,000 m, for example, the relations in (a) and (b) give 22.62 and 22.69 kPa, respectively.

J’ dx 1 1 | a+bx
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1-118 The variation of pressure with density in a thick gas layer is given. A relation is to be obtained for

pressure as a function of elevation z.

Assumptions The property relation P=Cp" is valid over the entire region considered.

Analysis The pressure change across a differential fluid layer of thickness dz in the vertical z direction is

given as,
dP = —pgdz

Also, the relation P=Cp" can be expressedas C =P/ p" = Py / p| , and thus

p=po(P/P)""
Substituting,
dP =—gp,(P/ Py)"" dz

Separating variables and integrating from z = 0 where P =P, =Cp; toz=z where P=P,

J:(P/PO)‘””dP - —pogfdz

Performing the integrations.

P
P (P/PO)*I/I’H»I
B T
O et o8
0
Solving for P,
n/(n-1)
p=p |1l Pog
‘ n P

which is the desired relation.

Discussion The final result could be expressed in various forms. The form given is very convenient for
calculations as it facilitates unit cancellations and reduces the chance of error.
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1-119 A pressure transducers is used to measure pressure by generating analogue signals, and it is to be
calibrated by measuring both the pressure and the electric current simultaneously for various settings, and
the results are tabulated. A calibration curve in the form of P = al + b is to be obtained, and the pressure
corresponding to a signal of 10 mA is to be calculated.
Assumptions Mercury is an incompressible liquid.
Properties The specific gravity of mercury is given to be 13.56, and thus its density is 13,560 kg/m’.
Analysis For a given differential height, the pressure can be calculated from

P = pgAh

For Ah =28.0 mm = 0.0280 m, for example,

P =13.56(1000 kg/m>)(9.81m/s? )(0.0280 m) IKN 5 [ 1kPa2j:3.75kPa
1000 kg - m/s 1kN/m

Repeating the calculations and tabulating, we have

Ah(mm) | 28.0 | 181.5 | 297.8 413.1 765.9 1027 1149 1362 1458 1536

P(kPa) | 3.73 | 24.14 | 39.61 | 5495 | 1019 | 136.6 | 152.8 | 181.2 | 193.9 | 204.3

I(mA) | 421 |5.78 6.97 8.15 11.76 14.43 | 15.68 17.86 18.84 19.64

A plot of P versus [ is given below. It is clear that the pressure varies linearly with the current, and using
EES, the best curve fit is obtained to be

P=13.00/-51.00 (kPa) for 421<7<19.64. Multimeter
For =10 mA, for example, we would get P = 79.0 kPa.
Pressure
225 transducer
180 / Valve
L 1 L
135
| / | Pressurized
% Air, P
/ A
r.' - . Ah
45 Rigid container Manometer
F / 1 Y Ve
0

4 6 8 10 12 14 16 18 20
I, mA

4

Mercury
™ SG=13.5
/4

Discussion Note that the calibration relation is valid in the specified range of currents or pressures.
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Fundamentals of Engineering (FE) Exam Problems

1-120 Consider a fish swimming 5 m below the free surface of water. The increase in the pressure exerted
on the fish when it dives to a depth of 45 m below the free surface is
(a) 392 Pa (b) 9800 Pa (¢) 50,000 Pa (d) 392,000 Pa (e) 441,000 Pa

Answer (d) 392,000 Pa

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

rho=1000 "kg/m3"

g=9.81 "m/s2"

z1=5"m"

z2=45"m"
DELTAP=rho*g*(z2-z1) "Pa"

"Some Wrong Solutions with Common Mistakes:"
W1_P=rho*g*(z2-z1)/1000 "dividing by 1000"
W2_P=rho*g*(z1+z2) "adding depts instead of subtracting"
W3_P=rho*(z1+z2) "not using g"

W4 _P=rho*g*(0+z2) "ignoring z1"

1-121 The atmospheric pressures at the top and the bottom of a building are read by a barometer to be 96.0
and 98.0 kPa. If the density of air is 1.0 kg/m’, the height of the building is
(a)17m (b) 20m () 170 m (d) 204 m (€)252m

Answer (d) 204 m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

rho=1.0 "kg/m3"

g=9.81 "m/s2"

P1=96 "kPa"

P2=98 "kPa"
DELTAP=P2-P1 "kPa"
DELTAP=rho*g*h/1000 "kPa"

"Some Wrong Solutions with Common Mistakes:"

DELTAP=rho*W1_h/1000 "not using g"
DELTAP=g*W2_h/1000 "not using rho"
P2=rho*g*W3_h/1000 "ignoring P1"

P1=rho*g*W4_h/1000 "ignoring P2"
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1-122 An apple loses 4.5 kJ of heat as it cools per °C drop in its temperature. The amount of heat loss from

the apple per °F drop in its temperature is
(a) 1.25kJ (b)2.50kJ (c)5.0kJ (d)8.1kJ (e)4.1kJ

Answer (b) 2.50 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Q_perC=4.5"kJ"
Q_perF=Q_perC/1.8 "kJ"

"Some Wrong Solutions with Common Mistakes:"
W1_Q=Q_perC*1.8 "multiplying instead of dividing"
W2_Q=Q_perC "setting them equal to each other"

1-123 Consider a 2-m deep swimming pool. The pressure difference between the top and bottom of the
pool is
(a) 12.0 kPa (b) 19.6 kPa (c) 38.1 kPa (d) 50.8 kPa (e) 200 kPa

Answer (b) 19.6 kPa

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

rho=1000 "kg/m*3"

g=9.81 "m/s2"

z1=0 "m"

z2=2"m"
DELTAP=rho*g*(z2-z1)/1000 "kPa"

"Some Wrong Solutions with Common Mistakes:"
W1_P=rho*(z1+z2)/1000 "not using g"
W2_P=rho*g*(z2-z1)/2000 "taking half of z"
W3_P=rho*g*(z2-z1) "not dividing by 1000"
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1-124 At sea level, the weight of 1 kg mass in SI units is 9.81 N. The weight of 1 Ibm mass in English
units is
(a) 1 Ibf (b) 9.81 Ibf (c)32.2 Ibf (d) 0.1 Ibf (e) 0.031 Ibf

Answer (a) 1 1bf

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m=1 "lbm"
g=32.2 "ft/s2"
W=m=g/32.2 "Ibf"

"Some Wrong Solutions with Common Mistakes:"
gSI=9.81 "m/s2"

W1_W= m*gSlI "Using wrong conversion"
W2_W= m*g "Using wrong conversion"

W3_W= m/gSI "Using wrong conversion"
W4_W= m/g "Using wrong conversion"

1-125 During a heating process, the temperature of an object rises by 20°C. This temperature rise is
equivalent to a temperature rise of
(a) 20°F (b) 52°F ()36 K (d)36R (e)293 K

Answer (d) 36 R

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T_inC=20"C"
T_inR=T_inC*1.8 "R"

"Some Wrong Solutions with Common Mistakes:"
W1_TinF=T_inC "F, setting C and F equal to each other"
W2_TinF=T _inC*1.8+32 "F, convertingto F "

W3 _TinK=1.8*T_inC "K, wrong conversion from C to K"
W4 _TinK=T _inC+273 "K, converting to K"

1-126 ... 1-129 Design, Essay, and Experiment Problems
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Chapter 2

ENERGY, ENERGY TRANSFER, AND GENERAL
ENERGY ANALYSIS

Forms of Energy

2-1C In electric heaters, electrical energy is converted to sensible internal energy.

2-2C The forms of energy involved are electrical energy and sensible internal energy. Electrical energy is
converted to sensible internal energy, which is transferred to the water as heat.

2-3C The macroscopic forms of energy are those a system possesses as a whole with respect to some
outside reference frame. The microscopic forms of energy, on the other hand, are those related to the
molecular structure of a system and the degree of the molecular activity, and are independent of outside
reference frames.

2-4C The sum of all forms of the energy a system possesses is called fotal energy. In the absence of
magnetic, electrical and surface tension effects, the total energy of a system consists of the kinetic,
potential, and internal energies.

2-5C The internal energy of a system is made up of sensible, latent, chemical and nuclear energies. The
sensible internal energy is due to translational, rotational, and vibrational effects.

2-6C Thermal energy is the sensible and latent forms of internal energy, and it is referred to as heat in daily
life.

2-7C The mechanical energy is the form of energy that can be converted to mechanical work completely
and directly by a mechanical device such as a propeller. It differs from thermal energy in that thermal
energy cannot be converted to work directly and completely. The forms of mechanical energy of a fluid
stream are kinetic, potential, and flow energies.
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2-8 A river is flowing at a specified velocity, flow rate, and elevation. The total mechanical energy of the
river water per unit mass, and the power generation potential of the entire river are to be determined.

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*. River  3m/s
Analysis Noting that the sum of the flow energy and _ _ _ — :I —
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

y? 5 (3m/s)> ( 1kl/kg j
€mech = Pe+ke=gh+—=|(9.81m/s")(90 m) + =0.887 kl/k
ech p g 2 [( )( ) 2 1000 m2/82 g

The power generation potential of the river water is obtained by multiplying the total mechanical energy by
the mass flow rate,

m = pV = (1000 kg/m*)(500 m*>/s) = 500,000 kg/s
= (500,000 kg/s)(0.887 kJ/kg) = 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.

Wmax = Emech = Me€ech

Discussion Note that the kinetic energy of water is negligible compared to the potential energy, and it can
be ignored in the analysis. Also, the power output of an actual turbine will be less than 444 MW because of
losses and inefficiencies.

2-9 A hydraulic turbine-generator is to generate electricity from the water of a large reservoir. The power
generation potential is to be determined.

Assumptions 1 The elevation of the reservoir
remains constant. 2 The mechanical energy of
water at the turbine exit is negligible.

Analysis The total mechanical energy water in a
reservoir possesses is equivalent to the potential
energy of water at the free surface, and it can be
converted to work entirely. Therefore, the power
potential of water is its potential energy, which is
gz per unit mass, and mgz for a given mass flow

| 1
rate. Generator

1kJ/kg
1000 m?/s>

Then the power generation potential becomes

€mech = P€ =8z =(9.81 m/s?)(120 m)( J =1.177kl/kg

e e = (1500 kg/s)(1.177 kJ/kg)(llllz—JV/vj =1766 kW
S

Therefore, the reservoir has the potential to generate 1766 kW of power.

Wmax =E mech —

Discussion This problem can also be solved by considering a point at the turbine inlet, and using flow
energy instead of potential energy. It would give the same result since the flow energy at the turbine inlet is
equal to the potential energy at the free surface of the reservoir.
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2-10 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass and the
power generation potential are to be determined.

Assumptions The wind is blowing steadily at a
constant uniform velocity. _—

Wind

Properties The density of air is given to be p=1.25 Wind turbine
kg/m’. >

. L . 10 m/s )
Analysis Kinetic energy is the only form of 60 m
mechanical energy the wind possesses, and it can be -
converted to work entirely. Therefore, the power >
potential of the wind is its kinetic energy, which is
V212 per unit mass, and mV?/2 for a given mass S

flow rate:

v?  (10m/s)° ( 1kJ/kg

e =ke=— =0.050kJ/k
mech 2 2 1000 m2/s> j s

2

7D 2
= pVA=pV — —=(125 kg/m®)(10 m/s) FEO ™"

=35,340 kg/s

Winax = Emech = Memeen = (35,340 kg/s)(0.050 ki/kg) =1770 kW

mech
Therefore, 1770 kW of actual power can be generated by this wind turbine at the stated conditions.

Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and
thus the power generation will change strongly with the wind conditions.

2-11 A water jet strikes the buckets located on the perimeter of a wheel at a specified velocity and flow
rate. The power generation potential of this system is to be determined.

Assumptions Water jet flows steadily at the specified speed
and flow rate.

-~

Analysis Kinetic energy is the only form of harvestable
mechanical energy the water jet possesses, and it can be
converted to work entirely. Therefore, the power potential
of the water jet is its kinetic energy, which is ¥%/2 per unit

mass, and mV'* /2 fora given mass flow rate:

V?  (60m/s)? [ 1kJ/kg j
em :ke:—: :lSkJ/k
ech 2 2 1000 m?/s> s
Wmax = Emech = memech
= (120 kg/s)(1.8 kI/kg) lk—W =216 kW
1kJ/s

Therefore, 216 kW of power can be generated by this water jet at the stated conditions.

Discussion An actual hydroelectric turbine (such as the Pelton wheel) can convert over 90% of this
potential to actual electric power.
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2-12 Two sites with specified wind data are being considered for wind power generation. The site better
suited for wind power generation is to be determined.

Assumptions 1The wind is blowing steadily at specified velocity during specified times. 2 The wind power
generation is negligible during other times.

Properties We take the density of air to be p = 1.25 kg/m’

(it does not affect the final answer).
Analysis Kinetic energy is the only form of mechanical — Wind
energy the wind possesses, and it can be converted to work Wind turbine
entirely. Therefore, the power potential of the wind is its
kinetic energy, which is V/2 per unit mass, and mV 2 /2 V, m/s

for a given mass flow rate. Considering a unit flow area (4

= 1 m?), the maximum wind power and power generation S 1
becomes
V2 20 1klk -
’ 2 2 1000 m~/s
Vi (10m/s)? [ 1kJ/kg j
e =ke, =——= =0.050kJ/k
mech,2 ™ 72 2 1000 m?/s> s
Wit = Emech1 = €meen.1 = PV Akey = (1.25 kg/m® )(7 m/s)(1m?)(0.0245 ki/kg) = 0.2144 kW
Winax.2 = Emech.2 = M2€meen 2 = PVa Akey =(1.25kg/m*)(10 m/s)(1m*)(0.050 ki/kg) = 0.625 kW

since 1 kW =1 kJ/s. Then the maximum electric power generations per year become
Eax.1t = Wnax 141 = (0.2144 kW)(3000 h/yr) = 643 kWh/yr (per m” flow area)

max.2 = Winax, 2%, = (0.625 kW)(2000 h/yr) = 1250 kWhlyr (per m? flow area)

E max,
Therefore, second site is a better one for wind generation.

Discussion Note the power generation of a wind turbine is proportional to the cube of the wind velocity,
and thus the average wind velocity is the primary consideration in wind power generation decisions.



2-5

2-13 A river flowing steadily at a specified flow rate is considered for hydroelectric power generation by
collecting the water in a dam. For a specified water height, the power generation potential is to be
determined.

Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 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 The total mechanical energy the water in a )
dam possesses is equivalent to the potential energy of River _
water at the free surface of the dam (relative to free =
surface of discharge water), and it can be converted to
work entirely. Therefore, the power potential of water is
its potential energy, which is gz per unit mass, and mgz

for a given mass flow rate.

1kJ/kg

€ e = Pe =gz =(9.81m/s?)(50 m =0.4905 kJ/k

The mass flow rate is
= pV = (1000 kg/m*)(240 m*/s) = 240,000 kg/s
Then the power generation potential becomes

1MW

W =E__. =rp = (240,000 kg/s)(0.4905 kJ/k
max mech memech ( g S)( g)( 1000 kJ/S

j:118MW

Therefore, 118 MW of power can be generated from this river if its power potential can be recovered
completely.

Discussion Note that the power output of an actual turbine will be less than 118 MW because of losses and
inefficiencies.

2-14 A person with his suitcase goes up to the 10" floor in an elevator. The part of the energy of the
elevator stored in the suitcase is to be determined.

Assumptions 1 The vibrational effects in the elevator are negligible.
Analysis The energy stored in the suitcase is stored in the form of potential energy, which is mgz.
Therefore,

1kJ/kg

AE = APE = mgAz = (30 kg)(9.81m/s*)(35 m =10.3kJ
gAz = (30 kg)( X )(1000m2/sz]

suitcase

Therefore, the suitcase on 10™ floor has 10.3 kJ more energy compared to an identical suitcase on the lobby
level.

Discussion Noting that 1 kWh = 3600 kJ, the energy transferred to the suitcase is 10.3/3600 = 0.0029
kWh, which is very small.
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Energy Transfer by Heat and Work

2-15C Energy can cross the boundaries of a closed system in two forms: heat and work.

2-16C The form of energy that crosses the boundary of a closed system because of a temperature
difference is heat; all other forms are work.

2-17C An adiabatic process is a process during which there is no heat transfer. A system that does not
exchange any heat with its surroundings is an adiabatic system.

2-18C It is a work interaction.

2-19C 1t is a work interaction since the electrons are crossing the system boundary, thus doing electrical
work.

2-20C It is a heat interaction since it is due to the temperature difference between the sun and the room.

2-21C This is neither a heat nor a work interaction since no energy is crossing the system boundary. This
is simply the conversion of one form of internal energy (chemical energy) to another form (sensible

energy).

2-22C Point functions depend on the state only whereas the path functions depend on the path followed
during a process. Properties of substances are point functions, heat and work are path functions.

2-23C The caloric theory is based on the assumption that heat is a fluid-like substance called the "caloric"
which is a massless, colorless, odorless substance. It was abandoned in the middle of the nineteenth
century after it was shown that there is no such thing as the caloric.
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Mechanical Forms of Work

2-24C The work done is the same, but the power is different.

2-25C The work done is the same, but the power is different.

2-26 A car is accelerated from rest to 100 km/h. The work needed to achieve this is to be determined.

Analysis The work needed to accelerate a body the change in kinetic energy of the body,

2
Wa:lm(Vf—Vﬁ):l(SOOkg) 100.000m |, Lﬂ =309 kJ
2 2 3600 s 1000 kg-m~/s

2-27 A car is accelerated from 10 to 60 km/h on an uphill road. The work needed to achieve this is to be
determined.

Analysis The total work required is the sum of the changes in potential and kinetic energies,

2 2
W, :%m(sz —Vf)z%(noo kg)[[60,000 mj _[10,000 mj J[ 1kJ 2J2175-5 .

3600 s 3600 s 1000 kg-m?/s

1kJ

and W, =mg(z, —z,) = (1300 kg)(9.81 m/s*)(40 m)] ———————
o = mglz; —2) = (1300 ke)( I )(IOOOkng/SZ

J: 510.0 kJ

Thus,
Wiotar =W, + Wy =175.5+510.0 = 686 kJ

2-28E The engine of a car develops 450 hp at 3000 rpm. The torque transmitted through the shaft is to be
determined.

Analysis The torque is determined from

o Wa __ 450hp  (550Ibf-fs
2 27(3000/60)/s 1 hp

J: 788 Ibf-ft
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2-29 A linear spring is elongated by 20 cm from its rest position. The work done is to be determined.

Analysis The spring work can be determined from

W, lk(xg —x}) = %(70 kN/m)(0.2> —=0)m* =1.4kN-m=1.4 kJ

spring = 7

2-30 The engine of a car develops 75 kW of power. The acceleration time of this car from rest to 100 km/h
on a level road is to be determined.

Analysis The work needed to accelerate a body is the change in its kinetic energy,

2
100,000 1k
W, :lm(vz2 —Vf):lasoo kg) [100000m ) o TK ) 5557y
2 2 3600 s 1000 kg - m?/s>

Thus the time required is

W, 5787k
w, I5ks

This answer is not realistic because part of the power will be used
against the air drag, friction, and rolling resistance.
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2-31 A ski lift is operating steadily at 10 km/h. The power required to operate and also to accelerate this
ski lift from rest to the operating speed are to be determined.

Assumptions 1 Air drag and friction are negligible. 2 The average mass of each loaded chair is 250 kg. 3
The mass of chairs is small relative to the mass of people, and thus the contribution of returning empty
chairs to the motion is disregarded (this provides a safety factor).

Analysis The lift is 1000 m long and the chairs are spaced 20 m apart. Thus at any given time there are
1000/20 = 50 chairs being lifted. Considering that the mass of each chair is 250 kg, the load of the lift at
any given time is

Load = (50 chairs)(250 kg/chair) = 12,500 kg

Neglecting the work done on the system by the returning empty chairs, the work needed to raise this mass
by 200 m is

1kJ

W, =mg(z, —z,)= (12,500 kg)(9.81 m/s*)(200 m) —————
1000 kg-m~/s

J =24,525k]

At 10 km/h, it will take

_ distance  1km

At — =
velocity 10km/h

=0.1h=360s

to do this work. Thus the power needed is

W, 24525kl

=% = 68.1kW
At 360

The velocity of the lift during steady operation, and the acceleration during start up are

v =(10 km/h)(—l ms ) —2.778m/s
3.6 km/h
=2V _2TT8S0 g 556 s
At 5s

During acceleration, the power needed is

14 —lm(Vz—Vz)/At—l(lz 500kg)((2778m/s)2—0 ke /(58)=9.6 kW
a2 207 ' 1000 m?/s? '

Assuming the power applied is constant, the acceleration will also be constant and the vertical distance
traveled during acceleration will be

h=Larsing = Lo 200M _ l(0.556 m/s?)(55)%(0.2) =1.39 m
2 1000m 2
and
. 1 kJ/k
W, =mg(z, —z,)/ At = (12,500 kg)(9.81 m/s*)(1.39 m)( & J/(s s) =34.1kW
kg-m?/s?
g-m-/s

Thus,

Wi =W, +W, =9.6+34.1=43.7 kW
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2-32 A car is to climb a hill in 10 s. The power needed is to be determined for three different cases.
Assumptions Air drag, friction, and rolling resistance are negligible.

Analysis The total power required for each case is the sum of
the rates of changes in potential and kinetic energies. That is,

Wtotal :Wa +Wg

(a) Wa =0 since the velocity is constant. Also, the vertical
rise is h = (100 m)(sin 30°) = 50 m. Thus,

W, =mg(z, —z))/ At = (2000 kg)(9.81 m/s*)(50 m)[ /(10 s) = 98.1 kW

1000 kg-mz/szJ
and Wi =W, +W, =0+98.1=98.1 kW

(b) The power needed to accelerate is

W, = ! mVy =V At = %(2000 kg)[(30 m/s) - 0](

1kJ
— /(10 s) =90 kW
2 /SZJ( )

1000 kg - m?
and Wit =W, +W, =90+98.1=188.1 kW

(¢) The power needed to decelerate is

W, = %m(VZZ V) At = %(2000 kg)[(s m/s) — (35 m/s)zl[ 1kJ = j/(lo s) = —120 kW
S

1000 kg - m?

and W =W, + Wg =-120+98.1=-21.9 kW (breaking power)

2-33 A damaged car is being towed by a truck. The extra power needed is to be determined for three
different cases.

Assumptions Air drag, friction, and rolling resistance are negligible.

Analysis The total power required for each case is the sum of the rates of changes in potential and kinetic
energies. That is,

Wtotal = Wa + Wg
(a) Zero.
(b) W,=0. Thus,

. . Az ] .
W iotal :Wg =mg(z, _21)/Af=mgz=mgVZ =mgV sin 30

_ (1200 kg)(9.8lm/s?) 20000 m | 1kike
3600s )| 1000 m>/s?

](0.5) =81.7kW

(¢c) W, =0. Thus,

2
- S PR 1 90,000 m 1kJ/kg
Witat =W, ==—m(Vy —V7)/ At =— (1200 kg)| | — | -0 | ————— [/(125) =31.3 kW
total a 7 m( 2 1 ) B ( g)L( 3600 s J }[1000 mZ/SZ ( S)



The First Law of Thermodynamics

2-34C No. This is the case for adiabatic systems only.

2-35C Warmer. Because energy is added to the room air in the form of electrical work.

2-36C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass
transport.

2-37 Water is heated in a pan on top of a range while being stirred. The energy of the water at the end of
the process is to be determined.

Assumptions The pan is stationary and thus the changes in kinetic and potential energies are negligible.

Analysis We take the water in the pan as our system. This is a closed system since no mass enters or leaves.
Applying the energy balance on this system gives

E in E out = AE system
v T
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qin +Wsh,in _Qout =AU = U2 _Ul
30kJ+0.5kJ-5kJ=U, —10kJ
U, =35.5 kJ

Therefore, the final internal energy of the system is 35.5 kJ.

2-38E Water is heated in a cylinder on top of a range. The change in the energy of the water during this
process is to be determined.

Assumptions The pan is stationary and thus the changes in kinetic and potential energies are negligible.

Analysis We take the water in the cylinder as the system. This is a closed system since no mass enters or
leaves. Applying the energy balance on this system gives

Ein _Eout = AE

system
— SR—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qin _Wout _Qout =AU :UZ _Ul
65Btu—5Btu—-8Btu = AU
AU =U, -U, =52 Btu

Therefore, the energy content of the system increases by 52 Btu during this process.
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2-39 A classroom is to be air-conditioned using window air-conditioning units. The cooling load is due to
people, lights, and heat transfer through the walls and the windows. The number of 5-kW window air
conditioning units required is to be determined.

Assumptions There are no heat dissipating equipment (such as computers, TVs, or ranges) in the room.
Analysis The total cooling load of the room is determined from

Qcooling = Qlights + Qpeople + Qheat gain

where
Otighs = 10X 100 W =1 kW /\
Oneapte =40 360 kJ /h = 4 kW y -
Oheat gain = 15,000 kJ /h = 4.17 kW Room
Substituting, 15,000 ki/h =1 40 people =P Qeou

10 bulb
Ocooling = 1+4+4.17=9.17TkW ulbs

Thus the number of air-conditioning units required is
9.17kW
5 kW/unit

1.83 2 units

2-40 An industrial facility is to replace its 40-W standard fluorescent lamps by their 35-W high efficiency
counterparts. The amount of energy and money that will be saved a year as well as the simple payback
period are to be determined.

Analysis The reduction in the total electric power consumed by the lighting as a result of switching to the
high efficiency fluorescent is

Wattage reduction = (Wattage reduction per lamp)(Number of lamps)
= (40 - 34 W/lamp)(700 lamps)
=4200 W

Then using the relations given earlier, the energy and cost savings associated with the replacement of the
high efficiency fluorescent lamps are determined to be

Energy Savings = (Total wattage reduction)(Ballast factor)(Operating hours)
= (4.2 kW)(1.1)(2800 h/year)
=12,936 kWhlyear
Cost Savings = (Energy savings)(Unit electricity cost)
= (12,936 kWh/year)($0.08/kWh)
=$1035/year

The implementation cost of this measure is simply the extra cost of the
energy efficient fluorescent bulbs relative to standard ones, and is determined
to be

Implementation Cost = (Cost difference of lamps)(Number of lamps)
= [($2.26-$1.77)/lamp](700 lamps)
= $343
This gives a simple payback period of

Implementationcost ~ $343

Simple payback period = =0.33 year (4.0 months)

Annual cost savings  $1035/ year
Discussion Note that if all the lamps were burned out today and are replaced by high-efficiency lamps
instead of the conventional ones, the savings from electricity cost would pay for the cost differential in
about 4 months. The electricity saved will also help the environment by reducing the amount of CO,, CO,
NO,, etc. associated with the generation of electricity in a power plant.
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2-41 The lighting energy consumption of a storage room is to be reduced by installing motion sensors. The
amount of energy and money that will be saved as well as the simple payback period are to be determined.

Assumptions The electrical energy consumed by the ballasts is negligible.

Analysis The plant operates 12 hours a day, and thus currently the lights are on for the entire 12 hour
period. The motion sensors installed will keep the lights on for 3 hours, and off for the remaining 9 hours
every day. This corresponds to a total of 9x365 = 3285 off hours per year. Disregarding the ballast factor,
the annual energy and cost savings become

Energy Savings = (Number of lamps)(Lamp wattage)(Reduction of annual operating hours)
= (24 lamps)(60 W/lamp )(3285 hours/year)
= 4730 kWhlyear
Cost Savings = (Energy Savings)(Unit cost of energy)
= (4730 kWh/year)($0.08/kWh)
= $378/year

The implementation cost of this measure is the sum of the purchase
price of the sensor plus the labor,

Implementation Cost = Material + Labor = $32 + $40 = $72
This gives a simple payback period of

Implementation cost ~ §72

Simple payback period = =0.19 year (2.3 months)

Annual cost savings - $378/ year

Therefore, the motion sensor will pay for itself in about 2 months.

2-42 The classrooms and faculty offices of a university campus are not occupied an average of 4 hours a
day, but the lights are kept on. The amounts of electricity and money the campus will save per year if the
lights are turned off during unoccupied periods are to be determined.

Analysis The total electric power consumed by the lights in the classrooms and faculty offices is
E lighting, classroom = (Power consumed per lamp) x (No. of lamps) = (200x12x110 W) = 264,000 = 264 kW
E lighting, offices = (POWer consumed per lamp) x (No. of lamps) = (400x 6x110 W) = 264,000 = 264 kW
E lighting, total — E lighting, classroom T E lighting, offices = 204 +264 = 528 kW

Noting that the campus is open 240 days a year, the total number of unoccupied work hours per year is

Unoccupied hours = (4 hours/day)(240 days/year) = 960 h/yr

Then the amount of electrical energy consumed per year during unoccupied work period and its cost are
Energy savings = (Elighting, wota)(Unoccupied hours) = (528 kW)(960 h/yr) = 506,880 kWh
Cost savings = (Energy savings)(Unit cost of energy) = (506,880 kWh/yr)($0.082/kWh) = $41,564/yr

Discussion Note that simple conservation measures can result in significant energy and cost savings.
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2-43 A room contains a light bulb, a TV set, a refrigerator, and an iron. The rate of increase of the energy
content of the room when all of these electric devices are on is to be determined.

Assumptions 1 The room is well sealed, and heat loss from the room is negligible. 2 All the appliances are
kept on.

Analysis Taking the room as the system, the rate form of the energy balance can be written as

Ein _Eout = dEsyStem / dt - dEroom /dt = Ein
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
since no energy is leaving the room in any form, and thus £,,, = 0. Also, ROO
Ein = Elights + ETV + Erefrig + Eiron A \
=100+110+200+1000 W -Ifi\*ghts
=1410 W Electricity —»-|_ Refrig
Substituting, the rate of increase in the energy content of the - Iron
room becomes
dE. .. /dt=E, =1410 W

Discussion Note that some appliances such as refrigerators and irons operate intermittently, switching on
and off as controlled by a thermostat. Therefore, the rate of energy transfer to the room, in general, will be
less.

2-44 A fan is to accelerate quiescent air to a specified velocity at a specified flow rate. The minimum
power that must be supplied to the fan is to be determined.

Assumptions The fan operates steadily.
Properties The density of air is given to be p=1.18 kg/m’.

Analysis A fan transmits the mechanical energy of the shaft (shaft power) to mechanical energy of air
(kinetic energy). For a control volume that encloses the fan, the energy balance can be written as

: : _ &0 (steady) _ S L
Ein - Eout - dEsystem / dt =0 - Ein - Eout
R ————
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies N
1% 2 -
. . o out —_— fan
Wsh,in = My ke out — Mair .
Alr —
—
where
—
g, = pV =(1.18kg/m* (4 m*/s) = 4.72 kg/s —

Substituting, the minimum power input required is determined to be

: N 10m/s)> ( 1J/k
W =i Lo (4.7 kgfs) LOTVS) £
s 2 2 m2

S air

/ 2j=236J/s=236W
S

Discussion The conservation of energy principle requires the energy to be conserved as it is converted
from one form to another, and it does not allow any energy to be created or destroyed during a process. In
reality, the power required will be considerably higher because of the losses associated with the conversion
of mechanical shaft energy to kinetic energy of air.
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2-45E A fan accelerates air to a specified velocity in a square duct. The minimum electric power that must
be supplied to the fan motor is to be determined.

Assumptions 1 The fan operates steadily. 2 There are no conversion losses.
Properties The density of air is given to be p=0.075 Ibm/ft’.

Analysis A fan motor converts electrical energy to mechanical shaft energy, and the fan transmits the
mechanical energy of the shaft (shaft power) to mechanical energy of air (kinetic energy). For a control
volume that encloses the fan-motor unit, the energy balance can be written as

. . _ &0 (steady) _ o _ L
Ein - Eout - dEsystem / dt =0 - Ein - Eout
"
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
—
Vv 2 ——
: . . out N i:
Welect, in = Mair ke out = Myir . tan
Alr —=
where E—
3 2
. = pVA = (0.075 Tom/ft”)(3x 3 ft7)(22 ft/s) = 14.85 lbm/s —_—

Substituting, the minimum power input required is determined to be

. 2 2
Wy = 1y, —2% = (14.85Ibm/s) (22£U5) ! Btu/1b2m 5 |=0.1435Btu/s =151W
2 2 25,037 ft°/s

since 1 Btu=1.055kJ and 1 kJ/s = 1000 W.

Discussion The conservation of energy principle requires the energy to be conserved as it is converted
from one form to another, and it does not allow any energy to be created or destroyed during a process. In
reality, the power required will be considerably higher because of the losses associated with the conversion
of electrical-to-mechanical shaft and mechanical shaft-to-kinetic energy of air.
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2-46 A water pump is claimed to raise water to a specified elevation at a specified rate while consuming
electric power at a specified rate. The validity of this claim is to be investigated.

Assumptions 1 The water pump operates steadily. 2 Both

the lake and the pool are open to the atmosphere, and the @

flow velocities in them are negligible.

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

Analysis For a control volume that encloses the pump-
motor unit, the energy balance can be written as

: . _ &0 (steady) _
Ein - Eout - dEsystem / dt =0
"
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out
W, +mpe, =mpe, - W, =mApe=mg(z, —z,)

since the changes in kinetic and flow energies of water are negligible. Also,
m = pV = (1kg/L)(50 L/s) = 50 kg/s
Substituting, the minimum power input required is determined to be
1kJ/kg
1000 m?/s*

which is much greater than 2 kW. Therefore, the claim is false.

Discussion The conservation of energy principle requires the energy to be conserved as it is converted
from one form to another, and it does not allow any energy to be created or destroyed during a process. In
reality, the power required will be considerably higher than 14.7 kW because of the losses associated with
the conversion of electrical-to-mechanical shaft and mechanical shaft-to-potential energy of water.

W, =1ig(z, —z,) = (50 kg/s)(9.81m/s2)(30 m)( ] =14.7kJ/s =14.TKW

2-47 A gasoline pump raises the pressure to a specified value while consuming electric power at a
specified rate. The maximum volume flow rate of gasoline is to be determined.

Assumptions 1 The gasoline pump operates steadily. 2 The changes in kinetic and potential energies across

the pump are negligible.

Analysis For a control volume that encloses the pump-motor unit, the energy balance can be written as
Ep—Eoy = dEgyen/di Y =0 > B, =E,

system
—_——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

I/i/in—i_"i/l(})‘/)l :fi'l(PV)z — I/i/in :m(Pz_Pl)‘/:V'AP

since 1 = Vv and the changes in kinetic and potential energies of
gasoline are negligible, Solving for volume flow rate and
substituting, the maximum flow rate is determined to be

Wi 52kl [1kPa-m3

V. =
AP 5kPa 1kJ

J:1.o4 m3/s

Discussion The conservation of energy principle requires the energy to be conserved as it is converted
from one form to another, and it does not allow any energy to be created or destroyed during a process. In
reality, the volume flow rate will be less because of the losses associated with the conversion of electrical-
to-mechanical shaft and mechanical shaft-to-flow energy.
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2-48 The fan of a central heating system circulates air through the ducts. For a specified pressure rise, the
highest possible average flow velocity is to be determined.

Assumptions 1 The fan operates steadily. 2 The changes in kinetic and potential energies across the fan are
negligible.

Analysis For a control volume that encloses the fan unit, the energy balance can be written as

- - _ &0 (steady) _ h T
Ein - Eout - dEsystem / dt =0 - Ein - Eout
%,—/
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wiy +1(Pv), = m(Pv), — Wi, =ii(Py—P)v=V AP

since i =V and the changes in kinetic and potential energies AP =50 Pa
of gasoline are negligible, Solving for volume flow rate and
substituting, the maximum flow rate and velocity are determined
to be

W, -m?
P 60J/s| 1Pa-m C1omds
AP  50Pa

1]
. . .
Voo = Jow _ Yo 12 47406

"4 D2 /4 2(0.30m)% /4

Discussion The conservation of energy principle requires the energy to be conserved as it is converted
from one form to another, and it does not allow any energy to be created or destroyed during a process. In
reality, the velocity will be less because of the losses associated with the conversion of electrical-to-
mechanical shaft and mechanical shaft-to-flow energy.

2-49E The heat loss from a house is to be made up by heat gain from people, lights, appliances, and
resistance heaters. For a specified rate of heat loss, the required rated power of resistance heaters is to be
determined.

Assumptions 1 The house is well-sealed, so no air enters or heaves the house. 2 All the lights and
appliances are kept on. 3 The house temperature remains constant.

Analysis Taking the house as the system, the energy balance can be written as

; ; J0 (stead; ; ;
Ein _Eout = dEsystem/dt (steady) - = 0 - Ein = Eout ous
Rate of net energy transfer Rate of ch: in int 1, kineti
i n
by heat, work, and mass e (;Jo(t:er?t[ilagle, élzc.negglgiésl e / \
where £, = Q,, = 60,000 Btu/h and . I;ghtls Oout
- People
; : ; ; ; ; Energy = Appliance] T
Ein = Epeople + Elights + Eappliance + Eheater = 6000 Btu/h + Eheater _ Hle)f:ters
Substituting, the required power rating of the heaters becomes

1kW

Eteater = 60,000 6000 = 54,000 Btu/h(—
3412 Btu/h

j:15.8 kw

Discussion When the energy gain of the house equals the energy loss, the temperature of the house remains
constant. But when the energy supplied drops below the heat loss, the house temperature starts dropping.
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2-50 An inclined escalator is to move a certain number of people upstairs at a constant velocity. The
minimum power required to drive this escalator is to be determined.

Assumptions 1 Air drag and friction are negligible. 2 The average mass of each person is 75 kg. 3 The
escalator operates steadily, with no acceleration or breaking. 4 The mass of escalator itself is negligible.

Analysis At design conditions, the total mass moved by the escalator at any given time is
Mass = (30 persons)(75 kg/person) = 2250 kg
The vertical component of escalator velocity is

Viert =V sin45° = (0.8 m/s)sin45°

Under stated assumptions, the power supplied is used to increase the potential energy of people. Taking the
people on elevator as the closed system, the energy balance in the rate form can be written as

. AE,,,
/ dt =0 o By, =dEy/di=—2"

Ein - Eout = dE, At

system

%/_/ e ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

APE  mgAz
VVin :T = —=
t At

That is, under stated assumptions, the power input to the escalator must be equal to the rate of increase of
the potential energy of people. Substituting, the required power input becomes

1kl/kg
1000 m?/s?

mg Vvert

W, = mgV e = (2250 kg)(9.81 m/s*)(0.8 m/s)sin45° =12.5kJ/s =12.5 kW

When the escalator velocity is doubled to /= 1.6 m/s, the power needed to drive the escalator becomes

1 kJ/kg

———— |=25.0kJ/s =25.0 kW
1000 m~/s

Wy, = mgV,e = (2250 kg)(9.81m/s%)(1.6 m/s)sin45°

Discussion Note that the power needed to drive an escalator is proportional to the escalator velocity.
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2-51 A car cruising at a constant speed to accelerate to a specified speed within a specified time. The
additional power needed to achieve this acceleration is to be determined.

Assumptions 1 The additional air drag, friction, and rolling resistance are not considered. 2 The road is a
level road.

Analysis We consider the entire car as the system, except that let’s assume the power is supplied to the
engine externally for simplicity (rather that internally by the combustion of a fuel and the associated energy
conversion processes). The energy balance for the entire mass of the car can be written in the rate form as

- AESS
/dt =0 - E,=dEy/d=—=
At

Ein - Eout = dE,

system

;ﬁ/—/ - _——
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

i - AKE _ m(Vy —V)/2
At At

1

since we are considering the change in the energy content of
the car due to a change in its kinetic energy (acceleration).
Substituting, the required additional power input to achieve the
indicated acceleration becomes

: V-V . 2_(70/3. 2( 1Kk
i, :m;=(1400 ke) (110/3.6 m/s)~ -(70/3.6 m/s) 2g . 77 8 kl/s — 77.8 kKW
2At 2(55s) 1000 m~/s
since 1 m/s = 3.6 km/h. If the total mass of the car were 700 kg only, the power needed would be
: vy -vi 110/3. 2.(70/3. 2 1kIKk
W, =m 2 L _ (700 ke) (110/3.6 m/s)“ -(70/3.6 m/s) 2g i _38.9 KW
2At 2(55) 1000 m“/s

Discussion Note that the power needed to accelerate a car is inversely proportional to the acceleration time.
Therefore, the short acceleration times are indicative of powerful engines.
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Energy Conversion Efficiencies

2-52C Mechanical efficiency is defined as the ratio of the mechanical energy output to the mechanical
energy input. A mechanical efficiency of 100% for a hydraulic turbine means that the entire mechanical
energy of the fluid is converted to mechanical (shaft) work.

2-53C The combined pump-motor efficiency of a pump/motor system is defined as the ratio of the increase
in the mechanical energy of the fluid to the electrical power consumption of the motor,
E E

AE w

_ _ “'mech,out ~ L mech,in _ mech,fluid pump
n pump-motor n pump M motor = W - W - W
elect,in elect,in elect,in

The combined pump-motor efficiency cannot be greater than either of the pump or motor efficiency since
both pump and motor efficiencies are less than 1, and the product of two numbers that are less than one is
less than either of the numbers.

2-54C The turbine efficiency, generator efficiency, and combined turbine-generator efficiency are defined
as follows:

Mechanical energy output W shatt.out
77 . = - = 0
"¢ ™ Mechanical energy extracted from the fluid | AE, o, 1
Electrical power output  Wejeerout
ﬂgenerat()r = = -

Mechanical power input =~ W, 11

/4 /4

elect,out _ elect,out

Uturbine—gen = nturbinengenerator = - - -
Emech,in - Emech,out | AEmech,fluid ‘

2-55C No, the combined pump-motor efficiency cannot be greater that either of the pump efficiency of the

motor efficiency. This is because 7,ump-motor = 7pumpTmotor » a0d both 7, and 7, are less than one,

and a number gets smaller when multiplied by a number smaller than one.
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2-56 A hooded electric open burner and a gas burner are considered. The amount of the electrical energy
used directly for cooking and the cost of energy per “utilized” kWh are to be determined.

Analysis The efficiency of the electric heater is given to be 73 percent. Therefore, a burner that consumes
3-kW of electrical energy will supply

ngas =38%
Nelectric = 73%

Ouitied = (Energy input) x (Efficiency) = (3 kW)(0.73) = 2.19 kW

of useful energy. The unit cost of utilized energy is inversely
proportional to the efficiency, and is determined from

Cost of energyinput _ $0.07/kWh

; = $0.096/kWh
Efficiency 0.73

Cost of utilized energy =

\/@W%/ﬁ

Noting that the efficiency of a gas burner is 38 percent, the energy
input to a gas burner that supplies utilized energy at the same rate
(2.19 kW) is

Ouitized  _ 2:19kW
Efficiency 0.38

=5.76 KW (= 19,660 Btu/h)

Qinput, gas

since 1 kW = 3412 Btu/h. Therefore, a gas burner should have a rating of at least 19,660 Btu/h to perform
as well as the electric unit.

Noting that 1 therm = 29.3 kWh, the unit cost of utilized energy in the case of gas burner is
determined the same way to be
Cost of energyinput _ $1.20/(29.3kWh)

Cost of utilized energy = - = =$0.108/kWh
Efficiency 0.38

2-57 A worn out standard motor is replaced by a high efficiency one. The reduction in the internal heat
gain due to the higher efficiency under full load conditions is to be determined.

Assumptions 1 The motor and the equipment driven by the motor are in the same room. 2 The motor
operates at full load so that fj,,q = 1.

Analysis The heat generated by a motor is due to its inefficiency, and the difference between the heat
generated by two motors that deliver the same shaft power is simply the difference between the electric
power drawn by the motors,

Vf/in, electric, standard — Wshaft /Umotor = (75 x 746 W)/091 =61,434 W
Win,electric,etﬂcient = "V shaft /nmolor = (75 x 746 W)/0954 = 589648 W
Then the reduction in heat generation becomes

Qreduotion = Win,electric,standard - Win,electric, efficient — 613484 - 583648 = 2836 w
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2-58 An electric car is powered by an electric motor mounted in the engine compartment. The rate of heat
supply by the motor to the engine compartment at full load conditions is to be determined.

Assumptions The motor operates at full load so that the load factor is 1.

Analysis The heat generated by a motor is due to its inefficiency, and is equal to the difference between the
electrical energy it consumes and the shaft power it delivers,

=Wt/ Tomotor = (90 hp)/0.91 =98.90 hp

- W att o = 98.90—90 =8.90 hp = 6.64 kW

in, electric

W

in, electric
Q generation

since 1 hp = 0.746 kW.

Discussion Note that the electrical energy not converted to mechanical
power is converted to heat.

2-59 A worn out standard motor is to be replaced by a high efficiency one. The amount of electrical energy
and money savings as a result of installing the high efficiency motor instead of the standard one as well as
the simple payback period are to be determined.
Assumptions The load factor of the motor remains constant at 0.75.
Analysis The electric power drawn by each motor and their difference can be expressed as

Welectricin,standard = Wshaft / Mstandard = (POWGI’ rating)(Load faCtor) / Mstandard
Welectricin, efficient — " shaft / Mefficient = (P ower rating)(Load factor)/ M efficient

w.

Power savings = w electric in, efficient

electricin, standard —

= (POWGI' rating)(Load factor)[l / Mstandard — 1/ Tefficient ]

where Ngundarg 18 the efficiency of the standard motor, and Mesrciene 1S the efficiency of the comparable high
efficiency motor. Then the annual energy and cost savings associated with the installation of the high
efficiency motor are determined to be

Energy Savings = (Power savings)(Operating Hours)
= (Power Rating)(Operating Hours)(Load Factor)(1/Mswundara- 1/Mefricient)
= (75 hp)(0.746 kW/hp)(4,368 hours/year)(0.75)(1/0.91 - 1/0.954)
9,290 kWhlyear Tnew
Cost Savings = (Energy savings)(Unit cost of energy)
= (9,290 kWh/year)($0.08/kWh)
= $743lyear

The implementation cost of this measure consists of the excess cost the high
efficiency motor over the standard one. That is,

Implementation Cost = Cost differential = $5,520 - $5,449 = $71
This gives a simple payback period of

nold = 910%
=95.4%

Implementation cost $71

Simple payback period = =0.096 year (or 1.1 months)

Annual cost savings - $743/ year

Therefore, the high-efficiency motor will pay for its cost differential in about one month.
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2-60E The combustion efficiency of a furnace is raised from 0.7 to 0.8 by tuning it up. The annual energy
and cost savings as a result of tuning up the boiler are to be determined.

Assumptions The boiler operates at full load while operating.

Analysis The heat output of boiler is related to the fuel energy input to the boiler by

Boiler output = (Boiler input)(Combustion efficiency)  or Oout = Oin Murmace

The current rate of heat input to the boiler is given to be Q =3.6x10° Btu/h .

in, current

Then the rate of useful heat output of the boiler becomes

Qout = (Qin Mfumace ) current = (3-0% 10° Btu/h)(0.7) = 2.52x 10° Btw/h

Boiler

The boiler must supply useful heat at the same rate after the tune up. 70%
Therefore, the rate of heat input to the boiler after the tune up and the © 36x10° Btu/h
rate of energy savings become

Oinnew = Qout / Mumace.new = (2:52x10° Btu/h)/0.8 =3.15x10° Btu/h
Oinsaved = Qi current — Cin.new = 3-6x10° =3.15x10° = 0.45x10° Btu/h

Then the annual energy and cost savings associated with tuning up the boiler become
Energy Savings = Q.m, saved (Operation hours)

= (0.45x10° Btu/h)(1500 h/year) = 675x10° Btulyr
Cost Savings = (Energy Savings)(Unit cost of energy)
= (675x10° Btu/yr)($4.35 per 10° Btu) = $2936/year

Discussion Notice that tuning up the boiler will save $2936 a year, which is a significant amount. The
implementation cost of this measure is negligible if the adjustment can be made by in-house personnel.
Otherwise it is worthwhile to have an authorized representative of the boiler manufacturer to service the
boiler twice a year.



2-24

2-61E EES Problem 2-60E is reconsidered. The effects of the unit cost of energy and combustion
efficiency on the annual energy used and the cost savings as the efficiency varies from 0.6 to 0.9 and the
unit cost varies from $4 to $6 per million Btu are the investigated. The annual energy saved and the cost
savings are to be plotted against the efficiency for unit costs of $4, $5, and $6 per million Btu.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

eta_boiler_current = 0.7

eta_boiler_new = 0.8

Q_dot_in_current = 3.6E+6 "[Btu/h]"

DELTAt = 1500 "[h/year]"

UnitCost_energy = 5E-6 "[dollars/Btu]"

"Analysis: The heat output of boiler is related to the fuel energy input to the boiler by
Boiler output = (Boiler input)(Combustion efficiency)

Then the rate of useful heat output of the boiler becomes"

Q_dot_out=Q_dot_in_current*eta_boiler_current "[Btu/h]"

"The boiler must supply useful heat at the same rate after the tune up.
Therefore, the rate of heat input to the boiler after the tune up

and the rate of energy savings become "

Q_dot_in_new=Q_dot_out/eta_boiler_new "[Btu/h]"
Q_dot_in_saved=Q_dot_in_current - Q_dot_in_new "[Btu/h]"

"Then the annual energy and cost savings associated with tuning up the boiler become"

EnergySavings =Q_dot_in_saved*DELTAt "[Btu/year]"
CostSavings = EnergySavings*UnitCost_energy "[dollars/year]"

"Discussion Notice that tuning up the boiler will save $2936 a year, which is a significant amount. The
implementation cost of this measure is negligible if the adjustment can be made by in-house personnel.
Otherwise it is worthwhile to have an authorized representative of the boiler manufacturer to service the
boiler twice a year. "

CostSavings EnergySavings TNboilernew
[dollars/year] [Btu/year]
-4500 -9.000E+08 0.6
0 0 0.7
3375 6.750E+08 0.8
6000 1.200E+09 0.9
8000 T T T T T T T T T 9
- {12510
§ 6000 Unit Cost of Energy t |
B 4000 4E6§/Btu _o 1 21 8,000x108- Unit Cost = $5/10° Btu -
= - 5E-6$/Btu —m— / I
S 2000.  6E-6$/Btu O ] E 3,500x108] _
) o_ i a -1,000x108}- 4
c I
S -2000 1 4 I
n -5,500x108|- i
2 4000 i E
w -
2 1 3 9
Oe000l .+ o4y 1 -1,000x10 —
06 065 07 075 08 08 09 - 06 065 07 075 08 08 09

M Tboiler;new
boiler,new



2-25

2-62 Several people are working out in an exercise room. The rate of heat gain from people and the
equipment is to be determined.
Assumptions The average rate of heat dissipated by people in an exercise room is 525 W.

Analysis The 8 weight lifting machines do not have any motors, and thus they do not contribute to the
internal heat gain directly. The usage factors of the motors of the treadmills are taken to be unity since they
are used constantly during peak periods. Noting that 1 hp = 746 W, the total heat generated by the motors
is

Qmotors = (NO' of motors) X Wmotor X fload X fusage / T motor

=4x(2.5x746 W)x0.70x1.0/0.77 = 6782 W

The heat gain from 14 people is

Q'people = (No. of people) x Q'person =14x(525W)=7350 W

‘i?;

Then the total rate of heat gain of the exercise room during peak
period becomes

Qtotal = Qmotors + Qpeople =6782+7350=14,132 W

2-63 A classroom has a specified number of students, instructors, and fluorescent light bulbs. The rate of
internal heat generation in this classroom is to be determined.

Assumptions 1 There is a mix of men, women, and children in the classroom. 2 The amount of light (and
thus energy) leaving the room through the windows is negligible.

Properties The average rate of heat generation from people seated in a room/office is given to be 100 W.

Analysis The amount of heat dissipated by the lamps is equal to the amount of electrical energy consumed
by the lamps, including the 10% additional electricity consumed by the ballasts. Therefore,

Qlighting = (Energy consumed per lamp) x (No. of lamps)
=40 W)(L.1)(18) =792 W
Opeople = (NO.Of people) x Opergon = 36 x (100 W) = 5600 W

Then the total rate of heat gain (or the internal heat load) of the
classroom from the lights and people become

Qtotal = Qlighting + Qpeople =792+5600 = 6392 W

2-64 A room is cooled by circulating chilled water through a heat exchanger, and the air is circulated
through the heat exchanger by a fan. The contribution of the fan-motor assembly to the cooling load of the
room is to be determined.

Assumptions The fan motor operates at full load so that fio,q = 1.

Analysis The entire electrical energy consumed by the motor, including the shaft
power delivered to the fan, is eventually dissipated as heat. Therefore, the
contribution of the fan-motor assembly to the cooling load of the room is equal to
the electrical energy it consumes,

in, electric — "¥ shaft / M motor

=(0.25hp)/0.54 = 0.463 hp = 345 W
since 1 hp =746 W.

Q internal generation
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2-65 A hydraulic turbine-generator is generating electricity from the water of a large reservoir. The
combined turbine-generator efficiency and the turbine efficiency are to be determined.

Assumptions 1 The elevation of the reservoir remains constant. 2 The mechanical energy of water at the
turbine exit is negligible.

Analysis We take the free surface of the reservoir to be point 1 and the turbine exit to be point 2. We also
take the turbine exit as the reference level (z, = 0), and thus the potential energy at points 1 and 2 are pe; =
gz, and pe, = 0. The flow energy P/p at both points is zero since both 1 and 2 are open to the atmosphere
(Py = Py = Pyy). Further, the kinetic energy at both points is zero (ke; = ke, = 0) since the water at point 1
is essentially motionless, and the kinetic energy of water at turbine exit is assumed to be negligible. The
potential energy of water at point 1 is

1kJ/k
pe, = gz, = (9.81m/s>)(70 m)(—zgzj = 0.687 kl/kg
1000 m~/s

Then the rate at which the mechanical energy of @
the fluid is supplied to the turbine become
|AEmech,ﬂuid = m(emech,in - emech,oul) = Ih(pel - 0)

= mpe,

= (1500 kg/s)(0.687 kl/kg)

=1031kW

The combined turbine-generator and the turbine
efficiency are determined from their definitions,

=0.727 or 72.7% @

Generator

Welect,out _ 750 kW
| AE"mech fluid ‘ 1031kW

n turbine-gen —

W shai out _ 800 kW
| AE pechuia | 1031kW

Mturbine =

=0.776 or 77.6%

Therefore, the reservoir supplies 1031 kW of mechanical energy to the turbine, which converts 800 kW of
it to shaft work that drives the generator, which generates 750 kW of electric power.

Discussion This problem can also be solved by taking point 1 to be at the turbine inlet, and using flow
energy instead of potential energy. It would give the same result since the flow energy at the turbine inlet is
equal to the potential energy at the free surface of the reservoir.
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2-66 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass, the power
generation potential, and the actual electric power generation are to be determined.

Assumptions 1 The wind is blowing steadily at a
constant uniform velocity. 2 The efficiency of the wind

turbine is independent of the wind speed. >
, . L Wind
Properties The density of air is given to be p = 1.25 Wind turbine
kg/m’.
Analysis Kinetic energy is the only form of mechanical 12 m/s 50m
energy the wind possesses, and it can be converted to
work entirely. Therefore, the power potential of the 1
wind is its kinetic energy, which is /*/2 per unit mass, —
and 7V ? /2 for a given mass flow rate:
2 2
o ke _ VT (12nvs) [ lkJ/k2g 2j: 0.072kl/kg
2 2 1000 m~/s
. D 3 7(50 m)2
m=pVA= 'DVT = (1.25kg/m™)(12 m/s)T =29,450kg/s

Woo = Evoey = Mey o = (29,450 kg/s)(0.072 kl/kg) = 2121 kW

The actual electric power generation is determined by multiplying the power generation potential by the
efficiency,

I/i/elect = Nwind turbineWmax = (030)(2 121 kW) =636 kW
Therefore, 636 kW of actual power can be generated by this wind turbine at the stated conditions.

Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and
thus the power generation will change strongly with the wind conditions.
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2-67 EES Problem 2-66 is reconsidered. The effect of wind velocity and the blade span diameter on wind
power generation as the velocity varies from 5 m/s to 20 m/s in increments of 5 m/s, and the diameter
varies from 20 m to 80 m in increments of 20 m is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

D1=20"m"

D2=40 "m"

D3=60 "m"

D4=80 "m"

Eta=0.30

rho=1.25 "kg/m3"

m1_dot=rho*V*(pi*D142/4); W1_Elect=Eta*m1_dot*(VA2/2)/1000 "kW"
m2_dot=rho*V*(pi*D242/4); W2_Elect=Eta*m2_dot*(VA2/2)/1000 "kW"
m3_dot=rho*V*(pi*D32/4); W3_Elect=Eta*m3_dot*(VA2/2)/1000 "kW"
md_dot=rho*V*(pi*D42/4); W4_Elect=Eta*m4_dot*(VA2/2)/1000 "kW"

D, m V, m/s m, kg/s Weteets KW
20 5 1,963 7
10 3,927 59
15 5,890 199
20 7,854 471
40 5 7,854 29
10 15,708 236
15 23,562 795
20 31,416 1885
60 5 17,671 66
10 35,343 530
15 53,014 1789
20 70,686 4241
80 5 31,416 118
10 62,832 942
15 94,248 3181
20 125,664 7540
8000 |
7000 D=80m/

/
/
2000 ~ D =40 m4
]
0- ///
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2-68 A wind turbine produces 180 kW of power. The average velocity of the air and the conversion

efficiency of the turbine are to be determined.
Assumptions The wind turbine operates steadily.

Properties The density of air is given to be 1.31 kg/m’.
Analysis (a) The blade diameter and the blade span area are

, (250 km/h)(érf;/j/j
D=Lt _ 3'1 W) _88.42m

™o 25 L/min)( mmj

60s

aD?  7(88.42m)?

A= =— =6140m?
4
Then the average velocity of air through the wind turbine becomes

o 42,000 kg/s _5.23mls

T pA (131kg/m?)(6140m?)
(b) The kinetic energy of the air flowing through the turbine is
KE :% V2 = %(42,000 kg/s)(5.23m/s)? =574.3kW

Then the conversion efficiency of the turbine becomes

W 180 kW
n=——

=—=0.313=31.3%
KE 5743kW

Discussion Note that about one-third of the kinetic energy of the wind is converted to power by the wind

turbine, which is typical of actual turbines.



2-69 Water is pumped from a lake to a storage tank at a specified rate. The overall efficiency of the pump-
motor unit and the pressure difference between the inlet and the exit of the pump are to be determined.

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 |
and 2 are pe; = 0 and pe, = gz;. The flow energy at
both points is zero since both 1 and 2 are open to the
atmosphere (P; = P, = Puy). 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

m = pV = (1000 kg/m>)(0.070 m*/s) = 70 kg/s

Storage
tank

1kJ/kg

e, = gz, =(9.81m/s> )20 m =0.196 kJ/k

Then the rate of increase of the mechanical energy of water becomes

AEmech,ﬂuid = m(emech,out - emech,in) = m(peZ - O) = ’hpez = (70 kg/S)(0196 kJ/kg) =13.7kW

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

AE .
_ Nmechtid _ 13TKW o o 67.2%

14 ©20.4kW

elect,in

ﬂpump-motor

(b) 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:

: . PP .
AEmech,l"luicl = m(emech,out ~ €mech,in )=m 2 1= VAP
Solving for AP and substituting,
AE , m?
AP = mec.h,ﬂuld _ 13.7 kJéS 1kPa-m _ 196 kPa
4 0.070m"/s 1kJ

Therefore, the pump must boost the pressure of water by 196 kPa in order to raise its elevation by 20 m.

Discussion Note that only two-thirds of the electric energy consumed by the pump-motor is converted to
the mechanical energy of water; the remaining one-third is wasted because of the inefficiencies of the
pump and the motor.
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2-70 Geothermal water is raised from a given depth by a pump at a specified rate. For a given pump
efficiency, the required power input to the pump is to be determined.

Assumptions 1 The pump operates steadily. 2 Frictional losses —@\
in the pipes are negligible. 3 The changes in kinetic energy are -

negligible. 4 The geothermal water is exposed to the 77—

atmosphere and thus its free surface is at atmospheric pressure. | [ [ e

Properties The density of geothermal water is given to be p =
1050 kg/m”. 200 m

Analysis The elevation of geothermal water and thus its l
potential energy changes, but it experiences no changes in its @

velocity and pressure. Therefore, the change in the total -
mechanical energy of geothermal water is equal to the change — pump\
in its potential energy, which is gz per unit mass, and mgz for _

a given mass flow rate. That is, —

AE.vmech = mAemech = rhApe = I’i’lgAZ = plAz

— (1050 ke/m>)(0.3m>/5)(9.81 m/s)(200 m) — 2( kW j:618.0kW
lkg-m/s® \1000 N-m/s

Then the required power input to the pump becomes

AE e, _ 618KW
0.74

Wpump,elect = =835kW
pump-motor
Discussion The frictional losses in piping systems are usually significant, and thus a larger pump will be

needed to overcome these frictional losses.

2-71 An electric motor with a specified efficiency operates in a room. The rate at which the motor
dissipates heat to the room it is in when operating at full load and if this heat dissipation is adequate to heat
the room in winter are to be determined.

Assumptions The motor operates at full load.

Analysis The motor efficiency represents the fraction of electrical energy consumed
by the motor that is converted to mechanical work. The remaining part of electrical
energy is converted to thermal energy and is dissipated as heat.

Qdissipated = (1 ~ Mmotor )I/i/in,e]ectric = (1 - 088)(20 kW) =2.4kW

which is larger than the rating of the heater. Therefore, the heat dissipated by the motor alone is sufficient
to heat the room in winter, and there is no need to turn the heater on.

Discussion Note that the heat generated by electric motors is significant, and it should be considered in the
determination of heating and cooling loads.
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2-72 A large wind turbine is installed at a location where the wind is blowing steadily at a certain velocity.
The electric power generation, the daily electricity production, and the monetary value of this electricity are
to be determined.

Assumptions 1 The wind is blowing steadily at a

constant uniform velocity. 2 The efficiency of the _— Wind

wind turbine is independent of the wind speed. Wind turbine

Properties The density of air is given to be p=1.25

kg/m’. 8 m/s T loom
Analysis Kinetic energy is the only form of mechanical —

energy the wind possesses, and it can be converted to
work entirely. Therefore, the power potential of the >
wind is its kinetic energy, which is %2 per unit mass,

and mV % /2 for a given mass flow rate: >
v?  (8m/s)? [ 1kJ/kg j
e =ke=—= =0.032 kJ/k
mech 2 2 (1000m?/s> s
aD* 2
m= pVA = pVT = (1.25 kg/m>)(8 m/s) Z(100m)” = 78,540 kg/s

Wmax =E mech

(78,540 kg/s)(0.032 kl/kg) = 2513 kW

The actual electric power generation is determined from

= Mepech =

Welect = 1] wind turbine Wmax =(0.32)(2513 kW) =804.2kW

Then the amount of electricity generated per day and its monetary value become
Amount of electricity = (Wind power)(Operating hours)=(804.2 kW)(24 h) =19,300 kWh
Revenues = (Amount of electricity)(Unit price) = (19,300 kWh)($0.06/kWh) = $1158 (per day)

Discussion Note that a single wind turbine can generate several thousand dollars worth of electricity every
day at a reasonable cost, which explains the overwhelming popularity of wind turbines in recent years.

2-73E A water pump raises the pressure of water by a specified amount at a
specified flow rate while consuming a known amount of electric power. The 1.2 psi
mechanical efficiency of the pump is to be determined.

Assumptions 1 The pump operates steadily. 2 The changes in velocity and
elevation across the pump are negligible. 3 Water is incompressible.

Analysis 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

AEmech,ﬂuid = m(emech,out - emech,in) = m[(PU)Z - (PU)]] = m(PZ - H)V
1Btu

=V(P, - P)= (8 ft’/s)(1.2 psi)| —————
(F=R)=@1sd2p )[5.404psi~ft3

] =1.776 Btu/s=2.51hp

since 1 hp = 0.7068 Btu/s, 71 = pV =/ /v, and there is no change in kinetic and potential energies of the
fluid. Then the mechanical efficiency of the pump becomes

AE,, huid _ 2.51hp
Moump = - cLTme = i =0.838 or 83.8%
pump, shaft p

Discussion The overall efficiency of this pump will be lower than 83.8% because of the inefficiency of the
electric motor that drives the pump.
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2-74 Water is pumped from a lower reservoir to a higher reservoir at a specified rate. For a specified shaft
power input, the power that is converted to thermal energy is to be determined.

Assumptions 1 The pump operates steadily. 2 The
elevations of the reservoirs remain constant. 3 The changes @
in kinetic energy are negligible.

Properties We take the density of water to be p = 1000 T —-----
Reservoir

kg/m’.
45 m

Analysis The elevation of water and thus its potential

energy changes during pumping, but it experiences no

changes in its velocity and pressure. Therefore, the change

in the total mechanical energy of water is equal to the N
change in its potential energy, which is gz per unit mass, -Reservoir
and mgz for a given mass flow rate. That is, —_—

AEmech = n./lAemech = MApe = mgAZ = ,DVgAZ

— (1000 ke/m>)(0.03m>/s)(9.8 1 m/s 2 )(45 m) ——~ 2( kW ):13.2kW
lkg-m/s® \1000 N-m/s

Then the mechanical power lost because of frictional effects becomes

20-13.2kW =6.8 kW

Wfrict = Wpump,in —AE mech —

Discussion The 6.8 kW of power is used to overcome the friction in the piping system. The effect of
frictional losses in a pump is always to convert mechanical energy to an equivalent amount of thermal
energy, which results in a slight rise in fluid temperature. Note that this pumping process could be
accomplished by a 13.2 kW pump (rather than 20 kW) if there were no frictional losses in the system. In
this ideal case, the pump would function as a turbine when the water is allowed to flow from the upper
reservoir to the lower reservoir and extract 13.2 kW of power from the water.
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2-75 A pump with a specified shaft power and efficiency is used to
raise water to a higher elevation. The maximum flow rate of water is @
to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The gliglipolialiy
elevation difference between the reservoirs is constant. 3 We assume cr-—-=--
the flow in the pipes to be frictionless since the maximum flow rate A
is to be determined,

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

Analysis The useful pumping power (the part converted to
mechanical energy of water) is I5m

W umps = Mpump W pump.shat = (0.82)(7 hp) = 5.74 hp A @

The elevation of water and thus its potential energy changes during @ ~—-----------

pumping, but it experiences no changes in its velocity and pressure. =~ - - -~

Therefore, the change in the total mechanical energy of water is —Water

equal to the change in its potential energy, which is gz per unit mass, =~ - - --- - - - - - - -
and mgz for a given mass flow rate. That is,

AEmech = mAe ., = mApe = mghz = ,DVgAZ

mech = Wpump,u , the volume flow rate of water is determined to be

v Woumpu _ 5.74 hp 745.7 W [IN-m/sj kg m/s® | o ood m3s
pgz, (1000 kg/m*)(9.81 m/s?)(15m) | Thp 1w IN

Noting that AE

Discussion This is the maximum flow rate since the frictional effects are ignored. In an actual system, the
flow rate of water will be less because of friction in pipes.

2-76 The available head of a hydraulic turbine and its overall efficiency are given. The electric power
output of this turbine is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The elevation of the reservoir remains constant.
Properties We take the density of water to be p = 1000 kg/m”.

Analysis The total mechanical energy the water
in a reservoir possesses is equivalent to the
potential energy of water at the free surface, and
it can be converted to work entirely. Therefore,
the power potential of water is its potential
energy, which is gz per unit mass, and mgz for a

given mass flow rate. Therefore, the actual Eff=91%
power produced by the turbine can be expressed

as

Turbine =1 Generator

Wturbine = T turbine mghturbine = nturbinepvghturbine

Substituting,

IN 1kW
W, .. =(0.91)(1000 ke/m>)(0.25m>/s)(9.81m/s?)(85m ( )=190kw
turbine ( )( g )( )( )( )[lkgm/szJ 1000Nm/s

Discussion Note that the power output of a hydraulic turbine is proportional to the available elevation
difference (turbine head) and the flow rate.
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2-77 A pump is pumping oil at a specified rate. The pressure rise of oil in the pump is measured, and the
motor efficiency is specified. The mechanical efficiency of the pump is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The elevation difference across the pump is
negligible.

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

Analysis Then the total mechanical energy of a fluid is the sum of the potential, flow, and kinetic energies,
and is expressed per unit mass as e, = gh+Pv+ V2 /2. 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

: . . vy ISR vi-v?
AEmech,ﬂuid = m(emech,out _emech,in) =m (PV)2 +7_ (Pv)l _7 =V (PZ _Pl )+ pT

since 1 = pV¥ =V /v, and there is no change in the potential
energy of the fluid. Also,

. . 3
4 aD}/4  7(0.08m)>/4
. . 3
14 14 0.1m>/s _3.84m/s

T4, aDX/4 2(0.12m)2 /4

Substituting, the useful pumping power is determined to be

w =AE mech,fluid

pump,u
= (0.1m>/s)| 400 KN/m? + (860 ke/m*) ®84m/s)” —(199m/s)* TN ( 1kW j
2 1000kg-m/s? ) \1kN-m/s

=26.3kW

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

Wpump,shaft = Mmotor Welectric =(0.90)(35 kW) =31.5kW

Woump,u  26.3kW

Wpump, shaft 3L5kW

=0.836=83.6%

n pump —

Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor
efficiencies, which is 0.9x0.836 = 0.75.
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2-78E Water is pumped from a lake to a nearby pool by a pump with specified power and efficiency. The
mechanical power used to overcome frictional effects is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The elevation difference between the lake and the
free surface of the pool is constant. 3 The average flow velocity is constant since pipe diameter is constant.

Properties We take the density of water to be p = 62.4 Ibm/ft’.

Analysis The useful mechanical pumping power delivered to water is

W W.. =(0.73)(12 hp) =8.76 hp

pump,u — n pump " pump

The elevation of water and thus its potential energy

changes during pumping, but it experiences no Pool ( 2
changes in its velocity and pressure. Therefore, the —
change in the total mechanical energy of water is - = —

equal to the change in its potential energy, which is 35 ft

: . : Pump
gz per unit mass, and mgz for a given mass flow \ i Lake @

rate. That is, y Lake
AEmech = ’hAemech =mApe =mghAz = pVgAz - — -

Substituting, the rate of change of mechanical energy of water becomes

: 11bf 1hp
AE = (62.4 1bm/ft>)(1.2 ft3/5)(32.2 ft/s> 35ft( I j:4.76h
mech = ( ) X )(35 ft) 329 o f/% \ 350 Tbf -T0s p

Then the mechanical power lost in piping because of frictional effects becomes

Wi = W o — Aoty = 8.76 —4.76 hp = 4.0 hp

pump, u

Discussion Note that the pump must supply to the water an additional useful mechanical power of 4.0 hp to
overcome the frictional losses in pipes.
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Energy and Environment

2-79C Energy conversion pollutes the soil, the water, and the air, and the environmental pollution is a
serious threat to vegetation, wild life, and human health. The emissions emitted during the combustion of
fossil fuels are responsible for smog, acid rain, and global warming and climate change. The primary
chemicals that pollute the air are hydrocarbons (HC, also referred to as volatile organic compounds, VOC),
nitrogen oxides (NOx), and carbon monoxide (CO). The primary source of these pollutants is the motor
vehicles.

2-80C Smog is the brown haze that builds up in a large stagnant air mass, and hangs over populated areas
on calm hot summer days. Smog is made up mostly of ground-level ozone (Os), but it also contains
numerous other chemicals, including carbon monoxide (CO), particulate matter such as soot and dust,
volatile organic compounds (VOC) such as benzene, butane, and other hydrocarbons. Ground-level ozone
is formed when hydrocarbons and nitrogen oxides react in the presence of sunlight in hot calm days. Ozone
irritates eyes and damage the air sacs in the lungs where oxygen and carbon dioxide are exchanged,
causing eventual hardening of this soft and spongy tissue. It also causes shortness of breath, wheezing,
fatigue, headaches, nausea, and aggravate respiratory problems such as asthma.

2-81C Fossil fuels include small amounts of sulfur. The sulfur in the fuel reacts with oxygen to form sulfur
dioxide (SO,), which is an air pollutant. The sulfur oxides and nitric oxides react with water vapor and
other chemicals high in the atmosphere in the presence of sunlight to form sulfuric and nitric acids. The
acids formed usually dissolve in the suspended water droplets in clouds or fog. These acid-laden droplets
are washed from the air on to the soil by rain or snow. This is known as acid rain. It is called “rain” since
it comes down with rain droplets.

As a result of acid rain, many lakes and rivers in industrial areas have become too acidic for fish to
grow. Forests in those areas also experience a slow death due to absorbing the acids through their leaves,
needles, and roots. Even marble structures deteriorate due to acid rain.

2-82C Carbon dioxide (CO,), water vapor, and trace amounts of some other gases such as methane and
nitrogen oxides act like a blanket and keep the earth warm at night by blocking the heat radiated from the
earth. This is known as the greenhouse effect. The greenhouse effect makes life on earth possible by
keeping the earth warm. But excessive amounts of these gases disturb the delicate balance by trapping too
much energy, which causes the average temperature of the earth to rise and the climate at some localities to
change. These undesirable consequences of the greenhouse effect are referred to as global warming or
global climate change. The greenhouse effect can be reduced by reducing the net production of CO, by
consuming less energy (for example, by buying energy efficient cars and appliances) and planting trees.

2-83C Carbon monoxide, which is a colorless, odorless, poisonous gas that deprives the body's organs
from getting enough oxygen by binding with the red blood cells that would otherwise carry oxygen. At low
levels, carbon monoxide decreases the amount of oxygen supplied to the brain and other organs and
muscles, slows body reactions and reflexes, and impairs judgment. It poses a serious threat to people with
heart disease because of the fragile condition of the circulatory system and to fetuses because of the oxygen
needs of the developing brain. At high levels, it can be fatal, as evidenced by numerous deaths caused by
cars that are warmed up in closed garages or by exhaust gases leaking into the cars.
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2-84E A person trades in his Ford Taurus for a Ford Explorer. The extra amount of CO, emitted by the
Explorer within 5 years is to be determined.

Assumptions The Explorer is assumed to use 940 gallons of gasoline a year compared to 715 gallons for
Taurus.

Analysis The extra amount of gasoline the Explorer will use within 5 years is
Extra Gasoline = (Extra per year)(No. of years)
= (940 — 715 gal/yr)(5 yr)
= 1125 gal
Extra CO, produced = (Extra gallons of gasoline used)(CO, emission per gallon)
= (1125 gal)(19.7 Ibm/gal)
=22,163 Ibm CO,

Discussion Note that the car we choose to drive has a significant effect on the amount of greenhouse gases
produced.

2-85 A power plant that burns natural gas produces 0.59 kg of carbon dioxide (CO,) per kWh. The amount
of CO, production that is due to the refrigerators in a city is to be determined.

Assumptions The city uses electricity produced by a natural gas power plant.
Properties 0.59 kg of CO, is produced per kWh of electricity generated (given).

Analysis Noting that there are 200,000 households in the city and each household consumes 700 kWh of
electricity for refrigeration, the total amount of CO, produced is

Amount of CO, produced = (Amount of electricity consumed)(Amount of CO, per kWh)
= (200,000 household)(700 kWh/year household)(0.59 kg/kWh)
=8.26x10’ CO, kg/year
=82,600 CO, ton/year

Therefore, the refrigerators in this city are responsible for the production of 82,600 tons of CO,.

2-86 A power plant that burns coal, produces 1.1 kg of carbon dioxide (CO,) per kWh. The amount of CO,
production that is due to the refrigerators in a city is to be determined.

Assumptions The city uses electricity produced by a coal
power plant.

Properties 1.1 kg of CO, is produced per kWh of electricity
generated (given).

Analysis Noting that there are 200,000 households in the city
and each household consumes 700 kWh of electricity for
refrigeration, the total amount of CO, produced is

Amount of CO, produced = (Amount of electricity consumed)(Amount of CO, per kWh)
= (200,000 household)(700 kWh/household)(1.1kg/kWh)

=15.4x10’ CO, kg/year
=154,000 CO, ton/year

Therefore, the refrigerators in this city are responsible for the production of 154,000 tons of CO,.
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2-87E A household uses fuel oil for heating, and electricity for other energy needs. Now the household
reduces its energy use by 20%. The reduction in the CO, production this household is responsible for is to
be determined.

Properties The amount of CO, produced is 1.54 Ibm per kWh and 26.4 1bm per gallon of fuel oil (given).

Analysis Noting that this household consumes 11,000 kWh of electricity and 1500 gallons of fuel oil per
year, the amount of CO, production this household is responsible for is

Amount of CO, produced = (Amount of electricity consumed)(Amount of CO, per kWh)
+ (Amount of fuel oil consumed)(Amount of CO, per gallon)
= (11,000 kWh/yr)(1.54 Ibm/kWh) + (1500 gal/yr)(26.4 lbm/gal)
=56,540 CO, lbm/year
Then reducing the electricity and fuel oil usage by 15% will reduce
the annual amount of CO, production by this household by
Reduction in CO, produced = (0.15)(Current amount of CO, production)
=(0.15)(56,540 CO, kg/year)
=8481 CO, Ibmlyear

Therefore, any measure that saves energy also reduces the amount of
pollution emitted to the environment.

2-88 A household has 2 cars, a natural gas furnace for heating, and uses electricity for other energy needs.
The annual amount of NO, emission to the atmosphere this household is responsible for is to be
determined.

Properties The amount of NO, produced is 7.1 g per kWh, 4.3 g per
therm of natural gas, and 11 kg per car (given).

Analysis Noting that this household has 2 cars, consumes 1200 therms
of natural gas, and 9,000 kWh of electricity per year, the amount of
NOj production this household is responsible for is

Amount of NO, produced = (No. of cars)(Amount of NO, produced per car)
+ (Amount of electricity consumed)(Amount of NO, per kWh)
+ (Amount of gas consumed)(Amount of NO, per gallon)
= (2 cars)(11kg/car) + (9000 kWh/yr)(0.0071 kg/kWh)
+ (1200 therms/yr)(0.0043 kg/therm)
=91.06 NO, kglyear

Discussion Any measure that saves energy will also reduce the amount of pollution emitted to the
atmosphere.
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Special Topic: Mechanisms of Heat Transfer

2-89C The three mechanisms of heat transfer are conduction, convection, and radiation.

2-90C No. It is purely by radiation.

2-91C Diamond has a higher thermal conductivity than silver, and thus diamond is a better conductor of
heat.

2-92C In forced convection, the fluid is forced to move by external means such as a fan, pump, or the
wind. The fluid motion in natural convection is due to buoyancy effects only.

2-93C Emissivity is the ratio of the radiation emitted by a surface to the radiation emitted by a blackbody at
the same temperature. Absorptivity is the fraction of radiation incident on a surface that is absorbed by the
surface. The Kirchhoff's law of radiation states that the emissivity and the absorptivity of a surface are
equal at the same temperature and wavelength.

2-94C A blackbody is an idealized body that emits the maximum amount of radiation at a given
temperature, and that absorbs all the radiation incident on it. Real bodies emit and absorb less radiation
than a blackbody at the same temperature.

2-95 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of heat
transfer through the wall is to be determined.

Assumptions 1 Steady operating conditions exist since the surface
temperatures of the wall remain constant at the specified values. 2

Thermal properties of the wall are constant.

Properties The thermal conductivity of the wall is given to be k =

0.69 W/m-°C.

Analysis Under steady conditions, the rate of heat transfer through

the wall is 20°C

(20-5)°C
0.3m

5°C

Ouung = kAAL—T — (0.69 W/m-°C)(5x 6 m?) ~1035 W

2-96 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount
of heat transferred through the glass in 5 h is to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain
constant at the specified values. 2 Thermal properties of the glass are constant.

Properties The thermal conductivity of the glass is given to be £ = 0.78 W/m-°C. —

Analysis Under steady conditions, the rate of heat transfer through the — Glass
glass by conduction is

Ouond = kAAL—T =(0.78 W/m-°C)(2x 2 m?) 10=3)"C

0.005 m
Then the amount of heat transferred over a period of 5 h becomes
: 10°C  _/ N 3°C
0 = 0, naAt = (4.368 kJ/s)(5x3600s) = 78,600 kJ

If the thickness of the glass is doubled to 1 cm, then the amount of i
heat transferred will go down by half to 39,300 kJ. 0.5 cm

=4368 W
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2-97 EES Reconsider Prob. 2-96. Using EES (or other) software, investigate the effect of glass thickness
on heat loss for the specified glass surface temperatures. Let the glass thickness vary from 0.2 cm to 2 cm.
Plot the heat loss versus the glass thickness, and discuss the results.

Analysis The problem is solved using EES, and the solution is given below.

FUNCTION klookup(material$)

If material$='Glass' then klookup:=0.78

If material$='Brick' then klookup:=0.72

If material$='Fiber Glass' then klookup:=0.043
If material$="Air' then klookup:=0.026

If material$="Wood(oak)' then klookup:=0.17
END

L=2"[m]"

W=2"[m]"

{material$='Glass'

T_in=10"[C]"

T_out=3"[C]"

k=0.78"[W/m-C]"

t=5"Thr]"

thickness=0.5"[cm]"}

k=klookup(material$)"[W/m-K]"

A=L*W"[mA"2]"
Q_dot_loss=A*k*(T_in-T_out)/(thickness*convert(cm,m))"[W]"
Q_loss_total=Q_dot_loss*t*convert(hr,s)*convert(J,kJ)"[kJ]"

Quoss.total [KJ] Thickness [cm]
196560 0.2
98280 0.4
65520 0.6
49140 0.8
39312 1
32760
28080
24570
21840
19656 2

200000

Heat loss through glass "wall"
160000 in 5 hours .

120000
80000

40000

QIoss,total [kJ]

oL ¢+ o
0.2 04 06 0.8 1 1.2 14 16 1.8 2

thickness [cm]
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2-98 Heat is transferred steadily to boiling water in the pan through its bottom. The inner surface
temperature of the bottom of the pan is given. The temperature of the outer surface is to be determined.
Assumptions 1 Steady operating conditions exist since the surface temperatures of the pan remain constant
at the specified values. 2 Thermal properties of the aluminum pan are constant.
Properties The thermal conductivity of the aluminum is given to be £ =237 W/m-°C.
Analysis The heat transfer surface area is

A=7r’=70.1 m)?>=0.0314 m*
Under steady conditions, the rate of heat transfer through the
bottom of the pan by conduction is

0= a2 =t 105°C

L L \

) Bo105°C

Substituting, 500 W = (237 W/m=C)(0.0314 m?) = S00W o4 om

which gives 7, = 105.3°C

2-99 A person is standing in a room at a specified temperature.
The rate of heat transfer between a person and the surrounding
air by convection is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat
transfer by radiation is not considered. 3 The environment is at
a uniform temperature.

Analysis The heat transfer surface area of the person is
A = zDL =7(0.3 m)(1.70 m) = 1.60 m?
Under steady conditions, the rate of heat transfer by convection is
Ouone = HAAT = (15 W/m? -°C)(1.60 m*)(34 —20)°C = 336 W

2-100 A spherical ball whose surface is maintained at a temperature of 70°C is suspended in the middle of
aroom at 20°C. The total rate of heat transfer from the ball is to be determined.

Assumptions 1 Steady operating conditions exist since the ball
surface and the surrounding air and surfaces remain at constant
temperatures. 2 The thermal properties of the ball and the
convection heat transfer coefficient are constant and uniform.

Properties The emissivity of the ball surface is given to be € = 0.8.
Analysis The heat transfer surface area is
A =7D?=3.14x(0.05 m)*> = 0.007854 m?

Under steady conditions, the rates of convection and radiation heat
transfer are

Ouony = RAAT = (15 W/m*°C)(0.007854 m?)(70 - 20)°C = 5.89 W
Qg = €0A(T! =T = 0.8(0.007854 m*)(5.67 x 10 W/m* - KH[(343 K)* - (293 K)*]1=2.31 W
Therefore,
Outal = Ovony + Orag =5.89+2.31=8.20 W
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2-101 EES Reconsider Prob. 2-100. Using EES (or other) software, investigate the effect of the convection
heat transfer coefficient and surface emissivity on the heat transfer rate from the ball. Let the heat transfer
coefficient vary from 5 W/m®.°C to 30 W/m®.°C. Plot the rate of heat transfer against the convection heat
transfer coefficient for the surface emissivities of 0.1, 0.5, 0.8, and 1, and discuss the results.

Analysis The problem is solved using EES, and the solution is given below.

sigma=5.67e-8"[W/m"2-K 4]"
{T_sphere=70"[C]"
T_room=20"[C]"
D_sphere=5"[cm]"
epsilon=0.1
h_c=15"[W/m"2-K]"}

A=4*pi*(D_sphere/2)"2*convert(cm”2,m"2)"[m"2]"
Q_dot_conv=A*h_c*(T_sphere-T_room)"[W]"
Q_dot_rad=A*epsilon*sigma*((T_sphere+273)"4-(T_room+273)"4)"[W]"
Q_dot_total=Q_dot_conv+Q_dot_rad"[W]"

hc Qtotal
[W/m*-K] [W]
5 2.252
10 4.215
15 6.179
20 8.142
25 10.11
30 12.07

0

5 10 15 20 25 30
he [W/mA2-K]
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2-102 Hot air is blown over a flat surface at a specified temperature. The rate of heat transfer from the air
to the plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by —> 80°C
radiation is not considered. 3 The convection heat transfer coefficient — < Air
is constant and uniform over the surface. —

Analysis Under steady conditions, the rate of heat transfer by convection is
Ouome = HAAT = (55 W/m?* -°C)(2x 4 m?)(80—30)°C = 22,000 W =22 kW

30°C

2-103 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The temperature of
the base of the iron is to be determined in steady operation.

Assumptions 1 Steady operating conditions exist. 2 The Tron

thermal properties of the iron base and the convection heat 1000 W

transfer coefficient are constant and uniform. 3 The —_—

temperature of the surrounding surfaces is the same as the —>

temperature of the surrounding air. ::

Properties The emissivity of the base surface is given to be € = —

0.6. I
Analysis At steady conditions, the 1000 W of energy supplied

to the iron will be dissipated to the surroundings by convection
and radiation heat transfer. Therefore,

Qtotal = Qconv + Qrad =1000 W
where  Qgony = AAT = (35 W/m? -K)(0.02 m*)(T, —293 K) = 0.7(T, —293 K) W

and

Qg = AT} =T =0.6(0.02m?)(5.67x10™* W/m? - K*)[T; — (293 K)*]
=0.06804 x10~*[T* — (293 K)*1W
Substituting, 1000 W = 0.7(T, —293 K)+0.06804x10"*[7,} = (293 K)*]
Solving by trial and error gives T, =947 K=674°C

Discussion We note that the iron will dissipate all the energy it receives by convection and radiation when
its surface temperature reaches 947 K.

2-104 The backside of the thin metal plate is insulated and the front side is exposed to solar radiation. The
surface temperature of the plate is to be determined when it stabilizes.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulated side of the plate is
negligible. 3 The heat transfer coefficient is constant and uniform over the plate. 4 Heat loss by radiation is

negligible.

Properties The solar absorptivity of the plate is given to be o = 0.6. Q
Analysis When the heat loss from the plate by convection equals the solar

radiation absorbed, the surface temperature of the plate can be determined

from [ 700 W/m’
Osotarabsorbed = Qeonv
Qo = hA(T, = T,) o=0.6
0.6x Ax700W/m? = (S0W/m>-* C) A(T, —25) 25°C
Canceling the surface area 4 and solving for 7 gives —>

T, =33.4°C -
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2-105 EES Reconsider Prob. 2-104. Using EES (or other) software, investigate the effect of the convection
heat transfer coefficient on the surface temperature of the plate. Let the heat transfer coefficient vary from
10 W/m*.°C to 90 W/m>.°C. Plot the surface temperature against the convection heat transfer coefficient,
and discuss the results.

Analysis The problem is solved using EES, and the solution is given below.

sigma=5.67e-8"[W/m"2-K*4]"

"The following variables are obtained from the Diagram Window."
{T_air=25"[C]"

S=700"[W/mA"2]"

alpha_solar=0.6

h_c=50"[W/m"2-C]"}

"An energy balance on the plate gives:"
Q_dot_solar=Q_dot_conv"[W]"

"The absorbed solar per unit area of plate"
Q_dot_solar =S*alpha_solar"[W]"

"The leaving energy by convection per unit area of plate"
Q_dot_conv=h_c*(T_plate-T_air)"[W]"

hc Tplate
[W/m?-K] [C]
10 67
20 46
30 39
40 355
50 33.4
60 32
70 31
80 30.25
90 29.67
70 [ T | T | T | T | T | T | T | T ]
65 i
60/ ]
55 ]
o 50 ]
I 45-— _-
- i
2 401 i
[ L i

10 20 30 40 50 60 70 80
h, [W/m*2]

©
o
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2-106 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural convection with a
heat transfer coefficient of 25 W/ m>.°C. The rate of heat loss from the pipe by convection is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat
transfer by radiation is not considered. 3 The convection heat 80°C
transfer coefficient is constant and uniform over the surface.

Analysis The heat transfer surface area is ? _ D=5cm 8
A = (zD)L = 3.14x(0.05 m)(10 m) = 1.571 m? T \\Q
=10m
Under steady conditions, the rate of heat transfer by convection is Air. 5°C

Ouone = AAT = (25 W/m? -°C)(1.571 m?)(80 — 5)°C = 2945 W = 2.95 kW

2-107 A spacecraft in space absorbs solar radiation while losing heat to deep space by thermal radiation.
The surface temperature of the spacecraft is to be determined when steady conditions are reached..

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant
at the specified values. 2 Thermal properties of the spacecraft are constant.

Properties The outer surface of a spacecraft has an emissivity of 0.8 and an absorptivity of 0.3.

Analysis When the heat loss from the outer surface of the spacecraft by Q
radiation equals the solar radiation absorbed, the surface temperature can
be determined from

- : 1 1000 W/m®
Qsolarabsorbed = Qrad o
aQsolar = EO'A(TS4 - Ts;ace)
2 -8 2 pedyppd 4 =03
0.3xAx (1000 Wm~) =0.8xA4x(5.67x107" W/m~-K")[T;" - (0 K)"] e=08
Canceling the surface area 4 and solving for 7 gives S

T, =285K U
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2-108 EES Reconsider Prob. 2-107. Using EES (or other) software, investigate the effect of the surface
emissivity and absorptivity of the spacecraft on the equilibrium surface temperature. Plot the surface
temperature against emissivity for solar absorptivities of 0.1, 0.5, 0.8, and 1, and discuss the results.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"
sigma=5.67e-8"[W/m”2-K*4]"

"The following variables are obtained from the Diagram Window."
{T_space=10"[C]"

S=1000"[W/mA2]"

alpha_solar=0.3

epsilon=0.8}

"Solution”

"An energy balance on the spacecraft gives:"
Q_dot_solar=Q_dot_out

"The absorbed solar"

Q_dot_solar =S*alpha_solar

"The net leaving radiation leaving the spacecraft:"
Q_dot_out=epsilon*sigma*((T_spacecraft+273)"4-(T_space+273)"4)

————r— T
€ Tspacecraft r  Surface emissivity = 0.8
[C] 120
0.1 218.7 -
0.2 150 — 100
0.3 117.2 S -
0.4 97.2 g 80
0.5 83.41 6 I
0.6 73.25 g 60
0.7 65.4 |
0.8 | 59.13 =4
0.9 54 200 v o0
1 49.71 04 02 03 04 05 06 07 08 09 1
%solar
225

solar absorptivity = 0.3 7
185

1451

N
(3]
T

Tspacecraft [C]
)
(3,]
T
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2-109 A hollow spherical iron container is filled with iced water at 0°C. The rate of heat loss from the
sphere and the rate at which ice melts in the container are to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant
at the specified values. 2 Heat transfer through the shell is one-dimensional. 3 Thermal properties of the
iron shell are constant. 4 The inner surface of the shell is at the same temperature as the iced water, 0°C.
Properties The thermal conductivity of iron is k£ = 80.2 W/m-°C (Table 2-3). The heat of fusion of water is
at 1 atm is 333.7 kJ/kg.
Analysis This spherical shell can be approximated as a plate of / ¢
thickness 0.4 cm and surface area

A = 7D?=3.14%(0.2 m)>*=0.126 m?
Then the rate of heat transfer through the shell by conduction is

: AT . , (5-0)°C
=kA—=(80.2 W/m-"C)(0.126 m") ————
Qcond I ( )( ) 0.00

0.4 cm

=12,632 W
4 m

Considering that it takes 333.7 kJ of energy to melt 1 kg of ice at 0°C, the rate at which ice melts in the
container can be determined from

_ 0 12625 4 38 kgis

e = "7 3337 kilk
if ‘ g

Discussion We should point out that this result is slightly in error for approximating a curved wall as a
plain wall. The error in this case is very small because of the large diameter to thickness ratio. For better
accuracy, we could use the inner surface area (D = 19.2 cm) or the mean surface area (D = 19.6 cm) in the
calculations.

2-110 The inner and outer glasses of a double pane window with a 1-cm air space are at specified
temperatures. The rate of heat transfer through the window is to be determined.

Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain
constant at the specified values. 2 Heat transfer through the window is one-dimensional. 3 Thermal
properties of the air are constant. 4 The air trapped between the two glasses is still, and thus heat transfer is
by conduction only.

Properties The thermal conductivity of air at room temperature is

k=0.026 W/m.°C (Table 2-3). Al
/ ir \
Analysis Under steady conditions, the rate of heat transfer through 18°C 6°C

the window by conduction is

2)(18—6)°C
0.0l m
=125 W =0.125 kW lecm

Ocond = kAATT =(0.026 W/m°C)(2x 2 m
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2-111 Two surfaces of a flat plate are maintained at specified temperatures, and the rate of heat transfer
through the plate is measured. The thermal conductivity of the plate material is to be determined.

Assumptions 1 Steady operating conditions exist since
the surface temperatures of the plate remain constant at Plate
the specified values. 2 Heat transfer through the plate is 2 cm
one-dimensional. 3 Thermal properties of the plate are
constant.

Analysis The thermal conductivity is determined 100°C /_ 0°C

directly from the steady one-dimensional heat

conduction relation to be 500 W/m>

L-T, . (O] AL _ (500 W/m?)(0.02 m)
L T, -T, (100-0)°C

=0.1 W/m.°C

0 =kA

Review Problems

2-112 The weight of the cabin of an elevator is balanced by a counterweight. The power needed when the
fully loaded cabin is rising, and when the empty cabin is descending at a constant speed are to be
determined.

Assumptions 1 The weight of the cables is negligible. 2 The guide rails and pulleys are frictionless. 3 Air
drag is negligible.

Analysis (a) When the cabin is fully loaded, half of the weight is balanced by the counterweight. The
power required to raise the cabin at a constant speed of 1.2 m/s is

= "8 _ g = (400 ke)9.81 mis)(1.2 mis) — [ LW |4 79kw
At 1kg-m/s 1000 N -m/s

If no counterweight is used, the mass would double to 800 kg
and the power would be 2x4.71 = 9.42 kW.

(b) When the empty cabin is descending (and the
counterweight is ascending) there is mass imbalance of 400-
150 = 250 kg. The power required to raise this mass at a Counter Cabin
constant speed of 1.2 m/s is weight

mgz
At

W= = mgV = (250 kg)(9.81 m/s*)(1.2 m/s) IN 5 LW ) 294 kw
1 kg-m/s~ ) 1000 N -m/s

If a friction force of 800 N develops between the cabin and the guide rails, we will need

1 kW

. Fe. .. =z
Wi oion = —mction= — g .} = (800 N)1.2 m/s)| ——
friction friction ( X {1000 N- m/s

] =0.96 kW
At

of additional power to combat friction which always acts in the opposite direction to motion.

Therefore, the total power needed in this case is

Wow =W + Weiction = 2.94 +0.96 = 3.90 kW
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2-113 A decision is to be made between a cheaper but inefficient natural gas heater and an expensive but
efficient natural gas heater for a house.

Assumptions The two heaters are comparable in all aspects other than the initial cost and efficiency.

Analysis Other things being equal, the logical choice is the heater that will cost less during its lifetime. The
total cost of a system during its lifetime (the initial, operation, maintenance, etc.) can be determined by
performing a life cycle cost analysis. A simpler alternative is to determine the simple payback period.

The annual heating cost is given to be $1200. Noting that the existing heater is 55%
efficient, only 55% of that energy (and thus money) is delivered to the house, and

the rest is wasted due to the inefficiency of the heater. Therefore, the monetary Gas Heater
value of the heating load of the house is n = 82%
Cost of useful heat = (55%)(Current annual heating cost) = 0.55x($1200/yr)=$660/yr N2 =95%

This is how much it would cost to heat this house with a heater that is 100%
efficient. For heaters that are less efficient, the annual heating cost is determined by
dividing $660 by the efficiency:

82% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.82 = $805/yr
95% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.95 = $695/yr
Annual cost savings with the efficient heater = 805 - 695 = $110

Excess initial cost of the efficient heater = 2700 - 1600 = $1100

The simple payback period becomes

. . E initial cost 1100
Simple payback period = XCeSS Iiha’ o8 3

— = =10 years
Annaul costsavings  $110/yr

Therefore, the more efficient heater will pay for the $1100 cost differential in this case in 10 years, which
is more than the 8-year limit. Therefore, the purchase of the cheaper and less efficient heater is a better buy
in this case.
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2-114 A wind turbine is rotating at 20 rpm under steady winds of 30 km/h. The power produced, the tip
speed of the blade, and the revenue generated by the wind turbine per year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The wind turbine operates continuously during the
entire year at the specified conditions.

Properties The density of air is given to be p=1.20 kg/m’.

Analysis (a) The blade span area and the mass flow rate of air through the turbine are

A=7D*/4=7(80m)? /4 =5027m> 1
v =(30 km/h)(looomj( 1h ): 8.333m/s
1km 3600s

m=pAV = (1.2 kg/m*)(5027 m?)(8.333 m/s) = 50,270 kg/s

Noting that the kinetic energy of a unit mass is ¥?/2 and the wind
turbine captures 35% of this energy, the power generated by this wind
turbine becomes

7o L ! 1KJ/k
W= ’7(5 my’ ) = (0-35)5(50,270 kg/s)(8.333 m/s)? (—1 m ng/sz

(b) Noting that the tip of blade travels a distance of D per revolution, the tip velocity of the turbine blade
for an rpm of 7 becomes

Vo =i = (80 m)(20/ min) = 5027 m/min = 83.8 m/s =302 km/h

j =610.9 kW

ip

(¢) The amount of electricity produced and the revenue generated per year are
Electricity produced = WAt = (610.9 kW)(365x 24 h/year)

=5.351x10° kWh/year

Revenue generated = (Electricity produced)(Unit price) = (5.351x 10® kWh/year)($0.06/kWh)
=$321,100/year
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2-115 A wind turbine is rotating at 20 rpm under steady winds of 25 km/h. The power produced, the tip
speed of the blade, and the revenue generated by the wind turbine per year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The wind turbine operates continuously during the
entire year at the specified conditions.

Properties The density of air is given to be p=1.20 kg/m’.

Analysis (a) The blade span area and the mass flow rate of air through the turbine are

A=7D*/4=x(80m)*/4=5027 m’ 1
v = @skmmy 1200m | _1h ) o mys
1km ) 3600s

= pAV = (1.2kg/m*)(5027 m?)(6.944 m/s) = 41,891 kg/s

Noting that the kinetic energy of a unit mass is V*/2 and the
wind turbine captures 35% of this energy, the power generated
by this wind turbine becomes

1kJ/kg

W= n[%m sz = (0.35)%(41,891 kg/s)(6.944 m/s)2[1000 3 J =353.5 kW

(b) Noting that the tip of blade travels a distance of D per revolution, the tip velocity of the turbine blade
for an rpm of 7 becomes

Vip = 7Dn = 7(80 m)(20/min) = 5027 m/min = 83.8 m/s = 302 km/h

(¢) The amount of electricity produced and the revenue generated per year are
Electricity produced = WA? = (353.5 kW)(365 x 24 h/year)
= 3,096,660 kWh/year
Revenue generated = (Electricity produced)(Unit price) = (3,096,660 kWh/year)($0.06/kWh)
= $185,800/year
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2-116E The energy contents, unit costs, and typical conversion efficiencies of various energy sources for
use in water heaters are given. The lowest cost energy source is to be determined.

Assumptions The differences in installation costs of different water heaters are not considered.

Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are
given in the problem statement.

Analysis The unit cost of each Btu of useful energy supplied to the water heater by each system can be
determined from

Unit cost of energy supplied

Unit cost of useful energy = - -
Conversion efficiency

Substituting,
3 3

Natural gas heater: Unit cost of useful energy = $0.012/ft Lt =$21.3%x107% /Btu
0.55 1025 Btu

Heating by oil heater: Unit cost of useful energy = S1.15/gal 1 gal =$15.1x107% /Btu
0.55 138,700 Btu

Electric heater- Unit cost of useful energy = $0.084/kWh) (_LkWh =$27.4x107% /Btu

0.90 3412 Btu

Therefore, the lowest cost energy source for hot water heaters in this case is oil.

2-117 A home owner is considering three different heating systems for heating his house. The system with
the lowest energy cost is to be determined.

Assumptions The differences in installation costs of different heating systems are not considered.

Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are
given in the problem statement.

Analysis The unit cost of each Btu of useful energy supplied to the house by each system can be
determined from

Unit cost of energy supplied

Unit cost of useful energy = - -
Conversion efficiency

Substituting,
Natural gas heater: Unit cost of useful energy = $1.24/therm [ _1 therm =$13.5x107° /kJ
0.87 105,500 kJ

Heating oil heater: Unit cost of useful energy = $1.25/gal I gal =$10.4x107% /kJ
0.87 \138,500kJ
.09/kWh

Electric heater: Unit cost of useful energy = $0.09AWh) ([ 1kWh =$25.0x107° /kJ

1.0 3600 kJ

Therefore, the system with the lowest energy cost for heating the house is the heating oil heater.
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2-118 The heating and cooling costs of a poorly insulated house can be reduced by up to 30 percent by
adding adequate insulation. The time it will take for the added insulation to pay for itself from the energy it
saves is to be determined.

Assumptions 1t is given that the annual energy usage of a house is $1200 a

year, and 46% of it is used for heating and cooling. The cost of added Heat loss
insulation is given to be $200.
Analysis The amount of money that would be saved per year is determined
directly from
Money saved = ($1200/year)(0.46)(0.30) = $166/yr
Then the simple payback period becomes House

Cost _ 8200
Money saved ~ $166/yr

Payback period =

Therefore, the proposed measure will pay for itself in less than one and a half year.

2-119 Caulking and weather-stripping doors and windows to reduce air leaks can reduce the energy use of
a house by up to 10 percent. The time it will take for the caulking and weather-stripping to pay for itself
from the energy it saves is to be determined.

Assumptions 1t is given that the annual energy usage of a house is $1100 a year, and the cost of caulking
and weather-stripping a house is $50.

Analysis The amount of money that would be saved per year is determined directly from
Money saved = ($1100/year)(0.10) = $110/yr

Then the simple payback period becomes

Cost _§50
Money saved ~ $110/yr

Payback period = =0.45yr

Therefore, the proposed measure will pay for itself in less than half a year.

2-120 It is estimated that 570,000 barrels of oil would be saved per day if the thermostat setting in
residences in winter were lowered by 6°F (3.3°C). The amount of money that would be saved per year is to
be determined.

Assumptions The average heating season is given to be 180 days, and the cost of o0il to be $40/barrel.
Analysis The amount of money that would be saved per year is determined directly from
(570,000 barrel/day)(180 days/year)$40/barrel) = $4,104,000,000

Therefore, the proposed measure will save more than 4-billion dollars a year in energy costs.
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2-121 A TV set is kept on a specified number of hours per day. The cost of electricity this TV set
consumes per month is to be determined.

Assumptions 1 The month is 30 days. 2 The TV set consumes its rated power when on.
Analysis The total number of hours the TV is on per month is
Operating hours = (6 h/day)(30 days) = 180 h
Then the amount of electricity consumed per month and its cost become
Amount of electricity = (Power consumed)(Operating hours)=(0.120 kW)(180 h) =21.6 kWh
Cost of electricity = (Amount of electricity)(Unit cost) = (21.6 kWh)($0.08/kWh) = $1.73 (per month)

Properties Note that an ordinary TV consumes more electricity that a large light bulb, and there should be
a conscious effort to turn it off when not in use to save energy.

2-122 The pump of a water distribution system is pumping water at a specified flow rate. The pressure rise
of water in the pump is measured, and the motor efficiency is specified. The mechanical efficiency of the
pump is to be determined.

Assumptions 1 The flow is steady. 2 The elevation difference
across the pump is negligible. 3 Water is incompressible.

Analysis From the definition of motor efficiency, the mechanical
(shaft) power delivered by the he motor is

W, =(0.90)(15 kW) =13.5kW

electric

w

pump,shaft — M motor

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

AEmech,ﬂuid = m(emech,out - emech,in ) = m[(PV)Z - (Pv)l] = m(PZ - Pl )V = V(PZ - Pl )

1kJ

= (0.050 m*>/5)(300-100 kPa)(l—Bj =10kJ/s =10 kW
a-m

since 7 = p¥ =V /v and there is no change in kinetic and potential energies of the fluid. Then the pump
efficiency becomes

AEmech,ﬂuid _ 10 kW =0.741 or 74.1%

pump, shaft 13.5kW

ﬂpump =

Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor
efficiencies, which is 0.9x0.741 = 0.667.
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2-123 The available head, flow rate, and efficiency of a hydroelectric turbine are given. The electric power
output is to be determined.

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 3
Frictional losses in piping are negligible.

Properties We take the density of water to be p = @
1000 kg/m® = 1 kg/L. —~— ]

Analysis The total mechanical energy the water in —
a dam possesses is equivalent to the potential - |- =
energy of water at the free surface of the dam —

(relative to free surface of discharge water), and it _ 120m Noveral = 80%
can be converted to work entirely. Therefore, the — —:

power potential of water is its potential energy, T l_

which is gz per unit mass, and mgz for a given — T

Generator
mass flow rate.

1kJ/kg

e . =pe=gz=(9.81m/s*)(120m) ———=
‘mech — P 8z ( )( )( 1000 m2/52

):1.177kJ/kg

The mass flow rate is
m = pV = (1000 kg/m*>)(100 m>/s) = 200,000 kg/s

Then the maximum and actual electric power generation become

. . 1MW

w__=F = me, =(100,000kg/s)(1.177 kl/kg)| ————— |=117.7T MW
max mech ‘mech ( g )( g)( 1000 kJ/SJ

Welectric = Noverall Wmax = 080(1 17.7 MW) =94.2 MW

Discussion Note that the power generation would increase by more than 1 MW for each percentage point
improvement in the efficiency of the turbine—generator unit.
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2-124 An entrepreneur is to build a large reservoir above the lake level, and pump water from the lake to
the reservoir at night using cheap power, and let the water flow from the reservoir back to the lake during
the day, producing power. The potential revenue this system can generate per year is to be determined.

Assumptions 1 The flow in each direction is steady and incompressible. 2 The elevation difference
between the lake and the reservoir can be taken to be constant, and the elevation change of reservoir during
charging and discharging is disregarded. 3 Frictional losses in piping are negligible. 4 The system operates
every day of the year for 10 hours in each mode.

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

Analysis The total mechanical energy of water in
an upper reservoir relative to water in a lower
reservoir is equivalent to the potential energy of
water at the free surface of this reservoir relative to v T
free surface of the lower reservoir. Therefore, the Reservoir

Pump- 40m
turbine

power potential of water is its potential energy,
which is gz per unit mass, and mgz for a given

mass flow rate. This also represents the minimum
power required to pump water from the lower
reservoir to the higher reservoir.

Wmax, turbine — Wmin, pump — I/i/ideal = AEmech = MAemech = mApe = mgAZ = pVgAZ

— (1000 kg/m*)(2 m/s)(9.81 m/s?)(40 m) — ( kW ):784.8kW
lkg-m/s® \1000 N-m/s

The actual pump and turbine electric powers are

. Wigeal 784.8 kW
Wpump,elect = = =

=1046 kW

pump-motor

Wturbine = nturbine—gen Wideal = 075(7848 kW) =588.6 kW

Then the power consumption cost of the pump, the revenue generated by the turbine, and the net income
(revenue minus cost) per year become

Cost =W yymp, elect A x Unit price = (1046 kW)(365x 10 h/year)($0.03/kWh) = $114,500/year

Reveue = Wy ;. Af x Unit price = (588.6 kW)(365x 10 h/year)($0.08/kWh) = $171,900/year
Net income = Revenue — Cost = 171,900 —114,500 = $57,400/year

Discussion 1t appears that this pump-turbine system has a potential to generate net revenues of about
$57,000 per year. A decision on such a system will depend on the initial cost of the system, its life, the
operating and maintenance costs, the interest rate, and the length of the contract period, among other
things.
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2-125 A diesel engine burning light diesel fuel that contains sulfur is considered. The rate of sulfur that
ends up in the exhaust and the rate of sulfurous acid given off to the environment are to be determined.

Assumptions 1 All of the sulfur in the fuel ends up in the exhaust. 2 For one kmol of sulfur in the exhaust,
one kmol of sulfurous acid is added to the environment.

Properties The molar mass of sulfur is 32 kg/kmol.
Analysis The mass flow rates of fuel and the sulfur in the exhaust are
m (336 kg air/h)

Ty = — A = : = 18.67 kg fuel/h
AF (18 kg air/kg fuel)

Fig e = (750x10° Yrig o = (750x107)(18.67 kg/h) = 0.014 kg/h
The rate of sulfurous acid given off to the environment is
Mipsos . _ 2x1+32+3x16

Mguifur =
Sulfur 32

Misos = (0.014 kg/h) = 0.036 kg/h

Discussion This problem shows why the sulfur percentage in diesel fuel must be below certain value to
satisfy regulations.

2-126 Lead is a very toxic engine emission. Leaded gasoline contains lead that ends up in the exhaust. The
amount of lead put out to the atmosphere per year for a given city is to be determined.

Assumptions 35% of lead is exhausted to the environment.
Analysis The gasoline consumption and the lead emission are
Gasoline Consumption = (10,000 cars)(15,000 km/car - year)(10L/100 km) =1.5x10’ L/year
Lead Emission = (GaolineConsumption)e, ficad
=(1.5x107 L/year)(0.15x 107 kg/L)(0.35)
=788 kglyear

Discussion Note that a huge amount of lead emission is avoided by the use of unleaded gasoline.
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Fundamentals of Engineering (FE) Exam Problems

2-127 A 2-kW electric resistance heater in a room is turned on and kept on for 30 min. The amount of
energy transferred to the room by the heater is
(a) 1 kJ (b) 60 kJ (c) 1800 kJ (d) 3600 kJ (e) 7200 kJ

Answer (d) 3600 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

We= 2 "kJ/s"
time=30*60 "s"
We_total=We*time "kJ"

"Some Wrong Solutions with Common Mistakes:"
W1_Etotal=We*time/60 "using minutes instead of s"
W2_Etotal=We "ignoring time"

2-128 In a hot summer day, the air in a well-sealed room is circulated by a 0.50-hp (shaft) fan driven by a
65% efficient motor. (Note that the motor delivers 0.50 hp of net shaft power to the fan). The rate of
energy supply from the fan-motor assembly to the room is

(a) 0.769 kJ/s (b) 0.325 kl/s (c) 0.574kl/s (d) 0.373 kl/s (e) 0.242 kJ/s

Answer (c) 0.574 kl/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Eff=0.65
W_fan=0.50%0.7457 "kW"
E=W_fan/Eff "kJ/s"

"Some Wrong Solutions with Common Mistakes:"
W1_E=W_fan*Eff "Multiplying by efficiency"
W2_E=W_fan "Ignoring efficiency"
W3_E=W_fan/Eff/0.7457 "Using hp instead of kW"
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2-129 A fan is to accelerate quiescent air to a velocity to 12 m/s at a rate of 3 m*/min. If the density of air is
1.15 kg/m’, the minimum power that must be supplied to the fan is
(a) 248 W (b)72 W (c) 497 W (d)216 W (e) 162 W

Answer (a) 248 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

rho=1.15

V=12

Vdot=3 "m3/s"
mdot=rho*Vdot "kg/s"
We=mdot*V"2/2

"Some Wrong Solutions with Common Mistakes:"
W1_We=Vdot*V"2/2 "Using volume flow rate"
W2_We=mdot*V"2 "forgetting the 2"

W3 We=V"2/2 "not using mass flow rate"

2-130 A 900-kg car cruising at a constant speed of 60 km/h is to accelerate to 100 km/h in 6 s. The
additional power needed to achieve this acceleration is
(a) 41 kW (b) 222 kW (c) 1.7kW (d) 26 kW (e) 37 kW

Answer (e) 37 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m=900 "kg"

V1=60 "km/h"

V2=100 "km/h"

Dt=6 "s"
Wa=m*((V2/3.6)"2-(V1/3.6)*2)/2000/Dt "k\W"

"Some Wrong Solutions with Common Mistakes:"
W1_Wa=((V2/3.6)"2-(V1/3.6)"2)/2/Dt "Not using mass"
W2_Wa=m*((V2)*2-(V1)*2)/2000/Dt "Not using conversion factor"
W3_Wa=m*((V2/3.6)"2-(V1/3.6)*2)/2000 "Not using time interval"
W4_Wa=m*((V2/3.6)-(V1/3.6))/1000/Dt "Using velocities"



2-61

2-131 The elevator of a large building is to raise a net mass of 400 kg at a constant speed of 12 m/s using
an electric motor. Minimum power rating of the motor should be
(a) 0 kW (b) 4.8 kW (c) 47 kW (d) 12 kW (e) 36 kW

Answer (c) 47 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m=400 "kg"

V=12 "m/s"

g=9.81 "m/s2"
Wg=m*g*V/1000 "kW"

"Some Wrong Solutions with Common Mistakes:"
W1_Wg=m*V "Not using g"
W2_Wg=m*g*V*2/2000 "Using kinetic energy"
W3 _Wg=m*g/V "Using wrong relation"

2-132 Electric power is to be generated in a hydroelectric power plant that receives water at a rate of 70
m’/s from an elevation of 65 m using a turbine—generator with an efficiency of 85 percent. When frictional
losses in piping are disregarded, the electric power output of this plant is

(a) 3.9 MW (b) 38 MW (c) 45 MW (d) 53 MW (e) 65 MW

Answer (b) 38 MW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Vdot=70 "m3/s"

z=65"m"

g=9.81 "m/s2"

Eff=0.85

rho=1000 "kg/m3"
We=rho*Vdot*g*z*Eff/10"6 "MW"

"Some Wrong Solutions with Common Mistakes:"
W1_We=rho*Vdot*z*Eff/10”6 "Not using g"
W2_We=rho*Vdot*g*z/Eff/1076 "Dividing by efficiency"
W3_We=rho*Vdot*g*z/10"6 "Not using efficiency"
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2-133 A 75 hp (shaft) compressor in a facility that operates at full load for 2500 hours a year is powered by
an electric motor that has an efficiency of 88 percent. If the unit cost of electricity is $0.06/kWh, the annual
electricity cost of this compressor is

(a) $7382 (b) $9900 (c) $12,780 (d) $9533 (e) $8389

Answer (d) $9533

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Wcomp=75 "hp"

Hours=2500 “h/year”

Eff=0.88

price=0.06 “$/kWh”
We=Wcomp*0.7457*Hours/Eff
Cost=We*price

"Some Wrong Solutions with Common Mistakes:"

W1_cost= Wcomp*0.7457*Hours*price*Eff “multiplying by efficiency”

W2_cost= Wcomp*Hours*price/Eff “not using conversion”

W3_cost= Wcomp*Hours*price*Eff “multiplying by efficiency and not using conversion”
W4 _cost= Wcomp*0.7457*Hours*price “Not using efficiency”

2-134 Consider a refrigerator that consumes 320 W of electric power when it is running. If the refrigerator
runs only one quarter of the time and the unit cost of electricity is $0.09/kWh, the electricity cost of this
refrigerator per month (30 days) is

(a) $3.56 (b) $5.18 (c) $8.54 (d) $9.28 (e) $20.74

Answer (b) $5.18

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

We=0.320 "kW"
Hours=0.25*(24*30) "h/year"
price=0.09 "$/kWh"
Cost=We*hours*price

"Some Wrong Solutions with Common Mistakes:"
W1_cost= We*24*30*price "running continuously"
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2-135 A 2-kW pump is used to pump kerosene (p = 0.820 kg/L) from a tank on the ground to a tank at a
higher elevation. Both tanks are open to the atmosphere, and the elevation difference between the free
surfaces of the tanks is 30 m. The maximum volume flow rate of kerosene is

(a) 83 L/s (b)7.2L/s (c) 6.8 L/s (d)12.1L/s () 17.8 L/s

Answer (a) 8.3 L/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

W=2 "kW"

rho=0.820 "kg/L"
z=30"m"

g=9.81 "m/s2"
W=rho*Vdot*g*z/1000

"Some Wrong Solutions with Common Mistakes:"
W=W1_Vdot*g*z/1000 "Not using density"

2-136 A glycerin pump is powered by a 5-kW electric motor. The pressure differential between the outlet
and the inlet of the pump at full load is measured to be 211 kPa. If the flow rate through the pump is 18 L/s
and the changes in elevation and the flow velocity across the pump are negligible, the overall efficiency of
the pump is

(a) 69% (b) 72% (c) 76% (d) 79% (e) 82%

Answer (c) 76%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

We=5 "kW"

Vdot= 0.018 "m3/s"
DP=211 "kPa"
Emech=Vdot*DP
Emech=Eff*We
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The following problems are based on the optional special topic of heat transfer

2-137 A 10-cm high and 20-cm wide circuit board houses on its surface 100 closely spaced chips, each
generating heat at a rate of 0.08 W and transferring it by convection to the surrounding air at 40°C. Heat
transfer from the back surface of the board is negligible. If the convection heat transfer coefficient on the
surface of the board is 10 W/m?.°C and radiation heat transfer is negligible, the average surface
temperature of the chips is

(a) 80°C (b) 54°C (c)41°C (d) 72°C (e) 60°C

Answer (a) 80°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

A=0.10"0.20 "m*2"
Q= 100%0.08 "W"
Tair=40 "C"

h=10 "W/m*2.C"

Q= h*A*(Ts-Tair) "W"

"Some Wrong Solutions with Common Mistakes:"

Q= h*(W1_Ts-Tair) "Not using area"

Q= h*2*A*(W2_Ts-Tair) "Using both sides of surfaces"

Q= h*A*(W3_Ts+Tair) "Adding temperatures instead of subtracting"
Q/100= h*A*(W4_Ts-Tair) "Considering 1 chip only"

2-138 A 50-cm-long, 0.2-cm-diameter electric resistance wire submerged in water is used to determine the
boiling heat transfer coefficient in water at 1 atm experimentally. The surface temperature of the wire is
measured to be 130°C when a wattmeter indicates the electric power consumption to be 4.1 kW. Then the
heat transfer coefficient is

(a) 43,500 W/m*.°C  (b) 137 W/m>.°C (c) 68,330 W/m*.°C ~ (d) 10,038 W/m*.°C

(e) 37,540 W/m®.°C

Answer (a) 43,500 W/m*.°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

L=0.5"m"

D=0.002 "m"

A=pi*D*L "m~"2"

We=4.1 "kW"

Ts=130 "C"

Tf=100 "C (Boiling temperature of water at 1 atm)"
We= h*A*(Ts-Tf) "W"

"Some Wrong Solutions with Common Mistakes:"

We= W1_h*(Ts-Tf) "Not using area"

We= W2_h*(L*pi*D*2/4)*(Ts-Tf) "Using volume instead of area"
We= W3 h*A*Ts "Using Ts instead of temp difference”
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2-139 A 3-m’ hot black surface at 80°C is losing heat to the surrounding air at 25°C by convection with a
convection heat transfer coefficient of 12 W/m?.°C, and by radiation to the surrounding surfaces at 15°C.

The total rate of heat loss from the surface is
(a) 1987 W (b) 2239 W (c) 2348 W (d) 3451 W (e) 3811 W

Answer (d) 3451 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

sigma=5.67E-8 "W/m”2.K*4"

eps=1

A=3 "m"2"

h_conv=12 "W/m*2.C"

Ts=80"C"

Tf=25"C"

Tsurr=15"C"

Q_conv=h_conv*A*(Ts-Tf) "W"
Q_rad=eps*sigma*A*((Ts+273)*4-(Tsurr+273)*4) "W"
Q_total=Q_conv+Q_rad "W"

"Some Wrong Solutions with Common Mistakes:"

W1_QI=Q_conv "Ignoring radiation"

W2_Q=Q_rad "ignoring convection"
W3_Q=Q_conv+eps*sigma*A*(Ts"4-Tsurr*4) "Using C in radiation calculations”
W4_Q=Q_total/A "not using area"

2-140 Heat is transferred steadily through a 0.2-m thick 8 m by 4 m wall at a rate of 1.6 kW. The inner and
outer surface temperatures of the wall are measured to be 15°C to 5°C. The average thermal conductivity
of the wall is

(a) 0.001 W/m.°C  (b) 0.5 W/m.°C (¢) 1.0 Wm.°C (d) 2.0 Wm.°C (e) 5.0 Wm.°C

Answer (c) 1.0 W/m.°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

A=8*4 "m"2"
L=0.2 "m"

T1=15"C"

T2=5"C"

Q=1600 "W"
Q=k*A*(T1-T2)/L "W"

"Some Wrong Solutions with Common Mistakes:"

Q=W1_k*(T1-T2)/L "Not using area"

Q=W2_k*2*A*(T1-T2)/L "Using areas of both surfaces"
Q=W3_k*A*(T1+T2)/L "Adding temperatures instead of subtracting"
Q=W4_k*A*L*(T1-T2) "Multiplying by thickness instead of dividing by it"
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2-141 The roof of an electrically heated house is 7 m long, 10 m wide, and 0.25 m thick. It is made of a flat
layer of concrete whose thermal conductivity is 0.92 W/m.°C. During a certain winter night, the
temperatures of the inner and outer surfaces of the roof are measured to be 15°C and 4°C, respectively. The

average rate of heat loss through the roof that night was
()41 W (b) 177 W (c) 4894 W (d) 5567 W (e) 2834 W

Answer (e) 2834 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

A=7*10 "m"2"

L=0.25 "m"

k=0.92 "W/m.C"

T1=15"C"

T2=4"C"
Q_cond=k*A*(T1-T2)/L "W"

"Some Wrong Solutions with Common Mistakes:"

W1_Q=k*(T1-T2)/L "Not using area"

W2_Q=k*2*A*(T1-T2)/L "Using areas of both surfaces"
W3_Q=k*A*(T1+T2)/L "Adding temperatures instead of subtracting”
W4_Q=k*A*L*(T1-T2) "Multiplying by thickness instead of dividing by it"

2-142 ... 2-148 Design and Essay Problems

Do
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Chapter 3
PROPERTIES OF PURE SUBSTANCES

Pure Substances, Phase Change Processes, Property Diagrams

3-1C Yes. Because it has the same chemical composition throughout.

3-2C A liquid that is about to vaporize is saturated liquid; otherwise it is compressed liquid.

3-3C A vapor that is about to condense is saturated vapor; otherwise it is superheated vapor.

3-4C No.

3-5C No.

3-6C Yes. The saturation temperature of a pure substance depends on pressure. The higher the pressure,
the higher the saturation or boiling temperature.

3-7C The temperature will also increase since the boiling or saturation temperature of a pure substance
depends on pressure.

3-8C Because one cannot be varied while holding the other constant. In other words, when one changes,
so does the other one.

3-9C At critical point the saturated liquid and the saturated vapor states are identical. At triple point the
three phases of a pure substance coexist in equilibrium.

3-10C Yes.

3-11C Case (c) when the pan is covered with a heavy lid. Because the heavier the lid, the greater the
pressure in the pan, and thus the greater the cooking temperature.

3-12C At supercritical pressures, there is no distinct phase change process. The liquid uniformly and
gradually expands into a vapor. At subcritical pressures, there is always a distinct surface between the
phases.

Property Tables

3-13C A given volume of water will boil at a higher temperature in a tall and narrow pot since the
pressure at the bottom (and thus the corresponding saturation pressure) will be higher in that case.

3-14C A perfectly fitting pot and its lid often stick after cooking as a result of the vacuum created inside as
the temperature and thus the corresponding saturation pressure inside the pan drops. An easy way of
removing the lid is to reheat the food. When the temperature rises to boiling level, the pressure rises to
atmospheric value and thus the lid will come right off.




3-15C The molar mass of gasoline (CgH;s) is 114 kg/kmol, which is much larger than the molar mass of air
that is 29 kg/kmol. Therefore, the gasoline vapor will settle down instead of rising even if it is at a much
higher temperature than the surrounding air. As a result, the warm mixture of air and gasoline on top of an
open gasoline will most likely settle down instead of rising in a cooler environment

3-16C Ice can be made by evacuating the air in a water tank. During evacuation, vapor is also thrown out,
and thus the vapor pressure in the tank drops, causing a difference between the vapor pressures at the water
surface and in the tank. This pressure difference is the driving force of vaporization, and forces the liquid
to evaporate. But the liquid must absorb the heat of vaporization before it can vaporize, and it absorbs it
from the liquid and the air in the neighborhood, causing the temperature in the tank to drop. The process
continues until water starts freezing. The process can be made more efficient by insulating the tank well so
that the entire heat of vaporization comes essentially from the water.

3-17C Yes. Otherwise we can create energy by alternately vaporizing and condensing a substance.

3-18C No. Because in the thermodynamic analysis we deal with the changes in properties; and the changes
are independent of the selected reference state.

3-19C The term hg, represents the amount of energy needed to vaporize a unit mass of saturated liquid at a
specified temperature or pressure. It can be determined from /iy, = h, - hy.

3-20C Yes; the higher the temperature the lower the hg, value.

3-21C Quality is the fraction of vapor in a saturated liquid-vapor mixture. It has no meaning in the
superheated vapor region.

3-22C Completely vaporizing 1 kg of saturated liquid at 1 atm pressure since the higher the pressure, the
lower the hy, .

3-23C Yes. It decreases with increasing pressure and becomes zero at the critical pressure.

3-24C No. Quality is a mass ratio, and it is not identical to the volume ratio.

3-25C The compressed liquid can be approximated as a saturated liquid at the given temperature. Thus

Vrp EV 07

3-26 [Also solved by EES on enclosed CD] Complete the following table for H, O:

T, °C P, kPa v, m’/ kg Phase description
50 12.352 4.16 Saturated mixture

120.21 200 0.8858 Saturated vapor
250 400 0.5952 Superheated vapor

110 600 0.001051 Compressed liquid
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3-27 EES Problem 3-26 is reconsidered. The missing properties of water are to be determined using EES,
and the solution is to be repeated for refrigerant-134a, refrigerant-22, and ammonia.

Analysis The problem is solved using EES, and the solution is given below.

$Warning off
{$Arrays off}
Procedure Find(Fluid$,Prop1$,Prop2$,Value1,Value2:T,p,h,s,v,u,x,State$)
"Due to the very general nature of this problem, a large number of 'if-then-else' statements are
necessary."
If Prop1$="Temperature, C' Then
T=Value1
If Prop2$="Temperature, C' then Call Error('Both properties cannot be Temperature,
T=xxxF2',T)
if Prop2%$='"Pressure, kPa' then
p=value2
h=enthalpy(Fluid$,T=T,P=p)
s=entropy(Fluid$,T=T,P=p)
v=volume(Fluid$,T=T,P=p)
u=intenergy(Fluid$, T=T,P=p)
x=quality(Fluid$,T=T,P=p)
endif
if Prop2$="Enthalpy, kJ/kg' then
h=value2
p=Pressure(Fluid$,T=T,h=h)
s=entropy(Fluid$,T=T,h=h)
v=volume(Fluid$,T=T,h=h)
u=intenergy(Fluid$,T=T,h=h)
x=quality(Fluid$,T=T,h=h)
endif
if Prop2$="Entropy, kJ/kg-K' then
s=value2
p=Pressure(Fluid$, T=T,s=s)
h=enthalpy(Fluid$,T=T,s=s)
v=volume(Fluid$, T=T,s=s)
u=intenergy(Fluid$,T=T,s=s)
x=quality(Fluid$,T=T,s=s)
endif
if Prop2$="Volume, m*3/kg' then
v=value2
p=Pressure(Fluid$,T=T,v=v)
h=enthalpy(Fluid$,T=T,v=v)
s=entropy(Fluid$,T=T,v=v)
u=intenergy(Fluid$,T=T,v=v)
x=quality(Fluid$,T=T,v=v)

endif
if Prop2$="Internal Energy, kJ/kg' then
u=value2

p=Pressure(Fluid$,T=T,u=u)
h=enthalpy(Fluid$,T=T,u=u)
s=entropy(Fluid$,T=T,u=u)
v=volume(Fluid$,T=T,s=s)
x=quality(Fluid$,T=T,u=u)

endif

if Prop2$="Quality' then
x=value2



p=Pressure(Fluid$, T=T,x=x)
h=enthalpy(Fluid$,T=T,x=x)
s=entropy(Fluid$, T=T,x=x)
v=volume(Fluid$, T=T,x=x)
u=IntEnergy(Fluid$,T=T,x=x)

endif

Endif
If Prop1$='Pressure, kPa' Then

p=Value1

If Prop2$="Pressure, kPa' then Call Error('Both properties cannot be Pressure, p=xxxF2',p)

if Prop2$="Temperature, C' then
T=value2
h=enthalpy(Fluid$,T=T,P=p)
s=entropy(Fluid$,T=T,P=p)
v=volume(Fluid$,T=T,P=p)
u=intenergy(Fluid$,T=T,P=p)
x=quality(Fluid$,T=T,P=p)

endif

if Prop2$="Enthalpy, kd/kg' then
h=value2
T=Temperature(Fluid$,p=p,h=h)
s=entropy(Fluid$,p=p,h=h)
v=volume(Fluid$,p=p,h=h)
u=intenergy(Fluid$,p=p,h=h)
x=quality(Fluid$,p=p,h=h)

endif

if Prop2$="Entropy, kJ/kg-K' then
s=value2
T=Temperature(Fluid$,p=p,s=s)
h=enthalpy(Fluid$,p=p,s=s)
v=volume(Fluid$,p=p,s=s)
u=intenergy(Fluid$,p=p,s=s)
x=quality(Fluid$,p=p,s=s)

endif

if Prop2$="Volume, m*3/kg' then
v=value2
T=Temperature(Fluid$,p=p,v=v)
h=enthalpy(Fluid$,p=p,v=v)
s=entropy(Fluid$,p=p,v=v)
u=intenergy(Fluid$,p=p,v=v)
x=quality(Fluid$,p=p,v=v)

endif
if Prop2$="Internal Energy, kJ/kg' then
u=value2

T=Temperature(Fluid$,p=p,u=u)
h=enthalpy(Fluid$,p=p,u=u)
s=entropy(Fluid$,p=p,u=u)
v=volume(Fluid$,p=p,s=s)
x=quality(Fluid$,p=p,u=u)

endif

if Prop2$="Quality’ then
x=value2
T=Temperature(Fluid$,p=p,x=x)
h=enthalpy(Fluid$,p=p,x=x)
s=entropy(Fluid$,p=p,x=x)
v=volume(Fluid$,p=p,x=x)



u=IntEnergy(Fluid$,p=p,x=x)
endif

Endif
If Prop1$="Enthalpy, kJ/kg' Then

h=Value1
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If Prop2$="Enthalpy, kJ/kg' then Call Error('Both properties cannot be Enthalpy, h=xxxF2',h)

if Prop2%$='"Pressure, kPa' then
p=value2
T=Temperature(Fluid$,h=h,P=p)
s=entropy(Fluid$,h=h,P=p)
v=volume(Fluid$,h=h,P=p)
u=intenergy(Fluid$,h=h,P=p)
x=quality(Fluid$,h=h,P=p)

endif

if Prop2$="Temperature, C' then
T=value2
p=Pressure(Fluid$,T=T,h=h)
s=entropy(Fluid$,T=T,h=h)
v=volume(Fluid$,T=T,h=h)
u=intenergy(Fluid$,T=T,h=h)
x=quality(Fluid$,T=T,h=h)

endif

if Prop2$="Entropy, kJ/kg-K' then
s=value2
p=Pressure(Fluid$,h=h,s=s)
T=Temperature(Fluid$,h=h,s=s)
v=volume(Fluid$,h=h,s=s)
u=intenergy(Fluid$,h=h,s=s)
x=quality(Fluid$,h=h,s=s)

endif

if Prop2$="Volume, m*3/kg' then
v=value2
p=Pressure(Fluid$,h=h,v=v)
T=Temperature(Fluid$,h=h,v=v)
s=entropy(Fluid$,h=h,v=v)
u=intenergy(Fluid$,h=h,v=v)
x=quality(Fluid$,h=h,v=v)

endif

if Prop2$="Internal Energy, kJ/kg' then

u=value2
p=Pressure(Fluid$,h=h,u=u)
T=Temperature(Fluid$,h=h,u=u)
s=entropy(Fluid$,h=h,u=u)
v=volume(Fluid$,h=h,s=s)
x=quality(Fluid$,h=h,u=u)

endif

if Prop2$="Quality' then
x=value2
p=Pressure(Fluid$,h=h,x=x)
T=Temperature(Fluid$,h=h,x=x)
s=entropy(Fluid$,h=h,x=x)
v=volume(Fluid$,h=h,x=x)
u=IntEnergy(Fluid$,h=h,x=x)

endif

endif
If Prop1$="Entropy, kJ/kg-K' Then
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s=Value1

If Prop2$="Entropy, kJ/kg-K' then Call Error('Both properties cannot be Entrolpy, h=xxxF2',s)

if Prop2%$='Pressure, kPa' then
p=value2
T=Temperature(Fluid$,s=s,P=p)
h=enthalpy(Fluid$,s=s,P=p)
v=volume(Fluid$,s=s,P=p)
u=intenergy(Fluid$,s=s,P=p)
x=quality(Fluid$,s=s,P=p)

endif

if Prop2$="Temperature, C' then
T=value2
p=Pressure(Fluid$,T=T,s=s)
h=enthalpy(Fluid$,T=T,s=s)
v=volume(Fluid$, T=T,s=s)
u=intenergy(Fluid$,T=T,s=s)
x=quality(Fluid$,T=T,s=s)

endif
if Prop2$="Enthalpy, kd/kg' then
h=value2

p=Pressure(Fluid$,h=h,s=s)
T=Temperature(Fluid$,h=h,s=s)
v=volume(Fluid$,h=h,s=s)
u=intenergy(Fluid$,h=h,s=s)
x=quality(Fluid$,h=h,s=s)

endif

if Prop2$="Volume, m*3/kg' then
v=value2
p=Pressure(Fluid$,s=s,v=v)
T=Temperature(Fluid$,s=s,v=v)
h=enthalpy(Fluid$,s=s,v=v)
u=intenergy(Fluid$,s=s,v=v)
x=quality(Fluid$,s=s,v=v)

endif
if Prop2$="Internal Energy, kJ/kg' then
u=value2

p=Pressure(Fluid$,s=s,u=u)
T=Temperature(Fluid$,s=s,u=u)
h=enthalpy(Fluid$,s=s,u=u)
v=volume(Fluid$,s=s,s=s)
x=quality(Fluid$,s=s,u=u)
endif
if Prop2$="Quality’ then
x=value2
p=Pressure(Fluid$,s=s,x=x)
T=Temperature(Fluid$,s=s,x=x)
h=enthalpy(Fluid$,s=s,x=x)
v=volume(Fluid$,s=s,x=x)
u=IntEnergy(Fluid$,s=s,x=x)
endif
Endif
if x<0 then State$="in the compressed liquid region.'
if x>1 then State$="in the superheated region.'
If (x<1) and (X>0) then State$="in the two-phase region.'
If (x=1) then State$="a saturated vapor.'
if (x=0) then State$="a saturated liquid.'



end

"Input from the diagram window"
{Fluid$="Steam’
Prop1$='"Temperature'
Prop2%$="'Pressure'

Value1=50

value2=101.3}

Call Find(Fluid$,Prop1$,Prop2$,Value1,Value2:T,p,h,s,v,u,x,State$)

T[MI=T; p[1]=p; h[1]=h ; s[1]=s ; v[1]=v; u[1]=u ; X[1]=x
"Array variables were used so the states can be plotted on property plots."
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3-28E Complete the following table for H, O:
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T, °F P, psia u, Btu/lbm Phase description
300 67.03 782 Saturated mixture

267.22 40 236.02 Saturated liquid
500 120 1174.4 Superheated vapor
400 400 373.84 Compressed liquid

3-29E EES Problem 3-28E is reconsidered. The missing properties of water are to be determined using
EES, and the solution is to be repeated for refrigerant-134a, refrigerant-22, and ammonia.

Analysis The problem is solved using EES, and the solution is given below.

"Given"

T[1]=300 [F]
u[1]=782 [Btu/lbm]
P[2]=40 [psia]
x[2]=0

T[3]=500 [F]
P[3]=120 [psia]
T[4]=400 [F]
P[4]=420 [psia]

"Analysis"

Fluid$='steam_iapws'
P[1]=pressure(Fluid$, T=T[1], u=u[1])
x[1]=quality(Fluid$, T=T[1], u=u[1])
T[2]=temperature(Fluid$, P=P[2], x=x[2])
u[2]=intenergy(Fluid$, P=P[2], x=x[2])
u[3]=intenergy(Fluid$, P=P[3], T=T[3])
x[3]=quality(Fluid$, P=P[3], T=T[3])
u[4]=intenergy(Fluid$, P=P[4], T=T[4])
x[4]=quality(Fluid$, P=P[4], T=T[4])

"x = 100 for superheated vapor and x = -100 for compressed liquid"

Solution for steam

T, °F P, psia X u, Btu/lbm
300 67.028 0.6173 782
267.2 40 0 236
500 120 100 1174
400 400 -100 373.8
3-30 Complete the following table for H, O:
T, °C P, kPa h, kJ/kg X Phase description
120.21 200 2045.8 0.7 Saturated mixture
140 361.53 1800 0.565 Saturated mixture
177.66 950 752.74 0.0 Saturated liquid
80 500 335.37 --- Compressed liquid
350.0 800 3162.2 --- Superheated vapor




3-31 Complete the following table for Refrigerant-134a:

3-10

T, °C P, kPa v, m’/ kg Phase description
-8 320 0.0007569 Compressed liquid
30 770.64 0.015 Saturated mixture

-12.73 180 0.11041 Saturated vapor
80 600 0.044710 Superheated vapor

3-32 Complete the following table for Refrigerant-134a:

T, °C P, kPa u, kJ / kg Phase description
20 572.07 95 Saturated mixture
-12 185.37 35.78 Saturated liquid

86.24 400 300 Superheated vapor

8 600 62.26 Compressed liquid

3-33E Complete the following table for Refrigerant-134a:

T, °F P, psia h, Btu/lbm X Phase description
65.89 80 78 0.566 Saturated mixture
15 29.759 69.92 0.6 Saturated mixture
10 70 15.35 --- Compressed liquid
160 180 129.46 --- Superheated vapor
110 161.16 117.23 1.0 Saturated vapor

3-34 Complete the following table for H, O:

T, °C P, kPa v, m’/ kg Phase description
140 361.53 0.05 Saturated mixture
155.46 550 0.001097 Saturated liquid
125 750 0.001065 Compressed liquid
500 2500 0.140 Superheated vapor
3-35 Complete the following table for H, O:

T, °C P, kPa u, kJ/ kg Phase description
143.61 400 1450 Saturated mixture
220 2319.6 2601.3 Saturated vapor

190 2500 805.15 Compressed liquid
466.21 4000 3040 Superheated vapor
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3-36 A rigid tank contains steam at a specified state. The pressure, quality, and density of steam are to be
determined.

Properties At 220°C v,=0.001190 m’/kg and v, = 0.08609 m’/kg (Table A-4).

Analysis (a) Two phases coexist in equilibrium, thus we have a saturated liquid-vapor mixture. The
pressure of the steam is the saturation pressure at the given temperature. Then the pressure in the tank must
be the saturation pressure at the specified temperature,

P=Tyaoec =2320kPa

(b) The total mass and the quality are determined as Stearrg
Ve 13x(1.8md) 1.8m
S
my=——=—-———"—=5042k o
v, 0001190 m¥/kg £ 220°C
v 3
my == 23XABM) 1504,
v, 0.08609 m’/kg

m, =m;+m, =5042+13.94 =518.1kg

w=e 1394 4 6069

m, 518.1
(¢) The density is determined from

v=v, +x(v, —v,)=0.001190+(0.0269)(0.08609) = 0.003474 m*/kg
1 1

=—=——  -287.8kg/m?
P = T 0003474 g

3-37 A piston-cylinder device contains R-134a at a specified state. Heat is transferred to R-134a. The final
pressure, the volume change of the cylinder, and the enthalpy change are to be determined.

Analysis (a) The final pressure is equal to the initial pressure, which is determined from

m 2
ng _ 2% KkPa + (l2kg)(9.812n/s ) 1kN i
D" /4 7(0.25m)"/4 | 1000 kg.m/s

P, =P =Py, +

atm

J =90.4 kPa

(b) The specific volume and enthalpy of R-134a at the initial state of 90.4 kPa and -10°C and at the final
state of 90.4 kPa and 15°C are (from EES)

v =0.2302 m’/kg hy = 247.76 kl/kg
v, =0.2544 m’/kg hy =268.16 kl/kg
The initial and the final volumes and the volume change are
Vi =mv, =(0.85kg)(0.2302m"> /kg) = 0.1957 m* R-134a ’—_Q
V, =mv, = (0.85kg)(0.2544 m> /kg) = 0.2162 m* 0.85 kg
AV =0.2162-0.1957 = 0.0205 m® -10°C

(c) The total enthalpy change is determined from
AH =m(h, — ;) =(0.85kg)(268.16 — 247.76) kl/kg =17.4 kd/kg
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3-38E The temperature in a pressure cooker during cooking at sea level is measured to be 250°F. The
absolute pressure inside the cooker and the effect of elevation on the answer are to be determined.

Assumptions Properties of pure water can be used to approximate the properties of juicy water in the
cooker.

Properties The saturation pressure of water at 250°F is 29.84 psia (Table A-4E). The standard atmospheric
pressure at sea level is 1 atm = 14.7 psia.

Analysis The absolute pressure in the cooker is simply the saturation pressure at the cooking temperature,

Py = “at@250°F = 29.84 psia

H,O
It is equivalent to 250°F

1 atm

P =29.84 psia[ j =2.03 atm

4.7 psia

The elevation has no effect on the absolute pressure inside when the temperature is maintained constant at
250°F.

3-39E The local atmospheric pressure, and thus the boiling temperature, changes with the weather
conditions. The change in the boiling temperature corresponding to a change of 0.3 in of mercury in
atmospheric pressure is to be determined.

Properties The saturation pressures of water at 200 and 212°F are 11.538 and 14.709 psia, respectively
(Table A-4E). One in. of mercury is equivalent to 1 inHg = 3.387 kPa = 0.491 psia (inner cover page).

Analysis A change of 0.3 in of mercury in atmospheric pressure corresponds to

0.491 psia

AP =(0.3 ian)[ j =0.147 psia

P+0.3 inHg

At about boiling temperature, the change in boiling temperature per 1
psia change in pressure is determined using data at 200 and 212°F to be
AT (212-200)°F

—= — =3.783 °F/psia
AP (14.709—-11.538) psia

Then the change in saturation (boiling) temperature corresponding to a change of 0.147 psia becomes
ATyiling = (3.783 °F/psia)AP = (3.783 °F/psia)(0.147 psia) = 0.56°F

which is very small. Therefore, the effect of variation of atmospheric pressure on the boiling temperature is
negligible.
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3-40 A person cooks a meal in a pot that is covered with a well-fitting lid, and leaves the food to cool to the
room temperature. It is to be determined if the lid will open or the pan will move up together with the lid
when the person attempts to open the pan by lifting the lid up.

Assumptions 1 The local atmospheric pressure is 1 atm = 101.325 kPa. 2 The weight of the lid is small and
thus its effect on the boiling pressure and temperature is negligible. 3 No air has leaked into the pan during
cooling.

Properties The saturation pressure of water at 20°C is 2.3392 kPa (Table A-4).

Analysis Noting that the weight of the lid is negligible, the reaction force F on the lid after cooling at the
pan-lid interface can be determined from a force balance on the lid in the vertical direction to be

PA+F=P,,A
or,
F = A(P,,, —P)=(zD* | 4)(P,,, — P) -®
2 P 2.3392 kPa
_Z03m)7 161325-2339.2) Pa

=6997 m?Pa =6997N (sincelPa=1N/m?) P. =1atm

The weight of the pan and its contents is

W =mg = (8kg)(9.81m/s*) = 78.5 N

which is much less than the reaction force of 6997 N at the pan-lid interface. Therefore, the pan will move
up together with the lid when the person attempts to open the pan by lifting the lid up. In fact, it looks like
the lid will not open even if the mass of the pan and its contents is several hundred kg.

3-41 Water is boiled at sea level (1 atm pressure) in a pan placed on top of a 3-kW electric burner that
transfers 60% of the heat generated to the water. The rate of evaporation of water is to be determined.

Properties The properties of water at 1 atm and thus at the saturation temperature of 100°C are Ay, =
2256.4 kJ/kg (Table A-4).

Analysis The net rate of heat transfer to the water is

0=0.60x3kW =1.8kW

H.O
Noting that it takes 2256.4 kJ of energy to vaporize 1 kg of saturated liquid 100°C
water, the rate of evaporation of water is determined to be
i O __ 18K (50x1073 ke/s = 2.872kg/h

evaporation — h
i

. 2256.4Kkl/kg
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3-42 Water is boiled at 1500 m (84.5 kPa pressure) in a pan placed on top of a 3-kW electric burner that
transfers 60% of the heat generated to the water. The rate of evaporation of water is to be determined.

Properties The properties of water at 84.5 kPa and thus at the saturation temperature of 95°C are hj, =
2269.6 kl/kg (Table A-4).

Analysis The net rate of heat transfer to the water is H,0

0=060x3kW =18 kW 95°C

Noting that it takes 2269.6 kJ of energy to vaporize 1 kg of saturated
liquid water, the rate of evaporation of water is determined to be

g 2@ 18KIS 005107 ke/s = 2.855 kglh

evaporation
hy  2269.6kI/kg

3-43 Water is boiled at 1 atm pressure in a pan placed on an electric burner. The water level drops by 10
cm in 45 min during boiling. The rate of heat transfer to the water is to be determined.

Properties The properties of water at 1 atm and thus at a saturation temperature of Ty, = 100°C are hy, =
2256.5 kl/kg and v, = 0.001043 m’/kg (Table A-4).

Analysis The rate of evaporation of water is

I Vvap  (2D* /4L [7(0.25m)> /4](0.10m) _ 4704k H.0

evap = = = = g 1 atm
v, v, 0.001043

i, = e A708Ke 061940 ke

YV Af 45%x60s

Then the rate of heat transfer to water becomes

O = titgyyph , = (0.001742 kg/s)(2256.5 k/kg) = 3.93 kW

3-44 Water is boiled at a location where the atmospheric pressure is 79.5 kPa in a pan placed on an electric
burner. The water level drops by 10 cm in 45 min during boiling. The rate of heat transfer to the water is to
be determined.

Properties The properties of water at 79.5 kPa are T, = 93.3°C, hgy = 2273.9 kJ/kg and ¢ = 0.001038
m’/kg (Table A-5).

Analysis The rate of evaporation of water is

H,O
I Vewp _ (#D* /4)L _ [(0.25m)* /4)(0.10m) _ 4727 kg 79.5 kPa
vy, v, 0.001038 ‘

: v A727K
oy = 2 _AT27KE 6 001751 ke
At 45%x60s

Then the rate of heat transfer to water becomes

O = tigyyph = (0.001751kg/s)(2273.9 ki/kg) = 3.98 kW
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3-45 Saturated steam at Ty, = 30°C condenses on the outer surface of a cooling tube at a rate of 45 kg/h.
The rate of heat transfer from the steam to the cooling water is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The condensate leaves the condenser as a saturated
liquid at 30°C.

Properties The properties of water at the saturation temperature of 30°C are Ay, = 2429.8 kJ/kg (Table A-
4).

Analysis Noting that 2429.8 kJ of heat is released as 1 kg of saturated

vapor at 30°C condenses, the rate of heat transfer from the steam to the 30°C
cooling water in the tube is determined directly from ? 8
O = titgyaph y = (45 kg/h)(2429.8 kJ/kg) = 109,341 kJ/h = 30.4 kW L=35m D= 3em

3-46 The average atmospheric pressure in Denver is 83.4 kPa. The boiling temperature of water in Denver
is to be determined.
Analysis The boiling temperature of water in Denver is the saturation temperature corresponding to the
atmospheric pressure in Denver, which is 83.4 kPa:

T =To@s3.4 pa =94.6°C (Table A-5)

3-47 The boiling temperature of water in a 5-cm deep pan is given. The boiling temperature in a 40-cm
deep pan is to be determined.

Assumptions Both pans are full of water.

Properties The density of liquid water is approximately p = 1000 kg/m”.
Analysis The pressure at the bottom of the 5-cm pan is the saturation
pressure corresponding to the boiling temperature of 98°C:

40 cm

5cm
P= Psat@%s c =94.39 kPa (Table A-4)
The pressure difference between the bottoms of two pans is % %

1 kP
AP = pgh= (1000 kg/m*)(9.807 m/s?)(0.35 m) ———— | =3.43 kPa
1000 kg/m-s
Then the pressure at the bottom of the 40-cm deep pan is
P=94.39 +3.43 =97.82 kPa
Then the boiling temperature becomes
Tboiling = Lsat@97.82 kPa — 99.0°C (Table A'S)

3-48 A cooking pan is filled with water and covered with a 4-kg lid. The boiling temperature of water is to
be determined.
Analysis The pressure in the pan is determined from a force balance on the lid,
PA=Py,A+ W
or, P atm
p=p, +7&
A

— tatm

(4kg)(9.81m/52)( 1 kPa J

= (101 kPa) + > 5
(0.1 m) 1000 kg/m -s
=102.25 kPa W =mg

The boiling temperature is the saturation temperature corresponding to this pressure,
T= Tsat@102.25 kPa — 100.2°C (Table A'S)



Twater [C]
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3-49 EES Problem 3-48 is reconsidered. Using EES (or other) software, the effect of the mass of the lid on
the boiling temperature of water in the pan is to be investigated. The mass is to vary from 1 kg to 10 kg,
and the boiling temperature is to be plotted against the mass of the lid.

Analysis The problem is solved using EES, and the solution is given below.

"Given data"
{P_atm=101[kPal}
D_lid=20 [cm]
{m_lid=4 [kg]}

"Solution"

"The atmospheric pressure in kPa varies with altitude in km by the approximate function:"
P_atm=101.325%(1-0.02256*z)"5.256

"The local acceleration of gravity at 45 degrees latitude as a function of altitude in m is given by:"
g=9.807+3.32*10"(-6)*z*convert(km,m)

"At sea level:"

z=0 "[km]"

A_lid=pi*D_lid*2/4*convert(cm”2,m"2)
W_lid=m_lid*g*convert(kg*m/s*2,N)
P_lid=W_lid/A_lid*convert(N/m*2 kPa)
P_water=P_lid+P_atm
T_water=temperature(steam_iapws,P=P_water,x=0)

100.9 T T T T T T T T T T
Miig |k9| Twater |C| 100.8-
1 100.1 oot
2 100.1 toosl
3 100.2 T
4 100.3 O 100
5 100.4 5 1
6 100.5 S 1003
7 100.6 F o 002l
8 100.7 100.1]-
9 100-7 100- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I i
10 100.8 1 2 3 4 5 6 7 8 9 10
Mg [kl
110 S —
L 100~ mass of lid = 4 kg i
mass of lid = 4 kg L
100 90

80|
701

601

Pwater [kPa]
Pwater [kPa]

501

Twater [C]

40

30—

z [km]

z [km]

Effect of altitude on boiling pressure of water in pan with lid

Effect of altitude on boiling temperature of water in pan with lid
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3-50 A vertical piston-cylinder device is filled with water and covered with a 20-kg piston that serves as
the lid. The boiling temperature of water is to be determined.

Analysis The pressure in the cylinder is determined from a force balance on the piston,

PA=Pyd+ W
or, Patm
P = Patm +E
2
(100 kPa) + (20 kg)(9.812m/s ) 1 kPa :
0.01 m 1000 kg/m -s P B
=119.61 kPa W=mg

The boiling temperature is the saturation temperature corresponding to this pressure,
T =To@i9.61 kpa =104.7°C (Table A-5)

3-51 A rigid tank that is filled with saturated liquid-vapor mixture is heated. The temperature at which the
liquid in the tank is completely vaporized is to be determined, and the 7-v diagram is to be drawn.

Analysis This is a constant volume process (v= {//m = constant),

and the specific volume is determined to be H20
v 25m’ 75°c
Sm
v=—"—-= =0.1667 m>/kg
m 15kg
When the liquid is completely vaporized the tank T
will contain saturated vapor only. Thus,
v, =v, =0.1667 m’/kg 2

The temperature at this point is the temperature that
corresponds to this v, value,

T:

Tsat@ug =0.1667 m>/kg =187.0°C (Table A-4) )

3-52 A rigid vessel is filled with refrigerant-134a. The total volume and the total internal energy are to be
determined.

Properties The properties of R-134a at the given state are (Table A-13).

P=800kPa | u=327.87kl/kg R-134a
T=120C [ v=0.037625m"’/kg 2 kg
Analysis The total volume and internal energy are determined from 800 kPa
120°C

V =mv = (2 kg)(0.037625 m> /kg) = 0.0753 m?
U = mu = (2 kg)(327.87 kJ/kg) = 655.7 kJ
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3-53E A rigid tank contains water at a specified pressure. The temperature, total enthalpy, and the mass of
each phase are to be determined.

Analysis (a) The specific volume of the water is

v s

m 51bm

=1.0 ft*/Ibm

At 20 psia, v, = 0.01683 ft'/lbm and v, = 20.093 ft’/Ibm (Table A-12E). Thus the tank contains saturated
liquid-vapor mixture since v < v < v, , and the temperature must be the saturation temperature at the
specified pressure,

T = T@20 psia = 227.92°F
(b) The quality of the water and its total enthalpy are determined from
v-vy 1.0-0.01683

x= = =0.04897
Vi o 20.093-0.01683
h=h, +xh, =196.27+0.04897x959.93 = 243.28 Btw/lbm H,0
5 Ibm
H = mh = (5 1bm)(243.28 Btw/lbm) = 1216.4 Btu 20 psia

(c) The mass of each phase is determined from

m, =xm, =0.04897x5=0.245 Ibm

my;=m,+m, =5-0.245=4.755 lbm

3-54 A rigid vessel contains R-134a at specified temperature. The pressure, total internal energy, and the
volume of the liquid phase are to be determined.

Analysis (a) The specific volume of the refrigerant is

0.5m’
vV _03MT 05 m¥ kg
m 10kg

At -20°C, = 0.0007362 m*/kg and v, = 0.14729 m’/kg (Table A-11). Thus the tank contains saturated
liquid-vapor mixture since ¥ < v<,, and the pressure must be the saturation pressure at the specified
temperature,

P=P, . =132.82kPa

(b) The quality of the refrigerant-134a and its total internal energy are determined from

_V=vy 0.05-0.0007362

x= = =0.3361
7 0.14729-0.0007362
U=uyp+xiz, = 25.39+0.3361x193.45=90.42 kl/kg
U = mu = (10 kg)(90.42 kJ/kg) = 904.2 kJ R-134a
10 kg
(¢) The mass of the liquid phase and its volume are determined from -20°C
m; = (1-x)m, = (1-0.3361)x10 = 6.639 kg

V, =mv, = (6.639kg)(0.0007362 m*/kg) = 0.00489 m*
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3-55 [Also solved by EES on enclosed CD] A piston-cylinder device contains a saturated liquid-vapor
mixture of water at 800 kPa pressure. The mixture is heated at constant pressure until the temperature rises
to 350°C. The initial temperature, the total mass of water, the final volume are to be determined, and the P-
vdiagram is to be drawn.

Analysis (2) Initially two phases coexist in equilibrium, thus we have a saturated liquid-vapor mixture.
Then the temperature in the tank must be the saturation temperature at the specified pressure,

T =To@soo kpa =170.41°C

(b) The total mass in this case can easily be determined by adding the mass of each phase,

v 0.1m?
mp=—t - _89704kg
vy 0001115 m?/kg

v, 0.9 m® P
m, =t 09M 545k

¢ v, 0.24035m’/kg
m, =m, +m, =89.704+3.745 = 93.45 kg

1 2
(c) At the final state water is superheated vapor, and its specific volume is
P, =800 kP,
2 St Ly 2035442 mi/kg (Table A-6) v
T, =350°C

Then,
V, =m,v, =(93.45 kg)(0.35442 m3/kg) =33.12m?
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3-56 EES Problem 3-55 is reconsidered. The effect of pressure on the total mass of water in the tank as the
pressure varies from 0.1 MPa to 1 MPa is to be investigated. The total mass of water is to be plotted against
pressure, and results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

P[1]=800 [kPa]

P[2]=P[1]

T[2]=350 [C]

V_f1=0.1 [m"3]

V_g1=0.9 [m"3]

spvsat_f1=volume(Steam_iapws, P=P[1],x=0) "sat. liq. specific volume, m*3/kg"
spvsat_g1=volume(Steam_iapws,P=P[1],x=1) "sat. vap. specific volume, m*3/kg"
m_f1=V_f1/spvsat_f1 "sat. liq. mass, kg"

m_g1=V_g1/spvsat_g1 "sat. vap. mass, kg"

m_tot=m_f1+m_g1

V[1]=V_f1+V_g1

spvol[1]=V[1)/m_tot "specific volume1, m”*3"

T[1]=temperature(Steam_iapws, P=P[1],v=spvol[1])"C"

"The final volume is calculated from the specific volume at the final T and P"
spvol[2]=volume(Steam_iapws, P=P[2], T=T[2]) "specific volume2, m"3/kg"
V[2]=m_tot*spvol[2]

108 Steam
Mot [kg] P4 [kPa] ' ' ' '
96.39 100
95.31 200 10t .
94.67 300
94.24 400 e 2 ]
93.93 500 Ky P=800 kPa
93.71 600 = e
= ]
93.56 700
93.45 800 1
93.38 900 0 7
93.34 1000
100 1 1 | 1
10-3 10-2 10-1 100 101 102
v [m°/kg]
96.5
96-
95.5-
'a 95-
ﬁ L
. 945
3 L
£ 94
93.5-

o3 1+ v
100 200 300 400 500 600 700 800 900 1000

P[1] [kPa]
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3-57E Superheated water vapor cools at constant volume until the temperature drops to 250°F. At the final
state, the pressure, the quality, and the enthalpy are to be determined.

Analysis This is a constant volume process (v= {/m = constant), and the initial specific volume is
determined to be

P, =180 psi
1 PSR ~3.0433 ft3/Ibm (Table A-6E)
T, =500°F
H.O
At 250°F, = 0.01700 ft*/lbm and v, = 13.816 ft*/lbm. Thus at the 180 psia
final state, the tank will contain saturated liquid-vapor mixture since v 500°F
< v<y,, and the final pressure must be the saturation pressure at the
final temperature,
P= Psat@250°F =29.84 psia - ]
(b) The quality at the final state is determined from
v, —v _
Xy = 2 7Yy _ 3.0433-0.01700 —0.219
Vi 13.816—-0.01700
2
(c¢) The enthalpy at the final state is determined from v

h=h; +xh;, =218.63+0.219x945.41=426.0 Btu/lbm
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3-58E EES Problem 3-57E is reconsidered. The effect of initial pressure on the quality of water at the final
state as the pressure varies from 100 psi to 300 psi is to be investigated. The quality is to be plotted against

initial pressure, and the results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

T[1]=500 [F]

P[1]=180 [psia]

T[2]=250 [F]

v[ 1]=volume(steam_iapws, T=T[1],P=P[1])
v[2]=v[1]

P[2]=pressure(steam_iapws, T=T[2],v=V[2])
h[2]=enthalpy(steam_iapws, T=T[2],v=V[2])
x[2]=quality(steam_iapws, T=T[2],v=V[2])

[
1.1.:1.41.5 Btu/lbm-R

I\ X
1600 psia

~ ~
29.82 psia 2
§

==
0.0:0.10.270.5
! ! ! =

10-1 100 101 102 103
3
v [ft llbm]

P, [psia] X; 1400
100 0.4037 I
122.2 0.3283 12001
144.4 0.2761 1000/
166.7 0.2378 -
188.9 0.2084 o 800-
2111 0.1853 — 600l
233.3 0.1665 I
255.6 0.1510 400
2778 0.1379 i
300 0.1268 2001
0
10-2
0.45 . ; .
&4-
035-
_ o3l
ﬁ L
X 0.25
0.2
0.15
oAl
100 140 180

220 260 300

P[1] [psia]

104
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3-59 A piston-cylinder device that is initially filled with water is heated at constant pressure until all the
liquid has vaporized. The mass of water, the final temperature, and the total enthalpy change are to be
determined, and the 7-v diagram is to be drawn.

Analysis Initially the cylinder contains compressed liquid (since P > Pgy@aoec) that can be approximated as
a saturated liquid at the specified temperature (Table A-4),

V) 2 Vgguec =0.001008 m*/kg T
hy = hggagec =167.53 kl/kg
. . 2
(a) The mass is determined from ) H,0
v 0.050 m* 40°
m:—l=$=49.61 kg 0°C
v, 0.001008 m3/kg v 200 kPa

(b) At the final state, the cylinder contains saturated
vapor and thus the final temperature must be the
saturation temperature at the final pressure,

T = Tsat@zoo kPa — 120.21 OC

(c) The final enthalpy is /4, = hy @ 200 kpa = 2706.3 kJ/kg. Thus,
AH =m(hy — ;) =(49.61kg)(2706.3 —167.53)kJ/kg =125,943 kJ

3-60 A rigid vessel that contains a saturated liquid-vapor mixture is heated until it reaches the critical state.
The mass of the liquid water and the volume occupied by the liquid at the initial state are to be determined.

Analysis This is a constant volume process (v = {//m = constant) to the critical state, and thus the initial
specific volume will be equal to the final specific volume, which is equal to the critical specific volume of
water,

v, =v, =v,. =0.003106 m*/kg (last row of Table A-4)

The total mass is
T cP
03m’ ~
ngz—m3=96.60 ke
v 0.003106 m~/kg

H,O
150°C

At 150°C, v = 0.001091 m’/kg and v, = 0.39248
m’/kg (Table A-4). Then the quality of water at the
initial state is

v, —v _ Yer
1 I 0.003106-0.001091 —0.005149
Vi 0.39248 -0.001091

xlz

Then the mass of the liquid phase and its volume at the initial state are determined from
m, = (1—x;)m, = (1-0.005149)(96.60) = 96.10 kg
V, =mv, =(96.10 kg)(0.001091 m*/kg) = 0.105 m’
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3-61 The properties of compressed liquid water at a specified state are to be determined using the
compressed liquid tables, and also by using the saturated liquid approximation, and the results are to be
compared.

Analysis Compressed liquid can be approximated as saturated liquid at the given temperature. Then from
Table A-4,

T=100°C = v=v g0 =0.001043 m’/kg (0.72% error)
U=uygioec =419.06 kl/kg  (1.02% error)
h=h;gioec =419.17kl/kg  (2.61% error)

From compressed liquid table (Table A-7),

v =0.001036 m>/kg
u=414.85kl/kg

P=15MPa }
h=430.39 kJ/kg

T =100°C

The percent errors involved in the saturated liquid approximation are listed above in parentheses.

3-62 EES Problem 3-61 is reconsidered. Using EES, the indicated properties of compressed liquid are to
be determined, and they are to be compared to those obtained using the saturated liquid approximation.

Analysis The problem is solved using EES, and the solution is given below.

Fluid$='Steam_IAPWS'

T=100][C]

P = 15000 [kPa]

v = VOLUME(Fluid$,T=T,P=P)

u = INTENERGY/(Fluid$,T=T,P=P)

h = ENTHALPY (Fluid$,T=T,P=P)

v_app = VOLUME(FIuid$,T=T,x=0)

u_app = INTENERGY (Fluid$, T=T,x=0)

h_app_1 = ENTHALPY(Fluid$,T=T,x=0)

h_app_2 = ENTHALPY(Fluid$,T=T,x=0)+v_app*(P-pressure(Fluid$,T=T,x=0))

SOLUTION

Fluid$="'Steam_IAPWS'
h=430.4 [kJ/kg]
h_app_1=419.2 [kJ/kg]
h_app_2=434.7 [kJ/kg]
P=15000 [kPa]

T=100 [C]

u=414.9 [kJ/kg]
u_app=419.1 [kJ/kg]
v=0.001036 [m"3/kg]
v_app=0.001043 [m"3/kg]
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3-63E A rigid tank contains saturated liquid-vapor mixture of R-134a. The quality and total mass of the
refrigerant are to be determined.

Analysis At 50 psia, ;= 0.01252 ft*/lbm and v, = 0.94791 ft'/lbm (Table A-12E). The volume occupied by
the liquid and the vapor phases are

_ 3 _ 3
V,=3ft" and V, =121t R-134a
3
Thus the mass of each phase is 15 ft
v 3 50 psia
Ve 3ft B
my =——=———————=239.63lbm
v, 0.01252ft"/Ibm
v, 12 ft
my =& - = -1266Ibm

Ve  0.94791ft3/Ibm

Then the total mass and the quality of the refrigerant are
m;=mys+ my=1239.63 + 12.66 = 252.29 Ibm

x= e 12661m 4 g501g
m, 252.291bm

3-64 Superheated steam in a piston-cylinder device is cooled at constant pressure until half of the mass
condenses. The final temperature and the volume change are to be determined, and the process should be
shown on a T-v diagram.

Analysis (b) At the final state the cylinder contains saturated liquid-vapor mixture, and thus the final
temperature must be the saturation temperature at the final pressure,

T = Tsat@l MPa = 179.8800 (Table A'S)
(¢) The quality at the final state is specified to be x, = 0.5. H.0
The specific volumes at the initial and the final states are 3080(:
P =1.0 MPa 3 1 MPa
=0.25799 m” /k; Table A-6
T, =300°C }Vl e (Table A-6)
T
P, =1.0 MPa B 1
=0.001127+0.5%(0.19436 —-0.001127)
2

=0.09775 m’/kg
Thus,
AV =m(v, —v,) = (0.8 kg)(0.09775-0.25799)m* /kg = —-0.1282 m?
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3-65 The water in a rigid tank is cooled until the vapor starts condensing. The initial pressure in the tank is
to be determined.

Analysis This is a constant volume process (v= {//m = constant), and the initial specific volume is equal to
the final specific volume that is

V| =V, =V aiseec =0.39248 m kg (Table A-4)

T p°C
since the vapor starts condensing at 2504 1
150°C. Then from Table A-6, H20
T; = 250°C Tq=250°C
3 B =0.60 MPa P,=? 150 T
v, =0.39248 m’/kg 2

3-66 Water is boiled in a pan by supplying electrical heat. The local atmospheric pressure is to be
estimated.

Assumptions 75 percent of electricity consumed by the heater is transferred to the water.
Analysis The amount of heat transfer to the water during this period is
0 = fE, .time = (0.75)(2kJ/s)(30 x 60 s) = 2700 kJ

The enthalpy of vaporization is determined from

Q 2700k

hy = =2269kl/kg

Using the data by a trial-error approach in saturation table of water (Table A-5) or using EES as we did,
the saturation pressure that corresponds to an enthalpy of vaporization value of 2269 kJ/kg is

Py =85.4 kPa

which is the local atmospheric pressure.
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3-67 Heat is supplied to a rigid tank that contains water at a specified state. The volume of the tank, the
final temperature and pressure, and the internal energy change of water are to be determined.

Properties The saturated liquid properties of water at 200°C are: v, = 0.001157 m’/kg and uy = 850.46
kJ/kg (Table A-4).

Analysis (a) The tank initially contains saturated liquid water and air. The volume occupied by water is
V, =mv, = (1.4kg)(0.001157 m*/kg) = 0.001619 m*

which is the 25 percent of total volume. Then, the total volume is determined from
v=—1 (0.001619)=0.006476 m?
0.25

(b) Properties after the heat addition process are

_V _0.006476 m’

=0.004626 m® /kg
m 1.4kg

%)

T, =371.3°C
P, =21,367 kPa (Table A-4 or A-5 or EES)

v, =0.004626 m® /kg}
1y =2201.5kl/kg

X, =1

(c) The total internal energy change is determined from
AU =m(u, —u;)=(1.4kg)(2201.5-850.46) kl/kg =1892 kJ

3-68 Heat is lost from a piston-cylinder device that contains steam at a specified state. The initial
temperature, the enthalpy change, and the final pressure and quality are to be determined.

Analysis (a) The saturation temperature of steam at 3.5 MPa is
Toat@3s.s mpa = 242.6°C (Table A-5)

Then, the initial temperature becomes
T, =242.6+5=247.6°C
P, =3.5MPa

Also, h, =2821.1kJ/kg (Table A-6) Steam
Tl = 24760C 35 MPa

>0

N

(b) The properties of steam when the piston first hits the stops are
P,=P =35 MPa} hy =1049.7 kl/kg

(Table A-5)

X, =0 v, =0.001235m" /kg

Then, the enthalpy change of steam becomes
Ah=h, —h =1049.7 -2821.1=-1771kJ/kg
(c) At the final state

—u, = 3/kg| P, =1555 kPa
vy =, 0.001235m/kg} ) (Table A4 or EES)

T, = 200°C x; =0.0006

The cylinder contains saturated liquid-vapor mixture with a small mass of vapor at the final state.
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Ideal Gas

3-69C Propane (molar mass = 44.1 kg/kmol) poses a greater fire danger than methane (molar mass = 16
kg/kmol) since propane is heavier than air (molar mass = 29 kg/kmol), and it will settle near the floor.
Methane, on the other hand, is lighter than air and thus it will rise and leak out.

3-70C A gas can be treated as an ideal gas when it is at a high temperature or low pressure relative to its
critical temperature and pressure.

3-71C R, is the universal gas constant that is the same for all gases whereas R is the specific gas constant
that is different for different gases. These two are related to each other by R = R, / M, where M is the
molar mass of the gas.

3-72C Mass m is simply the amount of matter; molar mass M is the mass of one mole in grams or the mass
of one kmol in kilograms. These two are related to each other by m = NM, where N is the number of
moles.

3-73 A balloon is filled with helium gas. The mole number and the mass of helium in the balloon are to be
determined.

Assumptions At specified conditions, helium behaves as an ideal gas.

Properties The universal gas constant is R, = 8.314 kPa.m’/kmol.K. The molar mass of helium is 4.0
kg/kmol (Table A-1).

Analysis The volume of the sphere is

v-2 s =izz(3 m)® =113.1m°
3 3
Assuming ideal gas behavior, the mole numbers of He is determined from
D=6m
3
_PV (200 kPa;)(lB.l m’) 928 kmol 20°C

Then the mass of He can be determined from
m = NM =(9.28 kmol)(4.0 kg/kmol) = 37.15 kg
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3-74 EES Problem 3-73 is to be reconsidered. The effect of the balloon diameter on the mass of helium
contained in the balloon is to be determined for the pressures of (a) 100 kPa and (b) 200 kPa as the
diameter varies from 5 m to 15 m. The mass of helium is to be plotted against the diameter for both cases.

Analysis The problem is solved using EES, and the solution is given below.

"Given Data"

{D=6 [m]}

{P=200 [kPa]}

T=20 [C]

P=200 [kPa]

R _u=8.314 [kJ/kmol-K]

"Solution”
P*V=N*R_u*(T+273)
V=4*pi*(D/2)"3/3
m=N*MOLARMASS(Helium)

D [m] m [kg]
5 21.51
6.111 39.27
7.222 64.82
8.333 99.57
9.444 145
10.56 202.4
11.67 273.2
12.78 359
13.89 461
15 580.7
600 —

500

400

300

200

100
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3-75 An automobile tire is inflated with air. The pressure rise of air in the tire when the tire is heated and
the amount of air that must be bled off to reduce the temperature to the original value are to be determined.

Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tire remains
constant.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis Initially, the absolute pressure in the tire is Tire
B =P, + By =210+100 = 310kPa 250C

Treating air as an ideal gas and assuming the volume of the tire to

remain constant, the final pressure in the tire can be determined from
PlT(l/l:P;_Zé_”Dz =%PI :%(310 kPa) =336 kPa

Thus the pressure rise is
AP =P, — b =336—-310=26 kPa

The amount of air that needs to be bled off to restore pressure to its original value is

3
RV 610 kPa)3(0.025 ™) .0906 ke
RT,  (0.287 kPa-m’/kg-K)(298 K)
3
my = RV ___(10kPa)0.025 m') 836 ke

RT, (0.287 kPa-m’/kg-K)(323K)
Am = m; —m, = 0.0906 —0.0836 = 0.0070 kg

3-76E An automobile tire is under inflated with air. The amount of air that needs to be added to the tire to
raise its pressure to the recommended value is to be determined.

Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tire remains
constant.

Properties The gas constant of air is R = 0.3704 psia.ft’/lbm.R (Table A-1E).

Analysis The initial and final absolute pressures in the tire are Tire
P; =Py + Py =20+ 14.6 = 34.6 psia 0.53 ft’
Py =Py + Py =30 + 14.6 = 44.6 psia 20?;2

Treating air as an ideal gas, the initial mass in the tire is

BV _ (34.6 psia)(0.53 ft*)

= —— = 0.0900 Ibm
RT,  (0.3704 psia - ft’/lbm - R)(550 R)

m1:

Noting that the temperature and the volume of the tire remain constant, the final mass in the tire becomes

. 3
_ PV _ (44.6. p51z§)(0.53 ft”) — 0.1160 Ibm
RT,  (0.3704 psia - ft’/Ibm - R)(550 R)

my

Thus the amount of air that needs to be added is
Am =my, —m; =0.1160—0.0900 = 0.0260 Ibm
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3-77 The pressure and temperature of oxygen gas in a storage tank are given. The mass of oxygen in the
tank is to be determined.

Assumptions At specified conditions, oxygen behaves as an ideal gas

Properties The gas constant of oxygen is R = 0.2598 kPa.m’/kg.K (Table A-1).

Analysis The absolute pressure of O, is Pg =500 kPa
P =P, + Pyyn=500+97 =597 kPa ﬁ
Treating O, as an ideal gas, the mass of O, in tank is determined to be Vs (2)25 o
597 kPa)(2.5 m® T=28C
m=PVY _ e m ) ~19.08 kg
RT  (0.2598 kPa-m”/kg-K)(28 +273)K

3-78E A rigid tank contains slightly pressurized air. The amount of air that needs to be added to the tank
to raise its pressure and temperature to the recommended values is to be determined.

Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tank remains
constant.

Properties The gas constant of air is R = 0.3704 psia.ft’/lbm.R (Table A-1E).

Analysis Treating air as an ideal gas, the initial volume and the final mass in the tank are determined to be

_ mRT, _ (20 Ibm)(0.3704 psia - ft’/lbm-R)(530 R)

v : =196.3 ft*
] 20 psia
P,V 35 psia)(196.3 ft* i
my =Y G3psiaX ) _33731bm Air, 20 Ibm
RT,  (0.3704 psia-ft°/lbm-R)(550 R) 20 psia

Thus the amount of air added is 70°F

Am = m, —m, =33.73-20.0 = 13.73 Ibm

3-79 A rigid tank contains air at a specified state. The gage pressure of the gas in the tank is to be
determined.

Assumptions At specified conditions, air behaves as an ideal gas.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis Treating air as an ideal gas, the absolute pressure in the tank is determined from P
3
p_ MRT _ (5kg)(0287 kPa-m’/kg-K)298K) _ oo\ o ﬁ
v 0.4 m’ Air
. 400 L
Thus the gage pressure is 25°C

P, = P—F, =1069.1-97 =972.1 kPa

atm
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3-80 Two rigid tanks connected by a valve to each other contain air at specified conditions. The volume of
the second tank and the final equilibrium pressure when the valve is opened are to be determined.

Assumptions At specified conditions, air behaves as an ideal gas.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis Let's call the first and the second tanks A and B. Treating air as an ideal gas, the volume of the
second tank and the mass of air in the first tank are determined to be

3
v, - mRT; | _ (5kg)(0.287 kPa-m"/kg-K)(308 K) _ 221 m®
R ), 200 kPa
3
m, = AV _ (500 szz)(l.Om ) _ 5846 kg
RT, ), (0.287 kPa-m”/kg - K)(298 K) A B
Thus, Air 3 A
V=V,+V;=1.0+221=321m’ V=1m Q) m=5 kg
m=m,+my =5.846+5.0=10.846 kg o e
Then the final equilibrium pressure becomes
3
P mRT, _ (10.846 kg)(0.287 kPa - m"/kg - K)(293K) _ 284.1 kPa

v 321m’
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Compressibility Factor

3-81C It represent the deviation from ideal gas behavior. The further away it is from 1, the more the gas
deviates from ideal gas behavior.

3-82C All gases have the same compressibility factor Z at the same reduced temperature and pressure.

3-83C Reduced pressure is the pressure normalized with respect to the critical pressure; and reduced
temperature is the temperature normalized with respect to the critical temperature.

3-84 The specific volume of steam is to be determined using the ideal gas relation, the compressibility
chart, and the steam tables. The errors involved in the first two approaches are also to be determined.

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1,
R=0.4615 kPa-m’/kg'K, T.=647.1 K, P..=22.06 MPa

Analysis (a) From the ideal gas equation of state,

,_ RT _(04615kPa -m>/kg-K)(673 K)

=0.03106 m3/kg (17.6% error)

P (10,000 kPa)
(b) From the compressibility chart (Fig. A-15),
10 MP.
po=L __10MPa__, 155 H.0
P, 22.06 MPa 084 10 MPa
T 673K ' 400°C
R =—— = =1.04
T, 647.1K

Thus,
V=2ZV;4, =(0.84)(0.03106 m?/kg) = 0.02609 m3/kg (1.2% error)

(c) From the superheated steam table (Table A-6),

P =10 MPa

T = 400°C } v =0.02644 m’/kg
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3-85 EES Problem 3-84 is reconsidered. The problem is to be solved using the general compressibility
factor feature of EES (or other) software. The specific volume of water for the three cases at 10 MPa over
the temperature range of 325°C to 600°C in 25°C intervals is to be compared, and the %error involved in
the ideal gas approximation is to be plotted against temperature.

Analysis The problem is solved using EES, and the solution is given below.

P=10 [MPa]*Convert(MPa,kPa)

{T_Celsius= 400 [C]}

T=T_Celsius+273 "[K]"

T_critical=T_CRIT(Steam_iapws)
P_critical=P_CRIT(Steam_iapws)

{v=Vol/m}

P_table=P; P_comp=P;P_idealgas=P

T_table=T; T_comp=T;T_idealgas=T
v_table=volume(Steam_iapws,P=P_table, T=T_table) "EES data for steam as a real gas"
{P_table=pressure(Steam_iapws, T=T_table,v=v)}
{T_sat=temperature(Steam_iapws,P=P_table,v=v)}
MM=MOLARMASS(water)

R_u=8.314 [kJ/kmol-K] "Universal gas constant"

R=R_u/MM "[kJ/kg-K], Particular gas constant"
P_idealgas*v_idealgas=R*T_idealgas "ldeal gas equation”

z = COMPRESS(T_comp/T_critical,P_comp/P_critical)
P_comp*v_comp=z*R*T_comp "generalized Compressibility factor"
Error_idealgas=Abs(v_table-v_idealgas)/v_table*Convert(, %)
Error_comp=Abs(v_table-v_comp)/v_table*Convert(, %)

Errorcomn [%] Errorideal gas [%] TCeIcius [C]
6.088 38.96 325
2.422 28.2 350
0.7425 21.83 375
0.129 17.53 400
0.6015 14.42 425
0.8559 12.07 450
0.9832 10.23 475
1.034 8.755 500
1.037 7.55 525
1.01 6.55 550
0.9652 5.712 575
0.9093 5 600
40 T . — T — . T .
35_' Steam at 10 MPa ]
°E> g 30 _o—ldeal Gas 7
3 « 25} .
o 9o N ——Compressibility Factor
> 1S 20 |
o u L
§ E 15[
o ©O i
on ; 101
o L
50
ol &
300 350 400 450 500 550 600

TCeIsius
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3-86 The specific volume of R-134a is to be determined using the ideal gas relation, the compressibility
chart, and the R-134a tables. The errors involved in the first two approaches are also to be determined.

Properties The gas constant, the critical pressure, and the critical temperature of refrigerant-134a are, from
Table A-1,

R =0.08149 kPa-m’/kg-K, T.=3742K, P..=4.059 MPa

Analysis (a) From the ideal gas equation of state,

,— RT _ (0.08149 kPa- m’/kg - K)(343 K)

=0.03105 m*/kg (13.3% error)

P 900 kPa
(b) From the compressibility chart (Fig. A-15),
Pr :i:mzo.gzz R-134a
P, 4.059 MPa 0804 0.9 MPa
Tp=—L - 3BK o017 70°C
T, 3742K

Thus,
V =2ZV4a =(0.894)(0.03105 m®/kg) = 0.02776 m3lkg (1.3%error)
(c) From the superheated refrigerant table (Table A-13),

R=05Mpa }u = 0.027413 m®/kg

3-87 The specific volume of nitrogen gas is to be determined using the ideal gas relation and the
compressibility chart. The errors involved in these two approaches are also to be determined.

Properties The gas constant, the critical pressure, and the critical temperature of nitrogen are, from Table
A-1,

R =0.2968 kPa-m’/kg'K, T.=1262K, P, =3.39MPa

Analysis (a) From the ideal gas equation of state,

,_ RT _(0.2968 kPa- m?/kg-K)(150 K)

=0.004452m°/kg  (86.4% error)

P 10,000 kPa
(b) From the compressibility chart (Fig. A-15),
10 MP
PR:i:—a:2.95 N,
P, 339MPa 7 =054 10 MPa
150 K - 150 K
Tp = — =1.19
T 126.2 K

Thus,
VU =2,y = (0.54)(0.004452 m>/kg) = 0.002404 m*/kg  (0.7% error)
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3-88 The specific volume of steam is to be determined using the ideal gas relation, the compressibility
chart, and the steam tables. The errors involved in the first two approaches are also to be determined.

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1,
R =0.4615 kPa-m’/kg'K, T, =647.1 K, P, =22.06 MPa

Analysis (a) From the ideal gas equation of state,

3
v KT _(04615kPa - m/kg-K)T23K) _ 09533 m¥kg  (3.7% error)

P 3500 kPa
(b) From the compressibility chart (Fig. A-15),
H,O
P 3.5 MPa 2
Pp=—=—""———=0.159
k=P, "~ 22.06 MPa 0961 3.5 MPa
=V. 450°C

Tx _ L _728K =1.12

7., 647.1K

cr

Thus,
V=2ZV4a =(0.961)(0.09533 m°®/kg) = 0.09161 m3lkg (0.4% error)
(c) From the superheated steam table (Table A-6),

P =3.5MPa 3
T = 450°C } v =0.09196 m’/kg

3-89E The temperature of R-134a is to be determined using the ideal gas relation, the compressibility
chart, and the R-134a tables.

Properties The gas constant, the critical pressure, and the critical temperature of refrigerant-134a are, from
Table A-1E,

R =0.10517 psia-ft’/lbm R, T.=673.6R, P, =588.7 psia
Analysis (a) From the ideal gas equation of state,
_ Pv _ (400 psia)(0.1386 ft>/Ibm)

= 3 =527.2R
R (0.10517 psia-ft”/Ibm-R)

(b) From the compressibility chart (Fig. A-15a),

=L o 200pSa g g
P, 588.7 psia

cr

 Vpwal  (0.1386 ft’/Ibm)(588.7 psia)
RT, /P, (0.10517 psia-ft’/lbm-R)(673.65R)

T, =1.03

VR

Thus,
T =TT, =1.03x673.6=693.8 R
(c) From the superheated refrigerant table (Table A-13E),

P =400 psia

v =0.13853 ft3/lbm}T:240 F(700 R)
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3-90 The pressure of R-134a is to be determined using the ideal gas relation, the compressibility chart, and
the R-134a tables.

Properties The gas constant, the critical pressure, and the critical temperature of refrigerant-134a are, from
Table A-1,

R =0.08149 kPa-m’/kg-K, T.=3742K, P..=4.059 MPa

Analysis The specific volume of the refrigerant is

L,V 0016773 m’

=0.016773 m°/kg
m 1kg
R-134a
F he ideal i f
(a) From the ideal gas equation of state, 0.016773 m¥kg
3
P:E: (0.08149 kPa-m /kg3 K)(383 K) _1861 kPa 110°C
v 0.016773 m’/kg
(b) From the compressibility chart (Fig. A-15),
T 38K o
T, 3742K
3 P, =039
v = Veowal _ 0.016773 m’/kg
R

- RT,./P, - (0.08149 kPa -m’/kg - K)(374.2 K)/(4059 kPa) =22
Thus,

P = PP, =(0.39)(4059 kPa) =1583 kPa
(c) From the superheated refrigerant table (Table A-13),

T=110°C

- s, +P=1600 kPa
v=0.016773 m"/kg

3-91 Somebody claims that oxygen gas at a specified state can be treated as an ideal gas with an error less
than 10%. The validity of this claim is to be determined.

Properties The critical pressure, and the critical temperature of oxygen are, from Table A-1,
T,.,=1548K and P, =5.08MPa
Analysis From the compressibility chart (Fig. A-15),
P 3 MPa

Pp=— = =0.591
P, 5.08MPa
7 ok Z=0.79 o
2
T, =— = ~1.034
R=r T 1548K 3 MPa

cr

160 K
Then the error involved can be determined from

Error= Y Ydea Ly 1 _ 5660
v Z 0.79

Thus the claim is false.
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3-92 The percent error involved in treating CO, at a specified state as an ideal gas is to be determined.
Properties The critical pressure, and the critical temperature of CO, are, from Table A-1,

T, =304.2K and P, =7.39MPa
Analysis From the compressibility chart (Fig. A-15),

P 3MPa
P, 7.39MPa
T 283 K Z =0.80 CO,
cr * 1OOC
Then the error involved in treating CO, as an ideal gas is

VoV LD L 05 o0r 25.0%

Error =
v VA 0.80

3-93 The % error involved in treating CO, at a specified state as an ideal gas is to be determined.
Properties The critical pressure, and the critical temperature of CO, are, from Table A-1,

T, =3042K and P, =7.39 MPa
Analysis From the compressibility chart (Fig. A-15),

P 7MPa
Pp=—=—"""_=00947
K" P, 739MPa 054 CO,
_ T _ 380K . o 7MPa
R=r " 3042K 380K

Then the error involved in treating CO, as an ideal gas is

Error= Y Yideat _y Ly L _ 4100 or 19.0%
v Z 084
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3-94 CO, gas flows through a pipe. The volume flow rate and the density at the inlet and the volume flow
rate at the exit of the pipe are to be determined.

3 MPa
500 K co, —p 450 K
2 kgls

Properties The gas constant, the critical pressure, and the critical temperature of CO, are (Table A-1)
R =0.1889 kPa-m’/kg'K, T.=3042K, P..=7.39 MPa

Analysis (a) From the ideal gas equation of state,

J _TRT, _ (2kg/s)(0.1889 kPa -m>/kg - K)(500 K)

4 =0.06297 m3/kg (2.1% error)

P, (3000 kPa)
P,
P ) —31.76 kg/m® (2.1% error)
RT;  (0.1889 kPa - m>/kg - K)(500 K)
. mRT, (2kg/s)(0.1889 kPa-m>/kg-K)(450 K
v, = MRT _ (Zkgs) a-m /kg-K)E0K) _ 4 05667 m®/kg (3.6% error)
P, (3000 kPa)
(b) From the compressibility chart (EES function for compressibility factor is used)
po=t_ 3MPa 4 407
P, 7.39 MPa
T S0k Z,=0.9791
Tp,=—t= =1.64
1T, 3042K
po=tio SMPa_ 407
P, 7.39 MPa
450K Z, = 0.9656
Tp,=—2= =1.48
2T 3042K

cr

. ZyhRT,  (0.9791)(2 kg/s)(0.1889 kPa-m> /kg - K)(500 K)

Thus, V =0.06165 m3/kg
P, (3000 kPa)
o= _ (30001‘1)*‘3) —32.44 kg/m®
Z\RT;  (0.9791)(0.1889 kPa - m*/kg - K)(500 K)
. Z,mRT . ) m>/kg-
g, - Z2MRT; _ (0.9656)(2 kg/s)(0.1889 kPa - m*/kg K)AS0K) _ o0 on 3 kg

P, (3000 kPa)
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Other Equations of State

3-95C The constant a represents the increase in pressure as a result of intermolecular forces; the constant b
represents the volume occupied by the molecules. They are determined from the requirement that the
critical isotherm has an inflection point at the critical point.

3-96 The pressure of nitrogen in a tank at a specified state is to be determined using the ideal gas, van der
Waals, and Beattie-Bridgeman equations. The error involved in each case is to be determined.

Properties The gas constant, molar mass, critical pressure, and critical temperature of nitrogen are (Table
A-1)

R=0.2968 kPa~m3/kg~K, M= 28.013 kg/kmol, T.=1262K, P,=3.39MPa

Analysis The specific volume of nitrogen is

3
_v_ 31'(2)3 ll(n —0.0327 m/kg N,
" & 0.0327 m¥kg
(a) From the ideal gas equation of state, 175K
0.2968 kPa-m”/kg - K)(175 K
P= RT = ( a-m 3g X ) =1588 kPa (5.5% error)
v 0.0327 m>/kg

(b) The van der Waals constants for nitrogen are determined from

22 3 2 2
oo TRTS _ @7)02968 kParm’ (ke K)M(126.2K)" _ (o 6 jpu o2

64P, (64)(3390 kPa)
3
b RT, _ (0.2968 kPa-m” /kg-K)(126.2 K) — 0.00138 m’ /ke
8P, 8 x3390 kPa
Then,
p RT a 0.2968x175 0.175 — 1495 kPa (0.7% error)

Tu-b u? 00327-0.00138 (0.0327)°

(c) The constants in the Beattie-Bridgeman equation are

A=4, 1—% =136.2315 1—M =132.339
0.9160

v
B=B, 1—2 =0.05046 I—M =0.05084
v 0.9160

c=42x10*m? -K>/kmol

since ¥ = Mv = (28.013 kg/kmol)(0.0327 m*/kg) = 0.9160 m*/kmol . Substituting,

RT _ 4
P =+2(1—L3J(u +B)-

v vT v

4
:8.314xl725 | 42x10 09160+ 0.05084) 132.3392
(0.9160) 0.9160x175 (0.9160)

=1504 kPa (0.07% error)
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3-97 The temperature of steam in a tank at a specified state is to be determined using the ideal gas relation,
van der Waals equation, and the steam tables.

Properties The gas constant, critical pressure, and critical temperature of steam are (Table A-1)
R=0.4615 kPa-m’/kg'K, Ta=647.1K, P..=22.06 MPa

Analysis The specific volume of steam is

| m?
o=V o 1M 3520 md/ke H,0
m 2.841kg 1m?
(a) From the ideal gas equation of state, 2.841 kg

0.6 MPa

_ Pv _ (600 kPa)(0.352 m*/kg)
R 0.4615kPa-m’/kg-K

=457.6 K

(b) The van der Waals constants for steam are determined from

27RT? . -m?>/kg - K)? (647.1 K)?
e TR’T; _ (27)(0.4615 kPa -m°/kg - K)* (647.1K) 1705 m® - kPa/kg?

64P, (64)(22,060 kPa)
RT . -m3/kg - )

,_ RT, _ (04615 kPa-m’/kg - K)(647.1K) — 0.00169 m¥/kg
8P 8x 22,060 kPa

cr

Then,

T:%[PJrij(v—b) ! [600+ 1.705 J(0.352—0.00169)=465.9K

v? 04615 (0.3520)>

(c¢) From the superheated steam table (Tables A-6),

P =0.6 MPa

v 0.3520m* kg }T =200°C  (=473K)
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3-98 EES Problem 3-97 is reconsidered. The problem is to be solved using EES (or other) software. The
temperature of water is to be compared for the three cases at constant specific volume over the pressure
range of 0.1 MPa to 1 MPa in 0.1 MPa increments. The %error involved in the ideal gas approximation is
to be plotted against pressure.

Analysis The problem is solved using EES, and the solution is given below.

Function vanderWaals(T,v,M,R_u,T_cr,P_cr)
v_bar=v*M "Conversion from m*3/kg to m*3/kmol"

"The constants for the van der Waals equation of state are given by equation 3-24"
a=27*R_u”2*T_cr*2/(64*P_cr)

b=R_u*T_cr/(8*P_cr)

"The van der Waals equation of state gives the pressure as"
vanderWaals:=R_u*T/(v_bar-b)-a/v_bar**2

End

m=2.841[kg]
Vol=1 [m"3]
{P=6*convert(MPa,kPa)}

T cr=T_CRIT(Steam_iapws)
P_cr=P_CRIT(Steam_iapws)

v=Vol/m

P_table=P; P_vdW=P;P_idealgas=P
T_table=temperature(Steam_iapws,P=P_table,v=v) "EES data for steam as a real gas"
{P_table=pressure(Steam_iapws, T=T_table,v=v)}
{T_sat=temperature(Steam_iapws,P=P_table,v=v)}
MM=MOLARMASS(water)

R _u=8.314 [kJ/kmol-K] "Universal gas constant"

R=R_u/MM "Particular gas constant"

P_idealgas=R*T _idealgas/v "ldeal gas equation"

"The value of P_vdW is found from van der Waals equation of state Function"
P_vdW=vanderWaals(T_vdW,v,MM,R_u,T_cr,P_cr)

Error_idealgas=Abs(T_table-T_idealgas)/T_table*Convert(, %)
Error_vdW=Abs(T_table-T_vdW)/T_table*Convert(, %)

P [kPa] | Tigea gas [K] Tiable [K] Tyaw [K] Errorigea gas [K]
100 76.27 372.8 86.35 79.54
200 152.5 393.4 162.3 61.22
300 228.8 406.7 238.2 43.74
400 305.1 416.8 3141 26.8
500 381.4 425 390 10.27
600 457.6 473 465.9 3.249
700 533.9 545.3 541.8 2.087
800 610.2 619.1 617.7 1.442
900 686.4 693.7 693.6 1.041

1000 762.7 768.6 769.5 0.7725
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3-99E The temperature of R-134a in a tank at a specified state is to be determined using the ideal gas
relation, the van der Waals equation, and the refrigerant tables.

Properties The gas constant, critical pressure, and critical temperature of R-134a are (Table A-1E)
R =0.1052 psia-ft’/lbmR, T.=673.6R, P..=588.7 psia
Analysis (a) From the ideal gas equation of state,

Py (100 psia)(0.54022 ft*/Ibm)
R 0.1052 psia - ft*/Ibm - R

T = =513.5R

(b) The van der Waals constants for the refrigerant are determined from

_27R*T.  (27)(0.1052 psia - ft*/lbm - R)*(673.6 R)*
64P,, (64)(588.7 psia)

p_ RT., _(0.1052 psia - ft*/lbm - R)(673.6 R)
8P, 8% 588.7 psia

a =3.591 ft° - psia/lbm?

=0.0150 ft*/Ibm

1

Then, T=—(P+i2j(u_b): 1 (100+ 3.591
R

0.1052( (0.54022)

. ](0.54022 ~0.0150)=560.7 R
v

(c) From the superheated refrigerant table (Table A-13E),

P =100 psia

v = 0.54022 ft*/lbm }T =120°F (580R)

3-100 [Also solved by EES on enclosed CD] The pressure of nitrogen in a tank at a specified state is to be
determined using the ideal gas relation and the Beattie-Bridgeman equation. The error involved in each
case is to be determined.

Properties The gas constant and molar mass of nitrogen are (Table A-1)
R =0.2968 kPa-m’/kg'K and M= 28.013 kg/kmol

N
Analysis (a) From the ideal gas equation of state, 0.041 88421 m/kg
_ RT _ (0.2968 kPa - m’/kg - K)(150 K) 150 K

P

=1063 kPa (6.3% error)

v 0.041884 m>/kg

(b) The constants in the Beattie-Bridgeman equation are

A=4, 1—% =136.2315 I—M =133.193
v 1.1733

B=B, 1—@ =0.05046 I—M =0.05076
v 1.1733

c=42x10"m? -K*/kmol
since v = Mv =(28.013 kg/kmol)(0.041884 m>/kg)=1.1733 m?/kmol.
Substituting,

4
P:RuT(l__c j(U+B)_%:8.314x1520 | 42x10 01733+ 0.05076) - 133.1932
vt (1.1733) 1.1733x150 (1.1733)

=1000.4 kPa (negligible error)
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3-101 EES Problem 3-100 is reconsidered. Using EES (or other) software, the pressure results of the ideal
gas and Beattie-Bridgeman equations with nitrogen data supplied by EES are to be compared. The
temperature is to be plotted versus specific volume for a pressure of 1000 kPa with respect to the saturated
liquid and saturated vapor lines of nitrogen over the range of 110 K <7< 150 K.

Analysis The problem is solved using EES, and the solution is given below.

Function BeattBridg(T,v,M,R_u)

v_bar=v*M "Conversion from m*3/kg to m*3/kmol"

"The constants for the Beattie-Bridgeman equation of state are found in text"
A0=136.2315; aa=0.02617; Bo=0.05046; bb=-0.00691; cc=4.20*1E4
B=Bo*(1-bb/v_bar)

A=Ao*(1-aalv_bar)

"The Beattie-Bridgeman equation of state is"
BeattBridg:=R_u*T/(v_bar**2)*(1-cc/(v_bar*T**3))*(v_bar+B)-A/v_bar**2

End

T=150 [K]

v=0.041884 [m"3/kg]

P_exper=1000 [kPa]

T table=T; T_BB=T;T idealgas=T
P_table=PRESSURE(Nitrogen,T=T_table,v=v) "EES data for nitrogen as a real gas"
{T_table=temperature(Nitrogen, P=P_table,v=v)}

M=MOLARMASS(Nitrogen)

R _u=8.314 [kJ/kmol-K] "Universal gas constant"

R=R_u/M "Particular gas constant"

P_idealgas=R*T _idealgas/v "ldeal gas equation"
P_BB=BeattBridg(T_BB,v,M,R_u) "Beattie-Bridgeman equation of state Function"

Pgs [kPa] Ptabie [kPa] Pidealgas [KPa] v [m3/kg] Tgs [K] Tigeal gas [K] Thate [K]
1000 1000 1000 0.01 91.23 33.69 103.8
1000 1000 1000 0.02 95.52 67.39 103.8
1000 1000 1000 0.025 105 84.23 106.1
1000 1000 1000 0.03 116.8 101.1 117.2
1000 1000 1000 0.035 130.1 117.9 130.1
1000 1000 1000 0.04 144 .4 134.8 144.3
1000 1000 1000 0.05 174.6 168.5 174.5

160 Nitrogen, T vs v for P=1000 kPa
| _-ldeal Gas '
150: _o—Beattie-Bridgeman J 7
140 e EES Table Value )
130} i
—_ 120| i
X I
- 110} i
N 1000 kPa __
100}
90|
80|
70l
10-3 10-2 101

v [m°/kg]
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Special Topic: Vapor Pressure and Phase Equilibrium

3-102 A glass of water is left in a room. The vapor pressures at the free surface of the water and in the
room far from the glass are to be determined.

Assumptions The water in the glass is at a uniform temperature.
Properties The saturation pressure of water is 2.339 kPa at 20°C, and 1.706 kPa at 15°C (Table A-4).

Analysis The vapor pressure at the water surface is the saturation pressure of
water at the water temperature,

Pv, water surface — L sat @ Typer Psat@15°C =1.706 kPa
H,O

Noting that the air in the room is not saturated, the vapor pressure in the 1500
o

room far from the glass is
P, air = PParar, = PPaazocc = (0.6)(2.339kPa) =1.404 kPa

3-103 The vapor pressure in the air at the beach when the air temperature is 30°C is claimed to be 5.2 kPa.
The validity of this claim is to be evaluated.

Properties The saturation pressure of water at 30°C is 4.247 kPa

(Table A-4). 30°C
Analysis The maximum vapor pressure in the air is the saturation pressure of
water at the given temperature, which is WATER

P, max = Patar, = Baasoec =4.247 kPa

which is less than the claimed value of 5.2 kPa. Therefore, the claim is false.

3-104 The temperature and relative humidity of air over a swimming pool are given. The water temperature
of the swimming pool when phase equilibrium conditions are established is to be determined.

Assumptions The temperature and relative humidity of air over the pool remain constant.
Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-4).

Analysis The vapor pressure of air over the swimming pool is

P, air = PParar., = WPaaroc = (0.4)(2.339kPa) = 0.9357 kPa Paim. 20°C
Phase equilibrium will be established when the vapor pressure at the
water surface equals the vapor pressure of air far from the surface. POOL
Therefore,

Pv, water surface — Pv,air =0.9357 kPa
and Twater = Tsat@PV = Tsat@0.9357 kPa — 6.0°C

Discussion Note that the water temperature drops to 6.0°C in an environment at 20°C when phase
equilibrium is established.
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3-105 Two rooms are identical except that they are maintained at different temperatures and relative
humidities. The room that contains more moisture is to be determined.

Properties The saturation pressure of water is 2.339 kPa at 20°C, and 4.247 kPa at 30°C (Table A-4).
Analysis The vapor pressures in the two rooms are
Room 1: Py = Paar, = $Paasocc =(0.4)(4.247 kPa) =1.699 kPa

Room 2: Py = b Paar, = $2Parazorc = (0.7)(2.339kPa) = 1.637 kPa

Therefore, room 1 at 30°C and 40% relative humidity contains more moisture.

3-106E A thermos bottle half-filled with water is left open to air in a room at a specified temperature and
pressure. The temperature of water when phase equilibrium is established is to be determined.

Assumptions The temperature and relative humidity of air over the bottle remain constant.
Properties The saturation pressure of water at 70°F is 0.3633 psia (Table A-4E).
Analysis The vapor pressure of air in the room is

P, uir = PParar, = Paaroer =(0.35)(0.3633 psia) = 0.1272 psia Thermos
bottle

Phase equilibrium will be established when the vapor pressure at
the water surface equals the vapor pressure of air far from the

surface. Therefore, 70°F
Pv,water surface — Pv, air — 0.1272 pSia 35%

and

Tyater = Tsat@Pv = Tsat@0.1272 psia = 41.1°F

Discussion Note that the water temperature drops to 41°F in an environment at 70°F when phase
equilibrium is established.

3-107 A person buys a supposedly cold drink in a hot and humid summer day, yet no condensation occurs
on the drink. The claim that the temperature of the drink is below 10°C is to be evaluated.

Properties The saturation pressure of water at 35°C is 5.629 kPa (Table A-4).
Analysis The vapor pressure of air is
P, air = Pacar, = PPaassec =(0.7)(5.629 kPa) =3.940kPa

35°C

70%
The saturation temperature corresponding to this pressure (called the
dew-point temperature) is

T = Tar@p, = Tat@3.040 kpa = 28.7°C

That is, the vapor in the air will condense at temperatures below 28.7°C. Noting that no condensation is
observed on the can, the claim that the drink is at 10°C is false.
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Review Problems

3-108 The cylinder conditions before the heat addition process is specified. The pressure after the heat
addition process is to be determined.

Assumptions 1 The contents of cylinder are approximated by

. . o . Combustion
the air properties. 2 Air is an ideal gas. chamber
Analysis The final pressure may be determined from the ideal 1.8 MPa
gas relation 450°C

P, = Qpl = (Mjagoo kPa)=3916 kPa
7 450+273K

3-109 A rigid tank contains an ideal gas at a specified state. The final temperature is to be determined for
two different processes.

Analysis (a) The first case is a constant volume process. When half of the gas is withdrawn from the tank,
the final temperature may be determined from the ideal gas relation as

r, =" ! T, = (z{mjmoo K)=400K

m, P 300 kPa
(b) The second case is a constant volume and constant mass process. lggg lkgpaas
The ideal gas relation for this case yields 600 K
P - %ﬂ - (%jooo kPa) = 200 kPa

3-110 Carbon dioxide flows through a pipe at a given state. The volume and mass flow rates and the
density of CO, at the given state and the volume flow rate at the exit of the pipe are to be determined.

Analysis (a) The volume and mass flow

: . 3 MPa
rates may be determined from ideal gas 500 K co, —p 450 K
relation as
0.4 kmol/s

_ NR,T; _ (0.4kmol/s)(8.314 kPa.m?/kmol K)(500 K)

v, =0.5543 m?/s
P 3000 kPa
; 3
i = AV _ (3000 kPa)(()3.5543 m’/s) —_17.60 kgls
RT,  (0.1889 kPa.m/kg.K)(500 K)
The density is
» _my (17.60kg§s) — 31.76 kg/m®
¥, (0.5543m’/s)
(b) The volume flow rate at the exit is
. NR,T. . . .m’ :
v MR, _ (0.4 kmol/s)(8.314 kPa.m” /kmol.K)(450 K) —0.4988 m3/s

2 P 3000 kPa
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3-111 A piston-cylinder device contains steam at a specified state. Steam is cooled at constant pressure.
The volume change is to be determined using compressibility factor.

Properties The gas constant, the critical pressure, and the critical

temperature of steam are
R=0.4615 kPa-m3/kg-K, T.=647.1K, P.,=22.06 MPa
Analysis The exact solution is given by the following: Steam
=
P =200kPa ALk 02kg /] 0
v, =1 m
1,=300°C | ' s 200 kPa
(Table A-6) 300°C
P=200kPa

v, =0.95986 m*/kg
T, =150°C

AV, = m(v, —vy) = (0.2kg)(1.31623 — 0.95986)m>/kg = 0.07128 m*

exact

Using compressibility chart (EES function for compressibility factor is used)

P 02MPa

Pp=—-=—"—"—=0.0091
P, 22.06 MPa
T, 300+273K %1=099%
Tp =l =20*2BR g eg6
1T T 647.1K
p=f_ 02MPa__ 0
P,  22.06 MPa
T, 150+273K 72 = 09897
Tpy=—2 =218 _g6s
2T 671K
3
y = ZnRT, _ (0.9956)(02kg)(0.4615 kPa - m’/kg ‘K)(300+273K) _ oo s
R (200 kPa)
3
, = ZamRTy _ (0.9897)02kg)(04615 kPa m'fkg K150+ 273K) _ o0 s
P, (200 kPa)

AV =V —V, =0.2633-0.1932 = 0.07006 m*,  Error: 1.7%

3-112 The cylinder conditions before the heat addition process is specified. The temperature after the heat
addition process is to be determined.

Assumptions 1 The contents of cylinder is approximated by the air properties. 2 Air is an ideal gas.

Analysis The ratio of the initial to the final mass is
m AF 22 22 Combustion

m, AF+1 22+1 23 chamber
950 K
The final temperature may be determined from ideal gas relation 75 cm®

3
r,=-"1% :[QJ 150em” 950 k)~ 1817 K
m, Y, 23 \ 75cm?



3-50

3-113

(a) On the P-v diagram, the constant temperature process through the state P= 300 kPa, v = 0.525 m’/kg as
pressure changes from P; = 200 kPa to P, =400 kPa is to be sketched. The value of the temperature on the
process curve on the P-vdiagram is to be placed.

108

Steam;ppwg
:

104

1031

e —

100 ! ! ! } 1 1
104 103 102 10 100 101 102

v [m%/kg]

(b) On the T-v diagram the constant specific vol-ume process through the state 7' = 120°C, v = 0.7163
m’/kg from P;= 100 kPa to P, = 300 kPa is to be sketched.. For this data set, the temperature values at
states 1 and 2 on its axis is to be placed. The value of the specific volume on its axis is also to be placed.

700 : ISteam|APW§ I

600 -

so0l 300 kPa |

4001 198.7 kPa i
% 100 kPa

300+ -
"

200 -

2
100 - |
07193
103 102 10-1 T 101 102
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3-114 The pressure in an automobile tire increases during a trip while its volume remains constant. The
percent increase in the absolute temperature of the air in the tire is to be determined.

Assumptions 1 The volume of the tire remains constant. 2 Air is an ideal gas.

Properties The local atmospheric pressure is 90 kPa. TIRE
Analysis The absolute pressures in the tire before and after the trip are 200 kPa
3
P, = Pyge + Py =200+ 90 =290 kPa 0.035m

Py = Pger + P =220+90 = 310 kPa

Noting that air is an ideal gas and the volume is constant, the ratio of
absolute temperatures after and before the trip are

PV, _PV, T, P _310kPa_

T, T, T, P, 290kPa

Therefore, the absolute temperature of air in the tire will increase by 6.9% during this trip.

3-115 A hot air balloon with 3 people in its cage is hanging still in the air. The average temperature of the
air in the balloon for two environment temperatures is to be determined.

Assumptions Air is an ideal gas.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).
Analysis The buoyancy force acting on the balloon is
Visioon = 477 /3 = 47(10m)* /3 = 4189m’
P 90 kPa

Poooliit = T = (0287 kPa -m¥/kg - K)(288 K) :

FB = Pcool air& Vballoon IN
= (1.089 kg/m*)(9.8 m/s*)(4189 m*) ———— | =44,700 N
lkg-m/s

Hot air balloon
D=20m

The vertical force balance on the balloon gives
FB:Whotair+W +Wp

cage eople
= (mhot air T mcage + mpeople )g

Pom =90 kPa
T=15°C
Substituting,

44,700 N = (5,5, + 80 kg +195 kg)(9.8 m/s?) 1—N2
lkg-m/s

which gives
Myotair = 4287 kg

Therefore, the average temperature of the air in the balloon is

r_ PV _ (90 kPa)(4189 m?)

— 3 =306.5 K
mR (4287 kg)(0.287 kPa-m’/kg - K)

Repeating the solution above for an atmospheric air temperature of 30°C gives 323.6 K for the average air
temperature in the balloon.
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3-116 EES Problem 3-115 is to be reconsidered. The effect of the environment temperature on the average
air temperature in the balloon when the balloon is suspended in the air is to be investigated as the
environment temperature varies from -10°C to 30°C. The average air temperature in the balloon is to be
plotted versus the environment temperature.

Analysis The problem is solved using EES, and the solution is given below.

"Given Data:"

"atm---atmosphere about balloon"
"gas---heated air inside balloon"
g=9.807 [m/s"2]

d_balloon=20 [m]

m_cage = 80 [kg]
m_1person=65 [kg]

NoPeople = 6

{T_atm_Celsius = 15 [C]}

T_atm =T_atm_Celsius+273 "[K]"
P_atm =90 [kPa]

R=0.287 [kJ/kg-K]

P_gas = P_atm
T_gas_Celsius=T_gas - 273 "[C]"

"Calculated values:"

P_atm=rho_atm*R*T_atm "rho_atm = density of air outside balloon"

P_gas=rho_gas*R*T_gas "rho_gas = density of gas inside balloon"

r_balloon=d_balloon/2

V_balloon=4*pi*r_balloon*3/3

m_people=NoPeople*m_1person

m_gas=rho_gas*V_balloon

m_total=m_gas+m_people+m_cage

"The total weight of balloon, people, and cage is:"

W_total=m_total*g

"The buoyancy force acting on the balloon, F_b, is equal to the weight of the air displaced by the
balloon."

F_b=rho_atm*V_balloon*g

"From the free body diagram of the balloon, the balancing vertical forces must equal the product
of the total mass and the vertical acceleration:"

F_b- W_total=m_total*a_up

a_up =0 "The balloon is hanging still in the air"

100

Tatm Celcius |C| Tgas Celcius |C| 90j —

-10 17.32 80}

-5 23.42 ol

g gg?? L 60 9 people

. < |

10 41.89 50¢

15 48.09 g 40

20 54.31 s

25 60.57 r 0l

30 66.84

10

O L Il L Il L Il L Il L Il L L
-10 -5 0 5 10 15 20 25 30

Tatm,CeIsius [C]
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3-117 A hot air balloon with 2 people in its cage is about to take off. The average temperature of the air in
the balloon for two environment temperatures is to be determined.

Assumptions Air is an ideal gas.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K.

. . . Hot air balloon
Analysis The buoyancy force acting on the balloon is D=18m

Vittoon = 471> 13 =472(9 m)*/3=3054 m* P =93 kPa
93 kP T=12°C

i — ~1.137 kg/m’

RT  (0.287 kPa-m”/kg - K)(285 K)

Pcoolair =

FB = pcoolairgvballoon IN
=(1.137 kg/m*)(9.8 m/s?)(3054 m? ) ——— [=34,029 N
1kg-m/s?

The vertical force balance on the balloon gives
FB :Whotair+W +W,

cage people
= (mhotair + mcage + mpeople )g

Meage = 120 kg

Substituting,

34,029 N = (.5, +120 kg +140 kg)(9.81 m/s?) %
1 kg-m/s

which gives
Mpot air = 3212 kg
Therefore, the average temperature of the air in the balloon is

r_PY_ (93 kPa)(3054 m?)
mR (3212 kg)(0.287 kPa - m*/kg - K)

=308 K

Repeating the solution above for an atmospheric air temperature of 25°C gives 323 K for the average air
temperature in the balloon.

3-118E Water in a pressure cooker boils at 260°F. The absolute pressure in the pressure cooker is to be
determined.

Analysis The absolute pressure in the pressure cooker is the saturation
pressure that corresponds to the boiling temperature, H.0

P=P oy =3545 psia  p-------
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3-119 The refrigerant in a rigid tank is allowed to cool. The pressure at which the refrigerant starts
condensing is to be determined, and the process is to be shown on a P-v diagram.

Analysis This is a constant volume process (v = //m = constant), and
the specific volume is determined to be R-134a
240 kPa
v _ 0.117m?
vel e km =0.117 m®/kg
m g P
When the refrigerant starts condensing, the tank will contain saturated 1

vapor only. Thus,
v, =v, =0.117 m° kg

The pressure at this point is the pressure that corresponds to this v, value,
P, =169 kPa v

= })sat@vg=0.1 17 m3/kg

3-120 The rigid tank contains saturated liquid-vapor mixture of water. The mixture is heated until it exists
in a single phase. For a given tank volume, it is to be determined if the final phase is a liquid or a vapor.

Analysis This is a constant volume process (v = {//m = constant), and thus the final specific volume will be
equal to the initial specific volume,

v, =V, Ho
The critical specific volume of water is 0.003106 m’/kg. Thus if the final specific mv:g II<_g
volume is smaller than this value, the water will exist as a liquid, otherwise as a vapor. T = 50°C
3
Voal— sy =L 0004m 060 m¥ke < . Thus, liquid.
m 2 kg
VvV 04m’
V=400L——v="=—"T_02 m’/kg>v,. Thus, vapor.
m  2kg

3-121 Superheated refrigerant-134a is cooled at constant pressure until it exists as a compressed liquid.
The changes in total volume and internal energy are to be determined, and the process is to be shown on a
T-v diagram.

Analysis The refrigerant is a superheated vapor at the initial state and a compressed liquid at the final state.
From Tables A-13 and A-11,

P =12MPa } u, =277.21 kl/kg T 1
1, = 70°C v, =0.019502 m*/kg
P, =12 MPa } U, = uf@20°C =78.86 kJ/kg 2 R-134a
T§ =20°C V22V, 40 = 0.0008161 m’/kg 70°C
1.2 MPa
Thus, v

(b) AV =m(v, —v,) = (10 kg)(0.0008161—0.019502) m*/kg = —0.187 m®
(c) AU = m(u, —uy,) = (10 kg)(78.86 — 277.21) kl/kg = —1984 kJ
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3-122 Two rigid tanks that contain hydrogen at two different states are connected to each other. Now a
valve is opened, and the two gases are allowed to mix while achieving thermal equilibrium with the
surroundings. The final pressure in the tanks is to be determined.

Properties The gas constant for hydrogen is 4.124 kPa-m’/kg-K (Table A-1).

Analysis Let's call the first and the second tanks A and B. Treating H, as an ideal gas, the total volume and
the total mass of H, are

3 A B
V=V,+V;=05+05=1.0m
H
PV 600 kPa)(0.5 m* _Ha H,
mA:[l J L OWROSM) I E P
RT, ), (4.124kPa-m’/kg-K)(293 K) Pnggk% To30°0
= a -
_(Pl(/] ~ (150 kPa)(0.5 m) . P=150 kPa
"B = B 3 =Y g
RTy ), (4.124 kPa-m°/kg-K)(303 K)

m=m,+mpy =0.248+0.060 = 0.308kg
Then the final pressure can be determined from

_ mRT, _ (0.308 kg)(4.124 kPa-m> /kg -K)(288 K)

P 3
v 1.0m

=365.8 kPa

3-123 EES Problem 3-122 is reconsidered. The effect of the surroundings temperature on the final
equilibrium pressure in the tanks is to be investigated. The final pressure in the tanks is to be plotted versus
the surroundings temperature, and the results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

"Given Data"

T_A=20 [C]
P_A=600 [kPa]
=0.5 [m*3]
30 [C]
150 [kPa]
15 [C]}

—
UJUHJUJ

{T_2

"Solution"
R=R_u/MOLARMASS(H2)
R_u=8.314 [kJ/kmol-K] 390
V_total=V_A+V_B
m_total=m_A+m_B

P_A*V_A=m_A*R*(T_A+273) 380
P_B*V_B=m B*R*T_B+273)
P_2*V_total=m_total*R*(T_2+273) 370
P,kPa] | _T,[C] S 360
334.4 10 x
340.7 5
347.1 0 o 350
353.5 5
359.8 10 340
366.2 15
3725 20 330 ¢+ oy
378.9 25 -10 -5 0 5 10 15 20 25 30

385.2 30 -|-2 [C]



3-56

3-124 A large tank contains nitrogen at a specified temperature and pressure. Now some nitrogen is
allowed to escape, and the temperature and pressure of nitrogen drop to new values. The amount of
nitrogen that has escaped is to be determined.

Properties The gas constant for nitrogen is 0.2968 kPa-m’/kg-K (Table A-1).

Analysis Treating N, as an ideal gas, the initial and the final masses in the tank are determined to be

PV 600 kPa)(20 m*
my =17 = ( 33)( m’) =136.6 kg
RT,  (0.2968kPa-m°/kg-K)(296 K)
_BY (400 kPa)(20 m’) 920 kg N\
*RT, (02968 kPa-m’/kg K)293K) 500 LPa
Thus the amount of N, that escaped is 2283003
Am=m, —m, =136.6—92.0 = 44.6 kg m

3-125 The temperature of steam in a tank at a specified state is to be determined using the ideal gas
relation, the generalized chart, and the steam tables.

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1,
R=04615kPa-m’/kg-K, T,=647.1K, P, =22.06MPa

Analysis (a) From the ideal gas equation of state,

3
p :E _ (0.4615 kl:)aoén /i(/i K)(673K) _ 15,529 kPa H,O
Y o s 0.02 m%kg
(b) From the compressibility chart (Fig. A-15a), 400°C
S 1 1 S
T, 647.1K
3 PR =0.57
v = Vacnal  _ (0.02 m”/kg)(22,060 kPa)
R

 RT,/P, (0.4615kPa-m’/kg-K)(647.1K)
Thus, P=PP, =0.57x22,060 =12,574 kPa

(c¢) From the superheated steam table,

T =400°C

v =0.02 m*/ke }P =12,576 kPa (from EES)

3-126 One section of a tank is filled with saturated liquid R-134a while the other side is evacuated. The
partition is removed, and the temperature and pressure in the tank are measured. The volume of the tank is
to be determined.

Analysis The mass of the refrigerant contained in the tank is
Y 0.0l m’

m=-L = —=11.82kg
v, 0.0008458 m’/kg
R-134a
since V) =V ;g0 gvpa = 0.0008458 m*/kg P=0.8 MPa Evacuated
— &)
At the final state (Table A-13), ¥=0.01m
P, = 400 kPa } 3
° =0.05421 m”/k
7§ =20°C Y2 m/kg

Thus, V,, =V, =mv, =(11.82 kg)(0.05421 m*/kg) = 0.641 m*
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3-127 EES Problem 3-126 is reconsidered. The effect of the initial pressure of refrigerant-134 on the
volume of the tank is to be investigated as the initial pressure varies from 0.5 MPa to 1.5 MPa. The volume
of the tank is to be plotted versus the initial pressure, and the results are to be discussed.

Analysis The problem is solved using EES, and the solution is given below.

"Given Data"
x_1=0.0
Vol_1=0.01[m"3]
P_1=800 [kPa]
T_2=20[C]
P_2=400 [kPa]

"Solution”
v_1=volume(R134a,P=P_1,x=x_1)
Vol_1=m*v_1
v_2=volume(R134a,P=P_2,T=T_2)
Vol _2=m*v_2

P, [kPa] | Vol, [m?] m [kg]

500 0.6727 12.41
600 0.6612 12.2
700 0.6507 12

800 0.641 11.82
900 0.6318 11.65
1000 0.6231 11.49

1100 0.6148 11.34
1200 0.6068 11.19

1300 0.599 11.05
1400 0.5914 10.91
1500 0.584 10.77
0.68 T T T T T T T T

0.66

31 0.64
m

12

i 0.62

0.6

0_58 L 1 L 1 L 1 L 1 L
500 700 900 1100 1300 1500

P4 [kPa]
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3-128 A propane tank contains 5 L of liquid propane at the ambient temperature. Now a leak develops at
the top of the tank and propane starts to leak out. The temperature of propane when the pressure drops to 1
atm and the amount of heat transferred to the tank by the time the entire propane in the tank is vaporized
are to be determined.

Properties The properties of propane at 1 atm are Ty, = -42.1°C, p=581kg/m?, and hg, = 427.8 kl/kg
(Table A-3).

Analysis The temperature of propane when the pressure drops to 1 atm is simply the saturation pressure at
that temperature,

T= Tsat@latm =—-42.1°C

Propane
5L
20°C

The initial mass of liquid propane is
m = pV = (581kg/m>)(0.005m’) = 2.905 kg

The amount of heat absorbed is simply the total heat of vaporization,
Oybsorbed = Mhy, =(2.905 kg)(427.8 kJ /kg) = 1243 kJ

3-129 An isobutane tank contains 5 L of liquid isobutane at the ambient temperature. Now a leak develops
at the top of the tank and isobutane starts to leak out. The temperature of isobutane when the pressure drops
to 1 atm and the amount of heat transferred to the tank by the time the entire isobutane in the tank is
vaporized are to be determined.

Properties The properties of isobutane at 1 atm are Ty = -11.7°C, p=593.8 kg/m>, and hg =367.1 kl/kg
(Table A-3).

Analysis The temperature of isobutane when the pressure drops to 1 atm is simply the saturation pressure at
that temperature,

T= T;at@latm =-11.7°C

The initial mass of liquid isobutane is ——

m= pV =(593.8kg/m>)(0.005m?>) = 2.969kg
The amount of heat absorbed is simply the total heat of vaporization,
Oybsorbed = M, = (2.969 kg)(367.1 kl /kg) = 1090 kJ

3-130 A tank contains helium at a specified state. Heat is transferred to helium until it reaches a specified
temperature. The final gage pressure of the helium is to be determined.

Assumptions 1 Helium is an ideal gas.
Properties The local atmospheric pressure is given to be 100 kPa.

Analysis Noting that the specific volume of helium in the tank remains constant, from ideal gas relation, we
have

T Q
P, =P %:(10+IOOkPa)%:I69.0KPa Helium &
| (100+273) 100°C
Then the gage pressure becomes 10 kPa
gage
Poager = Py — Py =169.0-100 = 69.0 kPa
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3-131 A tank contains argon at a specified state. Heat is transferred from argon until it reaches a specified
temperature. The final gage pressure of the argon is to be determined.

Assumptions 1 Argon is an ideal gas.

Properties The local atmospheric pressure is given to be 100 kPa.

Analysis Noting that the specific volume of argon in the tank Argon =4 Q
remains constant, from ideal gas relation, we have 600°C
T 200 kP
Py =B 22 = (2004100 kPa) SO 2K 166 64y e
T, (600+273)K 9ag
Then the gage pressure becomes
Poager =P = Py =196.9-100 =96.9 kPa
3-132 Complete the following table for H, O:

P, kPa T, °C v, m’/ kg u, kJ/kg Phase description
200 30 0.001004 125.71 Compressed liquid
270.3 130 - - Insufficient

information
200 400 1.5493 2967.2 Superheated steam
300 133.52 0.500 2196.4 Saturated mixture,
x=0.825
500 473.1 0.6858 3084 Superheated steam
3-133 Complete the following table for R-134a:

P, kPa T, °C v, m’/ kg u, kJ/kg Phase description
320 -12 0.0007497 35.72 Compressed liquid
1000 39.37 - - Insufficient

information
140 40 0.17794 263.79 Superheated vapor
180 -12.73 0.0700 153.66 Saturated mixture,
x=0.6315
200 22.13 0.1152 249 Superheated vapor
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3-134

(a) On the P-v diagram the constant temperature process through the state P = 280 kPa, v = 0.06 m’/kg as
pressure changes from P = 400 kPa to P, = 200 kPa is to be sketched. The value of the temperature on the
process curve on the P-vdiagram is to be placed.

s R134a
10 T T T T
1040 i
5 103} .
1
E - 400
280 -1.25°C 2
— 200
1021 i
0.06
101 ! ! | ! !
104 103 102 ' 101 100 101
\ [mslkg]

(b) On the T-v diagram the constant specific volume process through the state 7 = 20°C, v = 0.02 m’/kg
from P, = 1200 kPa to P, = 300 kPa is to be sketched. For this data set the temperature values at states 1
and 2 on its axis is to be placed. The value of the specific volume on its axis is also to be placed.

R134a
250 ‘
200 7
150 7
100 -
[ 7
- |
:
20
0 0.6 .
-50]- ,
-100 1 1 | I
104 103 102 ! 10°1 100
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Fundamentals of Engineering (FE) Exam Problems

3-135 A rigid tank contains 6 kg of an ideal gas at 3 atm and 40°C. Now a valve is opened, and half of
mass of the gas is allowed to escape. If the final pressure in the tank is 2.2 atm, the final temperature in the
tank is

(a) 186°C (b) 59°C (c) -43°C (d) 20°C (e) 230°C
Answer (a) 186°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

"When R=constant and V= constant, P1/P2=m1*T1/m2*T2"
m1=6 "kg"

P1=3 "atm"

P2=2.2 "atm"

T1=40+273 "K"

m2=0.5*m1 "kg"

P1/P2=m1*T1/(m2*T2)

T2 _C=T2-273"C"

"Some Wrong Solutions with Common Mistakes:"

P1/P2=m1*(T1-273)/((m2*W1_T2) "Using C instead of K"

P1/P2=m1*T1/(m1*(W2_T2+273)) "Disregarding the decrease in mass"
P1/P2=m1*T1/(m1*W3_T2) "Disregarding the decrease in mass, and not converting to deg. C"
W4 _T2=(T1-273)/2 "Taking T2 to be half of T1 since half of the mass is discharged"

3-136 The pressure of an automobile tire is measured to be 190 kPa (gage) before a trip and 215 kPa
(gage) after the trip at a location where the atmospheric pressure is 95 kPa. If the temperature of air in the
tire before the trip is 25°C, the air temperature after the trip is

(a) 51.1°C (b) 64.2°C (c)27.2°C (d) 28.3°C (e) 25.0°C

Answer (a) 51.1°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

"When R, V, and m are constant, P1/P2=T1/T2"
Patm=95

P1=190+Patm "kPa"

P2=215+Patm "kPa"

T1=25+273 "K"

P1/P2=T1/T2

T2 _C=T2-273"C"

"Some Wrong Solutions with Common Mistakes:"

P1/P2=(T1-273)/W1_T2 "Using C instead of K"

(P1-Patm)/(P2-Patm)=T1/(W2_T2+273) "Using gage pressure instead of absolute pressure"
(P1-Patm)/(P2-Patm)=(T1-273)/W3_T2 "Making both of the mistakes above"

W4 _T2=T1-273 "Assuming the temperature to remain constant"
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3-137 A 300-m’ rigid tank is filled with saturated liquid-vapor mixture of water at 200 kPa. If 25% of
the mass is liquid and the 75% of the mass is vapor, the total mass in the tank is
(a) 451 kg (b) 556 kg (c) 300 kg (d)331 kg (e) 195 kg

Answer (a) 451 kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V_tank=300 "m3"

P1=200 "kPa"

x=0.75

v_f=VOLUME(Steam_IAPWS, x=0,P=P1)
v_g=VOLUME(Steam_IAPWS, x=1,P=P1)
v=v_f+x*(v_g-v_f)

m=V_tank/v "kg"

"Some Wrong Solutions with Common Mistakes:"

R=0.4615 "kJ/kg.K"

T=TEMPERATURE(Steam_IAPWS,x=0,P=P1)
P1*V_tank=W1_m*R*(T+273) "Treating steam as ideal gas"
P1*V_tank=W2_m*R*T "Treating steam as ideal gas and using deg.C"
W3 m=V_tank "Taking the density to be 1 kg/m*3"

3-138 Water is boiled at 1 atm pressure in a coffee maker equipped with an immersion-type electric heating
element. The coffee maker initially contains 1 kg of water. Once boiling started, it is observed that half of
the water in the coffee maker evaporated in 18 minutes. If the heat loss from the coffee maker is negligible,
the power rating of the heating element is

(a) 0.90 kW (b) 1.52 kW (c) 2.09 kW (d) 1.05 kW (e) 1.24 kW

Answer (d) 1.05 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m_1=1"kg"

P=101.325 "kPa"

time=18*60 "s"

m_evap=0.5"m_1
Power*time=m_evap*h_fg "kJ"
h_f=ENTHALPY (Steam_IAPWS, x=0,P=P)
h_g=ENTHALPY (Steam_IAPWS, x=1,P=P)
h_fg=h_g-h_f

"Some Wrong Solutions with Common Mistakes:"
W1_Power*time=m_evap*h_g "Using h_g"
W2_Power*time/60=m_evap*h_g "Using minutes instead of seconds for time
W3 Power=2*Power "Assuming all the water evaporates"
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3-139 A 1-m’ rigid tank contains 10 kg of water (in any phase or phases) at 160°C. The pressure in the
tank is
(a) 738 kPa (b) 618 kPa (c) 370 kPa (d) 2000 kPa (e) 1618 kPa

Answer (b) 618 kPa

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V_tank=1"m"3"

m=10 "kg"

v=V_tank/m

T=160 "C"
P=PRESSURE(Steam_IAPWS,v=v,T=T)

"Some Wrong Solutions with Common Mistakes:"

R=0.4615 "kJ/kg.K"

W1_P*V_tank=m*R*(T+273) "Treating steam as ideal gas"
W2_P*V_tank=m*R*T "Treating steam as ideal gas and using deg.C"

3-140 Water is boiling at 1 atm pressure in a stainless steel pan on an electric range. It is observed that 2 kg
of liquid water evaporates in 30 minutes. The rate of heat transfer to the water is
(a) 2.51 kW (b) 2.32kW (c)2.97 kW (d) 0.47 kW (e) 3.12kW

Answer (a) 2.51 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m_evap=2 "kg"

P=101.325 "kPa"

time=30*60 "s"

Q*time=m_evap*h_fg "kJ"

h_f=ENTHALPY (Steam_IAPWS, x=0,P=P)
h_g=ENTHALPY (Steam_IAPWS, x=1,P=P)
h_fg=h _g-h_f

"Some Wrong Solutions with Common Mistakes:"
W1_Q*time=m_evap*h_g "Using h_g"

W2_Q*time/60=m_evap*h_g "Using minutes instead of seconds for time
W3_Q*time=m_evap*h_f "Using h_f"
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3-141 Water is boiled in a pan on a stove at sea level. During 10 min of boiling, its is observed that 200 g
of water has evaporated. Then the rate of heat transfer to the water is
(a) 0.84 kJ/min (b) 45.1 kJ/min (c) 41.8 kJ/min (d) 53.5 kJ/min (e) 225.7 kJ/min

Answer (b) 45.1 kJ/min

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m_evap=0.2 "kg"

P=101.325 "kPa"

time=10 "min"

Q*time=m_evap*h_fg "kJ"

h_f=ENTHALPY (Steam_IAPWS, x=0,P=P)
h_g=ENTHALPY (Steam_IAPWS, x=1,P=P)
h_fg=h _g-h_f

"Some Wrong Solutions with Common Mistakes:"
W1_Q*time=m_evap*h_g "Using h_g"

W2_Q*time*60=m_evap*h_g "Using seconds instead of minutes for time"
W3_Q*time=m_evap*h_f "Using h_f"

3-142 A rigid 3-m’ rigid vessel contains steam at 10 MPa and 500°C. The mass of the steam is
(a) 3.0 kg (b) 19kg (c) 84 kg (d) 91 kg (e) 130 kg

Answer (d) 91 kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V=3 "m~"3"

m=V/v1 "m"3/kg"

P1=10000 "kPa"

T1=500 "C"
v1=VOLUME(Steam_IAPWS,T=T1,P=P1)

"Some Wrong Solutions with Common Mistakes:"

R=0.4615 "kJ/kg.K"

P1*V=W1_m*R*(T1+273) "Treating steam as ideal gas"
P1*V=W2_m*R*T1 "Treating steam as ideal gas and using deg.C"
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3-143 Consider a sealed can that is filled with refrigerant-134a. The contents of the can are at the
room temperature of 25°C. Now a leak developes, and the pressure in the can drops to the local
atmospheric pressure of 90 kPa. The temperature of the refrigerant in the can is expected to drop to
(rounded to the nearest integer)

(a) 0°C (b) -29°C (c) -16°C (d) 5°C (e) 25°C

Answer (b) -29°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1 =25 IlCIl
P2=90 "kPa"
T2=TEMPERATURE(R134a,x=0,P=P2)

"Some Wrong Solutions with Common Mistakes:"
W1_T2=T1 "Assuming temperature remains constant"

3-144 ... 3-146 Design, Essay and Experiment Problems

3-144 1t is helium.
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Chapter 4
ENERGY ANALYSIS OF CLOSED SYSTEMS

Moving Boundary Work

4-1C It represents the boundary work for quasi-equilibrium processes.

4-2C Yes.

4-3C The area under the process curve, and thus the boundary work done, is greater in the constant
pressure case.

4-4C 1kPa-m> =1k(N/m?)-m®> =1kN-m=1kJ

4-5 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be
determined for the polytropic expansion of nitrogen. l

Properties The gas constant for nitrogen is 0.2968 kJ/kg.K (Table A-2).

Analysis The mass and volume of nitrogen at the initial state are

N,

3

_RY _ (130kPa)(0.07 m") —0.07802 kg 130 kPa
RT;  (0.2968 kJ/kg. K)(120 +273K) 120°C

_ mRT, _ (0.07802 kg)(0.2968 kPa.m? /kg.K)(100 + 273 K)
P, 100 kPa

v, =0.08637 m’

The polytropic index is determined from
PV = P,V ——(130kPa)(0.07 m?)" = (100 kPa)(0.08637 m*)" — n =1.249
The boundary work is determined from

_ PV, —PV, (100kPa)(0.08637 m”)— (130 kPa)(0.07 m")
1-n 1-1.249

=1.86kJ

Wy
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4-6 A piston-cylinder device with a set of stops contains steam at a specified state. Now, the steam is
cooled. The compression work for two cases and the final temperature are to be determined.

Analysis (a) The specific volumes for the initial and final states are (Table A-6)
B =1MPa P, =1MPa

v, = 0.30661 m*/kg
T, = 400°C T, = 250°C

}uz =0.23275m’/kg
Noting that pressure is constant during the process, the boundary

work is determined from

W, = mP(v, —v,) = (0.3kg)(1000 kPa)(0.30661 — 0.23275)m>/kg = 22.16 kJ

(b) The volume of the cylinder at the final state is 60% of initial
volume. Then, the boundary work becomes

Steam
0.3 kg
1 MPa
400°C

o ¥

W, = mP(v, —0.60v,) = (0.3kg)(1000 kPa)(0.30661 - 0.60 x 0.30661)m>/kg = 36.79 kJ

The temperature at the final state is
P, =0.5MPa

3 7, =151.8°C (Table A-5)
v, =(0.60x0.30661) m’/kg

4-7 A piston-cylinder device contains nitrogen gas at a specified state. The
final temperature and the boundary work are to be determined for the
isentropic expansion of nitrogen.

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k= 1.4
(Table A-2a)

Analysis The mass and the final volume of nitrogen are

RV (130 kPa)(0.07 m?)
RT, (02968 kJ/kg.K)(120+273K)

=0.07802 kg

N
130 kPa
120°C

PV = PV ——(130kPa)(0.07 m*)"* = (100 kPa),* —— ¥/, =0.08443 m*

The final temperature and the boundary work are determined as

PV, (100 kPa)(0.08443 m*>)

- =364.6K
mR  (0.07802 kg)(0.2968 kPa.m> /kg.K)

T,

_ PV, —PV, (100kPa)(0.08443m’)—(130kPa)(0.07 m")
1-k 1-1.4

Wy

=1.64kJ
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4-8 Saturated water vapor in a cylinder is heated at constant pressure until its temperature rises to a
specified value. The boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial
and the final states are (Table A-4 through A-6)

Fi =300 kpa 0.60582 m>/k -
v, =v =0. m
Sat. vapor 1 2@300 kPa g (kPa
P, =300 kPa 3 1 2
v, =0.71643 m" /k 4
T, =200°C } 2 s 300
Analysis The boundary work is determined from its definition to be
2
Waow = | PAV = PV, = V) = mP(v, ~ ) v
’ 1

= (5 kg)(300 kPa)(0.71643 — 0.60582) m3/k i
g g 3
1kPa-m

=165.9 kJ

Discussion The positive sign indicates that work is done by the system (work output).

4-9 Refrigerant-134a in a cylinder is heated at constant pressure until its temperature rises to a specified
value. The boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial
and the final states are (Table A-11 through A-13)

P, =900 kPa 3
Sat. liquid Vi =V r@oo0 kpa = 0.0008580 m”/kg (ka )
: a
P, =900 kPa ;
. v, =0.027413 m” /kg 1 )
T, =70°C 900

Analysis The boundary work is determined from its definition to be

v 0.2m’
m=-"L = o =233.1kg v
V) 0.0008580 m*/kg

and
2
Woow = | PAV = PV = V) = mP(v, ~v))
’ 1
3 1kJ
= (233.1kg)(900 kPa)(0.027413 — 0.0008580)m’ kg ———
1 kPa-m

=5571kJ

Discussion The positive sign indicates that work is done by the system (work output).
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4-10 EES Problem 4-9 is reconsidered. The effect of pressure on the work done as the pressure varies from
400 kPa to 1200 kPa is to be investigated. The work done is to be plotted versus the pressure.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

Vol_1L=200 [L]

x_1=0 "saturated liquid state"
P=900 [kPa]

T_2=70[C]

"Solution"
Vol_1=Vol_1L*convert(L,m"3)
"The work is the boundary work done by the R-134a during the constant pressure process."

W_boundary=P*(Vol_2-Vol_1)

R134a
"The mass is:" 150_ ' ' ]
125 E
Vol _1=m*v_1 -
- - 100 -

v_1=volume(R134a,P=P,x=x_1) i
Vol 2=m*v_2 75

v_2=volume(R134a,P=P,T=T_2) l sol ]
"Plot information:" |[ 251 1 900 kPa
v[1]=v_1 -
v[2]=v_2 or ]
P[1]=P .25 1
P[2]=P 5ol . . |
T[1]=temperature(R134a,P=P,x=x_1) o4 103 102 101
TI2I=T_2 3
v [m°/kg]
P Wbounda
[kPa] k] 105 — Risda
400 6643
500 6405
600 6183 104 .
700 5972
800 5769 /_\ 2
900 5571 L 10° 19 < .
1000 5377 k \
1100 5187 > 102
1200 4999
101 ' '
104 10-3 10-2 10-1

v [m®/kg]
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4-11E Superheated water vapor in a cylinder is cooled at constant pressure until 70% of it condenses. The
boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial
and the final states are (Table A-4E through A-6E)

;1 :ggolstla }ul —15.686 ft>/Ibm (pz’ia)
P, =40 psia
Xy =023 }Vz =Vt Ny w0 | 2 1
=0.01715+0.3(10.501-0.01715)
=3.1623 ft*/lbm
Analysis The boundary work is determined from its definition to be v

2
Wy = [ PAV = POy =) = mP(; ~0))

= (16 1bm)(40 psia)(3.1623 —15.686)ft*/Ibm &3
5.4039 psia - ft

=-1483 Btu

Discussion The negative sign indicates that work is done on the system (work input).

4-12 Air in a cylinder is compressed at constant temperature until its pressure rises to a specified value.
The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Air is an ideal gas.
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). P

Analysis The boundary work is determined from its definition to be
2

2 V. R
W, o = I PdV = PYIn-2 = mRTIn -1 T=12°C

bou = | v v P
1

— (2.4 ke)(0.287 kl/kg - K)(285 K)ln 120 kP2
600 kPa v

=-272 kJ

Discussion The negative sign indicates that work is done on the system (work input).
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4-13 Nitrogen gas in a cylinder is compressed at constant temperature until its pressure rises to a specified
value. The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas.

Analysis The boundary work is determined from its definition to be P
2
Wp our = J. PdV:P]VIInﬁ:plullnﬂ ,
. ' v 2
T=300K
— (150 KPa)(0.2 m)| In 0P | 1
800 kPa )| 1kPa-m ]
=-50.2 kJ ,

Discussion The negative sign indicates that work is done on the system (work input).

4-14 A gas in a cylinder is compressed to a specified volume in a process during which the pressure
changes linearly with volume. The boundary work done during this process is to be determined by plotting
the process on a P-{/ diagram and also by integration.

Assumptions The process is quasi-equilibrium.

Analysis (a) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V/
diagram will be a straight line. The boundary work during this process is simply the area under the process
curve, which is a trapezoidal. Thus,

P, =aV, +b=(~1200 kPa/m*)(0.42 m* )+ (600 kPa) = 96 kPa P
kPa
P, = aV, +b=(—1200 kPa/m>)(0.12 m* ) + (600 kPa) = 456 kPa (kPa) 5

and P, | YV-F b
P +P
Whyou = Area = 1 > 2 W, -V P+ 1

1k
_ (96+456)kPa 425 OKPa 12— 0.42)m? (—J - ] Y
1kPa-m
0.12 0.42 3
- -82.8kJ (m")
(b) The boundary work can also be determined by integration to be
2 2 V2 _ VZ
Wh.out =J PdV:j(aV+b)dV:a%+b(Vz—%) I
? 1 1
2 2,6 GAS
= (-1200 kPa/m?) (0.127 ~0427)m” (600 kPa)(0.12—0.42)m*
=-82.8KkJ P=aV+b

Discussion The negative sign indicates that work is done on the system (work input).
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4-15E A gas in a cylinder is heated and is allowed to expand to a specified pressure in a process during
which the pressure changes linearly with volume. The boundary work done during this process is to be
determined.

Assumptions The process is quasi-equilibrium.

Analysis (a) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V
diagram will be a straight line. The boundary work during this process is simply the area under the process
curve, which is a trapezoidal. Thus,

At state 1: p

P =aV, +b (psia)

P=aV+b
15 psia = (5 psia/ft*)(7 ft*) + b 100 -+ 2
b =-20 psia /

At state 2: 151 :

P, =aV, +b

100 psia = (5 psia/ft* ), + (=20 psia) 7 (f%)

v, =24 ft°

and,

P 4P 100 +15)psi | Bt
W, —Ara= T2y gy (100F1psia o ol IBW
» R 3
2 2 5.4039 psia - ft

=181 Btu

Discussion The positive sign indicates that work is done by the system (work output).

4-16 [Also solved by EES on enclosed CD] A gas in a cylinder expands polytropically to a specified
volume. The boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Analysis The boundary work for this polytropic process can be determined directly from

n 1.3
vV, 03m’
P =p| ] —(sokpa 28M | 1274 kpa P
v, 02m’ (kPa
o
and, 150
PV, - PV,
Wy o = fpw:# Py
’ 1-n 5
~ (12.74x0.2-150x0.03) kPa - m’ 1kJ
1-1.3 1kPa-m? Y/
0.03 02 (md
=6.51 kJ

Discussion The positive sign indicates that work is done by the system (work output).
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4-17 EES Problem 4-16 is reconsidered. The process described in the problem is to be plotted on a P-/
diagram, and the effect of the polytropic exponent n on the boundary work as the polytropic exponent
varies from 1.1 to 1.6 is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

Function BoundWork(P[1],V[1],P[2],V[2],n)
"This function returns the Boundary Work for the polytropic process. This function is required
since the expression for boundary work depens on whether n=1 or n<>1"

If n<>1 then

BoundWork:=(P[2]*V[2]-P[1]*V[1])/(1-n)"Use Equation 3-22 when n=1"
else
BoundWork:= P[1]*V[1]*In(V[2]/V[1]) "Use Equation 3-20 when n=1"

endif
end
"Inputs from the diagram window"
{n=1.3
P[1] = 150 [kPa]
V[1] = 0.03 [m"3]
V[2] = 0.2 [m"3]
Gas$='AIR"}
"System: The gas enclosed in the piston-cylinder device."
"Process: Polytropic expansion or compression, P*VAn = C"
P2]*V[2]*n=P[1]*V[1]"n
"n = 1.3" "Polytropic exponent"
"Input Data"
W_b = BoundWork(P[1],V[1],P[2],V[2],n)"[kJ]"
"If we modify this problem and specify the mass, then we can calculate the final temperature of
the fluid for compression or expansion"
m[1] = m[2] "Conservation of mass for the closed system"
"Let's solve the problem for m[1] = 0.05 kg"
m[1] = 0.05 [kq]
"Find the temperatures from the pressure and specific volume.
T[1]=temperature(gas$,P=P[1],v=V[1]/m[1])
T[2]=temperature(gas$,P=P[2],v=V[2]/m[2])

8 T T T T T T T T T
n W, [kJ]
11 7.776 7.5
1156 | 7.393
1211 | 7.035
1267 | 6.7 7
1.322 | 6.387
1.378 | 6.094 6.5
1.433 | 5.82
1.489 | 5.564 b
1544 | 5.323 v 6
1.6 5.097

5.5
5
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4-18 Nitrogen gas in a cylinder is compressed polytropically until the temperature rises to a specified
value. The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas.
Properties The gas constant for nitrogen is R = 0.2968 kJ/kg K (Table A-2a)
Analysis The boundary work for this polytropic process can be p

determined from 5
Wy o = IdeV _bBY,-RY _mR(T, -T)
’ 1 1-n 1-n PV'=C
_ (2 kg)(0.2968 kl/kg - K)(360 —300)K
- 1-1.4 I
=-89.0 kJ

Discussion The negative sign indicates that work is done on the system (work input).

4-19 [Also solved by EES on enclosed CD] A gas whose equation of state is v(P+10/v 2= R,T expands

in a cylinder isothermally to a specified volume. The unit of the quantity 10 and the boundary work done
during this process are to be determined.

Assumptions The process is quasi-equilibrium. =

Analysis (a) The term 10/ v 2 must have pressure units since it
is added to P.

Thus the quantity 10 must have the unit kPa-m®kmol®.

(b) The boundary work for this process can be determined from T=300K
p_RT 10 _ RT 10 _ NRT 10N’
v v? V/IN W/N? VP ; >V
and
Wy ou = LZPdV = J‘:ENI(Q;T - 1(()/]\2/2 Jd(/ = NRuTln%j+10N2(Vi2—%]

4m’

= (0.5 kmol)(8.314 kJ/kmol - K)(300 K)In o
m

+(10kPa~m6/km012)(0.5kmol)2( 13— 13j{ 1k 3J
— 864KkJ 4m° 2m’ | 1kPa-m

Discussion The positive sign indicates that work is done by the system (work output).



4-20 EES Problem 4-19 is reconsidered. Using the integration feature, the work done is to be calculated
and compared, and the process is to be plotted on a P-{/ diagram.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

N=0.5 [kmol]
v1_bar=2/N "[m"3/kmol]"
v2_bar=4/N "[m"3/kmol]"
T=300 [K]

R_u=8.314 [kJ/kmol-K]

"The quation of state is:"
v_bar*(P+10/v_bar*2)=R_u*T "P is in kPa"

"using the EES integral function, the boundary work, W_bEES, is"
W_b_EES=N*integral(P,v_bar, v1_bar, v2_bar,0.01)

"We can show that W_bhand= integeral of Pdv_bar is
(one should solve for P=F(v_bar) and do the integral 'by hand' for practice)."
W_b_hand = N*(R_u*T*In(v2_bar/v1_bar) +10*(1/v2_bar-1/v1_bar))

"To plot P vs v_bar, define P_plot =f(v_bar_plot, T) as"

{v_bar_plot*(P_plot+10/v_bar_ plot*2)=R_u*T}

" P=P_plot and v_bar=v_bar_plot just to generate the parametric table for plotting purposes. To
plot P vs v_bar for a new temperature or v_bar_plot range, remove the '{' and '} from the above
equation, and reset the v_bar_plot values in the Parametric Table. Then press F3 or select Solve

Table from the Calculate menu. Next select New Plot Window under the Plot menu to plot the
new data."

Pvsyv

Ppiot Vplot 650 — ba
622.9 4 600L 1 ]
560.7 4.444 5500 ]
509.8 4.889 5000 b
467.3 5.333 as50f ]
431.4 5.778 = 400f b
400.6 6.222 Qa5 h
373.9 6.667 = ook ]
350.5 7.111 § 250 ]
329.9 7.556 a2 200f Area =Wy o hdary R
311.6 8 1500 h
1001 .
50 ]
ol 0 vy

35 40 45 50 55 6.0 65 7.0 75 8.0

©
o

Vplot [m23/kmol]
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4-21 CO, gas in a cylinder is compressed until the volume drops to a specified value. The pressure changes

during the process with volume as P =al/ 2 . The boundary work done during this process is to be
determined.

Assumptions The process is quasi-equilibrium. p

Analysis The boundary work done during this process is determined from

2 2
Wy o ='[Pd(/:j S 7Y I S
’ ! v? v, %

(8 kPa-m®) 11 1kJ
0.1m> 03m’ | 1kPa-m?

=-533 kJ 0.1 03 (m?

Discussion The negative sign indicates that work is done on the system (work input).

4-22E Hydrogen gas in a cylinder equipped with a spring is heated. The gas expands and compresses the
spring until its volume doubles. The final pressure, the boundary work done by the gas, and the work done
against the spring are to be determined, and a P-{/ diagram is to be drawn.

Assumptions 1 The process is quasi-equilibrium. 2 Hydrogen is an ideal gas.

Analysis (a) When the volume doubles, the spring force and the final pressure of H, becomes

1 3
Fo— ke, =k 2Y ~ (15,000 89 >~ 75,000 1bf
* A 3 ft?

F. 75,000 Ibf [ 112 2
P, = P, +—==(14.7 psia) + — > - |=188.3 psia
A 3ft 144 in ]

(b) The pressure of H, changes linearly with volume during this process,
and thus the process curve on a P-{/diagram will be a straight line. Then

the boundary work during this process is simply the area under the 15 30 (f\t}3\
process curve, which is a trapezoid. Thus,
P +P
Wy o = Area = ——2(, —V))

1 Btu

_ (188.3+14.7)psia
5.40395 psia - ft°

2

(30—15)ft3[ ] =281.7 Btu

(¢) If there were no spring, we would have a constant pressure process at P = 14.7 psia. The work done
during this process would be

2
Wb,out,no spring — J-lpd‘/ = P(V2 - Vl)

1 Btu

= (14.7 psia)(30-15) ft’| ———
5.40395 psia - ft

J =40.8 Btu

Thus,
/4

S|

pring Wb - Wb,no spring — 281.7-40.8 = 240.9 Btu

Discussion The positive sign for boundary work indicates that work is done by the system (work output).
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4-23 Water in a cylinder equipped with a spring is heated and evaporated. The vapor expands until it
compresses the spring 20 cm. The final pressure and temperature, and the boundary work done are to be
determined, and the process is to be shown on a P-{/ diagram.

Assumptions The process is quasi-equilibrium.

Analysis (a) The final pressure is determined from

P=p + 5o p B (250 kpay + L0 KNMO-2m) [ 1 kPa J: 450 kPa

A A 0.1 m? 1 kN/m?

The specific and total volumes at the three states are
T, =25°C 3 P
B =250 kPa}vl 2V, 0 5sc = 0.001003 m/kg
Y, = my, = (50 kg)(0.001003 m*/kg) = 0.05 m*
V,=02m’
Vy =V +xy34, = (0.2m%) + (02 m)(0.1m*) =022 m’
v

vy = % = 0'52021:;13 = 0.0044 m’/kg

At 450 kPa, v = 0.001088 m’/kg and v, = 0.41392 m’/kg. Noting that v;< v; < v, , the final state is a
saturated mixture and thus the final temperature is

Iy = Tsat@450 kPa — 147.9°C

(b) The pressure remains constant during process 1-2 and changes linearly (a straight line) during process
2-3. Then the boundary work during this process is simply the total area under the process curve,

P, + P.
Wyou =Area= P (V, —V))+ - > : Vs -v,)
1kJ
= ((250 kPa)(0.2—0.05)m> + (250+450) kPa (0.22-0.2)m> j -
2 1kPa-m’

=445 kJ

Discussion The positive sign indicates that work is done by the system (work output).
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4-24 EES Problem 4-23 is reconsidered. The effect of the spring constant on the final pressure in the
cylinder and the boundary work done as the spring constant varies from 50 kN/m to 500 kN/m is to be
investigated. The final pressure and the boundary work are to be plotted against the spring constant.

Analysis The problem is solved using EES, and the solution is given below.

P[3]=P[2]+(Spring_const)*(V[3] - V[2]) "P[3] is a linear function of V[3]"
"where Spring_const = k/A’"2, the actual spring constant divided by the piston face area squared"

"Input Data"

P[1]=150 [kPa]

m=50 [kg]

T[1]=25 [C]

P[2]=P[1]

V[2]=0.2 [m"3]

A=0.1[m"2]

k=100 [kN/m]

DELTAx=20 [cm]
Spring_const=k/A*2 "[KN/mA5]"
V[1]=m*spvol[1]
spvol[1]=volume(Steam_iapws,P=P[1],T=T[1])

V[2]=m*spvol[2]
V[3]=V[2]+A*DELTAXx*convert(cm,m)
V[3]=m*spvol[3]

"The temperature at state 2 is:"
T[2]=temperature(Steam_iapws,P=P[2],v=spvol[2])
"The temperature at state 3 is:"
T[3]=temperature(Steam_iapws,P=P[3],v=spvol[3])

Whnet_other=0

W_out=Wnet_other + W_b12+W_b23

W_b12=P[1]*(V[2]-V[1])

"W_b23 = integral of P[3]*dV[3] for Deltax = 20 cm and is given by:"
W_b23=P[2]*(V[3]-V[2])+Spring_const/2*(V[3]-V[2])"2

K [kN/m] | P3[kPa] | Wou [KJ]
50 350 43.46
100 450 44.46
150 550 45.46
200 650 46.46
250 750 47.46
300 850 48.46
350 950 49.46
400 1050 50.46
450 1150 51.46
500 1250 52.46
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4-25 Several sets of pressure and volume data are taken as a gas expands. The boundary work done
during this process is to be determined using the experimental data.

Assumptions The process is quasi-equilibrium.

Analysis Plotting the given data on a P-{/diagram on a graph paper and evaluating the area under the
process curve, the work done is determined to be 0.25 kJ.

4-26 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be
determined for the isothermal expansion of nitrogen.

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k= 1.4 (Table A-2a).

Analysis We first determine initial and final volumes from ideal gas relation, and find the boundary work
using the relation for isothermal expansion of an ideal gas

v - mRT _ (0.25kg)(0.2968kI/kg K)(120+273K) _ ) o 3
P (130 kPa)
. . : N
v, = mRT _ (0.25kg)(0-2968 kI/kg K)(120+273K) _ ) 11,13 130 l2<Pa
P, (100 kPa)
120°C
v 3
W, = PV, In| 22 | = (130 kPa)(0.2243 m* ) | 22210™ | _ 7 65kJ
v, 0.2243 m*

4-27 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three
processes. The boundary work for each process and the net work of the cycle are to be determined.

Properties The properties of air are R = 0.287 kJ/kg.K , k= 1.4 (Table A-2a).

Analysis For the isothermal expansion process:
v - mll;?T _(0.15 1<g)(0.2872 gggkgq@so +273K) _ 0 01341
1 (2000%Pa) Air
0.15 kg)(0.287 kI/kg.K)(350+ 273K 2 MPa
v, = RT _ O15kg)O 28T K)E0+2B3K) _ ) 5364 3 350°C
P, (500 kPa)
3
W, ., = PV In| 22| = (2000 kPa)(0.01341 m*)In m = 37.18kJ
’ v 0.01341m

For the polytropic compression process:

PV = PWS" ——(500 kPa)(0.05364 m*)'* = (2000 kPa)l; > —— ¢, =0.01690 m*

PV, —PV. . ) : ’
) 31 ,Vs _ (2000 kPa)(0 01690m1)1 ;500kPa)(0 05364m°) _ a4 get ]
_n - .

For the constant pressure compression process:
W54 =Py(V) —V5) = (2000 kPa)(0.01341— 0.01690)m* = -6.97 kJ
The net work for the cycle is the sum of the works for each process

W =Wy 1o + Wyss + Wy =37.18 + (~34.86) + (~6.97) = -4.65 kJ

n
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Closed System Energy Analysis

4-28 A rigid tank is initially filled with superheated R-134a. Heat is transferred to the tank until the
pressure inside rises to a specified value. The mass of the refrigerant and the amount of heat transfer are to
be determined, and the process is to be shown on a P-vdiagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting
that the volume of the system is constant and thus there is no boundary work, the energy balance for this
stationary closed system can be expressed as

Ein - Eout = AEsystem
\_W—J \ﬂ—d
Net energy transfer Change in internal, kinetic, R-134a
by heat, work, and mass potential, etc. energies 160 kPa

Oin =AU =m(u, —u;) (sinceW =KE =PE =0)

Using data from the refrigerant tables (Tables A-11 through A-
13), the properties of R-134a are determined to be

P =160kPa | v, =0.0007437, v, =0.12348 m3/kg
x =04 uy =31.09, u g =190.27kl/kg

vy =V, +xv, =0.0007437+0.4(0.12348 - 0.0007437) = 0.04984 m?/kg
uy =uy+x1u 4, =31.09+0.4(190.27) =107.19 ki/kg

P, =700 kPa P 2
u, =376.99 kJ/kg (Superheated vapor)
(v =v))
Then the mass of the refrigerant is determined to be
[Z 0.5m’
m=-t=— 2T ___ _10.03 kg
vy 0.04984 m’/kg 1
(b) Then the heat transfer to the tank becomes v
Oin =m(uy —uy)

= (10.03kg)(376.99 —107.19) kl/kg
= 2707 kJ



4-18

4-29E A rigid tank is initially filled with saturated R-134a vapor. Heat is transferred from the refrigerant
until the pressure inside drops to a specified value. The final temperature, the mass of the refrigerant that
has condensed, and the amount of heat transfer are to be determined. Also, the process is to be shown on a
P-vdiagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting
that the volume of the system is constant and thus there is no boundary work, the energy balance for this
stationary closed system can be expressed as

Ein Eout - AEsystem
e -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

—Qout =AU =m(uy —uy) (since W =KE =PE =0)
Ooue =m(uy —u,)
Using data from the refrigerant tables (Tables A-11E through A-13E), the properties of R-134a are
determined to be
P, =160 psia } VI = V@60 psia = 0-29316 ft*/Ibm

sat. vapor Uy =Ug@i60 psia = 108.50 Btu/lbm

P, =50 psia | v, =0.01252, v, =0.94791 ft*/lbm R-134a
(vy=v)) | u;=24832, ug, =75209Btwlbm 160 psia
' ’ Sat. vapor

The final state is saturated mixture. Thus,
1) = Tst @ 50 psia = 40.23°F

(b) The total mass and the amount of refrigerant that has condensed are

V 3
m:—l:L:&%QZ Ibm
v, 0.29316 ft3/Ibm P
v, v _
o =27l 0.29316-0.01252 _ .

ve o 0.94791-0.01252

m, =(1-x,)m=(1-0.300)(68.22 Ibm) = 47.75 lbm

Also, 2
Uy =uy + XU 4 =24.832+0.300(75.209) = 47.40 Btu/Ibm

(c) Substituting,
Qout = m(ul - u2)
=(68.221bm)(108.50 — 47.40) Btu/lbm
=4169 Btu
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4-30 An insulated rigid tank is initially filled with a saturated liquid-vapor mixture of water. An electric
heater in the tank is turned on, and the entire liquid in the tank is vaporized. The length of time the heater
was kept on is to be determined, and the process is to be shown on a P-v diagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The
device is well-insulated and thus heat transfer is negligible. 3 The energy stored in the resistance wires, and
the heat transferred to the tank itself is negligible.

Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or
leaves. Noting that the volume of the system is constant and thus there is no boundary work, the energy
balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem H,O
R — 2
Net energy transfer Change in internal, kinetic, V = const.
by heat, work, and mass potential, etc. energies
W, =AU =m(u, —u;)  (since Q = KE = PE=0)

VIAt =m(u, —u;)

The properties of water are (Tables A-4 through A-6)

B =100kPa | v, =0.001043, v, =1.6941m’/kg
x =025 u, =417.40,  u, =2088.2 ki/kg

v =V, +xvp, =0.001043+[0.25% (1.6941-0.001043)] = 0.42431 m*/kg 2
wy =y +xu, =417.40+(0.25x 2088.2) = 939.4 ki/kg

v, = v, =0.42431 m*/kg

v
sat.vapor }uz = Ug@oarsimtig = 22962 Kiike
Substituting,
1 A
(110 V)(8 A)Ar = (5 kg)(2556.2 — 939.4)kJ/kg(%)
s

At =9186 s =153.1 min
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4-31 EES Problem 4-30 is reconsidered. The effect of the initial mass of water on the length of time
required to completely vaporize the liquid as the initial mass varies from 1 kg to 10 kg is to be investigated.
The vaporization time is to be plotted against the initial mass.

Analysis The problem is solved using EES, and the solution is given below.

PROCEDURE P2X2(v[1]:P[2],x[2])

Fluid$='Steam_IAPWS' 350
If V[1] S V_CR'T(F|u|d$) then [ T T T T T T T T T T T T T T T T T ]
P[2]=pressure(Fluid$,v=v[1],x=1) 300
x[2]=1
else 250
P[2]=pressure(Fluid$,v=v[1],x=0)
x[2]=0
EndIf = 200
End =
§‘150
"Knowns" S 100
{m=5 [kg]} £
P[1]=100 [kPa] b
y=0.75 "moisture" 50
Volts=110 [V] 0 , , | | ! ! ! L
1=8 [am ' ' ' ' ' I I I I
[amp] 1 2 3 4 5 6 7 8 9 10
"Solution" m [kg]

"Conservation of Energy for the closed tank:"

E dot_in-E_dot out=DELTAE_dot
E_dot_in=W_dot_ele "[kW]"
W_dot_ele=Volts*I*CONVERT (J/s,kW) "[kW]"
E_dot_out=0 "[kW]"
DELTAE_dot=m*(u[2]-u[1])/DELTAt_s "[kW]"
DELTAt_min=DELTAt_s*convert(s,min) "[min]"
"The quality at state 1 is:"

Fluid$='Steam_IAPWS'

x[1]=1-y

u[1]=INTENERGY (Fluid$,P=P[1], x=x[1]) "[kJ/kg]"
v[1]=volume(Fluid$,P=P[1], x=x[1]) "[m"3/kg]"
T[1]=temperature(Fluid$,P=P[1], x=x[1]) "[C]"
"Check to see if state 2 is on the saturated liquid line or saturated vapor line:"
Call P2X2(v[1]:P[2],x[2])

u[2]=INTENERGY (Fluid$,P=P[2], x=x[2]) "[kJ/kg]"
v[2]=volume(Fluid$,P=P[2], x=x[2]) "[m"3/kg]"
T[2]=temperature(Fluid$,P=P[2], x=x[2]) "[C]"

700 Steam
Atpin m I
[min] L) 600 1
30.63 1 r
61.26 2 500 1
91.89 3 r
122.5 4 gz 400 1
153.2 5 B r
183.8 6 T 300 .
214.4 7 I
245 8 200 1
275.7 9 100
306.3 10 T
isss§:$\\
0 ) ) ) 0.05,01‘0.2\0.5§\

10-3 10-2 101 100 10" 102 103
v [m3/kg]
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4-32 One part of an insulated tank contains compressed liquid while the other side is evacuated. The
partition is then removed, and water is allowed to expand into the entire tank. The final temperature and the
volume of the tank are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The
tank is insulated and thus heat transfer is negligible. 3 There are no work interactions.

Analysis We take the entire contents of the tank as the system. This is a closed system since no mass
enters or leaves. Noting that the volume of the system is constant and thus there is no boundary work, the
energy balance for this stationary closed system can be expressed as

Ein - Eout AEsystem
e [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Evacuate
0=AU =m(u, —u;) (since W =Q =KE =PE=0) Partition
U =1y

The properties of water are (Tables A-4 through A-6)

P, =600 kPa | v; = v g60:c =0.001017 m’/kg
T, = 60°C Uy Zu a0 =251.16 kl/kg

We now assume the final state in the tank is saturated liquid-vapor mixture and determine quality. This
assumption will be verified if we get a quality between 0 and 1.

Py=10kPa | v, =0.001010, v, =14.670 m’/kg
(uy = uy) up =191.79,  u, =2245.4 kl/kg

U —uy 251.16-191.79

X, = =0.02644
U 2245.4
Thus,
Ty = =Ty @ 10kpa = 45.81 °C
v, =v, +x,0, =0.001010+[0.02644 % (14.670—0.001010)] = 0.38886 m" /kg
and,

V=muv, =(2.5 kg)(0.38886 m’/kg) = 0.972 m*
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4-33 EES Problem 4-32 is reconsidered. The effect of the initial pressure of water on the final temperature
in the tank as the initial pressure varies from 100 kPa to 600 kPa is to be investigated. The final
temperature is to be plotted against the initial pressure.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

m=2.5 [kq]
{P[1]=600 [kPa]}
T[1]=60 [C]
P[2]=10 [kPa]

"Solution"

Fluid$="'Steam_IAPWS'

"Conservation of Energy for the closed tank:"
E_in-E_out=DELTAE

E_in=0

E_out=0

DELTAE=m*(u[2]-u[1])
u[1]=INTENERGY(Fluid$,P=P[1], T=T[1])
v[1]=volume(Fluid$,P=P[1], T=T[1])
T[2]=temperature(Fluid$,P=P[2], u=u[2])
T_2=T[2]

v[2]=volume(Fluid$,P=P[2], u=u[2]) 700 | | Steam
V_total=m*v[2]
600
|:)1 T2 500
) C] ~ ao0|
100 45.79 &
200 45.79 ~ 300}
300 45.79
400 45.79 200
500 45.79
600 45.79 oo,
0 ) ‘ ‘ ous:ow\:uzﬁ:u\sk
104 103 102 10 100 101 102 103
3
v [m /kg]
50 T T T T T T T T T
40} ]
30} i
o
~ 201 ]
=
101 ]
0 L 1 L 1 L 1 L 1 L
100 200 300 400 500 600

P[1] [kPa]
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4-34 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled at constant
pressure. The amount of heat loss is to be determined, and the process is to be shown on a 7-v diagram.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
— S
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
= Qout =Wy ous = AU = m(uy —uy)  (since KE = PE = 0) Q
0 =) R-134a N7
— =m —
out b~ 800 kPa
since AU + W, = AH during a constant pressure quasi-

equilibrium process. The properties of R-134a are

(Tables A-11 through A-13) T ]
P, =800 kPa
hy =306.88 kl/kg
T, =70°C )
P =800kpa|, —72.34 KI/k
T, =15°C 2 = Nr@isec = /4. g

Substituting,  Qou = - (5 kg)(72.34 - 306.88) ki/kg = 1173 kJ

4-35E A cylinder contains water initially at a specified state. The water is heated at constant pressure. The
final temperature of the water is to be determined, and the process is to be shown on a 7-v diagram.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-
equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein _Eout = AE

system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
O Wy ou =AU =m(uy —u;) (since KE = PE = 0) Q
O =mlhs ~) o
.=m —_
in 2 120 psia
since AU + W, = AH during a constant pressure quasi-equilibrium
process. The properties of water are (Tables A-6E)
v o2f
v =L = =4 ft*/Ibm -
m  0.51bm 5
P, =120 psia 1

3 hy =1217.0 Btu/lbm
v, =4 ft°/Ibm

Substituting,
200 Btu = (0.5 Ibm)(#, —1217.0)Btu/lbm
hy, =1617.0 Btu/lbm

Then,
P, =120 psia

T, =1161.4°F
h, =1617.0 Btu/Ibm
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4-36 A cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated
electrically as it is stirred by a paddle-wheel at constant pressure. The voltage of the current source is to be
determined, and the process is to be shown on a P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
cylinder is well-insulated and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder
itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
— —

Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies
Wein +Wowin =Wpou =AU (since O = KE = PE = 0) H,O
P = const.

We,in + pr,in = m(hz - hl)

(VIAD) + W10 = m(hy —hy) W,

since AU + W, = AH during a constant pressure quasi-equilibrium
process. The properties of water are (Tables A-4 through A-6)

P =175kPa)| h =h;giss pa = 487.01kl/kg
sat liquid }ul =V @175 pa = 0.001057 m’/kg
P, =175 kPa
x, =05

U 00w mz — 4731 kg P
v 0.001057 m’/kg

}hz = hy +x,h, = 487.01+(0.5x 2213.1) = 1593.6 kl/kg

Substituting,
VIAt + (400kJ) = (4.731 kg)(1593.6 — 487.01)kJ/kg 1 2
VIAt =4835k]

_ 4835kJ (1000 VA
(8 A)(45x605s)| 1kJ/s

J =2239V v
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4-37 A cylinder is initially filled with steam at a specified state. The steam is cooled at constant pressure.
The mass of the steam, the final temperature, and the amount of heat transfer are to be determined, and the
process is to be shown on a 7-v diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
\_w__d
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
_ W, =AU = - ince KE=PE =0
Qout b,out m(“2 ul) (SIIICG ) H20 /‘7 Q
_Qout :m(hZ _hl) 1 MPa
since AU + W, = AH during a constant pressure quasi- 450°C
equilibrium process. The properties of water are (Tables A-4
through A-6)
R =1MPa) y, = 0.33045 m*/kg T
T, =450°C| h =3371.3kJ/kg 1
4 2.5m’
m=-t= 2T _7565kg 2
v 0.33045 m’/kg
(b) The final temperature is determined from
v

P, =1MPa| T, =Ty@ mpa =179.9°C
sat. vapor

(c¢) Substituting, the energy balance gives
QOout = - (7.565 kg)(2777.1 — 3371.3) kl/kg = 4495 kJ
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4-38 [Also solved by EES on enclosed CD] A cylinder equipped with an external spring is initially filled
with steam at a specified state. Heat is transferred to the steam, and both the temperature and pressure rise.
The final temperature, the boundary work done by the steam, and the amount of heat transfer are to be
determined, and the process is to be shown on a P-v diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-
equilibrium. 4 The spring is a linear spring.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters

or leaves. Noting that the spring is not part of the system (it is external), the energy balance for this
stationary closed system can be expressed as

Ein _Eout = AE

system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
. L Q
O ~Wyow =AU =m(uy —u;)  (since KE = PE = 0) Hzl? 4
' 200 kPa
Oin =muy —t))+ Wy oy 200°C
The properties of steam are (Tables A-4 through A-6)
P =200 kPa | v, =1.08049 m*/kg
T, =200°C u; =2654.6 kl/kg P 2
A
v, 0.5m’
m=t=— 2T _04628kg 1
Vi 1.08049 m’/kg
Vv, 06m’
vy =22 =" 12966 m/kg
m  0.4628 kg

P, =500 kPa 7, =1132°C
v, =1.2966 m>/kg | u, = 4325.2 kl/kg

(b) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will
be a straight line. The boundary work during this process is simply the area under the process curve, which
is a trapezoidal. Thus,

1kl

kPa-m

P 200+ 500)kP
Wy = drea=—— v, —(4):%(0.6—0.5)&(
1

3J:35kJ

(c) From the energy balance we have
Oin = (0.4628 kg)(4325.2 - 2654.6)kJ/kg + 35 kI = 808 kJ
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4-39 EES Problem 4-38 is reconsidered. The effect of the initial temperature of steam on the final
temperature, the work done, and the total heat transfer as the initial temperature varies from 150°C to
250°C is to be investigated. The final results are to be plotted against the initial temperature.

Analysis The problem is solved using EES, and the solution is given below.

"The process is given by:"

"P[2]=P[1]+k*x*A/A, and as the spring moves 'x' amount, the volume changes by V[2]-V[1]."
P[2]=P[1]+(Spring_const)*(V[2] - V[1]) "P[2] is a linear function of V[2]"

"where Spring_const = k/A, the actual spring constant divided by the piston face area"

"Conservation of mass for the closed system is:"
m[2]=m[1]

"The conservation of energy for the closed system is"

"E_in - E_out = Deltak, neglect DeltaKE and DeltaPE for the system"
Q_in - W_out = m[1]7*(u[2]-u[1])

DELTAU=m[1]*(u[2]-u[1])

"Input Data" 50 . — : . . . .
P[1]=200 [kPa] I ]
V[1]=0.5 [m~3] a0l ]
"T[1]=200 [C]"
P[2]=500 [kPa] sl I
V[2]=0.6 [m~3] E
Fluid$="'Steam_IAPWS' ER .
; r 4
m[1]=V[1]/spvol[1] 101 i
spvol[1]=volume(Fluid$, T=T[1], P=P[1]) 1
u[1]=intenergy(Fluid$, T=T[1], P=P[1]) 0 T S W
spvol[2]=V[2]/m[2] 150 170 190 210 230 250

T[1] [C]

"The final temperature is:"
T[2]=temperature(Fluid$,P=P[2],v=spvol[2])

u[2]=intenergy(Fluid$, P=P[2], T=T[2])

Whnet_other = 0

W_out=Wnet_other + W_b

"W_b = integral of P[2]*dV[2] for 0.5<V[2]<0.6 and is given by:"
W_b=P[1]*(V[2]-V[1])+Spring_const/2*(V[2]-V[1])"2

Qin T1 T2 Wout

[kJ] [C] [C] [kJ]
778.2 150 975 35
793.2 175 1054 35

808 200 1131 35
822.7 225 1209 35
837.1 250 1285 35




P [kPa]

Q;, [kJ]

T[2] [C]

105

1031

102f

10"

100

103

840

830

820

810

1300

170 190 210 230 250
T[1] [C]

1250

1200

1150

1100

1050

1000

950

150

170 190 210 230 250

T[] [C]
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4-40 A cylinder equipped with a set of stops for the piston to rest on is initially filled with saturated water
vapor at a specified pressure. Heat is transferred to water until the volume doubles. The final temperature,
the boundary work done by the steam, and the amount of heat transfer are to be determined, and the
process is to be shown on a P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout AEsystem
Net energy transfer Change in internal, kinetic, 300 kPa
by heat, work, and mass potential, etc. energies — —
O ~Wyonw =AU =m(u;z —u;) (since KE = PE = 0) H,0
250 kP:
Qin = m(u?s —Uy ) + Wb,out Sat. Vapj)r
The properties of steam are (Tables A-4 through A-6)
B =250 kPa | v; = v 50 1pa = 0.71873 m'/kg
sat.vapor Up = Ug@sokpa = 2536.8 kl/kg P
2
3 3
v 0.71873 m’/kg ;
v, lé6m’
vy=2 =20 14375 m¥kg
m 1.113kg
P, =300 kPa T, =662°C v
v, =1.4375 m’/kg | u3 = 3411.4 kl/kg

(b) The work done during process 1-2 is zero (since /= const) and the work done during the constant
pressure process 2-3 is

&3} ~ 240 KJ
[P

3
Wy out = J PdV = P(V, —V,) = (300 kPa)(1.6 —O.8)m3[
’ 2 a-m
(c¢) Heat transfer is determined from the energy balance,

O =m(uy —uy) + Wy o
= (1.113kg)(3411.4-2536.8) kl/kg + 240 kJ = 1213 kJ
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4-41 Two tanks initially separated by a partition contain steam at different states. Now the partition is
removed and they are allowed to mix until equilibrium is established. The temperature and quality of the
steam at the final state and the amount of heat lost from the tanks are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and
potential energy changes are zero. 2 There are no work

interactions. TANK A TANK B
Analysis (a) We take the contents of both tanks as the system. 2 kg 3 k?
This is a closed system since no mass enters or leaves. Noting 1 MPa 151% g
that the volume of the system is constant and thus there is no 300°C X=0.

boundary work, the energy balance for this stationary closed

system can be expressed as ( >
Q

Ein - Eout - AEsystem
— | —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

— Qou =AU 4 + AUy =[m(uy —uy)], +[m(uy —u)];  (since W = KE = PE =0)
The properties of steam in both tanks at the initial state are (Tables A-4 through A-6)

P4 =1000kPa |y, , =0.25799 m* /kg
T, =300°C  |u, , =2793.7 ki/kg

Tip= 150°C}uf =0.001091, v, =0.39248 m’/kg
x, =0.50 u, =631.66, ug, =1927.4klkg

Vg =V, + X0 =0.001091+[0.50%(0.39248 - 0.001091)] = 0.19679 m*/kg
Uy g =, +XU 5 =631.66+(0.50x1927.4)=1595.4 kl/kg

The total volume and total mass of the system are
V=V,+Vy =m, , +myv, 5 =(2kg)(0.25799 m’/kg) + (3kg)(0.19679 m*/kg) =1.106 m’
m=my+mp=3+2=5kg

Now, the specific volume at the final state may be determined

vV 1.106m?
Vy=—=—-—"7—

=0.22127 m°/kg
m S5kg

which fixes the final state and we can determine other properties
T, = Tsat@SOOkPa =133.5°C
£, =300 kPa }x v,-v,  0.22127-0.001073
2

v, 022127 m¥kg| © vo—v, 0.60582-0.001073
Uy =1, + X g, = 561.11+(0.3641x1982.1) = 1282.8 ki/kg

=0.3641

(b) Substituting,
= Qo =AU, + AU, = [m(u2 —u )]A + [m(u2 - ”1)]3
= (2kg)(1282.8 — 2793.7)kJ/kg + (3 kg)(1282.8 — 1595.4)kI/kg = ~3959 kJ
of Oy =3959kJ
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4-42 A room is heated by an electrical radiator containing heating oil. Heat is lost from the room. The time
period during which the heater is on is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 The local atmospheric pressure is 100
kPa. 5 The room is air-tight so that no air leaks in and out during the process.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2). Oil properties are given to be p = 950 kg/m® and ¢, =2.2kl/kg.°C.

Analysis We take the air in the room and the oil in the radiator to
be the system. This is a closed system since no mass crosses the

system boundary. The energy balance for this stationary constant- 10°C Room
volume closed system can be expressed as 2 Q
Eirl - Eout = AEsystem Rad|ator

v R L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

(Vf/in - Qout)At = AUailr + AUoil
=[me, (T, - T))]

air

+[mc, (I, —T))]y; (since KE = PE =0)
The mass of air and oil are

PV, }
PV _ (100 kPa)(50 m>) 6232 ke

" RT,  (0.287kPa-m°/kg-K)(10+273 K)
Mgy = ponVoi = (950 kg/m?)(0.030 m?) = 28.50 kg

Substituting,
(1.8-0.35kJ/s)Ar = (62.32 kg)(0.718 kl/kg - °C)(20—10)°C + (28.50 kg)(2.2 kJ/kg - °C)(50 —10)°C

——>Ar=2038 s =34.0 min

Discussion In practice, the pressure in the room will remain constant during this process rather than the
volume, and some air will leak out as the air expands. As a result, the air in the room will undergo a
constant pressure expansion process. Therefore, it is more proper to be conservative and to using AH
instead of use AU in heating and air-conditioning applications.
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Specific Heats, Au and Ah of Ideal Gases

4-43C 1t can be used for any kind of process of an ideal gas.

4-44C It can be used for any kind of process of an ideal gas.

4-45C The desired result is obtained by multiplying the first relation by the molar mass M,
Mc, = Mc, + MR

or c,=¢,+R,

4-46C Very close, but no. Because the heat transfer during this process is Q = mc,AT, and ¢, varies with
temperature.

4-47C It can be either. The difference in temperature in both the K and °C scales is the same.

4-48C The energy required is mc,AT, which will be the same in both cases. This is because the ¢, of an
ideal gas does not vary with pressure.

4-49C The energy required is mc,AT, which will be the same in both cases. This is because the ¢, of an
ideal gas does not vary with volume.

4-50C For the constant pressure case. This is because the heat transfer to an ideal gas is mc,AT at constant
pressure, mc AT at constant volume, and c, is always greater than c,.

4-51 The enthalpy change of nitrogen gas during a heating process is to be determined using an empirical
specific heat relation, constant specific heat at average temperature, and constant specific heat at room
temperature.

Analysis (a) Using the empirical relation for ¢ ,(T) from Table A-2c,
¢, =a+bT+cT*+dl’
where a=28.90, b=-0.1571x107, ¢ = 0.8081x107, and d = -2.873x10”°. Then,
— 2_ 2 5 ;
sk = [ & (yar = | la+67 + 72 + ar* T
1 1
=a(y =) +3b(T3 =)+ $e(T5 - 1) +5d(T5 - T)
= 28.90(1000 - 600) — £.(0.1571x107%)(1000* - 600°)
+1(0.8081x107%)(1000° - 600%) — 1.(2.873 x107%)(1000" — 600*)

=12,544 kJ/kmol

Ah 12,544 kJ/kmol
M 28.013 kg/kmol

(b) Using the constant ¢, value from Table A-2b at the average temperature of 800 K,

Ah = =447.8 kJ/kg

Cpave = Cpasoox = 1.121kI/kg-K
Ah =c, (T, = T)) = (1.121 kJ/kg - K)(1000 — 600)K = 448.4 kJ/kg
(c) Using the constant ¢, value from Table A-2a at room temperature,
Cpave = Cp@soo k = 1.039 kl/kg-K
Ah=c,,..(I,—T)=(1.039 kl/kg - K)(1000 — 600)K = 415.6 kJ/kg

pavg



4-33

4-52E The enthalpy change of oxygen gas during a heating process is to be determined using an empirical
specific heat relation, constant specific heat at average temperature, and constant specific heat at room
temperature.

Analysis (a) Using the empirical relation for ¢, (7') from Table A-2Ec,

¢, =a+bT+cT*+dI’
where a = 6.085, b =0.2017x102, ¢ = -0.05275x10”, and d = 0.05372x10”. Then,
2
— 2 3
[ e @ar - r[a+bT+cT +dT* T

Ah

= a(Ty =)+ 36T + ) + 1Ty - T) + 2d(T5 - 1)
= 6.085(1500 —800) +1.(0.2017x107)(1500% —800°)
~1(0.05275x107°)(1500° —800%) +1(0.05372 x107%)(1500" - 800%)

= 5442.3 Btu/lbmol

Ah _ 5442.3 Btw/lIbmol
M 31.999 Ibm/Ibmol
(b) Using the constant ¢, value from Table A-2EDb at the average temperature of 1150 R,
Cpave = Cp@l1150 R = 0.255 Btu/Ibm-R
Ah=c T, —T)) = (0.255 Btw/lbm - R)(1500 —800) R =178.5 Btu/lbm
(¢) Using the constant c, value from Table A-2Ea at room temperature,

Cp’avg = CP@537 R — 0219 Btu/lbm . R
Al =, g (Ty = T}) = (0219 Btw/lbm - R)(1500 — 800)R = 153.3 Btu/lbm

Ah = =170.1 Btu/lbm

p,avg(

4-53 The internal energy change of hydrogen gas during a heating process is to be determined using an
empirical specific heat relation, constant specific heat at average temperature, and constant specific heat at
room temperature.
Analysis (a) Using the empirical relation for ¢, (7') from Table A-2¢ and relating it to ¢, (T) ,
¢,(I)=¢,-R,=(a—R,)+bT +cT* +dT’
where a=29.11, b =-0.1916x107, ¢ = 0.4003x10~, and d = -0.8704x10”. Then,
2 2 5 3
s = [ e mar = | (a—R,)+ b7+ T2+ ar* T
1 1
=(a=RXT, =)+ 3b(T + T7) + (T3 =) + 4d(Ty = T;Y)
= (29.11-8.314)(800 - 200) — 1 (0.1961x107%)(8007 - 200%)
+1(0.4003x107°)(800° — 200%) — 1.(0.8704 x107%)(800* — 200%)
= 12,487 kJ/kmol
A _ 12,487 ki/kmol
M 2.016 kg/kmol

(b) Using a constant ¢, value from Table A-2b at the average temperature of 500 K,
CU,an = CV@SOO K = 10.389 kJ/kg . K

At = ¢, 4o (T~ T}) = (10.389 kl/kg - K)(800 — 200)K = 6233 kJ/kg

(c) Using a constant c, value from Table A-2a at room temperature,
Co@sook =10.183 kl/kg-K

T, —T;) = (10.183 kl/kg - K)(800 — 200)K = 6110 kJ/kg

= 6194 kJ/kg

cu,avg =

Au = cv’avg(
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Closed System Energy Analysis: Ideal Gases

4-54C No, it isn't. This is because the first law relation Q - W = AU reduces to W = 0 in this case since the
system is adiabatic (Q = 0) and AU = 0 for the isothermal processes of ideal gases. Therefore, this
adiabatic system cannot receive any net work at constant temperature.

4-55E The air in a rigid tank is heated until its pressure doubles. The volume of the tank and the amount of
heat transfer are to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ape = Ake = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results

in negligible error in heating and air-conditioning applications.

Properties The gas constant of air is R = 0.3704 psia.ft’/Ibm.R (Table A-1E).

Analysis (a) The volume of the tank can be determined from the ideal gas relation,
mRT, (20 Ibm)(0.3704 psia - ft*/Ibm-R)(540 R)

B P B 50 psia

v =80.0 ft>

(b) We take the air in the tank as our system. The energy balance for this stationary closed system can be
expressed as

Ein - Eout = AEsystem
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qin =AU ZdAlllir)l
m
Oin =m(uy —uy)=mC, (T, =Ty) 50 psia
The final temperature of air is 80°F “\
Q
RV PV P.
il LA AN 7, :—2T1 =2x(540R) =1080 R
T, T, A

The internal energies are (Table A-17E)
U =g ssr =92.04 Btu /1bm

Substituting,
Oin = (20 Ibm)(186.93 - 92.04)Btu/Ibm = 1898 Btu

Alternative solutions The specific heat of air at the average temperature of Ty, = (540+1080)/2= 810 R =
350°F is, from Table A-2Eb, ¢, = 0.175 Btu/lbm.R. Substituting,

O = (20 Ibm)( 0.175 Btw/Ibm.R)(1080 - 540) R = 1890 Btu

Discussion Both approaches resulted in almost the same solution in this case.
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4-56 The hydrogen gas in a rigid tank is cooled until its temperature drops to 300 K. The final pressure in
the tank and the amount of heat transfer are to be determined.

Assumptions 1 Hydrogen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of -240°C and 1.30 MPa. 2 The tank is stationary, and thus the kinetic and potential
energy changes are negligible, Ake = Ape =0 .

Properties The gas constant of hydrogen is R = 4.124 kPa.m’/kg.K (Table A-1). The constant volume
specific heat of hydrogen at the average temperature of 450 K is , ¢y = 10.377 kl/kg K (Table A-2).
Analysis (a) The final pressure of hydrogen can be determined from the ideal gas relation,

BV PV T K
-2 P,=-%P :&(ESOkPa):159.1 kPa
Tl T2 Tl

550K

(b) We take the hydrogen in the tank as the system. This is a closed system since no mass enters or leaves.
The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies H
— frl 2
Qout AU 250 kPa
Qout =AU =—m(uy —uy) =mC, (T, = T) 550K ™\
A
where
. Q
PV 250 kPa)(3.0
m=— = ( 9)3.0m’) 03307 kg

RT,  (4.124 kPa-m>/kg-K)(550 K)
Substituting into the energy balance,
Oou = (0.33307 kg)(10.377 kJ/kg-K)(550 - 350)K = 686.2 kJ
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4-57 A resistance heater is to raise the air temperature in the room from 7 to 23°C within 15 min. The
required power rating of the resistance heater is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 Heat losses from the room are negligible.
5 The room is air-tight so that no air leaks in and out during the process.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the
system boundary. The energy balance for this stationary constant-volume closed system can be expressed
as

Ein - Eout = AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wi =AU = me, 0 (T ~T,) (since 0 = KE = PE =0)

or, /
. 4x5%6 m’
We,inAt =MCy avg (TZ - Tl) 7°C
e
The mass of air is % AIR
W,
V=4x5x6=120m’ —
3
m:ﬂ— (100 kPa)(120 m’) _ 1493 ke

RT, (0.287 kPa-m’/kg-K)(280K)
Substituting, the power rating of the heater becomes

(1493 kg)(0.718 kl/kg* C)(23—7)°C
ejn —
’ 15x60 s

=1.91 kW

Discussion In practice, the pressure in the room will remain constant during this process rather than the
volume, and some air will leak out as the air expands. As a result, the air in the room will undergo a
constant pressure expansion process. Therefore, it is more proper to be conservative and to use AH instead
of using AU in heating and air-conditioning applications.
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4-58 A room is heated by a radiator, and the warm air is distributed by a fan. Heat is lost from the room.
The time it takes for the air temperature to rise to 20°C is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results

in negligible error in heating and air-conditioning applications. 4 The local atmospheric pressure is 100
kPa. 5 The room is air-tight so that no air leaks in and out during the process.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the
system boundary. The energy balance for this stationary constant-volume closed system can be expressed
as

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic, 5,000 kJ/h
by heat, work, and mass potential, etc. energies
On +Whanin = Qou =AU = mcvjavg(Tz —T,) (since KE = PE =0) ROOM /
or,
) AW . —O. AL = T —T 4m x 5m x 7m
(Qm fan,in Qout) mcv,avg( 2 1)
.. Steam
The mass of air is —> &
V =4x5%7 =140 m* ; __' 10,000 k/h
W
3
RV _ (100 kPa3)(14Om) 4k ;
RT, (0.287 kPa-m’/kg - K)(283 K)

Using the ¢, value at room temperature,
[(10,000 - 5,000)/3600 kJ/s+0.1 kJ/s]At =(172.4 kg)(0.718 kJ/kg-°C)(20-10)°C

It yields

At=831s
Discussion In practice, the pressure in the room will remain constant during this process rather than the
volume, and some air will leak out as the air expands. As a result, the air in the room will undergo a
constant pressure expansion process. Therefore, it is more proper to be conservative and to using AH
instead of use AU in heating and air-conditioning applications.
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4-59 A student living in a room turns her 150-W fan on in the morning. The temperature in the room when
she comes back 10 h later is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 All the doors and windows are tightly
closed, and heat transfer through the walls and the windows is disregarded.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We take the room as the system. This is a closed system since the doors and the windows are said
to be tightly closed, and thus no mass crosses the system boundary during the process. The energy balance
for this system can be expressed as

Ein - Eaut = AE system
v v L
Net energy transfer Change in internal, kinetic, ROOM
by heat, work, and mass potential, etc. energies
W . =AU
e,in 4m x 6m x 6m

Wein =muy —uy) =me, (T, —Ty)
The mass of air is
V=4x6x6=144m’
_ RV _ (100 kPa)(144 m?)

- ; =1742 kg
RT,  (0.287 kPa-m’/kg - K)(288 K)

The electrical work done by the fan is

W, = W,At = (0.15kJ /s)(10 x 3600 s) = 5400 kJ

Substituting and using the ¢, value at room temperature,
5400 kJ = (174.2 kg)(0.718 kJ/kg-°C)(T, - 15)°C
T,=158.2°C

Discussion Note that a fan actually causes the internal temperature of a confined space to rise. In fact, a
100-W fan supplies a room with as much energy as a 100-W resistance heater.
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4-60E A paddle wheel in an oxygen tank is rotated until the pressure inside rises to 20 psia while some
heat is lost to the surroundings. The paddle wheel work done is to be determined.

Assumptions 1 Oxygen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of -181°F and 736 psia. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 The energy stored in the paddle wheel is negligible. 4 This is a rigid tank and thus its
volume remains constant.

Properties The gas constant and molar mass of oxygen are R = 0.3353 psia.ft/lbm.R and M = 32

Ibm/Ibmol (Table A-1E). The specific heat of oxygen at the average temperature of 7., = (735+540)/2=
638 R is Cyaye = 0.160 Btu/lbm.R (Table A-2E).

Analysis We take the oxygen in the tank as our system. This is a closed system since no mass enters or
leaves. The energy balance for this system can be expressed as

Ein - Eout - AEsystem
R —_—
Net energy transfer Change in internal, kinetic, 0
by heat, work, and mass potential, etc. energies 2

14.7 psia

W in— Qo =AU
pw,in out )
80°F > 20 Btu

pr,in = Qoul +m(u2 _ul)
= Qout +mcv(T2 _Tl)

The final temperature and the mass of oxygen are

W_EV L p Dy 20080 g0p) 735k
T, T, B 14.7 psia
. 3
. ﬂ 3 (14.7 psia)(10 ft™) — 0812 Ibm

RT - (0.3353 psia - ft*/Ibmol - R)(540 R)
Substituting,
Wowin = (20 Btu) + (0.812 1bm)(0.160 Btu/lbm.R)(735 - 540) R = 45.3 Btu

4-61 One part of an insulated rigid tank contains an ideal gas while the other side is evacuated. The final
temperature and pressure in the tank are to be determined when the partition is removed.

Assumptions 1 The kinetic and potential energy changes are negligible, Ake =~ Ape =0. 2 The tank is
insulated and thus heat transfer is negligible.

Analysis We take the entire tank as the system. This is a closed system since no mass crosses the
boundaries of the system. The energy balance for this system can be expressed as

Ein _Euut = AE,

system
—_— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU =m(uy —u)
Uy = uy Evacuated
Therefore,
T: 2= T, 1= 50°C
Since u = u(T) for an ideal gas. Then,
RV _ RV,

— 5 p =Y p — L (300 kPa) - 400 kPa
T 0,172
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4-62 A cylinder equipped with a set of stops for the piston to rest on is initially filled with helium gas at a
specified state. The amount of heat that must be transferred to raise the piston is to be determined.
Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The kinetic and potential energy
changes are negligible, Ake = Ape =0 . 3 There are no work interactions involved. 4 The thermal energy
stored in the cylinder itself is negligible.

Properties The specific heat of helium at room temperature is ¢, = 3.1156 kJ/kg.K (Table A-2).

Analysis We take the helium gas in the cylinder as the system. This is a closed system since no mass
crosses the boundary of the system. The energy balance for this constant volume closed system can be
expressed as

Ein _Eaut AE

system
e [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

500 kP
0,, = AU = m(u, —u,) 2

Qin :m(u2 _ul):mcu(TZ _Tl)

The final temperature of helium can be determined from the ideal gas relation to be 10(})116(%
PV PV P kP °
17 22 1, = Dg 2 300KPA ey~ 1490 K 25°c LQ
T, T, P, 100 kPa &

Substituting into the energy balance relation gives
Oin = (0.5 kg)(3.1156 kJ/kg-K)(1490 - 298)K = 1857 kJ

4-63 An insulated cylinder is initially filled with air at a specified state. A paddle-wheel in the cylinder stirs
the air at constant pressure. The final temperature of air is to be determined.
Assumptions 1 Air is an ideal gas with variable specific heats. 2 The cylinder is stationary and thus the
kinetic and potential energy changes are zero. 3 There are no work interactions involved other than the
boundary work. 4 The cylinder is well-insulated and thus heat transfer is negligible. 5 The thermal energy
stored in the cylinder itself and the paddle-wheel is negligible. 6 The compression or expansion process is
quasi-equilibrium.
Properties The gas constant of air is R = 0.287 kPa.m’/kg K (Table A-1). Also, ¢, = 1.005 kJ/kg.K for air
at room temperature (Table A-2). The enthalpy of air at the initial temperature is
hi = haposx = 298.18 kl/kg (Table A-17)

Analysis We take the air in the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eoul = AE,

system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
pr,in - Wb,out =AU ? pr,in = m(hZ - hl)

AIR

P = const.

since AU + W, = AH during a constant pressure quasi-equilibrium process.
The mass of air is

LRV _ (400 kPa)(0.1m?) 0468 ke
RT;  (0.287 kPa-m?>/kg-K)(298 K)
Substituting into the energy balance,
15 kJ = (0.468 kg)(h, - 298.18 kI/kg) — h, =330.23 kl/kg
From Table A-17, T, =329.9 K
Alternative solution Using specific heats at room temperature, ¢, = 1.005 kJ/kg.°C, the final temperature is
determined to be

Wowin = m(hy —hy) = me,(Ty 1) — 15 kJ = (0.468 kg)(1.005 kJ/kg.°C)(T; - 25)°C

pw,in

which gives T, =56.9°C
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4-64E A cylinder is initially filled with nitrogen gas at a specified state. The gas is cooled by transferring
heat from it. The amount of heat transfer is to be determined.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium. § Nitrogen is an
ideal gas with constant specific heats.
Properties The gas constant of nitrogen is 0.3830 psia.ft’/Ibm.R. The specific heat of nitrogen at the
average temperature of Ty, = (700+200)/2 = 450°F is ¢, 5y, = 0.2525 Btu/lbm.°F (Table A-2Eb).
Analysis We take the nitrogen gas in the cylinder as the system. This is a closed system since no mass
enters or leaves. The energy balance for this closed system can be expressed as

Ein -E out = AE

system
R R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Z Al = _ _ [
- Qout - Wb,out =AU = m(u2 _ul)—>_Qout - m(hZ - hl) - mcp(TZ _Ti)
since AU + Wy, = AH during a constant pressure quasi-equilibrium Na
process. The mass of nitrogen is ‘t/%gf‘Fa Q
PV 40 psia)(25 ft’ <
m=1Y _ ( p“;‘)( ) ~22511bm “
RT,  (0.3830 psia-ft”/lbm-R)(1160 R)

Substituting,  Qpu = (2.251 Ibm)(0.2525 Btw/Ibm.°F)(700 - 200)°F = 284.2 Btu

4-65 A cylinder is initially filled with air at a specified state. Air is heated electrically at constant pressure,
and some heat is lost in the process. The amount of electrical energy supplied is to be determined.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 Air
is an ideal gas with variable specific heats. 3 The thermal energy stored in the cylinder itself and the
resistance wires is negligible. 4 The compression or expansion process is quasi-equilibrium.
Properties The initial and final enthalpies of air are (Table A-17)

Iy = hgaogx =298.18 kI /kg

hy = hgssox = 350.49 k] /kg

Analysis We take the contents of the cylinder as the system. This is a

closed system since no mass enters or leaves. The energy balance for AIR
this closed system can be expressed as P = const.
- Q
Ein - Eout - AEsystem
— S
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wein = Qout = Wo,ou = AU ——We iy = m(hy = Iy) + Oy

since AU + W, = AH during a constant pressure quasi-equilibrium process. Substituting,
Wein= (15 kg)(350.49 - 298.18)kJ/kg + (60 kJ) = 845 kJ

1 kWh

3600 kJ

Alternative solution The specific heat of air at the average temperature of T, = (25+ 77)/2 = 51°C = 324

K is, from Table A-2b, ¢, 4, = 1.0065 kJ/kg.°C. Substituting,

Wy = mey(Ty = Ty) + Opy = (15 kg)(1.0065 k/kg.°C)(77 — 25)°C + 60 kJ = 845 kJ

or, W, = (845kJ)[ j =0.235 kWh

1 kWh
3600 kJ

Discussion Note that for small temperature differences, both approaches give the same result.

or, Wein = (845 kJ )[ j =0.235 kWh
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4-66 An insulated cylinder initially contains CO, at a specified state. The CO, is heated electrically for 10
min at constant pressure until the volume doubles. The electric current is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
CO, is an ideal gas with constant specific heats. 3 The thermal energy stored in the cylinder itself and the
resistance wires is negligible. 4 The compression or expansion process is quasi-equilibrium.

Properties The gas constant and molar mass of CO, are R = 0.1889 kPa.m’/kg K and M = 44 kg/kmol
(Table A-1). The specific heat of CO, at the average temperature of Ty, = (300 + 600)/2 =450 K is ¢) 4y =
0.978 kJ/kg.°C (Table A-2b).

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem
R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
I/Ve,in - Wb,out =AU
Wein =m(hy —hy) = me, (T, = T))

since AU + W, = AH during a constant pressure quasi-equilibrium
process. The final temperature of CO, is

a4 _Ab TZ:PZ%TI:1><2><(3OOK):6OOK
T T, R v
The mass of CO, is
PV, 3m?
LRV (200kPaZ(03m ) 1,059 kg
RT,  (0.1889 kPa-m?/kg-K)(300 K)
Substituting,
Wein = (1.059 kg)(0.978 kJ/kg.K)(600 - 300)K = 311 kJ
Then,

w..
_Wein _ 311kJ 1000 VA _, .0 o
VA:  (110V)(10x60s)| 1kI/s
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4-67 A cylinder initially contains nitrogen gas at a specified state. The gas is compressed polytropically
until the volume is reduced by one-half. The work done and the heat transfer are to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
N, is an ideal gas with constant specific heats. 3 The thermal energy stored in the cylinder itself is
negligible. 4 The compression or expansion process is quasi-equilibrium.
Properties The gas constant of N, are R = 0.2968 kPa.m’/kg.K (Table A-1). The ¢, value of N, at the
average temperature (369+300)/2 =335 K is 0.744 kJ/kg.K (Table A-2b).

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses
the system boundary. The energy balance for this closed system can be expressed as

E, -E, = AE

in out system
(——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wb,in - Qout =AU = m(u2 _ul)
Wb,in - Qout =mc, (T2 - Ti) N,
. 100 kPa
The final pressure and temperature of nitrogen are 27°¢ T
13 PV'i=C
BV =Py p=|Y4| poas =
W, =RV —— P = 7 1= (100 kPa) = 246.2 kPa

2
_ PV, _2462kPa
"7 100 kPa

RY _ PV, .

x 0.5% (300 K) = 369.3 K
L T, A Y

Then the boundary work for this polytropic process can be determined from

2 - J—
Wbin=—deV=_132(/2 RY _ mR(T,—T)
: 1 - 7
__ (0.8 kg)(0.2968 kf/k? -3K)(369.3 -300)K _548KJ

Substituting into the energy balance gives
Qout = Wb,in —mc, (TZ - Ti)
= 54.8kJ - (0.8 kg)(0.744 kJ/kg.K)(369.3 —360)K
=13.6kJ
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4-68 EES Problem 4-67 is reconsidered. The process is to be plotted on a P-{/ diagram, and the effect of
the polytropic exponent n on the boundary work and heat transfer as the polytropic exponent varies from
1.1 to 1.6 is to be investigated. The boundary work and the heat transfer are to be plotted versus the
polytropic exponent.

Analysis The problem is solved using EES, and the solution is given below.

Procedure  Work(P[2],V[2],P[1],V[1],n:W12)
If n=1 then

W12=P[11*V[1]*In(V[2]/V[1])

Else

W12=(P[2]*V[2]-P[1]*V[1])/(1-n)

endif

End

"Input Data"

Vratio=0.5 "V[2]/V[1] = Vratio"

n=1.3 "Polytropic exponent"

P[1] = 100 [kPa]

T[1] = (27+273) [K]

m=0.8 [kg]

MM=molarmass(nitrogen)

R_u=8.314 [kJ/kmol-K]

R=R_u/MM

V[1]=m*R*T[1])/P[1]

"Process equations”

V[2]=Vratio*V[1]

P2]*V[2)/T[2]=P[11*V[1)/T[1]"The combined ideal gas law for

states 1 and 2 plus the polytropic process relation give P[2] and T[2]"
P2]*VI2]*n=P[1]*V[1]*n

"Conservation of Energy for the closed system:"

"E_in - E_out = DeltaE, we neglect Delta KE and Delta PE for the system, the nitrogen."
Q12 - W12 = m*(u[2]-u[1])

u[1]=intenergy(N2, T=T[1]) "internal energy for nitrogen as an ideal gas, kJ/kg"
u[2]=intenergy(N2, T=T[2])

Call Work(P[2],V[2],P[1],V[1],n:W12)

"The following is required for the P-v plots"
{P_plot*spv_plot/T_plot=P[1]*V[1)/m/T[1]"The combined ideal gas law for
states 1 and 2 plus the polytropic process relation give P[2] and T[2]"
P_plot*spv_plot*n=P[17*(V[1]/m)"n}

{spV_plot=R*T_plot/P_plot"[m"3]"}

n Q12 [kJ] W12 [kJ]

1 -49.37 -49.37
1.111 -37 -51.32
1.222 -23.59 -53.38
1.333 -9.067 -55.54
1.444 6.685 -57.82
1.556 23.81 -60.23
1.667 42.48 -62.76
1.778 62.89 -65.43
1.889 85.27 -68.25

2 109.9 -71.23
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Pressure vs. specific volume as function of polytropic exponent
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4-69 It is observed that the air temperature in a room heated by electric baseboard heaters remains constant
even though the heater operates continuously when the heat losses from the room amount to 6500 kJ/h. The
power rating of the heater is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 The temperature of the room is said to remain constant during this process.

Analysis We take the room as the system. This is a closed system since no mass crosses the boundary of
the system. The energy balance for this system reduces to

Eiy — Egy = AEsystem ROOM
N —_—
Net energy transfer Change in internal, kinetic, Q
by heat, work, and mass potential, etc. energies Tai=const. —9
I/Ve,in - Qout =AU =0 ? I/Ve,in = Yout W,
since AU = mc AT = 0 for isothermal processes of ideal gases. Thus,
. : 1 kW
W,. = = (6500 kJ/h)) ——— | =1.81 kW /l\ \L
cin = Cou = )[3600 kJ/hJ

4-70E A cylinder initially contains air at a specified state. Heat is transferred to the air, and air expands
isothermally. The boundary work done is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
air is an ideal gas with constant specific heats. 3 The compression or expansion process is quasi-
equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses
the system boundary. The energy balance for this closed system can be expressed as

Ein Eout - AEsystem
— ——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass i

potential, etc. energies

Qin_Wb,out :AU:m(MZ _ul):mCU(TZ _Tl):() AIR

T~ 40 Btu

since u = u(T) for ideal gases, and thus u, = #; when T = T, . Therefore, T = const

Wb,out = Qin =40 Btu

4-71 A cylinder initially contains argon gas at a specified state. The gas is stirred while being heated and
expanding isothermally. The amount of heat transfer is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
air is an ideal gas with constant specific heats. 3 The compression or expansion process is quasi-
equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses
the system boundary. The energy balance for this closed system can be expressed as

_ 15kJ
Ein - Eout - AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ar
Qin + pr,in - Wb,out =AU = m(“z _ul) = mCU(TZ - Ti) =0

since # = u(T) for ideal gases, and thus u, = u; when T} = T, . Therefore,
Qin = Wb,out - pr,in =15-3=12KkJ

T = const.

] ke
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4-72 A cylinder equipped with a set of stops for the piston is initially filled with air at a specified state.
Heat is transferred to the air until the volume doubled. The work done by the air and the amount of heat
transfer are to be determined, and the process is to be shown on a P-vdiagram.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes
are negligible, Ake=Ape=0. 3 The thermal energy stored in the cylinder itself is negligible. 4 The

compression or expansion process is quasi-equilibrium.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis We take the air in the cylinder as the system. This is a closed system since no mass crosses the
boundary of the system. The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies 400 kPa
O = Woour = AU = m(uz —u,) [
Qin = m(”S - ul) + Wb,out AIR
The initial and the final volumes and the final temperature of air are 200 kPa Q
-
RT, (3 kg)(0.287 kPa-m?/kg-K)(300 K &
(/1=m 1:( g)( a-m”/kg-K)( ):1.29m3
P, 200 kPa
V, =20, =2x1.29=2.58 m’ P
PV, PV P, V. 400 kP
171 _ 2373 Ty=3 37 =2 22 ,54(300 K) =1200 K 5 3
T T, P Y 200 kPa

No work is done during process 1-2 since ¢, = 4. The pressure
remains constant during process 2-3 and the work done during this
process is

2
W ot = L PdV = PV, —V,) = (400 kPa)(2.58 —1.29)m’ = 516 kJ

The initial and final internal energies of air are (Table A-17)
Uy =ugzpox =214.07 kl/kg
Uy =Ugk =933.33 klkg
Then from the energy balance,
Oin = (3 kg)(933.33 - 214.07)kJ/kg + 516 k] = 2674 kJ

Alternative solution The specific heat of air at the average temperature of T4, = (300 + 1200)/2 = 750 K
is, from Table A-2b, ¢y = 0.800 kJ/kg. K. Substituting,

O = m(us —u) + Wy, o = mey, (T =) + Wy, o

Oin = (3 kg)(0.800 kJ/kg.K)(1200 - 300) K + 516 kJ = 2676 kJ
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4-73 [Also solved by EES on enclosed CD] A cylinder equipped with a set of stops on the top is initially
filled with air at a specified state. Heat is transferred to the air until the piston hits the stops, and then the
pressure doubles. The work done by the air and the amount of heat transfer are to be determined, and the
process is to be shown on a P-v diagram.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes
are negligible, Ake = Ape = 0. 3 There are no work interactions involved. 3 The thermal energy stored in

the cylinder itself is negligible.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis We take the air in the cylinder to be the system. This is a closed system since no mass crosses the
boundary of the system. The energy balance for this closed system can be expressed as

= AE,

Ein - Eout system
— R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
On — Wb,out =AU = m(uy —uy) — —
O = m(uy =) + Wy, o [,
The initial and the final volumes and the final temperature of air are determined from AIR &
200 kPa
RT; (3 kg)(0.287 kPa-m’/kg - K)(300 K
= 1 _ Bke) a-m”/kg - K)( ) 129 m}
R 200 kPa P
V, =20, =2x1.29 =2.58 m’
e
A _ BYs T3:P3V3T1=4OOkPa><2><(3OOK)=lZOOK
T T A Y 200 kPa
No work is done during process 2-3 since (4 = (4. The pressure y 5
remains constant during process 1-2 and the work done during this v
process is
3 1kJ
W, = |PdV =P,(V; —V,)=(200 kPa)(2.58 -1.29) m T |=258kJ
1kPa-m

The initial and final internal energies of air are (Table A-17)

Substituting,
Oin =03 kg)(933.33 - 214.07)kJ/kg + 258 kJ = 2416 kJ

Alternative solution The specific heat of air at the average temperature of T4, = (300 + 1200)/2 = 750 K
is, from Table A-2b, ¢y, = 0.800 kJ/kg.K. Substituting

O = m(uz —uy) + Wy o = me, (T3 = 1) + Wy, o
= (3kg)(0.800 kJ/kg.K)(1200 —300) K + 258 k] = 2418 kJ
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Closed System Energy Analysis: Solids and Liquids

4-74 A number of brass balls are to be quenched in a water bath at a specified rate. The rate at which heat
needs to be removed from the water in order to keep its temperature constant is to be determined.
Assumptions 1 The thermal properties of the balls are constant. 2 The balls are at a uniform temperature
before and after quenching. 3 The changes in kinetic and potential energies are negligible.

Properties The density and specific heat of the brass balls are given to be p = 8522 kg/m’ and ¢, = 0.385
kJ/kg.°C.

Analysis We take a single ball as the system. The energy balance for this closed system can be expressed
as

Ein - Eout AE,

system
e [
Net energy transfer Change in internal, kinetic, Brass balls. 120°C >
by heat, work, and mass potential, etc. energies
= Oout = AUy = m(uy —uy) Water bath. 50°C

Qout = mC(Ti - TZ)
The total amount of heat transfer from a ball is

3 3
D 0.05m
m=pV = p= —=(8522 kg/m3)%

=0.558 kg

Oyt =me(Ty —T,) =(0.558kg)(0.385 kJ/kg.°C)(120 — 74)°C = 9.88 kJ/ball
Then the rate of heat transfer from the balls to the water becomes
Qtotal = ’;lballQball = (1 00 balls/min) X (988 kJ/ball) = 988 kJ/min

Therefore, heat must be removed from the water at a rate of 988 kJ/min in order to keep its temperature
constant at 50°C since energy input must be equal to energy output for a system whose energy level

remains constant. Thatis, E;, = E,,, when AE ., =0.

4-75 A number of aluminum balls are to be quenched in a water bath at a specified rate. The rate at which
heat needs to be removed from the water in order to keep its temperature constant is to be determined.
Assumptions 1 The thermal properties of the balls are constant. 2 The balls are at a uniform temperature
before and after quenching. 3 The changes in kinetic and potential energies are negligible.

Properties The density and specific heat of aluminum at the average temperature of (120+74)/2 = 97°C =
370 K are p = 2700 kg/m’ and ¢, = 0.937 kJ/kg.°C (Table A-3).

Analysis We take a single ball as the system. The energy balance for this closed

system can be expressed as

E. —E AE
in out system 1
N Aluminum balls. —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Water bath. 50°C

= Qout =AUy =m(uy —uy)
Qout = mc(Tl _TZ)
The total amount of heat transfer from a ball is

3 3
m=pV = p”%: (2700 kg/m?) FO05 M)

=0.1767 kg

Oout =me(Ty —T,)=(0.1767 kg)(0.937 kl/kg.°C)(120 — 74)°C = 7.62 kJ/ball
Then the rate of heat transfer from the balls to the water becomes
Ouotal = MoatiOvant = (100 balls/min) x (7.62 kJ/ball) = 762 kJ/min
Therefore, heat must be removed from the water at a rate of 762 kJ/min in order to keep its temperature

constant at 50°C since energy input must be equal to energy output for a system whose energy level

remains constant. That is, E;, = E,,, when AE ., =0.
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4-76E A person shakes a canned of drink in a iced water to cool it. The mass of the ice that will melt by the
time the canned drink is cooled to a specified temperature is to be determined.

Assumptions 1 The thermal properties of the drink are constant, and are taken to be the same as those of
water. 2 The effect of agitation on the amount of ice melting is negligible. 3 The thermal energy capacity of
the can itself is negligible, and thus it does not need to be considered in the analysis.

Properties The density and specific heat of water at the average temperature of (75+45)/2 = 60°F are p =
62.3 IbnV/ft’, and ¢, = 1.0 Btu/lbm.°F (Table A-3E). The heat of fusion of water is 143.5 Btu/lbm.

Analysis We take a canned drink as the system. The energy balance for this closed system can be
expressed as

Ein _Eout AE

system
\_W_—J \qr_d
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Cola
p— p— j— o
- Qout - Al]canned drink — m(u2 _ul) > Qout - mC(Tl _TZ) 75°F

Noting that 1 gal = 128 oz and 1 ft’ = 7.48 gal = 957.5 oz, the
total amount of heat transfer from a ball is

3 11ft? 1gal
m = pV =(62.31bm/ft”)(12 oz/can) - =0.7811bm/can
7.48 gal |\ 128 fluid oz

Oou =mce(Ty —T,) =(0.7811bm/can)(1.0 Btu/lbm.°F)(75 — 45)°F = 23.4 Btu/can
Noting that the heat of fusion of water is 143.5 Btu/Ibm, the amount of ice that will melt to cool the drink is
_ Qo _ 23.4Btu/can
~ hy  143.5Btw/lbm

since heat transfer to the ice must be equal to heat transfer from the can.
Discussion The actual amount of ice melted will be greater since agitation will also cause some ice to melt.

m

=0.1631bm (per can of drink)

ice

4-77 An iron whose base plate is made of an aluminum alloy is turned on. The minimum time for the plate
to reach a specified temperature is to be determined.

Assumptions 1 It is given that 85 percent of the heat generated in the resistance wires is transferred to the
plate. 2 The thermal properties of the plate are constant. 3 Heat loss from the plate during heating is
disregarded since the minimum heating time is to be determined. 4 There are no changes in kinetic and
potential energies. 5 The plate is at a uniform temperature at the end of the process.

Properties The density and specific heat of the aluminum alloy plate are given to be p = 2770 kg/m’ and ¢
=875 kl/kg.°C.
Analysis The mass of the iron's base plate is

m = pV = pLA = (2770 kg/m>)(0.005 m)(0.03m?) = 0.4155 kg

Noting that only 85 percent of the heat generated is transferred to the plate, the rate of heat transfer to the
iron's base plate is
0., = 085x1000 W = 850 W
We take plate to be the system. The energy balance for this closed system can be expressed as
E in E out = AE system

v . .
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oy =AU

Solving for Az and substituting,
mcAT e (0.4155kg)(875 J/kg.°C)(140-22)°C
0. 850 1/s B

which is the time required for the plate temperature to reach the specified temperature.

22°C

IRON

olate = MUy —1t)—> Oy At = me(Ty —T)) 1000 W

At 50.5s

Vo
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4-78 Stainless steel ball bearings leaving the oven at a specified uniform temperature at a specified rate are
exposed to air and are cooled before they are dropped into the water for quenching. The rate of heat
transfer from the ball bearing to the air is to be determined.

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy
changes of the balls are negligible. 3 The balls are at a uniform temperature at the end of the process
Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m® and ¢, = 0.480
kJ/kg.°C.

Analysis We take a single bearing ball as the system. The energy balance for this closed system can be
expressed as

AE,

Ein - Eout system
e —
Net energy transfer Change in internal, kinetic, Furnace W 2500
by heat, work, and mass potential, etc. energies ater. 25°C
Steel balls. 900°C
- Qout = Al]ball = m(uz - ul) —>

Qout = WlC(Ti - TZ)
The total amount of heat transfer from a ball is

3 3
m=pV = p”%= (8085 kg/m?) Z-012m)°

=0.007315kg

Ot =mc(Ty —T,) =(0.007315kg)(0.480 kJ/kg.°C)(900 —850)°C = 0.1756 kJ/ball
Then the rate of heat transfer from the balls to the air becomes
Ouoral = Moatt Qout (perbaity = (800 balls/min)x (0.1756 kJ/ball) =140.5 kJ/min = 2.34 kW

Therefore, heat is lost to the air at a rate of 2.34 kW.

4-79 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them
to cool slowly in ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient
air is to be determined.

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and
potential energies. 3 The balls are at a uniform temperature at the end of the process

Properties The density and specific heat of the balls are given to be p = 7833 kg/m’ and ¢, = 0.465
kJ/kg.°C.

Analysis We take a single ball as the system. The energy

balance for this closed system can be expressed as

Ein - Eout = AEsystem Furnace
Net energy transfer Change in internal, kinetic, 5 Air. 35°C
by heat, work, and mass potential, etc. energies Steel balls. 900°C

= Oout = AUy = m(uy —uy)
Qout = me(Ty = 1)
(b) The amount of heat transfer from a single ball is

3 3
m=pV = p% _ (7833 kg/m?) 72008 m)”

=0.00210 kg

Ooue = mc,(T; = T) = (0.0021kg)(0.465 kJ/kg.°C)(900 —100)°C = 0.781kJ (per ball)
Then the total rate of heat transfer from the balls to the ambient air becomes
Q.Out = My OQoue = (2500 balls/h) x (0.781kJ/ball) = 1,953 kJ/h = 542 W
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4-80 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at
the end of the 5-min operating period is to be determined for the cases of operation with and without a heat
sink.

Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of
the sink are constant. 3 Heat loss from the device during on time is disregarded since the highest possible
temperature is to be determined.

Properties The specific heat of the device is given to be ¢, = 850 J/kg.°C. The specific heat of aluminum at
room temperature of 300 K is 902 J/kg.°C (Table A-3).

Analysis We take the device to be the system. Noting that electrical energy is

supplied, the energy balance for this closed system can be expressed as Electronic
device, 25°C
Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
I/Ve,in = AUclevice = m(uz - ul)
WeinAt = me(T, —T))

Substituting, the temperature of the device at the end of the process is determined to be
(30 J/s)(5 x 60 5)=(0.020 kg)(850 J/kg.°C)(T, —-25)°C — T, =554°C (without the heat sink)

Case 2 When a heat sink is attached, the energy balance can be expressed as

W = AUvdevice + Athe:at sink

e,in

At = WIC(TQ - T] )device + mc(Tz - Ti )heat sink

W,

e,in
Substituting, the temperature of the device-heat sink combination is determined to be

(30J/s)(5x60s) = (0.020 kg)(850 J/kg.°C)(T, —25)°C +(0.200 kg)(902 J/kg.°C)(T, —25)°C
T, =70.6°C (with heat sink)

Discussion These are the maximum temperatures. In reality, the temperatures will be lower because of the
heat losses to the surroundings.
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4-81 EES Problem 4-80 is reconsidered. The effect of the mass of the heat sink on the maximum device
temperature as the mass of heat sink varies from 0 kg to 1 kg is to be investigated. The maximum
temperature is to be plotted against the mass of heat sink.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

"T_1 is the maximum temperature of the device"
Q_dot_out = 30 [W]

m_device=20 [g]

Cp_device=850 [J/kg-C]

A=5 [cm”2]

DELTAt=5 [min]

T _amb=25 [C]

{m_sink=0.2 [kg]}

"Cp_al taken from Table A-3(b) at 300K"
Cp_al=0.902 [kJ/kg-C]

T_2=T_amb

"Solution:"

"The device without the heat sink is considered to be a closed system."

"Conservation of Energy for the closed system:"

"E_dot_in - E_dot_out = DELTAE_dot, we neglect DELTA KE and DELTA PE for the system, the
device."

E_dot_in - E_dot_out = DELTAE_dot

E_dot_in =0

E_dot_out = Q_dot_out

"Use the solid material approximation to find the energy change of the device."

DELTAE_dot= m_device*convert(g,kg)*Cp_device*(T_2-T_1_device)/(DELTAt*convert(min,s))
"The device with the heat sink is considered to be a closed system."

"Conservation of Energy for the closed system:"

"E_dot_in - E_dot_out = DELTAE_dot, we neglect DELTA KE and DELTA PE for the device with the
heat sink."

E_dot_in - E_dot_out = DELTAE_dot_combined

"Use the solid material approximation to find the energy change of the device."
DELTAE_dot_combined= (m_device*convert(g,kg)*Cp_device*(T_2-
T_1_device&sink)+m_sink*Cp_al*(T_2-T_1_device&sink)*convert(kJ,J))/(DELTAt*convert(min,s))

600 T T T T T T T T T
Msink T1 ,device&sink
[kg] [C] 500
0 554.4
0.1 109 % 400
0.2 70.59 K
0.3 56.29 i 300
0.4 48.82
0.5 44.23 200
0.6 41.12
0.7 38.88 % 100
0.8 37.19 r
0.9 35.86 0
1 34.79 0
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4-82 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked
is to be determined.

Assumptions 1 The egg is spherical in shape with a radius of 7y = 2.75 cm. 2 The thermal properties of the
egg are constant. 3 Energy absorption or release associated with any chemical and/or phase changes within
the egg is negligible. 4 There are no changes in kinetic and potential energies.

Properties The density and specific heat of the egg are given to be p = 1020 kg/m’ and ¢, =3.32 kl/kg.°C.

Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg.
The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem BOllll’lg
Net energy transfer Change in internal, kinetic, Water
by heat, work, and mass potential, etc. energies
Qin = AUegg = m(u2 _Ul) = mc(T2 - Tl)

Then the mass of the egg and the amount of heat transfer become

D? 7(0.055 m)’

m=pV = p=—=(1020 kg/m?) =0.0889 kg

0, = me, (T, ~T;) = (0.0889 kg)(3.32 kI/kg.°C)(80 — 8)°C = 21.2 kJ

4-83E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in
the oven is to be determined.

Assumptions 1 The thermal properties of the plates are constant. 2 The changes in kinetic and potential
energies are negligible.

Properties The density and specific heat of the brass are given to be p = 532.5 Ibm/ft’ and ¢, = 0.091
Btu/lbm.°F.

Analysis We take the plate to be the system. The energy balance for this
closed system can be expressed as

E, in Eout - AE, system
— . Y Plates
Net energy transfer Change in internal, kinetic, 75°F
by heat, work, and mass potential, etc. energies

Qin = AUplme = m(”Z _ul) = mC(T2 - Ti)
The mass of each plate and the amount of heat transfer to each plate is

m=pV = pLA = (532.5 bm/ft>)[(1.2/12 ft)(2 ft)(2 ft)] = 213 Ibm

0., = me(T, —T)) = (213 Ibm/plate)(0.091 Btu/lbm.°F)(1000 — 75)°F = 17,930 Btu/plate
Then the total rate of heat transfer to the plates becomes

Ot = ytaeCin. per plare = (300 plates/min) x (17,930 Btu/plate) = 5,379,000 Btu/min = 89,650 Btu/s



4-55

4-84 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven
is to be determined.

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential
energies are negligible.

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m’ and ¢, = 0.465
kl/kg.°C.

Analysis Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can
say that a 3-m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1
minute is

m=pV = pLA = pL(7D* | 4) = (7833 kg/m* )3 m)[7(0.1m)* / 4] = 184.6 kg

We take the 3-m section of the rod in the oven as the system. The

energy balance for this closed system can be expressedas 00 T
“.*. .Qven, 900°C .- -
E, —E AESystem ........... A
— — T T T
Net energy transfer Change in internal, kinete, .~ .. ...t
by heat, work, and mass potential, etc. energies —>»

Qin = AUrod = m(u2 _ul) = mc(Tz _Tl)

Substituting,
0., =me(T, —T)) = (184.6 kg)(0.465 kJ/kg.°C)(700 —30)°C = 57,512 kJ

Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes

0, = 0.,/ At = (57,512 kJ)/(1min) = 57,512 kJ/min = 958.5 kW
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Special Topic: Biological Systems

4-85C Metabolism refers to the chemical activity in the cells associated with the burning of foods. The
basal metabolic rate is the metabolism rate of a resting person, which is 84 W for an average man.

4-86C The energy released during metabolism in humans is used to maintain the body temperature at 37°C.

4-87C The food we eat is not entirely metabolized in the human body. The fraction of metabolizable
energy contents are 95.5% for carbohydrates, 77.5% for proteins, and 97.7% for fats. Therefore, the
metabolizable energy content of a food is not the same as the energy released when it is burned in a bomb
calorimeter.

4-88C Yes. Each body rejects the heat generated during metabolism, and thus serves as a heat source. For
an average adult male it ranges from 84 W at rest to over 1000 W during heavy physical activity.
Classrooms are designed for a large number of occupants, and thus the total heat dissipated by the
occupants must be considered in the design of heating and cooling systems of classrooms.

4-89C 1 kg of natural fat contains almost 8 times the metabolizable energy of 1 kg of natural
carbohydrates. Therefore, a person who fills his stomach with carbohydrates will satisfy his hunger without
consuming too many calories.

4-90 Six people are fast dancing in a room, and there is a resistance heater in another identical room. The
room that will heat up faster is to be determined.

Assumptions 1 The rooms are identical in every other aspect. 2 Half of the heat dissipated by people is in
sensible form. 3 The people are of average size.

Properties An average fast dancing person dissipates 600 Cal/h of energy (sensible and latent) (Table 4-2).
Analysis Three couples will dissipate
E = (6 persons)(600 Cal/h.person)(4.1868 kJ/Cal) =15,072 kJ/h = 4190 W

of energy. (About half of this is sensible heat). Therefore, the room with the people dancing will warm up
much faster than the room with a 2-kW resistance heater.

4-91 Two men are identical except one jogs for 30 min while the other watches TV. The weight difference
between these two people in one month is to be determined.

Assumptions The two people have identical metabolism rates, and are identical in every other aspect.

Properties An average 68-kg person consumes 540 Cal/h while jogging, and 72 Cal/h while watching TV
(Table 4-2).
Analysis An 80-kg person who jogs 0.5 h a day will have jogged a total of 15 h a month, and will consume

4.1868 kJ ][ 80 kg

AE =[(540 — 72) Cal/h](15h
consumed = L( ) X )( 1Cal 68 kg

j =34,578 kJ

more calories than the person watching TV. The metabolizable energy content of 1 kg of fat is 33,100 kJ.
Therefore, the weight difference between these two people in 1-month will be

AE, nsumed _ 34578Kk]
Energy content of fat 33,100 kJ/kg

Amg, = =1.045 kg
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4-92 A classroom has 30 students, each dissipating 100 W of sensible heat. It is to be determined if it is
necessary to turn the heater on in the room to avoid cooling of the room.

Properties Each person is said to be losing sensible heat to the room air at a rate of 100 W.

Analysis We take the room is losing heat to the outdoors at a rate of

~ 1h
Ooss = (20,000 kJ/h)[%OO

J: 5.56 kW
s

The rate of sensible heat gain from the students is

Oyain = (100 W/student )30 students) = 3000 W = 3 kW

which is less than the rate of heat loss from the room. Therefore, it is necessary to turn the heater on to
prevent the room temperature from dropping.

4-93 A bicycling woman is to meet her entire energy needs by eating 30-g candy bars. The number of
candy bars she needs to eat to bicycle for 1-h is to be determined.

Assumptions The woman meets her entire calorie needs from candy bars while bicycling.

Properties An average 68-kg person consumes 639 Cal/h while bicycling, and the energy content of a 20-g
candy bar is 105 Cal (Tables 4-1 and 4-2).

Analysis Noting that a 20-g candy bar contains 105 Calories of metabolizable energy, a 30-g candy bar will
contain

Ecangy = (105 Cal)@g—gJ =157.5 Cal
g

of energy. If this woman is to meet her entire energy needs by eating 30-g candy bars, she will need to eat

639Cal/h

= ——— =~ 4candybars/h
candy ™ 157.5Cal Y

4-94 A 55-kg man eats 1-L of ice cream. The length of time this man needs to jog to burn off these calories
is to be determined.

Assumptions The man meets his entire calorie needs from the ice cream while jogging.

Properties An average 68-kg person consumes 540 Cal/h while jogging, and the energy content of a 100-
ml of ice cream is 110 Cal (Tables 4-1 and 4-2).

Analysis The rate of energy consumption of a 55-kg person while jogging is

E — (540 Cal/h) 22X | _ 437 caim
68 k

consumed —
g

Noting that a 100-ml serving of ice cream has 110 Cal of metabolizable energy, a 1-liter box of ice cream
will have 1100 Calories. Therefore, it will take

1100 Cal

=—=25h
437 Cal/h

of jogging to burn off the calories from the ice cream.
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4-95 A man with 20-kg of body fat goes on a hunger strike. The number of days this man can survive on
the body fat alone is to be determined.

Assumptions 1 The person is an average male who remains in resting position at all times. 2 The man
meets his entire calorie needs from the body fat alone.

Properties The metabolizable energy content of fat is 33,100 Cal/kg. An average resting person burns
calories at a rate of 72 Cal/h (Table 4-2).

Analysis The metabolizable energy content of 20 kg of body fat is
Egy = (33,100 kJ/kg)(20 kg) = 662,000 kJ

The person will consume

Eoopoumed = (72 Cal/h )24 h{%&i”] — 7235 kJ/day
a

Therefore, this person can survive
662,000 kJ

At =—="""""_ _91.5 days
7235k / day

on his body fat alone. This result is not surprising since people are known to survive over 100 days without
any food intake.

4-96 Two 50-kg women are identical except one eats her baked potato with 4 teaspoons of butter while the
other eats hers plain every evening. The weight difference between these two woman in one year is to be
determined.

Assumptions 1 These two people have identical metabolism rates, and are identical in every other aspect. 2
All the calories from the butter are converted to body fat.

Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. The metabolizable energy
content of 1 teaspoon of butter is 35 Calories (Table 4-1).

Analysis A person who eats 4 teaspoons of butter a day will consume

365 days

E,onsumed = (35 Cal/teaspoon )4 teaspoons/day{
1 year

J =51,100 Cal/year

Therefore, the woman who eats her potato with butter will gain

51,100 Cal (4.1868 kJ
- =6.5kg
33,100 kJ/kg| 1Cal

Mgyt

of additional body fat that year.

4-97 A woman switches from 1-L of regular cola a day to diet cola and 2 slices of apple pie. It is to be
determined if she is now consuming more or less calories.

Properties The metabolizable energy contents are 300 Cal for a slice of apple pie, 87 Cal for a 200-ml
regular cola, and 0 for the diet drink (Table 4-3).

Analysis The energy contents of 2 slices of apple pie and 1-L of cola are
Ey;. =2%(300 Cal)= 600 Cal
E,ya = 5%(87 Cal)= 435 Cal

Therefore, the woman is now consuming more calories.
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4-98 A man switches from an apple a day to 200-ml of ice cream and 20-min walk every day. The amount
of weight the person will gain or lose with the new diet is to be determined.

Assumptions All the extra calories are converted to body fat.

Properties The metabolizable energy contents are 70 Cal for a an apple and 220 Cal for a 200-ml serving
of ice cream (Table 4-1). An average 68-kg man consumes 432 Cal/h while walking (Table 4-2). The
metabolizable energy content of 1 kg of body fat is 33,100 kJ.

Analysis The person who switches from the apple to ice cream increases his calorie intake by
E s =220—-70 =150Cal

extra

The amount of energy a 60-kg person uses during a 20-min walk is

. ( 1h Y 60kg
E = (432 Cal/h)(20 min ———=|=127 Cal
consumed ( )( )[ 60 min j{ 68 ng

Therefore, the man now has a net gain of 150 - 127 = 23 Cal per day, which corresponds to 23x30 = 690
Cal per month. Therefore, the man will gain

690 Cal [ 4.1868 kJ

Mgy

= =0.087 kg
33,100 kikg| 1Cal

of body fat per month with the new diet. (Without the exercise the man would gain 0.569 kg per month).

4-99 The average body temperature of the human body rises by 2°C during strenuous exercise. The
increase in the thermal energy content of the body as a result is to be determined.

Properties The average specific heat of the human body is given to be 3.6 kJ/kg.°C.
Analysis The change in the sensible internal energy of the body is
AU = meAT = (80 kg)(3.6 kl/kg°C)(2°C) =576 kJ

as a result of body temperature rising 2°C during strenuous exercise.

4-100E An average American adult switches from drinking alcoholic beverages to drinking diet soda. The
amount of weight the person will lose per year as a result of this switch is to be determined.

Assumptions 1 The diet and exercise habits of the person remain the same other than switching from
alcoholic beverages to diet drinks. 2 All the excess calories from alcohol are converted to body fat.

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text).

Analysis When the person switches to diet drinks, he will consume 210 fewer Calories a day. Then the
annual reduction in the calories consumed by the person becomes

Reduction in energy intake: FE,.4..q = (210 Cal/day)(365 days/year) = 76,650 Cal/year

Therefore, assuming all the calories from the alcohol would be converted to body fat, the person who
switches to diet drinks will lose

Reduction in energy intake ' qiceq
Enegy content of fat pat 33,100 kJ/kg

Reduction in weight = 76,650 Cal/yr [ 4.1868 kJ

=9.70 kg/yr
1 Cal J &y

or about 21 pounds of body fat that year.
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4-101 A person drinks a 12-0z beer, and then exercises on a treadmill. The time it will take to burn the
calories from a 12-o0z can of regular and light beer are to be determined.

Assumptions The drinks are completely metabolized by the body.

Properties The metabolizable energy contents of regular and light beer are 150 and 100 Cal, respectively.
Exercising on a treadmill burns calories at an average rate of 700 Cal/h (given).

Analysis The exercising time it will take to burn off beer calories is determined directly from

150 Cal .
(a) Regular beer: Atregular beer — m =0.214h =12.9 min
100 Cal
b) Light beer: Aty =———=0.143h = 8.6 min
( ) g light beer 700 Cal/h

4-102 A person has an alcoholic drink, and then exercises on a cross-country ski machine. The time it will
take to burn the calories is to be determined for the cases of drinking a bloody mary and a martini.

Assumptions The drinks are completely metabolized by the body.

Properties The metabolizable energy contents of bloody mary and martini are 116 and 156 Cal,
respectively. Exercising on a cross-country ski machine burns calories at an average rate of 600 Cal’h
(given).
Analysis The exercising time it will take to burn off beer calories is determined directly from

116 Cal

Algioody Mary = 500 Cal /L~ 0.193 h = 11.6 min

(a) Bloody mary:

156 Cal
b) Martini: At . =—"" """ —026h=15.6 min
®) martint = 600 Cal /h

4-103E A man and a woman have lunch at Burger King, and then shovel snow. The shoveling time it will
take to burn off the lunch calories is to be determined for both.

Assumptions The food intake during lunch is completely metabolized by the body.

Properties The metabolizable energy contents of different foods are as given in the problem statement.
Shoveling snow burns calories at a rate of 360 Cal/h for the woman and 480 Cal/h for the man (given).

Analysis The total calories consumed during lunch and the time it will take to burn them are determined
for both the man and woman as follows:

Man: Lunch calories = 720+400+225 = 1345 Cal.
1345 Cal

Shoveling time: At . =———=2.80h
g shoveling, man 480 Cal/h
Woman: Lunch calories = 330+400+0 = 730 Cal.
Shoveling time: At 730 Cal 2.03h

shoveling, woman = m -
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4-104 Two friends have identical metabolic rates and lead identical lives, except they have different
lunches. The weight difference between these two friends in a year is to be determined.

Assumptions 1 The diet and exercise habits of the people remain the same other than the lunch menus. 2
All the excess calories from the lunch are converted to body fat.

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). The metabolizable energy
contents of different foods are given in problem statement.

Analysis The person who has the double whopper sandwich consumes 1600 — 800 = 800 Cal more every
day. The difference in calories consumed per year becomes

Calorie consumption difference = (800 Cal/day)(365 days/year) = 292,000 Cal/year

Therefore, assuming all the excess calories to be converted to body fat, the weight difference between the
two persons after 1 year will be

Calorie intake difference  AE 292,000 Cal/yr£4.1868 kJ

Weight difference =

intake
1 Cal

=36.9 kg/yr
Enegy content of fat pat 33,100 kJ/kg

or about 80 pounds of body fat per year.

4-105E A person eats dinner at a fast-food restaurant. The time it will take for this person to burn off the
dinner calories by climbing stairs is to be determined.

Assumptions The food intake from dinner is completely metabolized by the body.

Properties The metabolizable energy contents are 270 Cal for regular roast beef, 410 Cal for big roast beef,
and 150 Cal for the drink. Climbing stairs burns calories at a rate of 400 Cal/h (given).
Analysis The total calories consumed during dinner and the time it will take to burn them by climbing
stairs are determined to be

Dinner calories = 270+410+150 = 830 Cal.

830 Cal

———F=2.08h
400 Cal/h

Stair climbing time: At =

4-106 Three people have different lunches. The person who consumed the most calories from lunch is to
be determined.

Properties The metabolizable energy contents of different foods are 530 Cal for the Big Mac, 640 Cal for
the whopper, 350 Cal for french fries, and 5 for each olive (given).

Analysis The total calories consumed by each person during lunch are:

Person 1: Lunch calories = 530 Cal
Person 2: Lunch calories = 640 Cal
Person 3: Lunch calories = 350+5x50 = 600 Cal

Therefore, the person with the Whopper will consume the most calories.
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4-107 A 100-kg man decides to lose 5 kg by exercising without reducing his calorie intake. The number of
days it will take for this man to lose 5 kg is to be determined.

Assumptions 1 The diet and exercise habits of the person remain the same other than the new daily
exercise program. 2 The entire calorie deficiency is met by burning body fat.

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text).

Analysis The energy consumed by an average 68-kg adult during fast-swimming, fast dancing, jogging,
biking, and relaxing are 860, 600, 540, 639, and 72 Cal/h, respectively (Table 4-2). The daily energy
consumption of this 100-kg man is

(860 + 600 + 540 + 639 Cal/h)1h)+ (72 Cal/h )20 h)](lggli‘g] = 5999 Cal
g

Therefore, this person burns 5999-3000 = 2999 more Calories than he takes in, which corresponds to

2999 Cal | 4.1868 kJ
33,100 kJ/kg\ 1Cal

Mgy

j =0.379 kg

of body fat per day. Thus it will take only
Skg

t=———=—=13.2days
0.379kg

for this man to lose 5 kg.

4-108E The range of healthy weight for adults is usually expressed in terms of the body mass index (BMI)

W(kg)

H*(m?)

in S units as BMI = . This formula is to be converted to English units such that the weight is in

pounds and the height in inches.

Analysis Noting that 1 kg = 2.2 1bm and 1 m =39.37 in, the weight in 1bm must be divided by 2.2 to
convert it to kg, and the height in inches must be divided by 39.37 to convert it to m before inserting them
into the formula. Therefore,

Wkg)  W(lbm)/22 705 W(lbm)

BMI = = -
H*(m?) H*(@in?)/(39.37)° H*(in?)

Every person can calculate their own BMI using either SI or English units, and determine if it is in the
healthy range.
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4-109 A person changes his/her diet to lose weight. The time it will take for the body mass index (BMI) of
the person to drop from 30 to 25 is to be determined.

Assumptions The deficit in the calori intake is made up by burning body fat.

Properties The metabolizable energy contents are 350 Cal for a slice of pizza and 87 Cal for a 200-ml
regular cola. The metabolizable energy content of 1 kg of body fat is 33,100 kJ.

Analysis The lunch calories before the diet is

Egy =3xey,,, +2%e. =3x(350 Cal)+2x (87 Cal) = 1224 Cal

pizza coke

The lunch calories after the diet is

E 4 =2xe +1xe =2x%(350Cal)+1x (87 Cal) = 787 Cal

pizza coke

The calorie reduction is
E =1224-787 =437 Cal

reduction
The corresponding reduction in the body fat mass is

_437Cal 4.1868kJ
33,100 kJ/kg 1Cal

Migag

j =0.05528kg

The weight of the person before and after the diet is
W, = BMI, x h?pizza =30x(1.7m)* =86.70 kg
W, = BMI, x h*pizza = 25x(1.7m)* =72.25kg
Then it will take

w,-w. .70-72.
1 =W, _(86.70-72.25)kg _ 261.4days
Mgy 0.05528 kg/day

Time =

for the BMI of this person to drop to 25.
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Review Problems

4-110 Heat is transferred to a piston-cylinder device containing air. The expansion work is to be
determined.

Assumptions 1 There is no friction between piston and cylinder. 2 Air is an

ideal gas.

Properties The gas contant for air is 0.287 kJ/kg.K (Table A-2a).

Analysis Noting that the gas constant represents the boundary work for a OQIL r_
unit mass and a unit temperature change, the expansion work is simply g Og 0
determined from AT=5°C

W, = mATR = (0.5 kg)(5 K)(0.287 kl/kg.K) = 0.7175 kJ

4-111 Solar energy is to be stored as sensible heat using phase-change materials, granite rocks, and water.
The amount of heat that can be stored in a 5-m® = 5000 L space using these materials as the storage
medium is to be determined.

Assumptions 1 The materials have constant properties at the specified values. 2 No allowance is made for
voids, and thus the values calculated are the upper limits.

Analysis The amount of energy stored in a medium is simply equal to the increase in its internal energy,
which, for incompressible substances, can be determined from AU =mc(T, —=T}) .

(a) The latent heat of glaubers salts is given to be 329 kJ/L. Disregarding the sensible heat storage in this
case, the amount of energy stored is becomes

AUgy, = mhye = (5000 L)(329 kJ/L) = 1,645,000 kJ
This value would be even larger if the sensible heat storage due to temperature rise is considered.
(b) The density of granite is 2700 kg/m® (Table A-3), and its specific heat is given to be ¢ = 2.32 kJ/kg.°C.
Then the amount of energy that can be stored in the rocks when the temperature rises by 20°C becomes
AU = p¥eAT = (2700 kg/m® )(5 m*)(2.32 kJ/kg.°C)(20°C) = 626,400 kJ

(c) The density of water is about 1000 kg/m’ (Table A-3), and its specific heat is given to be ¢ = 4.0
kJ/kg.°C. Then the amount of energy that can be stored in the water when the temperature rises by 20°C
becomes

AUyec = p¥YeAT = (1000 kg/m® )(5 m*)(4.0 kI/kg.°C)(20°C) = 400,00 kJ

Discussion Note that the greatest amount of heat can be stored in phase-change materials essentially at
constant temperature. Such materials are not without problems, however, and thus they are not widely
used.



4-112 The ideal gas in a piston-cylinder device is cooled at constant pressure
molar mass of this gas are to be determined.

Assumptions There is no friction between piston and cylinder.
Properties The specific heat ratio is given to be 1.667

Analysis Noting that the gas constant represents the boundary work for a
unit mass and a unit temperature change, the gas constant is simply
determined from
Re w, 16.6kJ
mAT  (0.8kg)(10°C)

=2.075kJ/kg.K

The molar mass of the gas is

_ R, 8314klJ/kmol.K
R 2.075kl/kgK

=4.007 kg/kmol

The specific heats are determined as
R 2.075 kJ)kgK

k-1 1.667-1

¢, =c, +R=3.111 kl/kg. K+2.075 klJ/kg.K =5.186 kJ/kg.°C

- 3.111 kJ/kg.°C

c

4-113 For a 10°C temperature change of air, the final velocity and final
determined so that the internal, kinetic and potential energy changes are equal.
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. The gas constant and the

Ideal gas -
0.8 kg 7 0
AT=10°C

elevation of air are to be

Properties The constant-volume specific heat of air at room AIR
temperature is 0.718 kJ/kg.°C (Table A-2). 0°C — 10°C
Analysis The internal energy change is determined from 0 m/s—Vel,
Au =c, AT =(0.718kJ/kg.°C)(10°C) = 7.18 kl/kg Om— 2z
. o . . AU=AKE=APE

Equating kinetic and potential energy changes to internal energy
change, the final velocity and elevation are determined from

Au:Ake:l(Vf—Vlz)—>7.18kJ/kg=l(V22—0m2/s2)( lkJ/kzg 2) v, =119.8 m/s

2 2 1000 m~/s
Au=Ape=g(z, —z;)—>7.18kJ/kg = (9.81m/s?)(z, — 0 m)( “‘J/kzg . j z,=731.9m
1000 m~/s
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4-114 A cylinder equipped with an external spring is initially filled with air at a specified state. Heat is
transferred to the air, and both the temperature and pressure rise. The total boundary work done by the air,
and the amount of work done against the spring are to be determined, and the process is to be shown on a
P-vdiagram.

Assumptions 1 The process is quasi-equilibrium. 2 The spring is a linear spring.

Analysis (a) The pressure of the gas changes linearly with volume during this process, and thus the
process curve on a P-V diagram will be a straight line. Then the boundary work during this process is
simply the area under the process curve, which is a trapezoidal. Thus,

n+h

Wb,out = Area = (VZ - Vl)
_ (200+800)kPa 5 0.2)m3[—1 b J Air
=150 kJ 0.2 m’
(b) If there were no spring, we would have a constant P
pressure process at P = 200 kPa. The work done during this (kPa)
process is

5 800 2
Wb,out,no spring — J‘lPdV = P(VZ _Vl) 1/
200 1

= (200 kPa )0.5—0.2)m*/kg _IK 1 gow
1k 3

Pa-m

3
Thus, 0.2 0.5 (m°)

I/Vspring = I/Vb - I/Vb,no spring — 150-60 =90 kJ
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4-115 A cylinder equipped with a set of stops for the piston is initially filled with saturated liquid-vapor
mixture of water a specified pressure. Heat is transferred to the water until the volume increases by 20%.
The initial and final temperature, the mass of the liquid when the piston starts moving, and the work done
during the process are to be determined, and the process is to be shown on a P-v diagram.

Assumptions The process is quasi-equilibrium.

Analysis (a) Initially the system is a saturated mixture at 125 kPa pressure, and thus the initial temperature
is

I = Tsat@lZS kpa =106.0°C

The total initial volume is

Vi=mv,+muv, =2x0.001048+3x1.3750 = 4.127 m’ H
Then the total and specific volumes at the final state are I;io
g
V, =120, =1.2x4.127=4.953 m*
Vy 4953m’
vy =2 =272 09905 mP kg
m S5kg
Thus,
P
P, =300 kPa
3 T, =373.6°C
vy =0.9905 m*/kg 2 3
(b) When the piston first starts moving, P, = 300 kPa and ¢4 =
V, =4.127 m’. The specific volume at this state is 1
vV, 4127m’
v, =2 =20 08254 mB kg v
m Skg

which is greater than v, = 0.60582 m’/kg at 300 kPa. Thus no liquid is left in the cylinder when the piston
starts moving.

(c) No work is done during process 1-2 since ¥} = (4. The pressure remains constant during process 2-3
and the work done during this process is

1kJ

3

W, = rpdv = P,(V, —V, )= (300 kPa )(4.953 —4.127)m3[
2 1 kPa-m

J =247.6 kJ
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4-116E A spherical balloon is initially filled with air at a specified state. The pressure inside is
proportional to the square of the diameter. Heat is transferred to the air until the volume doubles. The work
done is to be determined.

Assumptions 1 Air is an ideal gas. 2 The process is quasi-equilibrium.
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E).
Analysis The dependence of pressure on volume can be expressed as

1/3
v-lms D:(ﬂj
6 V4

23
PocD? —— P=kD? :k(ﬂj
7
23
or, k(gj = pl(/1—2/3 = p2V2—2/3
r

2/3
Also, ﬁ:{ﬁj =223 —1.587

A (Y

and AU _ DY T2=PZV2T1:1.587><2><(800R)=2539R
Lo n Ay

Thus,

) 5 23 2/3
Wy = IPd(/: J- k(ﬂj dVZﬁ(EJ ((/25/3 _(/15/3)22(132(/2 -hV)
1 1 Vs 5\« 5

= %mR(Tz -T)) = % (10 1bm)(0.06855 Btu/lbm- R)(2539—800)R =715 Btu
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4-117E EES Problem 4-116E is reconsidered. Using the integration feature, the work done is to be

determined and compared to the 'hand calculated' result.

Analysis The problem is solved using EES, and the solution is given below.

N=2
m=10"[lbm]"

30"[psia]"

800"[R]"

=2*V_1

545"[ft-Ibf/Ibmol-R]"/molarmass(air)"[ft-Ibf/lbm-R]"
P_1*Convert(psia,lbf/ft*2)*V_1=m*R*T_1

V_1=4*pi*(D_1/2)"3/3"[ft"3]"

C=P_1/D_1”°N

(D_1/D 2)"3 V_1NV_2

P_2=C*D_2"N"[psia]"

P_2*Convert(psia,lbf/ft*2)*V_2=m*R*T_2
P=C*D”N*Convert(psia,|bf/ft"2)"[ft"2]"

V=4*pi*(D/2)"3/3"[ft"3]"
W_boundary_EES=integral(P,V,V_1,V_2)*convert(ft-Ibf,Btu)"[Btu]"
W_boundary_HAND=pi*C/(2*(N+3))*(D_2~(N+3)-D_1~(N+3))*convert(ft-
Ibf,Btu)*convert(ft*2,in*2)"[Btu]"

P 1=
T 1=
V2
R=

1
1

N Wboundarv [Btu]
0 548.3
0.3333 572.5
0.6667 598.1
1 625
1.333 653.5
1.667 683.7
2 715.5
2.333 749.2
2.667 784.8
3 822.5
50— o
800
750
E)
E. 700
> 650
()
©
€ 600
=]
2
550
; L ]
500 I 1 I 1 I 1 I 1 I 1 I
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4-118 A cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant is
heated both electrically and by heat transfer at constant pressure for 6 min. The electric current is to be
determined, and the process is to be shown on a 7-v diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible.
2 The thermal energy stored in the cylinder itself and the wires is negligible. 3 The compression or
expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
—_— N —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
On +Wein =Wy e =AU (since Q = KE = PE = 0)
O +Wein = m(hy —hy)

O + (VIA?) = m(hy — hy)

since AU + W, = AH during a constant pressure quasi-
equilibrium process. The properties of R-134a are
(Tables A-11 through A-13)

P, =240 kPa
sat. vapor

P, =240 kPa
T, =70°C

}hl = hy@aaonpa = 24728 ki/kg

}hz =314.51 kl/kg

Substituting,

300,000 VA +(110 VY7 )6x60s) = (12 kg (314.51 - 247.28)k]/kg(1000 VAJ

1kJ/s
I1=128 A



4-71

4-119 A cylinder is initially filled with saturated liquid-vapor mixture of R-134a at a specified pressure.
Heat is transferred to the cylinder until the refrigerant vaporizes completely at constant pressure. The initial
volume, the work done, and the total heat transfer are to be determined, and the process is to be shown on a
P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible.
2 The thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is
quasi-equilibrium.

Analysis (a) Using property data from R-134a tables (Tables A-11 through A-13), the initial volume of the
refrigerant is determined to be

P, =200 kPa v, =0.0007533, v, =0.099867 m*/kg
x, =025 u, =38.28, u g =186.21kJ/kg

v = v, +xv g, =0.0007533+0.25% (0.099867 —0.0007533) = 0.02553 m* kg
uy =, +xuy, =38.28+0.25x186.21=84.83 ki/kg

Y, = mv, = (02 kg)0.02553 m*/kg = 0.005106 m?
(b) The work done during this constant pressure process is

P, =200 kPa }vz = Vy@aoo kpa = 0.09987 m’/kg P

sat. vapor Uy = Ug@noo kpa = 224.48 kl/kg

2
Wy ou = LPdV = P(Vz _Vl): mP(v, —v;)

1k
=(02kg a)0. -0. g —7
(0.2 kg)(200 kPa)(0.09987 — 0.02553)m*/k ( ! 3]
1 kPa-m

=297kJ

(c¢) We take the contents of the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this stationary closed system can be expressed as

Ein _Eout = AE,

system

v v .
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

On =Wy ou =AU
On = m(uy —uy) + Wy, o
Substituting,
Oin = (0.2 kg)(224.48 - 84.83)kJ/kg +2.97 =30.9 kJ
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4-120 A cylinder is initially filled with helium gas at a specified state. Helium is compressed
polytropically to a specified temperature and pressure. The heat transfer during the process is to be
determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the
kinetic and potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is
negligible. 4 The compression or expansion process is quasi-equilibrium.
Properties The gas constant of helium is R = 2.0769 kPa.m’/kg.K (Table A-1). Also, ¢, = 3.1156 kl/kg.K
(Table A-2).
Analysis The mass of helium and the exponent » are determined to be

AU (1s0kpafosm’)

RT,  (2.0769 kPa-m®/kg- K J293 K)
pY, PV, TP v _413KX150kPa

=0.123 kg

v, = = x0.5m> =0.264 m’
RT, RT, T, P, 293K~ 400 kPa
P v Y 5
PV =RV —— | 2| = - ——>—4OO=(—05 j — > n=1536
P, v, 150 | 0.264

Then the boundary work for this polytropic process can be determined from

Wbin:_IdeV:_})zVZ_RM :_mR(TZ_Ti)
: 1 — s
— kg)(z'°7619 li/;<3g6~ K)@13-293)K _ oo\,

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.
Taking the direction of heat transfer to be to the cylinder, the energy balance for this stationary closed
system can be expressed as

Ein - Eout = AEsystem
[ —— —_
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
O + Wy jn = AU = m(uy —u) He
_ n __
O =muy —uy) =Wy iy PV=C
B =~
=mcy (T, =) —Wy i 0

Substituting,
Oin=(0.123 kg)(3.1156 kJ/kg-K)(413 - 293)K - (57.2 k) =-11.2 kJ
The negative sign indicates that heat is lost from the system.

4-121 A cylinder and a rigid tank initially contain the same amount of an ideal gas at the same state. The
temperature of both systems is to be raised by the same amount. The amount of extra heat that must be
transferred to the cylinder is to be determined.

Analysis In the absence of any work interactions, other than the boundary work, the AH and AU represent
the heat transfer for ideal gases for constant pressure and constant volume processes, respectively. Thus the
extra heat that must be supplied to the air maintained at constant pressure is

O extra = AH =AU = mc , AT —mc, AT = m(c,, —c,)AT = mRAT

R, 8. .
where R =t 8314 KI/kmol-K _ ooy ke K IDEAL IDEAL

M 25 kg /kmol GAS GAS
Substituting, V = const. P=const. |

lo

O exra = (12 kg)(0.3326 kI/kgK)(15 K) = 59.9 kJ &
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4-122 The heating of a passive solar house at night is to be assisted by solar heated water. The length of
time that the electric heating system would run that night with or without solar heating are to be
determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the glass containers themselves is negligible relative to the energy stored in water. 3 The house is
maintained at 22°C at all times.

Properties The density and specific heat of water at room temperature are p = 1 kg/LL and ¢ = 4.18
kJ/kg-°C (Table A-3).
Analysis (a) The total mass of water is

m,, = pV = (1 kg/LY50x20 L)=1000 kg 50,000 kJ/h

Taking the contents of the house, including the water as our
system, the energy balance relation can be written as

Ein - Eout = AE,

by heat work andmass e i raies
Wein = Qout = AU = (AU) per + (AU )i,
= (AD) ater = me(Ty =T ater

or, WAt =Quy =[me(ly = T)yer
Substituting,

(15 kJ/s)At - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg-°C)(22 - 80)°C
It gives At=17,170s=4.77h
(b) If the house incorporated no solar heating, the energy balance relation above would simplify further to

We,inAt - Qout =0

Substituting, (15 kJ/s)At - (50,000 kJ/h)(10 h) =0
It gives At=33,3335=9.26 h

4-123 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise
the water temperature to a specified temperature is to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the container itself and the heater is negligible. 3 Heat loss from the container is negligible.

Properties The density and specific heat of water at room temperature are p = | kg/L and ¢ = 4.18
kJ/kg-°C (Table A-3).

Analysis Taking the water in the container as the system, the energy balance can be expressed as
E -FE = AE

in out system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
VVe,in = (AU)Water
W.. At = T, -T, X N\ /I\ /
e,in me(Ty =T water O Resistance Heater ):
Substituting, 2 v \Y N
(1800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C Water

Solving for At gives
At=55735s=929 min=1.55h
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4-124 One ton of liquid water at 80°C is brought into a room. The final equilibrium temperature in the
room is to be determined.

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are
constant.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The specific heat of water at
room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3).

Analysis The volume and the mass of the air in the room are

V= 4x5x6 = 120 m’
“RY__ (00kpa)i20m®)

air —

4mx5mx6m

=141.7 kg ROOM

RT,  (0.2870 kPa - m’/kg-K [295 K) 220
100 kPa

Taking the contents of the room, including the water, as

our system, the energy balance can be written as Heat

Ein - Eout = AE, —0=AU= (AU)water + (AU)

system air
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
or [mc(TZ - Tl )]water + [mcv (TZ - 71 )]air =0
Substituting,

(1000 kg)(4.180 ki/kg C)(T, —80)°C + (141.7 kg)(0.718 kl/kg" C)(T; - 22)°C =0

It gives T;=178.6°C

where T;is the final equilibrium temperature in the room.

4-125 A room is to be heated by 1 ton of hot water contained in a tank placed in the room. The minimum
initial temperature of the water is to be determined if it to meet the heating requirements of this room for a
24-h period.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas
with constant specific heats. 3 The energy stored in the container itself is negligible relative to the energy
stored in water. 4 The room is maintained at 20°C at all times. 5 The hot water is to meet the heating
requirements of this room for a 24-h period.

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3).
Analysis Heat loss from the room during a 24-h period is
Oloss = (8000 kJ/h)(24 h) = 192,000 kJ

Taking the contents of the room, including the water, as our system, the energy balance can be written as

0
Ein - Eout = AEsystem —_)_Qout =AU = (AU)water + (AU)air 8000 kJ/h
Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies
or 'Qout = [mc(TZ - Tl)]waler
Substituting, 20°C

-192,000 kJ = (1000 kg)(4.18 kI/kg-°C)(20 - T}) — b
It gives T, =65.9°C water P

where T is the temperature of the water when it is first brought into the room. S
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4-126 A sample of a food is burned in a bomb calorimeter, and the water temperature rises by 3.2°C when
equilibrium is established. The energy content of the food is to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas
with constant specific heats. 3 The energy stored in the reaction chamber is negligible relative to the
energy stored in water. 4 The energy supplied by the mixer is negligible.

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3). The constant
volume specific heat of air at room temperature is ¢, = 0.718 kJ/kg-°C (Table A-2).

Analysis The chemical energy released during the combustion of the sample is transferred to the water as
heat. Therefore, disregarding the change in the sensible energy of the reaction chamber, the energy content
of the food is simply the heat transferred to the water. Taking the water as our system, the energy balance
can be written as

Ein - Eout = AEsystem d Qin =AU
Net energy transfer Change in internal, kinetic, i
by heat, work, and mass potential, etc. energies

Reaction

or Qin = (AU)Water = [mc(TZ - Tl )]Water chamber

Substituting, Oin= (3 kg)(4.18 kJ/kg-°C)(3.2°C) =40.13 kJ Food

for a 2-g sample. Then the energy content of the food per unit mass is )

40.13kJ ( 1000 g — 20,060 kJ/kg AT =3.2°C
2g 1 kg

To make a rough estimate of the error involved in neglecting the thermal energy stored in the reaction
chamber, we treat the entire mass within the chamber as air and determine the change in sensible internal
energy:

(AU)chamber = [mcv (TZ _Tl )]chamber = (0102 kg)(0718 kJ/ng CX32° C): 0.23kJ

which is less than 1% of the internal energy change of water. Therefore, it is reasonable to disregard the
change in the sensible energy content of the reaction chamber in the analysis.

4-127 A man drinks one liter of cold water at 3°C in an effort to cool down. The drop in the average body
temperature of the person under the influence of this cold water is to be determined.
Assumptions 1 Thermal properties of the body and water are constant. 2 The effect of metabolic heat
generation and the heat loss from the body during that time period are negligible.
Properties The density of water is very nearly 1 kg/L, and the specific heat of water at room temperature is
C=4.18 kl/kg°C (Table A-3). The average specific heat of human body is given to be 3.6 kl/kg.°C.
Analysis. The mass of the water is

m, =pV =(kgL)IL)=1kg
We take the man and the water as our system, and disregard any heat and mass transfer and chemical
reactions. Of course these assumptions may be acceptable only for very short time periods, such as the time
it takes to drink the water. Then the energy balance can be written as

Ein - Eout = AEsystem V '
Net energy transfer Change in internal, kinetic, |
by heat, work, and mass potential, etc. energies
0=AU = AUbody + AU, yter
or [mcu (TZ - Tl )]body + [mcu (TZ - Tl )]water =0
Substituting (68 kg)(3.6 kJ/kg-" C)(T, —39)° C + (1 kg)(4.18 kI/kg-* C)(T; =3)"C=0
It gives Ty=38.4°C
Then AT=39-38.4=0.6°C

Therefore, the average body temperature of this person should drop about half a degree celsius.
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4-128 A 0.2-L glass of water at 20°C is to be cooled with ice to 5°C. The amount of ice or cold water that
needs to be added to the water is to be determined.

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the glass is
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The density of water is 1 kg/L, and the specific heat of water at room temperature is ¢ = 4.18
kJ/kg-°C (Table A-3). The specific heat of ice at about 0°C is ¢ =2.11 kJ/kg-°C (Table A-3). The melting
temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg,.

Analysis (a) The mass of the water is

m,, = pV = (1kg/L)(0.2L) = 0.2 kg Ice cubes
We take the ice and the water as our system, and disregard any heat and mass 0°C
transfer. This is a reasonable assumption since the time period of the process
is very short. Then the energy balance can be written as
Ein - Eout = AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Water
0=AU 20°C
02L
0= AUvice + Avaater

[mc(0° C=T)go1ig +mhyr +me(Ty =07 C) jiquia lice +me(Ty —T1)]yaer =0
Noting that 7' .. = 0°C and 7, = 5°C and substituting gives
m[0 + 333.7 kl/kg + (4.18 kJ/kg-°C)(5-0)°C] + (0.2 kg)(4.18 kl/kg-°C)(5-20)°C =0

m=0.0364 kg=364¢g

(b) When T ;.. = -8°C instead of 0°C, substituting gives

m[(2.11 kJ/kg-°C)[0-(-8)]°C + 333.7 kl/kg + (4.18 kJ/kg-°C)(5-0)°C]
+ (0.2 kg)(4.18 kJ/kg-°C)(5-20)°C =0

m=0.0347kg=34.7¢g

Cooling with cold water can be handled the same way. All we need to do is replace the terms for ice by a
term for cold water at 0°C:

(AU )cotawater + (AU ) gaier =0
[ne(Ts =T eorawaier * (T2 =T ier =0
Substituting,
[Meotd water (4.18 kI/kg-°C)(5 - 0)°C] + (0.2 kg)(4.18 kl/kg-°C)(5-20)°C = 0
It gives
m=0.6kg=600g

Discussion Note that this is 17 times the amount of ice needed, and it explains why we use ice instead of
water to cool drinks. Also, the temperature of ice does not seem to make a significant difference.
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4-129 EES Problem 4-128 is reconsidered. The effect of the initial temperature of the ice on the final mass
of ice required as the ice temperature varies from -20°C to 0°C is to be investigated. The mass of ice is to
be plotted against the initial temperature of ice.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

rho_water = 1"[kg/L]"
V=0.2"[L]"

T_1_ice =0"[C]"
T_1=20"[C]"

T 2 =5"[C]"

C_ice = 2.11 "[kJ/kg-C]"
C_water = 4.18 "[kJ/kg-C]"
h_if = 333.7 "[kJ/kg]"
T_1_ColdWater = 0"[C]"

"The mass of the water is:"
m_water = rho_water*V "[kg]"

"The system is the water plus the ice. Assume a short time period and neglect
any heat and mass transfer. The energy balance becomes:"
E_in - E_out = DELTAE_sys "[kJ]"

E_in=0"[kJ]"

E_out = 0"[kJ]"

DELTAE_sys = DELTAU_water+DELTAU_ice"[kJ]"
DELTAU_water = m_water*C_water*(T_2-T_1)"[kJ]"
DELTAU_ice = DELTAU_solid_ice+DELTAU_melted_ice"[kJ]"
DELTAU_solid_ice =m_ice*C_ice*(0-T_1_ice) + m_ice*h_if"[kJ]"
DELTAU_melted_ice=m_ice*C_water*(T_2 - 0)"[kJ]"
m_ice_grams=m_ice*convert(kg,g)"[9]"

"Cooling with Cold Water:"

DELTAE_sys = DELTAU_water+DELTAU_ColdWater"[kJ]"

DELTAU_water = m_water*C_water*(T_2_ColdWater - T_1)"[kJ]"

DELTAU_ColdWater = m_ColdWater*C_water*(T_2_ColdWater - T_1_ColdWater)"[kJ]"
m_ColdWater_grams=m_ColdWater*convert(kg,g)"[g]"

36 T T T T T T T T T
mice,grams T1,ice L -
9] [C] 35
31.6 -20
32.47 -15 I
33.38 10 34
34.34 -5 =) I
35.36 0 =
(72 L
g 32
o F
Iy
o 3f -
£ L _
30 ! | ! | ! | ! | !
-20 -16 -12 -8 -4 0
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4-130 A 1- ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium
temperature in the tank is to be determined.

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C, and the specific heat of ice
at about 0°C is ¢ = 2.11 kJ/kg-°C (Table A-3). The melting temperature and the heat of fusion of ice at 1
atm are 0°C and 333.7 kl/kg.

Analysis We take the ice and the water as our system, and ice
disregard any heat transfer between the system and the -5°C
surroundings. Then the energy balance for this process can be 80 kg
written as
A
Ein - Eour = AEsystem
Net energy transfer Ch in internal, kineti
by heat, work, and mass  potential, etc. energies R
1 ton
0=AU
0= Al]ice + AUwater

[mc(0°C—T,)gotia + mhye +mc(T, -0° O tiquid lice +me(Ty —T7)] =0

water
Substituting,
(80 kg){(2.11kJ /kg° C)[0—(-5)]°C+333.7 kI /kg+ (4.18 kJ /kg-* C)(T, — 0)°C}
+(1000 kg)(4.18 kJ /kg° C)(T, —20)°C =0
It gives T, =12.4°C

which is the final equilibrium temperature in the tank.
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4-131 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified
temperature. The entire vapor in the cylinder is to be condensed isothermally by adding ice inside the
cylinder. The amount of ice that needs to be added is to be determined.

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat
transfer is negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The specific heat of ice at about 0°C is ¢ = 2.11 kJ/kg-°C (Table A-3). The melting temperature
and the heat of fusion of ice at 1 atm are given to be 0°C and 333.7 kJ/kg.

Analysis We take the contents of the cylinder (ice and saturated water) as our system, which is a closed
system. Noting that the temperature and thus the pressure remains constant during this phase change
process and thus W, + AU = AH, the energy balance for this system can be written as

E, in E out - AEsystem
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wyin =AU — AH =0
AH,, +AH 0 =0

water
[ch(oQ C- Tl )solid + mhtf + mc(TZ -0° C)liquid ]ice + [m(hZ - hl )]water =0
The properties of water at 120°C are (Table A-4)

v, =0.001060, v, =0.89133 m’/kg
h,=503.81,  h, =2202.1klkg

Then,

v =v, +xv, =0.001060+0.2x(0.89133-0.001060)=0.17911 m’ /kg
by =h; +xh g =503.81+0.2x2202.1=944.24 ki/kg

hy = h@iaec =503.81kl/kg

v 0.01 m*

A = 0.05583 kg
v 017911 m’/kg

Mgteam =

Noting that 7' j.e = 0°C and 7, = 120°C and substituting gives
m[0 +333.7 kl/kg + (4.18 kJ/kg-°C)(120-0)°C] + (0.05583 kg)(503.81 — 944.24) kJ/kg =0
m=0.0294 kg =29.4 g ice
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4-132 The cylinder of a steam engine initially contains saturated vapor of water at 100 kPa. The cylinder is
cooled by pouring cold water outside of it, and some of the steam inside condenses. If the piston is stuck at
its initial position, the friction force acting on the piston and the amount of heat transfer are to be
determined.

Assumptions The device is air-tight so that no air leaks into the cylinder as the pressure drops.

Analysis We take the contents of the cylinder (the saturated liquid-vapor mixture) as the system, which is
a closed system. Noting that the volume remains constant during this phase change process, the energy
balance for this system can be expressed as

E in E out - AE, system
Y —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

= Ot =AU =m(u, —uy)
The saturation properties of water at 100 kPa and at 30°C are (Tables A-4 and A-5)

P =100kPa —— v, =0.001043m’kg, v, =1.6941 m’/kg
u, =417.40klkg,  u, =2505.6 ki/kg

7,=30C —> v, =0.001004 m*/kg, v, =32.879 m’/kg
up =12573klkg,  uj, =2290.2 ki/kg
P, = 4.2469 kPa
Then, Cold
Py =P 05y =42469 kPa water

VI=Ve@iookpa = 10941 m’/kg
Uy =Ugq@iookpa = 2505.6 kl/kg

and
v 0.05 m*
m=t-_ "M 02951 kg
v 1.6941m°/kg
oy Y2 Yy  16941-0.001 _ oo
2L Ty, 32.879-0.001

Uy =uy +xyup, =12573+0.05150%2290.2 = 243.67 kJ/kg

The friction force that develops at the piston-cylinder interface balances the force acting on the piston, and
is equal to
1000 N/m*

F = AP - P,)) = (0.1 m>)(100 — 4.2469)kPa(
a

J:9575 N

The heat transfer is determined from the energy balance to be
Qout = m(ul _u2)
=(0.02951 kg)(2505.6 —243.67)k]J/kg
=66.8 kJ



4-81

4-133 Water is boiled at sea level (1 atm pressure) in a coffee maker, and half of the water evaporates in
25 min. The power rating of the electric heating element and the time it takes to heat the cold water to the
boiling temperature are to be determined.

Assumptions 1 The electric power consumption by the heater is constant. 2 Heat losses from the coffee
maker are negligible.

Properties  The enthalpy of vaporization of water at the
saturation temperature of 100°C is Ay = 2256.4 kl/kg (Table /\
A-4). At an average temperature of (100+18)/2 = 59°C, the \/

specific heat of water is ¢ = 4.18 kJ/kg.°C, and the density is
about 1 kg/L (Table A-3). |
¥// |, Water
/.

{

Sy iy D 2

Analysis The density of water at room temperature is very 100°C

nearly 1 kg/L, and thus the mass of 1 L water at 18°C is nearly
1 kg. Noting that the enthalpy of vaporization represents the
amount of energy needed to vaporize a liquid at a specified
temperature, the amount of electrical energy needed to
vaporize 0.5 kg of water in 25 min is

I~

7 Heater
3 We

h.
mhyy _ (0.5kg)2256.4KIKS) _ o 20 1
At (25%605)

WC = WeAt thfg g WC =

Therefore, the electric heater consumes (and transfers to water) 0.752 kW of electric power.

Noting that the specific heat of water at the average temperature of (18+100)/2 = 59°C is ¢ = 4.18
kJ/kg-°C, the time it takes for the entire water to be heated from 18°C to 100°C is determined to be
mcAT — (1kg)(4.18kl/kg-°C)(100-18)°C
' 0.752kJ/s

W, =W,At =mcAT — At = =456 = 7.60 min

e

Discussion We can also solve this problem using v¢ data (instead of density), and 4y data instead of
specific heat. At 100°C, we have ;= 0.001043 m3/kg and h;=419.17 kl/kg. At 18°C, we have h;= 75.54
kJ/kg (Table A-4). The two results will be practically the same.
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4-134 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened
and the two tanks come to the same state at the temperature of the surroundings. The final pressure and the
amount of heat transfer are to be determined.

Assumptions 1 The tanks are stationary and thus the kinetic and potential energy changes are zero. 2 The
tank is insulated and thus heat transfer is negligible. 3 There are no work interactions.

Analysis We take the entire contents of the tank as the
system. This is a closed system since no mass enters or
leaves. Noting that the volume of the system is constant
and thus there is no boundary work, the energy balance
for this stationary closed system can be expressed as

E,-F AE

H,O
200 kPa

in out system B
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

— Qo =AU =(AU) 4, +(AU)p (sinceW =KE =PE =0)
Oout =AUs 408 —Uy 4 —U, ]
= —[mz,totaluz = (myu,) 4 —(myuy) g

The properties of water in each tank are (Tables A-4 through A-6)
Tank A:

P, =400 kPa }u ; =0.001084, v, =0.46242 m’/kg
x; =0.80 u, =604.22,  ug, =1948.9 kikg
Uiy =V, + X0, =0.001084+[0.8x(0.46242-0.001084)] = 0.37015 m® /kg
g =t +xu 4 =604.22+(0.8x1948.9)=2163.3 ki/kg

Tank B:
P, =200 kPa }VLB =1.1989 m*/kg

T, =250°C | u, , =2731.4 kikkg
v 02m’
myy =—A= o =0.5403 kg
’ Via o 037015 m”/kg
% 0.5m’
myy =—2 o -04170kg

vig 11989 m3/ke
m, =my;+m, 5 =0.5403+0.4170 = 0.9573 kg

v I m’
v, =22 0TI 93117 kg

m, 0.9573kg
I, =25°C v, =0.001003, v, =43340 m’/kg
v, =0.73117 m’/kg | u, =104.83, u, =2304.3kl/kg

Thus at the final state the system will be a saturated liquid-vapor mixture since ¢ < ¢, < y, . Then the final
pressure must be

P2 :Psat@25 oc = 3.17 kPa
Also,
Y=Yy 0.73117-0.001

v,  43.340-0.001

Uy =y +Xyu , =104.83+(0.01685x 2304.3) =143.65 kl/kg
Substituting, Qo =—[(0.9573)(143.65) — (0.5403)(2163.3) — (0.4170)(2731.4)] = 2170 kJ

=0.01685

x2=
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4-135 EES Problem 4-134 is reconsidered. The effect of the environment temperature on the final pressure
and the heat transfer as the environment temperature varies from 0°C to 50°C is to be investigated. The
final results are to be plotted against the environment temperature.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

Vol_A=0.2 [m”"3]

P_A[1]=400 [kPa]

x_A[1]=0.8

T_B[1]=250 [C]

P_B[1]=200 [kPa]

Vol_B=0.5 [m~3]

T_final=25 [C] "T_final = T_surroundings. To do the parametric study
or to solve the problem when Q_out = 0, place this statement in {}."
{Q_out=0 [kJ]} "To determine the surroundings temperature that
makes Q_out = 0, remove the {} and resolve the problem."

"Solution"

"Conservation of Energy for the combined tanks:"
E_in-E_out=DELTAE

E_in=0

E_out=Q_out
DELTAE=m_A*(u_A[2]-u_A[1])+m_B*(u_B[2]-u_B[1])
m_A=Vol_A/v_A[1]

m_B=Vol_B/v_B[1]

Fluid$="'Steam_IAPWS'
u_A[1]=INTENERGY(Fluid$,P=P_A[1], x=x_A[1])
v_A[1]=volume(Fluid$,P=P_A[1], x=x_A[1])
T_A[1]=temperature(Fluid$,P=P_A[1], x=x_A[1])
u_B[1]=INTENERGY(Fluid$,P=P_B[1],T=T_B[1])
v_B[1]=volume(Fluid$,P=P_B[1],T=T_B[1])

"At the final state the steam has uniform properties through out the entire system."
u_B[2]=u_final

u_A[2]=u_final

m_final=m_A+m_B

Vol_final=Vol_A+Vol_B

v_final=Vol_final/m_final
u_final=INTENERGY(Fluid$,T=T_final, v=v_final)
P_final=pressure(Fluid$, T=T_final, v=v_final)

Pfinal [KP2] Qout [kJ] Thinal [C]
0.6112 2300 0
0.9069 2274 5.556

1.323 2247 11.11
1.898 2218 16.67
2.681 2187 22.22
3.734 2153 27.78
5.13 2116 33.33
6.959 2075 38.89
9.325 2030 44 .44
12.35 1978 50
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4-136 A rigid tank filled with air is connected to a cylinder with zero clearance. The valve is opened, and
air is allowed to flow into the cylinder. The temperature is maintained at 30°C at all times. The amount of
heat transfer with the surroundings is to be determined.

Assumptions 1 Air is an ideal gas. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 There are no work interactions involved other than the boundary work.

Properties The gas constant of air is R = 0.287 kPa.m’/kg K (Table A-1).

Analysis We take the entire air in the tank and the
cylinder to be the system. This is a closed system since

no mass crosses the boundary of the system. The energy
balance for this closed system can be expressed as Air
T=30°C
Ein - Eout = AEsystem 0‘*
—
Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies | |
Qin - Wb,out =AU = m(u2 _ul) =0 ‘ | T
Qin = Wb,out .

since u = u(T) for ideal gases, and thus u, = u; when T}
= T, . The initial volume of air is
PMZPsz (/Z—PITZ(/—400kPa

- /= x1x(0.4m’) =0.80 m’
T P T, ' 200kPa

The pressure at the piston face always remains constant at 200 kPa. Thus the boundary work done during
this process is

1kJ

2
Wi o = L PV = BV, — V) = (200 kPa)(0.8—0.4)m3( -

Therefore, the heat transfer is determined from the energy balance to be

Wb,out = Qin =80kJ
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4-137 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The
average temperature in the room after 30 min is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and
potential energy changes are negligible. 3 The air pressure in the room remains constant and thus the air
expands as it is heated, and some warm air escapes.

Properties The gas constant of air is R = 0.287 kPa.m’/kg K (Table A-1). Also, ¢, = 1.005 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves.
The energy balance for this closed system can be expressed as

Ein - Eout = AE,

system
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
. o
— Oyt =AU =m(uy —u;) (since W =KE =PE =0) 10°C

dmx4mx5m
Qout :m(ul _“2)

Using data from the steam tables (Tables A-4 through
A-6), some properties are determined to be

P =200kPa | v, =1.08049 m’/kg -'
T, =200°C } uy = 2654.6 kl/kg

P, =100 kPa }uf =0.001043, v, =1.6941 m’/kg
(v, =v)) u, =417.40, u, =2088.2ki/kg

Vy =V,  1.08049-0.001043
Vi 1.6941-0.001043

Uy =ty +xyu p, =417.40+0.6376x2088.2 =1748.7 kl/kg

—> g Steam
radiator

VAR

<— &

=0.6376

x2:

v 015m?®
el 0OSmT 6130 kg

Vi 1.08049 m’/kg
Substituting, QOou = (0.0139 kg)( 2654.6 — 1748.7)kJ/kg = 12.58 kJ
The volume and the mass of the air in the room are /= 4x4x5 = 80 m® and

BV (100 kPa)(SO m3)

air —

- =98.5k
RT;  (0.2870 kPa-m*/kg - K [283 K) ¢

The amount of fan work done in 30 min is
Wianin = Wfan’mAt =(0.120kJ/s)(30x 60 s) = 216kJ
We now take the air in the room as the system. The energy balance for this closed system is expressed as
Ey, - Eout = AEsystem
Qin + Wfan,in - Wb,out =AU
Qin + VVfan,in =AH = me(T2 _Ti)

since the boundary work and AU combine into AH for a constant pressure expansion or compression
process. It can also be expressed as

(Qin + Wfan,in)At = mcp,avg(TZ _Tl)
Substituting, (12,58 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(Ts - 10)°C

which yields 7,=12.3°C
Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min.
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4-138 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the
other side contains He gas at different states. The final equilibrium temperature in the cylinder when
thermal equilibrium is established is to be determined for the cases of the piston being fixed and moving
freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the
container itself is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible.

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m’/kg.K is ¢, =
0.743 kJ/kg-°C for N,, and R = 2.0769 kPa.m*/kg K is ¢,=3.1156 kJ/kg-°C for He (Tables A-1 and A-2)

Analysis The mass of each gas in the cylinder is

e _[B%) (500 kPa )i m’) 477k
2 (
N,

RT; 0.2968 kPa - m’/kg - K [353 K) . (;Omk;
a
o [ BY] (500 kPa)(l m3)  0.808 ke 25°C
" URE ) (2.0769 kPa-m’/kg - K [298 K)

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as

Ein - Eout = AE,

system

v N L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU = (AU)y, +(AU )y,
0 =[me, (T, =)\, +[me, (T = T)lke

Substituting,
(477 kg)0.743 kI/kg~ C [T, — 80P C + (0.808 kg)(3.1156 ki/kg -°C)T, —25FC = 0

It gives T;=57.2°C
where Ty is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only
pressure, and not the specific heats.

Discussion Using the relation P{/= NR,T, it can be shown that the total number of moles in the cylinder is
0.170 + 0.202 = 0.372 kmol, and the final pressure is 510.6 kPa.
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4-139 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the
other side contains He gas at different states. The final equilibrium temperature in the cylinder when
thermal equilibrium is established is to be determined for the cases of the piston being fixed and moving
freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the
container itself, except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is
negligible. 4 Initially, the piston is at the average temperature of the two gases.

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m*/kg.K is ¢, =
0.743 kJ/kg-°C for N,, and R = 2.0769 kPa.m’/kg K is ¢, = 3.1156 kl/kg-°C for He (Tables A-1 and A-
2). The specific heat of copper piston is ¢ =0.386 kJ/kg-°C (Table A-3).

Analysis The mass of each gas in the cylinder is

(B4 _ (500 kPa )i m’) _ e e
my 4.77 kg
R, (0.2968 kPa - m’/kg - K J353 K) 500kPa [ 500 kPa
" 80°C 25°C
o_(RY) (500 kPa )i m’ ) 0808 k
e\ RE ), T 20769 kPa - mikg KJ3S3K)

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as
Ein - Eout = AE,

system

v N A
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU = (AU)y, +(AU )y, + (AU ),
0 =[mc, (T, = )y, +[mey (T, = T)lye +[me(Ty = T)]ey

where
Ty cu=(80+25)/2 = 52.5°C
Substituting,
(477 kg)0.743 ki/ke~ C T, ~80) C +(0.808 kg)(3.1156 ki/kg~ )T, - 25 C
+(5.0 ke)0.386 ki/ke C T, —52.5) C = 0
It gives

T;=56.0°C
where T is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only
pressure, and not the specific heats.
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4-140 EES Problem 4-139 is reconsidered. The effect of the mass of the copper piston on the final
equilibrium temperature as the mass of piston varies from 1 kg to 10 kg is to be investigated. The final
temperature is to be plotted against the mass of piston.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

R_u=8.314 [kJ/kmol-K]

V_N2[1]=1 [m"3]

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C"
R _N2=0.2968 [kJ/kg-K] "From Table A-2(a)"
T_N2[1]=80 [C]

P_N2[1]=500 [kPa]

V_He[1]=1 [m"3]

Cv_He=3.1156 [kJ/kg-K] "From Table A-2(a) at 27C"
T_He[1]=25 [C]

P_He[1]=500 [kPa]

R He=2.0769 [kJ/kg-K] "From Table A-2(a)"
m_Pist=5 [kq]

Cv_Pist=0.386 [kJ/kg-K] "Use Cp for Copper from Table A-3(b) at 27C"

"Solution:"

"mass calculations:"
P_N2[1]*"V_N2[1]=m_N2*R_N2*(T_N2[1]+273)
P_He[1]*"V_He[1]=m_He*R_He*(T_He[1]+273)

"The entire cylinder is considered to be a closed system, neglecting the piston."
"Conservation of Energy for the closed system:"

"E_in - E_out = DELTAE_negPist, we neglect DELTA KE and DELTA PE for the cylinder."
E_in - E_out = DELTAE_neglPist

E_in =0 [kJ]

E_out =0 [kJ]

"At the final equilibrium state, N2 and He will have a common temperature."
DELTAE_neglIPist=m_N2*Cv_N2*(T_2_negIPist-T_N2[1])+m_He*Cv_He*(T_2_ neglPist-
T_He[1])

"The entire cylinder is considered to be a closed system, including the piston."
"Conservation of Energy for the closed system:"

"E_in - E_out = DELTAE_withPist, we neglect DELTA KE and DELTA PE for the cylinder."
E_in - E_out = DELTAE_withPist

"At the final equilibrium state, N2 and He will have a common temperature."
DELTAE_withPist= m_N2*Cv_N2*(T_2_withPist-T_N2[1])+m_He*Cv_He*(T_2_withPist-
T_He[1])+m_Pist*Cv_Pist*(T_2_withPist-T_Pist[1])

T_Pist[1]=(T_N2[1]+T_He[1])/2

"Total volume of gases:"

V_total=V_N2[1]+V_He[1]

"Final pressure at equilibrium:"

"Neglecting effect of piston, P_2 is:"

P_2 neglPist*V_total=N_total*R_u*(T_2_negIPist+273)

"Including effect of piston, P_2 is:"
N_total=m_N2/molarmass(nitrogen)+m_He/molarmass(Helium)
P_2_ withPist*V_total=N_total*R_u*(T_2_withPist+273)



T, [C]

Mpist [Kg] T negirist [C] Towitnpist [C]
1 57.17 56.89
2 57.17 56.64
3 57.17 56.42
4 57.17 56.22
5 57.17 56.04
6 57.17 55.88
7 57.17 55.73
8 57.17 55.59
9 57.17 55.47

10 57.17 55.35

60

58

56

54| With Piston i
52| 4
50 I 1 I 1 I 1 I 1 I 1 I 1 I 1

1 2 3 4 5 6 7 8

Without Piston

Mass of Piston [kg]
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4-141 An insulated rigid tank initially contains saturated liquid water and air. An electric resistor placed in
the tank is turned on until the tank contains saturated water vapor. The volume of the tank, the final
temperature, and the power rating of the resistor are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Properties The initial properties of steam are (Table A-4)

T} =200°C }ul =0.001157 m*/kg

X, =0 u, =850.46 ki/kg

Analysis (a) We take the contents of the tank as the system. This is a closed system since no mass enters or
leaves. Noting that the volume of the system is constant and thus there is no boundary work, the energy
balance for this stationary closed system can be expressed as

Ein _Eout = AE

v o L
Net energy transfer Change in internal, kinetic, Air
by heat, work, and mass potential, etc. energies

Wein =AU =m(uy —u;) (since Q=KE=PE=0)

e,in

system

A

The initial water volume and the tank volume are Water

v

V = mu, = (1.4kg)(0.001157 m*/kg) =0.001619 m> 1.4 kg, 200°C

3
Vi = % =0.006476 m?

(b) Now, the final state can be fixed by calculating specific volume

3
v, = L2 0006470 M 504626 m /kg
m 1.4 kg

The final state properties are
v, =0.004626 m*/kg | T, =371.3°C
x, =1 u, =2201.5 kl/kg

(c) Substituting,
Wein = (1.4kg)(2201.5 - 850.46)k] kg = 1892 kJ

Finally, the power rating of the resistor is

W 1892 KJ

in = = =1.576 kW
’ At 20x 60 s
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4-142 A piston-cylinder device contains an ideal gas. An external shaft connected to the piston exerts a
force. For an isothermal process of the ideal gas, the amount of heat transfer, the final pressure, and the
distance that the piston is displaced are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 2 The friction between the piston and the cylinder is

negligible.

Analysis (a) We take the ideal gas in the cylinder to be the system.
This is a closed system since no mass crosses the system boundary.
The energy balance for this stationary closed system can be expressed
as

Ein - Eout = AE,

system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wb,in - Qout = AUidealgas =mc, (T2 - Tl)idealgas) =0 (Slnce T2 = Tl and KE = PE = 0)
Wb,in = Qout

Thus, the amount of heat transfer is equal to the boundary work input
Qout = Wb,in = 01 kJ

(b) The relation for the isothermal work of an ideal gas may be used to determine the final volume in the
cylinder. But we first calculate initial volume

2 2
v - D L= 7(0.12 m)

(0.2m) = 0.002262 m*
4 4

Then,

v,
Wyin = —BYi 111(7?]

VZ
0.002262 m®

0.1kJ = —(100 kPa)(0.002262 m3)ln[ j >V, =0.001454 m’

The final pressure can be determined from ideal gas relation applied for an isothermal process
PV, = PV, ——(100kPa)(0.002262 m”) = P,(0.001454 m*) —— P, =155.6 kPa
(c¢) The final position of the piston and the distance that the piston is displaced are

2 2
D 0.12
L, —50001454m° = 74 ; m”

AL=L,-L, =020-0.1285=0.07146m=7.1cm
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4-143 A piston-cylinder device with a set of stops contains superheated steam. Heat is lost from the steam.
The pressure and quality (if mixture), the boundary work, and the heat transfer until the piston first hits the

stops and the total heat transfer are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 2 The friction

between the piston and the cylinder is negligible.

Analysis (a) We take the steam in the cylinder to be the system. This is
a closed system since no mass crosses the system boundary. The
energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
e [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Woin — Qo =AU (since KE = PE =0)

Denoting when piston first hits the stops as state (2) and the final
state as (3), the energy balance relations may be written as

Woin = Qou1-2 =m(uy -uy)

Woin = Qou1.3 = m(u3 -uy)
The properties of steam at various states are (Tables A-4 through A-6)
To@3.smpa = 242.56°C

S
T, =T, + AT, =242.56+5 = 247.56°C

sat

P =35MPa |v, =0.05821 m’/kg
T, =247.56°C|u, =2617.3 ki/kg

P, =P =35MPa }vz =0.001235 m*/kg

X =0 uy = 1045.4 kl/kg

vy =v, =0.001235 m’ /kg
T; =200°C

P; =1555kPa

F} ~0.00062
uy =851.55 kl/kg

Steam
0.15kg
3.5 MPa

o ¥

(b) Noting that the pressure is constant until the piston hits the stops during which the boundary work is

done, it can be determined from its definition as

Wi = mP(v; —v,) = (0.15kg)(3500 kPa)(0.05821-0.001235)m’ = 29.91 kJ

(c) Substituting into energy balance relations,
Oout1-2 = 29.91kJ - (0.15 kg)(1045.4 - 2617.3)kJ/kg = 265.7 kJ

) Oou13 = 29.91KkJ —(0.15kg)(851.55 — 2617.3)kJ/kg = 294.8 kJ
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4-144 An insulated rigid tank is divided into two compartments, each compartment containing the same
ideal gas at different states. The two gases are allowed to mix. The simplest expression for the mixture
temperature in a specified format is to be obtained.

Analysis We take the both compartments together as the system. This is a closed system since no mass

enters or leaves. The energy balance for this stationary closed system can be expressed as
Ein - Eout = AEsystem

Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential,ete. cnergies
0=AU (sinceQ =W =KE =PE =0) m m
0= myc, (Ty = T)) +myc, (Ty = T) h &
(my + my)Ty = mT, + m,T,

and, my =my +m,
Solving for final temperature, we find
)

m
ms ms

4-145 A relation for the explosive energy of a fluid is given. A relation is to be obtained for the explosive
energy of an ideal gas, and the value for air at a specified state is to be evaluated.

Properties The specific heat ratio for air at room temperature is k = 1.4.

Analysis The explosive energy per unit volume is given as

()
eexplosion = v,
For an ideal gas, uy-uy=cT1 - Tr)
c,—c, =R
RT,
v =—o
4]
and thus
c, ¢, 1 1
R ¢,-c, c¢,lc,-1 k-1
Substituting,

Cu(T1 —Tz) Py

e . = —_——
explosion RTI /Pl k—1 [ T1 J

which is the desired result.

Using the relation above, the total explosive energy of 20 m?® of air at 5 MPa and 100°C when the
surroundings are at 20°C is determined to be

3
by = B[y Ta) (5000 kPa)20 m )(1 293 Kj( 1 3] _s3619k
k-1 7, 14-1 373K \1kPa-m

E

explosion
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4-146 Using the relation for explosive energy given in the previous problem, the explosive energy of steam
and its TNT equivalent at a specified state are to be determined.

Assumptions Steam condenses and becomes a liquid at room temperature after the explosion.

Properties The properties of steam at the initial and the final states are (Table A-4 through A-6)

P, =10 MPa | v, = 0.032811 m*/kg
T, =500°C | u, =3047.0 ki/kg

} yZu . = 10483 kilkg

Comp. liquid

25°C
Analysis The mass of the steam is STEAM
10 MPa
v 20 m’ 500°C

m=—t=———— = 609.6 kg
v, 0.032811m’/kg

Then the total explosive energy of the steam is determined from
E = m(u; —u,)=(609.6 kg)3047.0 —104.83 )kJ/kg = 1,793,436 kJ

explosive
which is equivalent to

1,793,436 kJ

= 551.8 kg of TNT
3250 kJ/kg of TNT
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Fundamentals of Engineering (FE) Exam Problems

4-147 A room is filled with saturated steam at 100°C. Now a 5-kg bowling ball at 25°C is brought to the
room. Heat is transferred to the ball from the steam, and the temperature of the ball rises to 100°C while
some steam condenses on the ball as it loses heat (but it still remains at 100°C). The specific heat of the

ball can be taken to be 1.8 kJ/kg.°C. The mass of steam that condensed during this process is
(a)80¢g (b) 128¢ (c) 299 ¢ (d) 351¢g (e)405 g

Answer (c) 299 g

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m_ball=5 "kg"

T=100"C"

T1=25"C"

T2=100"C"

Cp=1.8 "kJ/kg.C"

Q=m_ball*Cp*(T2-T1)

Q=m_steam*h_fg "kJ"

h_f=ENTHALPY (Steam_IAPWS, x=0,T=T)
h_g=ENTHALPY(Steam_IAPWS, x=1,T=T)
h_fg=h_g-h_f

"Some Wrong Solutions with Common Mistakes:"
Q=W1m_steam*h_g "Using h_g"

Q=W2m_steam*4.18*(T2-T1) "Using m*C*DeltaT = Q for water"
Q=W3m_steam*h_f "Using h_f"

4-148 A frictionless piston-cylinder device and a rigid tank contain 2 kmol of an ideal gas at the same
temperature, pressure and volume. Now heat is transferred, and the temperature of both systems is raised
by 10°C. The amount of extra heat that must be supplied to the gas in the cylinder that is maintained at
constant pressure is

(a)0kJ (b)42kJ (c)83KkJ (d) 102 kJ (e) 166 kJ

Answer (€) 166 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

"Note that Cp-Cv=R, and thus Q_diff=m*R*dT=N*Ru*dT"
N=2 "kmol"

Ru=8.314 "kJ/kmol.K"

T _change=10

Q_diff=N*Ru*T_change

"Some Wrong Solutions with Common Mistakes:"

W1_Qdiff=0 "Assuming they are the same"
W2_Qdiff=Ru*T_change "Not using mole numbers"
W3_Qdiff=Ru*T_change/N "Dividing by N instead of multiplying"
W4 _Qdiff=N*Rair*T_change; Rair=0.287 "using Ru instead of R"
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4-149 The specific heat of a material is given in a strange unit to be C = 3.60 kJ/kg.°F. The specific heat of
this material in the ST units of kJ/kg.°C is
(a) 2.00 kJ/kg.°C  (b) 3.20 klJ/kg.°C (c) 3.60 kJ/kg.°C (d) 4.80 kl/kg.°C (e) 6.48 kJ/kg.°C

Answer (e) 6.48 kl/kg.°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.60 "kJ/kg.F"
C_SI=C*1.8 "kJ/kg.C"

"Some Wrong Solutions with Common Mistakes:"
W1_C=C "Assuming they are the same"
W2_C=C/1.8 "Dividing by 1.8 instead of multiplying"

4-150 A 3-m’ rigid tank contains nitrogen gas at 500 kPa and 300 K. Now heat is transferred to the
nitrogen in the tank and the pressure of nitrogen rises to 800 kPa. The work done during this process is
(a) 500 kJ (b) 1500 kJ (c)0KkJ (d) 900 kJ (e) 2400 kJ

Answer (b) 0 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V=3 "m"3"

P1=500 "kPa"

T1=300 "K"

P2=800 "kPa"

W=0 "since constant volume"

"Some Wrong Solutions with Common Mistakes:"
R=0.297

W1_W=V*(P2-P1) "Using W=V*DELTAP"
W2_W=V*P1

W3_W=V*P2

W4_W=R*T1*In(P1/P2)
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4-151 A 0.8-m’ cylinder contains nitrogen gas at 600 kPa and 300 K. Now the gas is compressed
isothermally to a volume of 0.1 m®. The work done on the gas during this compression process is
(a) 746 kJ (b) 0KJ (c) 420 kJ (d) 998 kJ (e) 1890 kJ

Answer (d) 998 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=8.314/28

V1=0.8 "m"3"

V2=0.1 "m"3"

P1=600 "kPa"

T1=300 "K"

P1*V1=m*R*T1

W=m*R*T1* In(V2/V1) "constant temperature"
"Some Wrong Solutions with Common Mistakes:"
W1_W=R*T1* In(V2/V1) "Forgetting m"
W2_W=P1*(V1-V2) "Using V*DeltaP"
P1*V1/T1=P2*V2/T1

W3 W=(V1-V2)*(P1+P2)/2 "Using P_ave*Delta V"
W4_W=P1*V1-P2*V2 "Using W=P1V1-P2Vv2"

4-152 A well-sealed room contains 60 kg of air at 200 kPa and 25°C. Now solar energy enters the room at
an average rate of 0.8 kJ/s while a 120-W fan is turned on to circulate the air in the room. If heat transfer
through the walls is negligible, the air temperature in the room in 30 min will be

(a) 25.6°C (b) 49.8°C (c) 53.4°C (d) 52.5°C (e) 63.4°C

Answer (e) 63.4°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

m=60 "kg"

P1=200 "kPa"

T1=25"C"

Qsol=0.8 "kJ/s"

time=30%60 "s"

Wfan=0.12 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
time*(Wfan+Qsol)=m*Cv*(T2-T1)

"Some Wrong Solutions with Common Mistakes:"

Cp=1.005 "kJ/kg.K"

time*(Wfan+Qsol)=m*Cp*(W1_T2-T1) "Using Cp instead of Cv "
time*(-Wfan+Qsol)=m*Cv*(W2_T2-T1) "Subtracting Wfan instead of adding"
time*Qsol=m*Cv*(W3_T2-T1) "Ignoring Wfan"
time*(Wfan+Qsol)/60=m*Cv*(W4_T2-T1) "Using min for time instead of s"
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4-153 A 2-kW baseboard electric resistance heater in a vacant room is turned on and kept on for 15 min.
The mass of the air in the room is 75 kg, and the room is tightly sealed so that no air can leak in or out. The
temperature rise of air at the end of 15 min is

(a) 8.5°C (b) 12.4°C (c) 24.0°C (d) 33.4°C (e) 54.8°C

Answer (d) 33.4°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

m=75 "kg"

time=15*60 "s"

W_e=2 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
time*W_e=m*Cv*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"

Cp=1.005 "kJ/kg.K"

time*W_e=m*Cp*W1_DELTAT "Using Cp instead of Cv"
time*W_e/60=m*Cv*W2_DELTAT "Using min for time instead of s"

4-154 A room contains 60 kg of air at 100 kPa and 15°C. The room has a 250-W refrigerator (the
refrigerator consumes 250 W of electricity when running), a 120-W TV, a 1-kW electric resistance heater,
and a 50-W fan. During a cold winter day, it is observed that the refrigerator, the TV, the fan, and the
electric resistance heater are running continuously but the air temperature in the room remains constant.

The rate of heat loss from the room that day is
(a) 3312 kJ/h (b) 4752 kJ/h (c) 5112 kJ/h (d) 2952 kJ/h (e) 4680 kJ/h

Answer (c) 5112 kJ/h

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"
Cv=0.718 "kJ/kg.K"
m=60 "kg"
P_1=100 "kPa"
T_1=15"C"
time=30%60 "s"
W_ref=0.250 "kJ/s"
W_TV=0.120 "kJ/s"
W_heater=1 "kJ/s"
W_fan=0.05 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives E_out=E_in since T=constant and dE=0"
E_gain=W_ref+W_TV+W _heater+W_fan
Q_loss=E_gain*3600 "kJ/h"

"Some Wrong Solutions with Common Mistakes:"
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E_gain1=-W_ref+tW_TV+W _heater+W_fan "Subtracting Wrefrig instead of adding"
W1_Qloss=E_gain1*3600 "kJ/h"

E_gain2=W_ref+W_TV+W_heater-W_fan "Subtracting Wfan instead of adding"
W2_Qloss=E_gain2*3600 "kJ/h"

E_gain3=-W_ref+tW_TV+W _heater-W_fan "Subtracting Wrefrig and Wfan instead of adding"
W3_Qloss=E_gain3*3600 "kJ/h"

E_gaind=W_ref+W_heater+W_fan "Ignoring the TV"

W4 _Qloss=E_gain4*3600 "kJ/h"

4-155 A piston-cylinder device contains 5 kg of air at 400 kPa and 30°C. During a quasi-equilibrium
isothermal expansion process, 15 kJ of boundary work is done by the system, and 3 kJ of paddle-wheel
work is done on the system. The heat transfer during this process is

(a)12kJ (b) 18kJ ()2.4Kk) (d)3.5kJ (e) 60 kJ

Answer (a) 12 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

m=5 "kg"

P_1=400 "kPa"

T=30"C"

Wout_b=15 "kJ"

Win_pw=3 "kJ"

"Noting that T=constant and thus dE_system=0, applying energy balance E_in-
E_out=dE_system gives"

Q_in+Win_pw-Wout_b=0

"Some Wrong Solutions with Common Mistakes:"
W1_Qin=Q_in/Cv "Dividing by Cv"
W2_Qin=Win_pw+Wout_b "Adding both quantities"
W3_Qin=Win_pw "Setting it equal to paddle-wheel work"
W4_Qin=Wout_b "Setting it equal to boundaru work"

4-156 A container equipped with a resistance heater and a mixer is initially filled with 3.6 kg of saturated
water vapor at 120°C. Now the heater and the mixer are turned on; the steam is compressed, and there is
heat loss to the surrounding air. At the end of the process, the temperature and pressure of steam in the
container are measured to be 300°C and 0.5 MPa. The net energy transfer to the steam during this process
is

(a)274kJ (b) 914 kJ (c) 1213 kJ (d) 988 kJ (e) 1291 kJ

Answer (d) 988 kJ
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on

a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m=3.6 "kg"
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T1=120"C"

x1=1 "saturated vapor"

P2=500 "kPa"

T2=300 "C"

u1=INTENERGY(Steam_IAPWS, T=T1,x=x1)

u2=INTENERGY (Steam_IAPWS, T=T2,P=P2)

"Noting that Eout=0 and dU_system=m*(u2-u1), applying energy balance E_in-
E_out=dE_system gives"

E_out=0

E_in=m*(u2-u1)

"Some Wrong Solutions with Common Mistakes:"
Cp_steam=1.8723 "kJ/kg.K"

Cv_steam=1.4108 "kJ/kg.K"

W1_Ein=m*Cp_Steam*(T2-T1) "Assuming ideal gas and using Cp"
W2_Ein=m*Cv_steam*(T2-T1) "Assuming ideal gas and using Cv"
W3_Ein=u2-u1 "Not using mass"

h1=ENTHALPY (Steam_IAPWS, T=T1,x=x1)

h2=ENTHALPY (Steam_|IAPWS, T=T2,P=P2)

W4_Ein=m*(h2-h1) "Using enthalpy"

4-157 A 6-pack canned drink is to be cooled from 25°C to 3°C. The mass of each canned drink is 0.355 kg.
The drinks can be treated as water, and the energy stored in the aluminum can itself is negligible. The
amount of heat transfer from the 6 canned drinks is

(a)33kJ (b)37kJ (c)47kJ (d) 196 kKJ (e) 223 kJ

Answer (d) 196 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

m=6*0.355 "kg"

T1=25"C"

T2=3"C"

DELTAT=T2-T1"C"

"Applying energy balance E_in-E_out=dE_system and noting that dU_system=m*C*DELTAT
gives"

-Q_out=m*C*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"

-W1_Qout=m*C*DELTAT/6 "Using one can only"

-W2_Qout=m*C*(T1+T2) "Adding temperatures instead of subtracting"
-W3_Qout=m*1.0*"DELTAT "Using specific heat of air or forgetting specific heat"
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4-158 A glass of water with a mass of 0.45 kg at 20°C is to be cooled to 0°C by dropping ice cubes at 0°C
into it. The latent heat of fusion of ice is 334 kJ/kg, and the specific heat of water is 4.18 kJ/kg.°C. The
amount of ice that needs to be added is

(a)56¢g (b)113 g (c)124 g (d)224 ¢ (e)450 g

Answer (b) 113 g

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

h_melting=334 "kJ/kg.K"

m_w=0.45 "kg"

T1=20"C"

T2=0"C"

DELTAT=T2-T1 "C"

"Noting that there is no energy transfer with the surroundings and the latent heat of melting
of ice is transferred form the water, and applying energy balance E_in-E_out=dE_system to
ice+water gives"

dE_ice+dE_w=0

dE_ice=m_ice*h_melting

dE_w=m_w*C*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"
W1_mice*h_melting*(T1-T2)+m_w*C*DELTAT=0 "Multiplying h_latent by temperature
difference"

W2_mice=m_w "taking mass of water to be equal to the mass of ice"

4-159 A 2-kW electric resistance heater submerged in 5-kg water is turned on and kept on for 10 min.
During the process, 300 kJ of heat is lost from the water. The temperature rise of water is
(a) 0.4°C (b) 43.1°C (c) 57.4°C (d) 71.8°C (e) 180.0°C

Answer (b) 43.1°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

m=>5 "kg"

Q_loss=300 "kJ"

time=10*60 "s"

W_e=2 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
time*W_e-Q_loss = dU_system
dU_system=m*C*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"

time*W_e = m*C*W1_T "Ignoring heat loss"

time*W_e+Q_loss = m*C*W2_T "Adding heat loss instead of subtracting”
time*W_e-Q_loss = m*1.0*W3_T "Using specific heat of air or not using specific heat"
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4-160 3 kg of liquid water initially at 12°C is to be heated to 95°C in a teapot equipped with a 1200 W
electric heating element inside. The specific heat of water can be taken to be 4.18 kJ/kg.°C, and the
heat loss from the water during heating can be neglected. The time it takes to heat the water to the
desired temperature is

(a) 4.8 min (b) 14.5 min (c) 6.7 min (d) 9.0 min (e) 18.6 min

Answer (b) 14.5 min

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

m=3 "kg"

T1=12"C"

T2=95"C"

Q_loss=0 "kJ"

W_e=1.2 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
(time*60)*"W_e-Q_loss = dU_system "time in minutes”
dU_system=m*C*(T2-T1) "kJ"

"Some Wrong Solutions with Common Mistakes:"
W1_time*60*W_e-Q_loss = m*C*(T2+T1) "Adding temperatures instead of subtracting"
W2_time*60*W_e-Q_loss = C*(T2-T1) "Not using mass"

4-161 An ordinary egg with a mass of 0.1 kg and a specific heat of 3.32 kJ/kg.°C is dropped into boiling
water at 95°C. If the initial temperature of the egg is 5°C, the maximum amount of heat transfer to the egg
is

(a)12kJ (b) 30 kJ ()24 kJ (d) 18 kJ (e) infinity

Answer (b) 30 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.32 "kJ/kg.K"

m=0.1 "kg"

T1=5"C"

T2=95"C"

"Applying energy balance E_in-E_out=dE_system gives"
E_in=dU_system

dU_system=m*C*(T2-T1) "kJ"

"Some Wrong Solutions with Common Mistakes:"

W1_Ein = m*C*T2 "Using T2 only"

W2_Ein=m*(ENTHALPY (Steam_IAPWS,T=T2,x=1)-ENTHALPY (Steam_IAPWS,T=T2,x=0))
"Using h_fg"
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4-162 An apple with an average mass of 0.18 kg and average specific heat of 3.65 kJ/kg.°C is cooled from
22°C to 5°C. The amount of heat transferred from the apple is
(a) 0.85kJ (b) 62.1kJ (©)17.7k] (d11.2kJ (e)7.1kJ

Answer (d) 11.2kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.65 "kJ/kg.K"

m=0.18 "kg"

T1=22"C"

T2=5"C"

"Applying energy balance E_in-E_out=dE_system gives"
-Q_out = dU_system

dU_system=m*C*(T2-T1) "kJ"

"Some Wrong Solutions with Common Mistakes:"
-W1_Qout =C*(T2-T1) "Not using mass"
-W2_Qout =m*C*(T2+T1) "adding temperatures"

4-163 The specific heat at constant pressure for an ideal gas is given by ¢, = 0.9+(2.7x10MT (kl/kg - K)
where T is in kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the

temperature changes from 27 to 127°C is most nearly
(a) 90 kJ/kg (b)92.1kl/kkg  (c)99.5kJkg  (d)108.9 kl/kg (e) 105.2 kJ/kg

Answer (c) 99.5 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=(27+273) [K]

T2=(127+273) [K]

"Performing the necessary integration, we obtain"
DELTAh=0.9%(T2-T1)+2.7E-4/2*(T2"2-T1/2)
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4-164 The specific heat at constant volume for an ideal gas is given by ¢, = 0.7+(2.7x10"T (kl/kg - K)
where 7T is in kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the
temperature changes from 27 to 127°C is most nearly

(a) 70 kl/kg (b)72.1kl/kg  (¢)79.5kJ/kg  (d) 82.1 kl/kg (e) 84.0 kl/kg
Answer (c) 79.5 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=(27+273) [K]

T2=(127+273) [K]

"Performing the necessary integration, we obtain"
DELTAh=0.7*(T2-T1)+2.7E-4/2*(T2*2-T1/2)

4-165 A piston—cylinder device contains an ideal gas. The gas undergoes two successive cooling processes
by rejecting heat to the surroundings. First the gas is cooled at constant pressure until 7, = %7). Then the
piston is held stationary while the gas is further cooled to 75 = 2T}, where all temperatures are in K.

1. The ratio of the final volume to the initial volume of the gas is
(a) 0.25 (b) 0.50 () 0.67 (d)0.75 (e) 1.0

Answer (d) 0.75

Solution From the ideal gas equation

v, v
VY T _3/4n =0.75
v v T T

2. The work done on the gas by the piston is
(a) RT /4 ®) ¢, T1/2 ©) 112 (d) (cytcy)Ti/4 (e) (T +T7)/2

Answer (a) RT/4

Solution From boundary work relation (per unit mass)

2
Woou = [Pdv = R(vs ~vy) = RB/AT, -1 = o0y = KDL
1
3. The total heat transferred from the gas is
(a) RT1/4 (b) CVT1/2 (C) cpTl/Z (d) (CV+CP)T1/4 (e) CV(T1+T3)/2
Answer (d) (¢, +c,)T1/4
Solution From an energy balance
_(cp + Cy )Ti

Gin = ¢ (Ty =T + ¢, (Ty ~Ty) = ¢, (3/ 4T, ~ T}) + ¢, (1/21; ~ 3/4T;) =

(c, +¢,)y
4

qout =
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4-166 Saturated steam vapor is contained in a piston—cylinder device. While heat is added to the steam, the
piston is held stationary, and the pressure and temperature become 1.2 MPa and 700°C, respectively.
Additional heat is added to the steam until the temperature rises to 1200°C, and the piston moves to
maintain a constant pressure.

1. The initial pressure of the steam is most nearly
(a) 250 kPa (b) 500 kPa (c) 750 kPa (d) 1000 kPa (e) 1250 kPa

Answer (b) 500 kPa

2. The work done by the steam on the piston is most nearly
(a) 230 kJ/kg (b) 1100 kJ/kg  (c) 2140 kl/kg  (d) 2340 kl/kg (e) 840 kJ/kg

Answer (a) 230 kJ/kg

3. The total heat transferred to the steam is most nearly
(a)230kl/kg  (b) 1100kl/kg (c)2140kl/kg  (d) 2340 kJ/kg (e) 840 kl/kg

Answer (c) 2140 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P2=1200 [kPa]
T2=700 [C]
T3=1200 [C]
P3=p2

II1 "

v2=volume(steam_iapws, P=P2, T=T2)
vi=v2

P1=pressure(steam_iapws, x=1, v=v1)

II2"
v3=volume(steam_iapws, P=P3, T=T3)
w_b=P2*(v3-v2)

II3"

u1=intenergy(steam_iapws, x=1, v=v1)
u3=intenergy(steam_iapws, P=P3, T=T3)
gq=u3-ul+w b
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4-167 ... 4-180 Design, Essay, and Experiment Problems

4-172 A claim that fruits and vegetables are cooled by 6°C for each percentage point of weight loss as
moisture during vacuum cooling is to be evaluated.

Analysis Assuming the fruits and vegetables are cooled from 30°C and 0°C, the average heat of
vaporization can be taken to be 2466 klJ/kg, which is the value at 15°C, and the specific heat of products
can be taken to be 4 kJ/kg.°C. Then the vaporization of 0.01 kg water will lower the temperature of 1 kg of
produce by 24.66/4 = 6°C. Therefore, the vacuum cooled products will lose 1 percent moisture for each
6°C drop in temperature. Thus the claim is reasonable.
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Chapter 5

MASS AND ENERGY ANALYSIS OF CONTROL
VOLUMES

Conservation of Mass

5-1C Mass, energy, momentum, and electric charge are conserved, and volume and entropy are not
conserved during a process.

5-2C Mass flow rate is the amount of mass flowing through a cross-section per unit time whereas the
volume flow rate is the amount of volume flowing through a cross-section per unit time.

5-3C The amount of mass or energy entering a control volume does not have to be equal to the amount of
mass or energy leaving during an unsteady-flow process.

5-4C Flow through a control volume is steady when it involves no changes with time at any specified
position.

5-5C No, a flow with the same volume flow rate at the inlet and the exit is not necessarily steady (unless
the density is constant). To be steady, the mass flow rate through the device must remain constant.

5-6E A garden hose is used to fill a water bucket. The volume and mass flow rates of water, the filling
time, and the discharge velocity are to be determined.

Assumptions 1 Water is an incompressible substance. 2 Flow through the hose is steady. 3 There is no
waste of water by splashing.

Properties We take the density of water to be 62.4 Ibm/ft’ (Table A-3E).

Analysis (a) The volume and mass flow rates of water are
V=AV =D?/4W =[z(1/12 ft)* / 4](8 ft/s) = 0.04363 ft>/s

= pV = (62.4 Ibm/ft*)(0.04363 ft*/s) = 2.72 Ibm/s F

(b) The time it takes to fill a 20-gallon bucket is

3
:K: 20 gal 11t _613s
vV  0.04363 ft3/s | 7.4804 gal

(c) The average discharge velocity of water at the nozzle exit is

V vV 0.04363/s
A, aD?/4 [7(0.5/121f)% /4]

=32ft/s

Discussion Note that for a given flow rate, the average velocity is inversely proportional to the square of
the velocity. Therefore, when the diameter is reduced by half, the velocity quadruples.



5-7 Air is accelerated in a nozzle. The mass flow rate and the exit area of the nozzle are to be determined.
Assumptions Flow through the nozzle is steady.

Properties The density of air is given to be 2.21

kg/m3 at the inlet, and 0.762 kg/m3 at the exit. V=40 m/s

. . . A; =90 cm’ _
Analysis (a) The mass flow rate of air is determined : em AIR V=180 m/s

from the inlet conditions to be

= p AV, = (2.21kg/m*)(0.009 m?)(40 m/s) = 0.796 kgls

\e/

(b) There is only one inlet and one exit, and thus m; =m, =m.
Then the exit area of the nozzle is determined to be

m 0.796 kg/s

= - =0.0058 m* =58 cm”
PV, (0.762 kg/m*)(180 m/s)

5-8 Air is expanded and is accelerated as it is heated by a hair dryer of constant diameter. The percent
increase in the velocity of air as it flows through the drier is to be determined.

Assumptions Flow through the nozzle is steady.
Properties The density of air is given to be 1.20 kg/m’ at the inlet, and 1.05 kg/m’ at the exit.
Analysis There is only one inlet and one exit, and thus
my =m, =m. Then,
my =m, v, Vv,
P AV = py AV,
V, _p_ 120kg/m’

v 105 ke/m =1.14 (or,and increase of 14%)
1 P2 . g/m

Therefore, the air velocity increases 14% as it flows through the hair drier.

5-9E The ducts of an air-conditioning system pass through an open area. The inlet velocity and the mass
flow rate of air are to be determined.

Assumptions Flow through the air conditioning duct is steady.
Properties The density of air is given to be 0.078 Ibm/ft’ at the AIR

inlet. 450 f*/min D=10in

Analysis The inlet velocity of air and the mass flow rate
through the duct are

v, vV, 3 /mi
— - WORTNIN__ g5 ft/min = 13.8 s

o= -
"4 zD¥/4 a(lon2n) /4

= pV, = (0.078 Ibm/ft*)(450 ft* /min) = 35.1 Ibm/min = 0.585 Ibm/s



5-10 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line,
and air is allowed to enter the tank until the density rises to a specified level. The mass of air that entered
the tank is to be determined.

Properties The density of air is given to be 1.18 kg/m® at the beginning,
and 7.20 kg/m’ at the end.

Analysis We take the tank as the system, which is a control volume since i

mass crosses the boundary. The mass balance for this system can be

expressed as

Mass balance: My =My = Agygor, —> m; =my —my = p,V/ — piV V=1m’
p1 =1.18 kg/m’

Substituting,

m; =(p, —p )V =[(7.20-1.18) kg/m*|(Im*) = 6.02 kg
Therefore, 6.02 kg of mass entered the tank.

5-11 The ventilating fan of the bathroom of a building runs continuously. The mass of air “vented out” per
day is to be determined.

Assumptions Flow through the fan is steady.

Properties The density of air in the building is given to be 1.20 kg/m’. e_
Analysis The mass flow rate of air vented out is

frg, = 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 = mg At = (0.036 kg/s)(24x3600s) = 3110 kg

Discussion Note that more than 3 tons of air is vented out by a bathroom fan in one day.

5-12 A desktop computer is to be cooled by a fan at a high elevation where the air density is low. The mass
flow rate of air through the fan and the diameter of the casing for a given velocity are to be determined.

Assumptions Flow through the fan is steady.
Properties The density of air at a high elevation is given to be 0.7 kg/m’.

Analysis The mass flow rate of air is

rg = pV = (0.7kg/m?)(0.34 m*/min) = 0.238 kg/min = 0.0040 kg/s

If the mean velocity is 110 m/min, the diameter of the casing is

: 2 ' 4(0.34 m*>/mi
voar ="y D:Jﬂz H034m™/min) _ o 663 m
4 v (110 m/min)

=

e
[T .

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

Discussion This problem shows that engineering systems are sized to satisfy certain constraints imposed by
certain considerations.



5-4

5-13 A smoking lounge that can accommodate 15 smokers is considered. The required minimum flow rate
of air that needs to be supplied to the lounge and the diameter of the duct are to be determined.

Assumptions Infiltration of air into the smoking lounge is negligible.
Properties The minimum fresh air requirements for a smoking lounge is given to be 30 L/s per person.

Analysis The required minimum flow rate of air that needs to be supplied to the lounge is determined
directly from

v

air

=V per person (No. of persons)

= (30 L/s- person)(15 persons) = 450 L/s = 0.45m?>/s

The volume flow rate of fresh air can be expressed as Smoking Lounge

V=VA=V(zD*/4) 15 smokers
Solving for the diameter D and substituting, 30 L/s person

; 3
Do A _ [404smYs) oo
v (8 m/s)
Therefore, the diameter of the fresh air duct should be at least 26.8 cm if the velocity of air is not to exceed
8 m/s.

5-14 The minimum fresh air requirements of a residential building is specified to be 0.35 air changes per
hour. The size of the fan that needs to be installed and the diameter of the duct are to be determined.

Analysis The volume of the building and the required minimum volume flow rate of fresh air are

Voom = (2.7m)(200m*) = 540 m’

V=V, xACH = (540 m>)(0.35/h) = 189 m’ /h = 189,000 L/h = 3150 L/min
The volume flow rate of fresh air can be expressed as
V=VA=V(D?/4) /\
Solving for the diameter D and substituting, / House \
(40 3
D= W _ 4(189/3600m"/s) =0.106m 0.35 ACH=» 200 m’
v (6 m/s)
Therefore, the diameter of the fresh air duct should be at least 10.6 cm
if the velocity of air is not to exceed 6 m/s.
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5-15 Air flows through a pipe. Heat is supplied to the air. The volume flow rates of air at the inlet and exit,
the velocity at the exit, and the mass flow rate are to be determined.

°N
F

Air
200 kPa 180 kPa
20°C > 40°C
5m/s

Properties The gas constant for air is 0.287 kJ/kg K (Table A-2).

Analysis (a) (b) The volume flow rate at the inlet and the mass flow rate are

?  7(0.28m)?
4

V=AY, = V (5m/s) =0.3079 m®/s

P D (200 kPa) 7(0.28 m)?
RT, 4 ' (0.287kJ/kg.K)(20+273K) 4

= p AV, = (5m/s) = 0.7318 kg/s

(c) Noting that mass flow rate is constant, the volume flow rate and the velocity at the exit of the pipe are
determined from

. om m 0.7318 kg/s 3
v =" _ = =0.3654 m"/s
2 o P (180 kPa)

RT,  (0.287ki/kgK)(40 +273K)
V, 03654m’/s
4. 7(0.28m)
4

=5.94m/s
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5-16 Refrigerant-134a flows through a pipe. Heat is supplied to R-134a. The volume flow rates of air at
the inlet and exit, the mass flow rate, and the velocity at the exit are to be determined.

°N
F

R-134a

200 kPa 180 kPa
20°C > 40°C
5m/s

Properties The specific volumes of R-134a at the inlet and exit are (Table A-13)

P, =200kPa P, =180kPa

v, =0.1142m°% /kg
T, =20°C T, = 40°C

}vz =0.1374m’ kg

Analysis (a) (b) The volume flow rate at the inlet and the mass flow rate are

2 2
U=y = zﬂj - 7(0.28 m)

(5m/s) = 0.3079 m3/s

2 2
m:iA.Vl= 1 D - 1 : 7(0.28 m)
0.1142m’°kg 4

(5m/s) = 2.696 kg/s

(c) Noting that mass flow rate is constant, the volume flow rate and the velocity at the exit of the pipe are
determined from

V, = rhv, = (2.696 kg/s)(0.1374 m*/kg) = 0.3705 m3/s

V5 03705m’/s

A, 7(0.28m)?
4

v, = =6.02m/s

5-17 Warm water is withdrawn from a solar water storage tank while cold water enters the tank. The
amount of water in the tank in a 20-minute period is to be determined.

Properties The density of water is taken to be
1000 kg/m® for both cold and warm water.

Cold water
Analysis The initial mass in the tank is first 20°C  —1—»
determined from 5 L/min
300 L
my = pV, = (1000 kg/m*)(0.3m*>) =300 kg 45°C Warm water
The amount of warm water leaving the tank —> 45°C
during a 20-min period is 0.5m/s

7(0.02 m)?
4

m, = pA VAt = (1000 kg/m?) (0.5m/s)(20x60s) =188.5kg

The amount of cold water entering the tank during a 20-min period is
m;, = pV.At = (1000 kg/m*)(0.005 m*/min)(20 min) = 100 kg
The final mass in the tank can be determined from a mass balance as

m; —m, =my —m——>my =my +m; —m, =300 +100-188.5=211.5kg



Flow Work and Energy Transfer by Mass

5-18C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass.

5-19C Flow energy or flow work is the energy needed to push a fluid into or out of a control volume.
Fluids at rest do not possess any flow energy.

5-20C Flowing fluids possess flow energy in addition to the forms of energy a fluid at rest possesses. The
total energy of a fluid at rest consists of internal, kinetic, and potential energies. The total energy of a
flowing fluid consists of internal, kinetic, potential, and flow energies.

5-21E Steam is leaving a pressure cooker at a specified pressure. The velocity, flow rate, the total and flow
energies, and the rate of energy transfer by mass are to be determined.

Assumptions 1 The flow is steady, and the initial start-up period is disregarded. 2 The kinetic and potential
energies are negligible, and thus they are not considered. 3 Saturation conditions exist within the cooker at
all times so that steam leaves the cooker as a saturated vapor at 30 psia.

Properties The properties of saturated liquid water and water vapor at 30 psia are v,=0.01700 ft'/Ibm, 7S
13.749 ft*/lbm, uy = 1087.8 Btu/lbm, and 4, = 1164.1 Btu/lbm (Table A-5E).

Analysis (a) Saturation conditions exist in a pressure cooker at all times after the steady operating
conditions are established. Therefore, the liquid has the properties of saturated liquid and the exiting steam
has the properties of saturated vapor at the operating pressure. The amount of liquid that has evaporated,
the mass flow rate of the exiting steam, and the exit velocity are

AV 3
oMo Odgal  (01368R0) oy
v, 001700 ft*/lbm| 1gal
- H,O w
g
i =22 2 3195 6600 tomymin = 1.165x 107 Thms St vapor | 7Q
At 45 min P =30 psia
v 3 ’ in’ :
pot vy (L165x107 b/s)(13.749 RMbm) 144in® ) o
Pede A, 0.15in 1ft

(b) Noting that 2 = u + Pv and that the kinetic and potential energies are disregarded, the flow and total
energies of the exiting steam are
€ow = PV=h—-u=1164.1-1087.8 =76.3 Btu/lbm
0 =h+ke+ pe=h=1164.1 Btu/lbm

Note that the kinetic energy in this case is ke = V%/2 = (15.4 ft/s)* = 237 ft*/s* = 0.0095 Btu/lbm, which is
very small compared to enthalpy.

(c¢) The rate at which energy is leaving the cooker by mass is simply the product of the mass flow rate and
the total energy of the exiting steam per unit mass,

E_ .. =m0 =(1.165x10"° Ibm/s)(1164.1 Btu/lbm)=1.356 Btu/s

mass

Discussion The numerical value of the energy leaving the cooker with steam alone does not mean much
since this value depends on the reference point selected for enthalpy (it could even be negative). The
significant quantity is the difference between the enthalpies of the exiting vapor and the liquid inside
(which is Ay,) since it relates directly to the amount of energy supplied to the cooker.
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5-22 Refrigerant-134a enters a compressor as a saturated vapor at a specified pressure, and leaves as
superheated vapor at a specified rate. The rates of energy transfer by mass into and out of the compressor
are to be determined.

Assumptions 1 The flow of the refrigerant through the compressor is steady. 2 The kinetic and potential
energies are negligible, and thus they are not considered.

Properties The enthalpy of refrigerant-134a at the inlet and the )

exit are (Tables A-12 and A-13) 0.8 MPa

P, =0.8 MPa
T, =60°C
Analysis Noting that the total energy of a flowing fluid is equal to its
enthalpy when the kinetic and potential energies are negligible, and
that the rate of energy transfer by mass is equal to the product of the
mass flow rate and the total energy of the fluid per unit mass, the rates
of energy transfer by mass into and out of the compressor are 1)

E =m6,, =mh; =(0.06kg/s)(239.16 kl/kg) =14.35k]/s =14.35 kW 0.14 MPa

E = m6,,, = rith, = (0.06 kg/s)(296.81kJ/kg) = 17.81kJ/s = 17.81kW

mass, out out
Discussion The numerical values of the energy entering or leaving a device by mass alone does not mean
much since this value depends on the reference point selected for enthalpy (it could even be negative). The
significant quantity here is the difference between the outgoing and incoming energy flow rates, which is

AE  =FE -E =17.81-14.35=3.46 kW

mass mass, out

This quantity represents the rate of energy transfer to the refrigerant in the compressor.

compressor

mass, in

mass, in

5-23 Warm air in a house is forced to leave by the infiltrating cold outside air at a specified rate. The net
energy loss due to mass transfer is to be determined.
Assumptions 1 The flow of the air into and out of the house through the cracks is steady. 2 The kinetic and
potential energies are negligible. 3 Air is an ideal gas with constant specific heats at room temperature.
Properties The gas constant of air is R = 0.287 kPa-m’/kg-K (Table A-1). The constant pressure specific
heat of air at room temperature is ¢, = 1.005 kJ/kg-°C (Table A-2).
Analysis The density of air at the indoor conditions and its mass flow rate are
P 101.325kPa

P RT (0.287 kPa - m*> /kg - K)(24 + 273)K

m=pV =(1.189 kg/m>)(150 m>/h) =178.35 kg/h = 0.0495 kg/s
Noting that the total energy of a flowing fluid is equal
to its enthalpy when the kinetic and potential energies
are negligible, and that the rate of energy transfer by
mass is equal to the product of the mass flow rate and Warm

the total energy of the fluid per unit mass, the rates of Cold air air

energy transfer by mass into and out of the house by air Warril ar

=1.189 kg/m?

Emass,in = main = mhl

E mass, out
The net energy loss by air infiltration is equal to the difference between the outgoing and incoming energy
flow rates, which is
AE"mass = Emass,out - Emass,in = m(hz - hl) = I’i’lCP (TZ - Tl)
= (0.0495 kg/s)(1.005 kl/kg - °C)(24 - 5)°C = 0.945 kJ/s = 0.945 kW
This quantity represents the rate of energy transfer to the refrigerant in the compressor.
Discussion The rate of energy loss by infiltration will be less in reality since some air will leave the house

before it is fully heated to 24°C.

=mb,,, =mh,
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5-24 Air flows steadily in a pipe at a specified state. The diameter of the pipe, the rate of flow energy, and
the rate of energy transport by mass are to be determined. Also, the error involved in the determination of
energy transport by mass is to be determined.

Properties The properties of air are R
=0.287 kJ/kg. K and ¢, = 1.008

300 kPa Air 25 m/
kJ/kg K (at 350 K from Table A-2b) m/s
® 77°C —» 18 kg/min

Analysis (a) The diameter is determined

as follows
v E _ (0.287 kl/kg.K)(77+273K) 03349 m3/kg
P (300 kPa)
. 3
_myv _ (18/60kg/s)(0.3349 m~ /kg) _ 0.004018 m>

25m/s

v
2
D= /ﬂ: /w:o_oﬂsm
T T

(b) The rate of flow energy is determined from
Wiow = mPv = (18/60kg/s)(300 kPa)(0.3349 m*/kg) = 30.14 kW

(c¢) The rate of energy transport by mass is

E_ . =m(h+ke)= n'q(cpT +%sz

mass

1 o 1kl/kg j
= (18/60 kg/s)| (1.008 kJ/kg.K)(77 + 273 K) + —(25 m/s)*| ———=—
( g ){( g.K)( ) 2( )(10001112/52 }

=105.94 kW

(d) If we neglect kinetic energy in the calculation of energy transport by mass

E sy = ith =ic , T = (18/60 kg/s)(1.005 kJ/kg.K)(77 +273 K) = 105.84 kW

mass

Therefore, the error involved if neglect the kinetic energy is only 0.09%.
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Steady Flow Energy Balance: Nozzles and Diffusers

5-25C A steady-flow system involves no changes with time anywhere within the system or at the system
boundaries

5-26C No.

5-27C 1t is mostly converted to internal energy as shown by a rise in the fluid temperature.

5-28C The kinetic energy of a fluid increases at the expense of the internal energy as evidenced by a
decrease in the fluid temperature.

5-29C Heat transfer to the fluid as it flows through a nozzle is desirable since it will probably increase the
kinetic energy of the fluid. Heat transfer from the fluid will decrease the exit velocity.

5-30 Air is accelerated in a nozzle from 30 m/s to 180 m/s. The mass flow rate, the exit temperature, and
the exit area of the nozzle are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
constant specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat
transfer is negligible. 5 There are no work interactions.

Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The specific heat of air at the
anticipated average temperature of 450 K is ¢, = 1.02 kJ/kg.°C (Table A-2).

Analysis (a) There is only one inlet and one exit, and thus m; =m, = m . Using the ideal gas relation, the

specific volume and the mass flow rate of air are determined to be

3
oy = RTL_ (0287 KPa-m kg KYATIK) _ oo b1~ 300 kPa \

P 300 kPa T, =200°C AIR P, =100 kPa
| V=30 m/s — > V, =180 m/s
— 2
M=—AV, = (0.008 m?)(30 m/s) = 0.5304 kg/s 1~ 80cm

v, 0.4525 m’/kg

(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy
balance for this steady-flow system can be expressed in the rate form as

: : : 70 (stead:
Ein - Eoul = AEsystem (steady) =0
| S ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
r(hy + V2 12) =m(hy +V3£/2) (since Q= W = Ape = 0)
y2_y? y2_p?
O=hy—h+—2—1 ——0=c,,.(T,-T )+%
180 m/s)? —(30 m/s)? [ 1kI/k
Substituting, 0= (102 kJ/kg- K)(T, —200° C)+ L0 WS)” Z(30 m/s) £
2 1000 m?/s*
It yields T, =184.6°C
(¢) The specific volume of air at the nozzle exit is
RT 0.287 kPa-m?/kg-K)(184.6 +273 K
v, =2 _ a-m”/kg-K)( ):1.313m3/kg
P, 100 kPa
1 1

rh=— A,V, ——> 0.5304 kg/s =

———— 4,(180 m/s) — 4, =0.00387 m’ = 38.7 cm’
v, 1313 m°/kg
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5-31 EES Problem 5-30 is reconsidered. The effect of the inlet area on the mass flow rate, exit velocity,
and the exit area as the inlet area varies from 50 cm” to 150 cm” is to be investigated, and the final results
are to be plotted against the inlet area.

Analysis The problem is solved using EES, and the solution is given below.

Function HCal(WorkFluid$, Tx, Px)
"Function to calculate the enthalpy of an ideal gas or real gas"
If 'Air' = WorkFluid$ then
HCal:=ENTHALPY ('Air',T=Tx) "ldeal gas equ."
else
HCal:=ENTHALPY (WorkFluid$, T=Tx, P=Px)"Real gas equ."
endif
end HCal

"System: control volume for the nozzle"
"Property relation: Air is an ideal gas"
"Process: Steady state, steady flow, adiabatic, no work"
"Knowns - obtain from the input diagram"
WorkFluid$ = "Air'

T[1]1=200 [C]

P[1] =300 [kPa]

Vel[1] =30 [m/s]

P[2] = 100 [kPa]

Vel[2] = 180 [m/s]

A[1]=80 [cm"2]
Am[1]=A[1]*convert(cm”2,m"2)

"Property Data - since the Enthalpy function has different parameters
for ideal gas and real fluids, a function was used to determine h."
h[1]=HCal(WorkFluid$,T[1],P[1])

h[2]=HCal(WorkFluid$,T[2],P[2])

"The Volume function has the same form for an ideal gas as for a real fluid."
v[1]=volume(workFluid$,T=T[1],p=P[1])
v[2]=volume(WorkFIuid$,T=T[2],p=P[2])

"Conservation of mass: "
m_dot[1]= m_dot[2]

"Mass flow rate"
m_dot[1]=Am[1]*Vel[1]/V[1]
m_dot[2]= Am[2]*Vel[2]/v[2]

"Conservation of Energy - SSSF energy balance"
h[1]+Vel[1]*2/(2*1000) = h[2]+Vel[2]*2/(2*1000)

"Definition”
A_ratio=A[1)/A[2]
A[2]=Am[2]*convert(m"2,cm"2)



m[1]

A[2] [ecm*2]

A [cm? | A,[cmT my T,
50 24.19 0.3314 184.6
60 29.02 0.3976 184.6
70 33.86 0.4639 184.6
80 38.7 0.5302 184.6
90 43.53 0.5964 184.6
100 48.37 0.6627 184.6
110 53.21 0.729 184.6
120 58.04 0.7952 184.6
130 62.88 0.8615 184.6
140 67.72 0.9278 184.6
150 72.56 0.9941 184.6

80

90

110

A[1] [cm*2]

130 150

50 70

90

110

A[1] [cm*2]

130 150

5-12
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5-32 Steam is accelerated in a nozzle from a velocity of 80 m/s. The mass flow rate, the exit velocity, and
the exit area of the nozzle are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 There are no work interactions.

Properties From the steam tables (Table A-6)

P =5MPa | v, =0.057838 m>/kg W&km
T) =400°C | h, =3196.7 kl/kg
1 Steagi 2

and /

P, =2MPa | v, =0.12551 m’/kg
T, =300°C | h, =3024.2 kl/kg

Analysis (a) There is only one inlet and one exit, and thus 7y = m, = 7. The mass flow rate of steam is

o1 1
m=—V4,

= (80 m/s)(50x10"*m?) = 6.92 kg/s
v, 0.057838 m’/kg ( X ) 8

(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy
balance for this steady-flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
[ ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

(hy +V212) = Qyy +1(hy +VZ/2) (since W = Ape = 0)

) y2_p2

Substituting, the exit velocity of the steam is determined to be

Vi —(80m/s)* ([ 1kJ/kg
2 1000 m?/s?

—120kJ/s = (6.916 kg/s{3024.2 -3196.7+

It yields V,=1562.7 m/s

(¢) The exit area of the nozzle is determined from

i 6.916 kg/s)0.12551 m> /k
=Ly, 4, =12 _(69 s m/ g):15.42><10_4m2
v, v, 562.7 m/s
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5-33E Air is accelerated in a nozzle from 150 ft/s to 900 ft/s. The exit temperature of air and the exit area
of the nozzle are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
variable specific heats. 3 Potential energy changes are negligible. 4 There are no work interactions.

Properties The enthalpy of air at the inlet is #; = 143.47 Btu/Ilbm (Table A-17E).

Analysis (a) There is only one inlet and one exit, and thus g =m, =m. We take nozzle as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

. - . 20 (steady)
E —E = AE =0
in out system 6.5 Btu/lbm
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
. 1 AIR 2
Ein - Eout
il + V2 12) = Qo +1m(hy +V3/2) (since W = Ape = 0) /

. y2 _p?
_Qout = m[hZ _hl +%J

or,

VE-v?
h2 = —Gout +h1 - L

=-6.5 Btu/lbm +143.47 Btu/lbm

(900 fi/s)* - (150 ft/s)* (1 Btwlbm
2 25,037 ft%/s?

=121.2 Btu/lbm
Thus, from Table A-17E, 7, =507 R

(b) The exit area is determined from the conservation of mass relation,

LAsz :LAlVl — 4 :ﬁﬂAl :(M]ﬂAl
v, v v RL/R )V
- (508/14.7)150 ft/s)(o'l ftz): 0.048 ft2

(600/50)(900 ft/s)
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5-34 [Also solved by EES on enclosed CD] Steam is accelerated in a nozzle from a velocity of 40 m/s to
300 m/s. The exit temperature and the ratio of the inlet-to-exit area of the nozzle are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is
negligible.

Properties From the steam tables (Table A-6),

B =3MPa | v, =0.09938 m® /kg
T, =400°C | h, =3231.7 kl/kg

Analysis (a) There is only one inlet and one exit, and thus ny = m, =m. We take nozzle as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

Ein - Eout = AE"systemﬂo (steady) =0
Rate of net energy transfer — Rat, Tﬁ ti P, =3 MP
ate of change in internal, kinetic, = a _
by heat, work, and mass ial, etc. i 1 Steam P, =2.5 MPa
y . . potential, etc. energies T, = 400°C S v = 300 m
Ein = Eout V= 40 m/s
m(hy + V2 12)=m(h, +V3/2) (since Q= W = Ape = 0)
|
2
or,
vy V3 300 m/s)? — (40 m/s)* 1 kJ/k
hy =h 22 3931 7 kg $)” ~(40m's) L 1=3187.5 k/kg
2 1000 m~/s

Thus, P, =2.5MPa T, = 376.6°C
h, =3187.5kl/kg | v, =0.11533 m’/kg

(b) The ratio of the inlet to exit area is determined from the conservation of mass relation,

A V. ) 3k
LAsz :LAIVI —>_1:£_2: (0.09938 m~/kg)(300 m/s)

3 =6.46
V2 v 4, vy Vi (011533 m°/kg)(40 m/s)
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5-35 Air is accelerated in a nozzle from 120 m/s to 380 m/s. The exit temperature and pressure of air are to
be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
variable specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat
transfer is negligible. 5 There are no work interactions.

Properties The enthalpy of air at the inlet temperature of 500 K is /#; = 503.02 kJ/kg (Table A-17).

Analysis (a) There is only one inlet and one exit, and thus iy = m, = m. We take nozzle as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

d - d 20 (stead;
Ein - Eout = AEsystem (steady) =0
— | —
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies \
; ; AIR
Ein = Eout 1 — 2
m(hy + V2 12) = m(hy, + V;/2) (since O = W = Ape = 0) /
y2_p2
0=hy—h+—2—1
or,
2 2 2 2
- 80 —(120 1k
hy =y ~VE 503,02 kg — B3OS~ (120 mis) ke |- 438.02 kike
2 2 1000 m*/s

Then from Table A-17 we read T, =436.5K
(b) The exit pressure is determined from the conservation of mass relation,
1 1 1 1

— Ay = — AV — ———— AWy =
v, v, RT, /P, RT, /P,

47

Thus,

_ADY, 2 (4365K)(120 ms)
ATV, ' 1 (500 K)(380 m/s)

(600 kPa) = 330.8 kPa

2
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5-36 Air is decelerated in a diffuser from 230 m/s to 30 m/s. The exit temperature of air and the exit area of
the diffuser are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
variable specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat
transfer is negligible. 5 There are no work interactions.

Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The enthalpy of air at the inlet
temperature of 400 K is /2; = 400.98 kJ/kg (Table A-17).

Analysis (a) There is only one inlet and one exit, and thus my =m, = m. We take diffuser as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

: : : 70 (stead
Ein - Eout = AEsystem (steady) =0
Rate of net energy transfer  Rate of change in internal, kinetic, /
by heat, work, and mass potential, etc. energies
) 3 1 AIR S 2
Ein = Eoul \
m(hy + V2 12)=m(h, +V3/2) (since Q= W = Ape = 0)
Vi-v? :
0=hy —hy +—2—1
2
or,
Vi-v? 30 m/s)® —(230 m/s)* [ 1 kI/k
By =h —22 71— 400.98 kl/kg - (30 mis)” ~(230 ms) L = 426.98 ki/kg
2 2 1000 m~/s
From Table A-17, T, =425.6 K
(b) The specific volume of air at the diffuser exit is
RT, (0.287 kPa-m®/kg-K [425.6 K
v, =22 :( 7 kPa-m”/kg X > ):1.221m3ﬂ<g
P, (100 kPa)
From conservation of mass,
1 mv, (6000/3600 kg/s)(1.221 m3/kg)

m=—A4,V, 4, = =0.0678 m*

v, V, 30 m/s
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5-37E Air is decelerated in a diffuser from 600 ft/s to a low velocity. The exit temperature and the exit
velocity of air are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
variable specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat
transfer is negligible. 5 There are no work interactions.

Properties The enthalpy of air at the inlet temperature of 20°F is 4; = 114.69 Btu/lbm (Table A-17E).

Analysis (a) There is only one inlet and one exit, and thus 7y = m, = m. We take diffuser as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

: : : 20 (stead
Ey, - Eout = AEsystem (steady) =0
— | S —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout l & 2
i(hy + V2 12) = ri(hy +V5/2) (since Q= W = Ape = 0) \
vy Vi ;
0= h2 — h1 +#
or,
Vi -2 0-(600 ft/s)* (1 Btu/lb
hy =~ Y22 114,69 Brutbm — 0= (600 15) | =121.88 Buwlbm
2 25,037 ft°/s
From Table A-17E, T7.=510.0 R
(b) The exit velocity of air is determined from the conservation of mass relation,
1 1 1 1
— AV, =— AV, ——> ——— A, V, =— AV
v, v, RT, /P, RT, /B

Thus,

_ADP 1 (SI0R)(13 psia)

- g ~_ (600 ft/s) = 114.3 ft/s
A,T,P, 5 (480 R)(14.5 psia)

2
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5-38 CO, gas is accelerated in a nozzle to 450 m/s. The inlet velocity and the exit temperature are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 CO, is an ideal gas with
variable specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat
transfer is negligible. 5 There are no work interactions.

Properties The gas constant and molar mass of CO, are 0.1889 kPa.m’/kg.K and 44 kg/kmol (Table A-1).
The enthalpy of CO, at 500°C is }_11 =30,797 kJ/kmol (Table A-20).

Analysis (a) There is only one inlet and one exit, and thus 7 = m, = m . Using the ideal gas relation, the
specific volume is determined to be

RT, (0. .m3/kg- \
o KT (0.1889 kPa - m*/kg - K |773 K)o 146 mke

P 1000 kPa 1 CO, )
ThuS, /
. 3
" :LAIVI v = my, _ (6000/3600 kg/s)£0.1246 m /kg) — 60.8 m/s
v A4 40x10""m

(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy
balance for this steady-flow system can be expressed in the rate form as

Ein - Eout = AEsystem7I0 (steady) =0
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eoul
m(hy + V2 12) =m(h, +V3/2) (since Q= W = Ape = 0)
y2_p?
0= h2 — hl +#
Substituting,
oy
hy =h ————L M
2
450 m/s)* —(60.8 m/s)’ [ 1kJ/k
30,797 kifkmo - 450 m/s)” ~(60.8 m's) £ (44 kg/kmol)
2 1000 m~“/s
= 26,423 kJ/kmol

Then the exit temperature of CO, from Table A-20 is obtained tobe 7, = 685.8 K
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5-39 R-134a is accelerated in a nozzle from a velocity of 20 m/s. The exit velocity of the refrigerant and
the ratio of the inlet-to-exit area of the nozzle are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is
negligible.

Properties From the refrigerant tables (Table A-13)

P, =700 kPa }ul —~0.043358 m®/kg \

T, =120°C | h =358.90 ki/kg | R34

and /

P, =400 kPa | v, =0.056796 m’/kg
T, =30°C hy =275.07 kl/kg

Analysis (a) There is only one inlet and one exit, and thus m; = m, =m. We take nozzle as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

. . _ a 20 (steady) _
Ein - Eout - AEsystem =0
;ﬁ/—/ S —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E out

i + V2 12) = i(hy + V3/2) (since O = W = Ape = 0)
2 2
Substituting,

0=(275.07-358.90)kJ/kg +

vi—-(20mss)’ [ 1kikg
2 1000 m?/s?

It yields V,=409.9 m/s

(b) The ratio of the inlet to exit area is determined from the conservation of mass relation,

3
LAZV2 1 AV, — A4 vV, (0.043358m /kg)(4o9.9 m/s)

. ~15.65
2 vy 4, vy i (0.056796 m? kg )20 mis)
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5-40 Air is decelerated in a diffuser from 220 m/s. The exit velocity and the exit pressure of air are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
variable specific heats. 3 Potential energy changes are negligible. 4 There are no work interactions.

Properties The gas constant of air is 0.287 kPa.m’/kg K (Table A-1). The enthalpies are (Table A-17)
T, =27°C=300K — A& =300.19 kJ/kg
T,=42°C=315K — h, =31527kJ/kg

Analysis (a) There is only one inlet and one exit, and thus 7y = m, = m. We take diffuser as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

- - _ - 70 (steady) _
Ein - Eout - AEsystern =0
~ %/—’
Rate of net energy transfer  Rate of change in internal, kinetic, 18 kl/s
by heat, work, and mass potential, etc. energies
E; in = E out 1 AIR 2

il + V2 12) = O,y + i(hy +V712) (since W = Ape = 0)
: . V-V
= Oout :m(hz — Iy + 2 > L J

Substituting, the exit velocity of the air is determined to be

2 2
—18KkJ/s = (2.5 kg/s)[(315.27 —300.19) kl/kg + 12— (220 M/S) ( 1 kJ/ke B

2 1000 m?/s*
It yields V,=62.0 m/s
(b) The exit pressure of air is determined from the conservation of mass and the ideal gas relations,
A,V .04 m? |62
=4, v, =222 =(00 m’Jo m/s):0.992m3/kg
v, m 2.5 kg/s
and

RT. 287 kPa-m>/kg-K 315K
P,v, = RT, Py =2 =(0 87 kPa:m’ kg K315 ) 911 kpa
v, 0.992 m> /kg
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5-41 Nitrogen is decelerated in a diffuser from 200 m/s to a lower velocity. The exit velocity of nitrogen
and the ratio of the inlet-to-exit area are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas
with variable specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus
heat transfer is negligible. 5 There are no work interactions.

Properties The molar mass of nitrogen is M = 28 kg/kmol (Table A-1). The enthalpies are (Table A-18)
T, =7°C=280K — h, =8141kJ/kmol
T, =22°C=295K — h, =8580kJ/kmol

Analysis (a) There is only one inlet and one exit, and thus 7y = m, = m. We take diffuser as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

. . _ . 70 (steady) _
Ein - Eout - AEsystem =0
— |
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
. 2 . 2 . : :
n(hy + V> 12) = 1ia(hy +V5/2) (since Q = W = Ape = 0) /
_ _ N,
VEVE hy—h VE-VP =5 2
2 1 2 1 + 2 1

0 = hz - h] + =
2 M 2 e
Substituting,

o _ (8580-8141)kI/kmol V7 —(200 m/s)’ { 1kl/kg j

28 kg/kmol 2 1000 m?*/s*
It yields V,=93.0 m/s

(b) The ratio of the inlet to exit area is determined from the conservation of mass relation,

4 v Vs (RT IRV,
RT, /P, )V,

1 1
) Y1 4, v,V

or,

A ( T,/ P, J V, (280 K/60 kPa)(93.0 m/s)
AZ

- =0.625
T,/P, )V, (295 K/85 kPa)200 m/s)
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5-42 EES Problem 5-41 is reconsidered. The effect of the inlet velocity on the exit velocity and the ratio of
the inlet-to-exit area as the inlet velocity varies from 180 m/s to 260 m/s is to be investigated. The final
results are to be plotted against the inlet velocity.

Analysis The problem is solved using EES, and the solution is given below.

Function HCal(WorkFluid$, Tx, Px)
"Function to calculate the enthalpy of an ideal gas or real gas"
If 'N2'=WorkFluid$ then
HCal:=ENTHALPY (WorkFluid$,T=Tx) "ldeal gas equ."
else
HCal:=ENTHALPY (WorkFluid$, T=Tx, P=Px)"Real gas equ."
endif
end HCal

"System: control volume for the nozzle"
"Property relation: Nitrogen is an ideal gas"
"Process: Steady state, steady flow, adiabatic, no work"

"Knowns"
WorkFluid$ = 'N2'
T[11=7 [C]
P[1]=60 [kPa]
{Vel[1] =200 [m/s]}
P[2] = 85 [kPa]
T[2] =22 [C]

"Property Data - since the Enthalpy function has different parameters
for ideal gas and real fluids, a function was used to determine h."
h[1]=HCal(WorkFluid$,T[1],P[1])

h[2]=HCal(WorkFluid$,T[2],P[2])

"The Volume function has the same form for an ideal gas as for a real fluid."
v[1]=volume(workFluid$,T=T[1],p=P[1])
v[2]=volume(WorkFIuid$,T=T[2],p=P[2])

"From the definition of mass flow rate, m_dot = A*Vel/v and conservation of mass the area ratio
A _Ratio=A_1/A_2is:"

A_Ratio*Vel[1]/v[1] =Vel[2]/V[2]

"Conservation of Energy - SSSF energy balance"

h[1]+Vel[1]*2/(2*1000) = h[2]+Vel[2]*2/(2*1000)

ARratio Vels [m/s] | Vel, [m/s]
0.2603 180 34.84
0.4961 190 70.1
0.6312 200 93.88
0.7276 210 113.6
0.8019 220 131.2
0.8615 230 147.4
0.9106 240 162.5
0.9518 250 177
0.9869 260 190.8
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5-43 R-134a is decelerated in a diffuser from a velocity of 120 m/s. The exit velocity of R-134a and the
mass flow rate of the R-134a are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 There are no work interactions.

Properties From the R-134a tables (Tables A-11 through A-13)

P, =800 kPa }ul =0.025621m?>/kg 2kl/s
hy, =267.29 kl/kg | Ride

and \

P, =900 kPa | v, =0.023375 m’ /kg
T, =40°C hy =274.17 kI/kg

sat.vapor

Analysis (a) There is only one inlet and one exit, and thus ry =m, = m. Then the exit velocity of R-134a
is determined from the steady-flow mass balance to be

A 0.023375 m°/k
LAZVZZLAlVl__)VZZV_Z_IVIZL( m3 )
vy vy v, 4, 1.8 (0.025621 m°/kg)

(120 m/s) = 60.8 m/s

(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy
balance for this steady-flow system can be expressed in the rate form as

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0
%/—J
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

O, +1(hy + V2 12) = m(hy +V}/2) (since W = Ape = 0)
S vy -y
O = m[hz —h +%J

Substituting, the mass flow rate of the refrigerant is determined to be

2 2
2 kl/s = m[(z74.17 —267.29)k)/kg + (608 ms)” (120 mis) ( L kIke JJ

2 1000 m?/s?

It yields m=1.308 kg/s



5-26

5-44 Heat is lost from the steam flowing in a nozzle. The velocity and the volume flow rate at the nozzle
exit are to be determined.

Assumptions 1 This is a steady-flow process since there is

no change with time. 2 Potential energy change is
negligible. 3 There are no work interactions.
400°C STEAM 300°C

Analysis We take the steam as the system, which is a 800

kP
control volume since mass crosses the boundary. The 15 /Sa —> 200 kPa
energy balance for this steady-flow system can be expressed
in the rate form as Q

Energy balance:

- . _ . A0 (steady) _
Ein - Eout - AEsystem =0
[ —— R ——
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
2 2
. " . V. : . .
m| b+~ | = hy +—2|+Q,, since W = Ape = 0)
2 2
2 2 0
14 v [0)
or hl_;,_;:hz +_2++ut
2 2 m

The properties of steam at the inlet and exit are (Table A-6)
B, =800 kPa |y, =0.38429 m’/kg
Ty =400°C | h =3267.7 kl/kg
P, =200 kPa | v, =1.31623 m’/kg
Ty =300°C | hy, =3072.1kJ/kg

The mass flow rate of the steam is

1 5
=— AV, =———(0.08m>)(10 m/s) = 2.082 kg/s
v ' 0.38429ms £
Substituting,
2 2
3267.7 kl/kg + L0 ( 1kJ/k2g 2j=3o72.11<1/kg+V—2( 1kJ/k2g 2]+ 25kl
2 1000 m~/s 2 \1000 m“/s 2.082 kg/s

—V, =606 m/s
The volume flow rate at the exit of the nozzle is

V, = rhv, = (2.082kg/s)(1.31623 m’/kg) = 2.74 m’/s
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Turbines and Compressors

5-45C Yes.

5-46C The volume flow rate at the compressor inlet will be greater than that at the compressor exit.

5-47C Yes. Because energy (in the form of shaft work) is being added to the air.

5-48C No.

5-49 Steam expands in a turbine. The change in kinetic energy, the power output, and the turbine inlet area
are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties From the steam tables (Tables A-4 through 6)

P, =10 MPa
P, =10 MPa | v, =0.029782 m*/kg T, = 450°C
T, =450°C h; =3242.4 kJ/kg Vi =80m/s
and
P, =10 kPa
hy=hy +xyhg =191.81+0.92x2392.1=2392.5 kl/kg
x, =0.92 :
Analysis (a) The change in kinetic energy is determined from
v -v:  (50m/s)’ —(80m/s)® [ 1ki/k
pre= 2V _ (SO mis) ~(80 miy) = 1.95kI/kg
2 1000 m~/s P,=10kPa
(b) There is only one inlet and one exit, and thus ny = m, = m. We take the 2 i0'92
¥, =50 m/s

turbine as the system, which is a control volume since mass crosses the
boundary. The energy balance for this steady-flow system can be expressed
in the rate form as

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0
\—W—J
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

m(hy + V2 12) =W, +m(hy, +V3/2) (since Q = Ape = 0)
) y2_y2
Wout = _m[hz _hl +%J

Then the power output of the turbine is determined by substitution to be
W, =—(12 kg/s)(2392.5-3242.4-1.95)k)/kg = 10.2 MW
(¢) The inlet area of the turbine is determined from the mass flow rate relation,
1 mv; (12 kg/s)(0.029782 m’ /kg)

m=— AV, A4, =
v, 4] 80 m/s

=0.00447 m?
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5-50 EES Problem 5-49 is reconsidered. The effect of the turbine exit pressure on the power output of the
turbine as the exit pressure varies from 10 kPa to 200 kPa is to be investigated. The power output is to be
plotted against the exit pressure.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns "

T[1]1 =450 [C]

P[1] = 10000 [kPa]
Vel[1] =80 [m/s]

P[2] = 10 [kPa]
X_2=0.92

Vel[2] =50 [m/s]
m_dot[1]=12 [kg/s]
Fluid$='Steam_IAPWS'

130 — T

"Property Data" 120}
h[1]=enthalpy(Fluid$,T=T[1],P=P[1]) 110

h[2]=enthalpy(Fluid$,P=P[2],x=x_2) i
T[2]=temperature(Fluid$,P=P[2],x=x_2) 1001
v[1]=volume(Fluid$,T=T[1],p=P[1]) 90+
v[2]=volume(Fluid$,P=P[2],x=x_2) 8ol
"Conservation of mass: " 70_'
m_dot[1]= m_dot[2] 60}

501

40- L 1 L 1 L 1 L 1 L

0 40 80 120 160 200
P[2] [kPa]

"Mass flow rate"
m_dot[1]=A[1]*Vel[1]/v[1]
m_dot[2]= A[2]*Vel[2]/v[2]

"Conservation of Energy - Steady Flow energy balance"
m_dot[1]*(h[1]+Vel[1]*2/2*Convert(m"2/s"2, kJ/kg)) =
m_dot[2]*(h[2]+Vel[2]*2/2*Convert(m"2/s"2, kJ/kg))+W_dot_turb*convert(MW,kJ/s)

DELTAke=Vel[2]*2/2*Convert(m"2/s"2, kJ/kg)-Vel[1]*2/2*Convert(m"2/s"2, kJ/kg)

10.25

P, Wiurp T,
kPa] | [MW] [C] I

10 1022 | 45.81 9.9/
31.11 966 | 69.93 I
5222 | 9377 | 824 | 1
7333 | 9183 | 9116 | N 9551
9444 | 9033 | 9802 ] M I
1156 | 8912 | 103.7 b 9ol
136.7 | 8.809 | 1086 | -
157.8 8.719 112.9 N I
178.9 8.641 116.7 8.85

200 857 | 120.2 I

8.5 1 1 1 1 1 1 1 1 1
0 40 80 120 160 200

P[2] [kPa]
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5-51 Steam expands in a turbine. The mass flow rate of steam for a power output of 5 MW is to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties From the steam tables (Tables A-4 through 6)
B =10 MPa

hy =3375.1 kl/kg
T, = 500°C

P, =10 kPa

hy = hy +xyhy =191.81+0.90x 2392.1 = 2344.7 kI/k
%, =0.90 }2 e &

Analysis There is only one inlet and one exit, and thus ny = m, = m. We take the

turbine as the system, which is a control volume since mass crosses the boundary.
The energy balance for this steady-flow system can be expressed in the rate form
as

. . _ . A0 (steady) _
Ein - Eout - AEsystem =0
M R
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
mhy = Wy, +mh, (since Q = Ake = Ape = 0)
VVOut = _m(hz - hl)

Substituting, the required mass flow rate of the steam is determined to be

5000 kJ/s = —rir(2344.7 —3375.1) kl/kg—> i = 4.852 kg/s

5-52E Steam expands in a turbine. The rate of heat loss from the steam for a power output of 4 MW is to
be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible.

Properties From the steam tables (Tables A-4E through 6E)

P, =1000 psia
T, =900°F

P, =5 psia

}hl =1448.6 Btu/Ibm }hz =1130.7 Btu/lbm

sat.vapor
Analysis There is only one inlet and one exit, and thus 7 =, =m. We

take the turbine as the system, which is a control volume since mass crosses
the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

. a _ A E‘ 20 (steady) _
Ein - Eout - system =0
[ \ ———
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
mhy = Qg + Wou +1h,  (since Ake = Ape = 0)

Qout = _m(hZ - hl)_ Vi/:)ut
Substituting,

O, = —(45000/3600 Ibm/s)(1130.7 — 1448.6)Btu/Ibm — 4000 kJ/S[%

] =182.0 Btu/s
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5-53 Steam expands in a turbine. The exit temperature of the steam for a power output of 2 MW is to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties From the steam tables (Tables A-4 through 6)
P =8MPa

hy =3399.5 ki/kg
T, =500°C

Analysis There is only one inlet and one exit, and thus m; = m, = m. We take the turbine as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

- . _ - 20 (steady) _
Ein - Eout - AEsystem =0
M R
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
mhy = W, +mh, (since Q = Ake = Ape = 0)

Wour = m(hy —hy)
Substituting,

2500 kJ/s = (3 kg/s)(3399.5 — h, )k/kg
hy =2566.2 kl/kg

Then the exit temperature becomes

P, =20kPa

T, =60.1°C
hy =2566.2 kl/kg
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5-54 Argon gas expands in a turbine. The exit temperature of the argon for a power output of 250 kW is to
be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with
constant specific heats.

Properties The gas constant of Ar is R = 0.2081 kPa.m’/kg.K. The constant pressure specific heat of Ar is
¢, = 0.5203 kJ/kg-°C (Table A-2a)

Analysis There is only one inlet and one exit, and thus my; =m, = m. The inlet specific volume of argon

and its mass flow rate are

3
o R _ (02081 kPa - m*kg - K723 K) 0167 m¥kg A, = 60 onr?
P 900 kPa P, = 900 kPa
T, =450°C
Thus, V, =80 m/s
=ty - — L
v ' 0.167m kg

(0.006 m2X80 m/s) = 2.874 kg/s

We take the turbine as the system, which is a control volume since ¢
mass crosses the boundary. The energy balance for this steady-flow 250 kW
system can be expressed in the rate form as

Em _ Eout _ AE 20 (steady) -0

system

— (R —
Pll’at;oftnet erll(ergydtransfer Rate of change in internal, kinetic, P, =150 kPa
eat, work, and mass i i
y potential, etc. energies V, =150 m/s

E,=E

in =~ “out

r(hy + V2 12) = W, +m(hy +V£/2) (since Q = Ape = 0)

2 12
Wout:—M[h2—h1+V2 Vlj

2

Substituting,

150 m/s)® — (8 2
250 kJ/s = —(2.874 kg/s){(0.5203 ki/kg-" C)(T, — 450° ) + L0 TVS)” ~ (B0 m/s) ( 1kIke H

2 1000 m?/s?

It yields T,=267.3°C
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5-55E Air expands in a turbine. The mass flow rate of air and the power output of the turbine are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with
constant specific heats.

Properties The gas constant of air is R = 0.3704 psia.ft’/Ibm.R. The constant pressure specific heat of air at
the average temperature of (900 + 300)/2 = 600°F is ¢, = 0.25 Btu/lbm-°F (Table A-2a)

Analysis (a) There is only one inlet and one exit, and thus 7y = 71, = m. The inlet specific volume of air
and its mass flow rate are

: 3
o < BT (0.3704 psia - t'/lbm RX1360 R) _ 3358 53/1bm
R 150 psia

.1 1
m=—A4V, =

= —3(0.1 fit? Xsso ft/s)=10.42 Ibm/s
¢! 3.358 ft*/Ibm

(b) We take the turbine as the system, which is a control volume since mass
crosses the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

. - _ . A0 (steady) _
Ein - Eout - AEsystem =0
\%/_/
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

(hy + V2 12) =W, +m(hy +V3/2) (since Q = Ape = 0)
) y2_p2 2 _p2
W :—m[hz—h1+—2 > ! ]:—n":[cp(TZ—Tl)+—2 > !

Substituting,

2 2
W, =—(10.42 lbm/s){(O.ZSO Btwlbm: F)300 —~ 900) F + (700 fu's)* (350 fvs) [ ! Btw/lbm H

2 25,037 ft%/s?
=1486.5 Btu/s = 1568 kW
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5-56 Refrigerant-134a is compressed steadily by a compressor. The power input to the compressor and the
volume flow rate of the refrigerant at the compressor inlet are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties From the refrigerant tables (Tables A-11 through 13)
T, =-24°C } v, =0.17395 m>/kg P, =0.8 MPa

hy, =296.81kJ/kg
h; =235.92 kl/kg T, =60°C

sat.vapor
Analysis (a) There is only one inlet and one exit, and thus m =m, =m.
We take the compressor as the system, which is a control volume since
mass crosses the boundary. The energy balance for this steady-flow
system can be expressed in the rate form as

. - _ . 20 (steady) _
Ein - Eout - AEsystem =0
—_—

Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies
Ein = Eout

W, +mh; =mh, (since Q= Ake = Ape = 0)

Wiy = m(hy —hy)

Substituting, ¥, = (1.2 kg/s)(296.81 - 235.92)k)/kg = 73.06 kJ/s
(b) The volume flow rate of the refrigerant at the compressor inlet is
V, = mv, = (1.2 kg/s)0.17395 m*/kg) = 0.209 m3/s

5-57 Air is compressed by a compressor. The mass flow rate of air through the compressor is to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 Air is an ideal gas with variable specific heats.

Properties The inlet and exit enthalpies of air are (Table A-17)
T] =25°C=298 K o h] :h@298K:298~2 kJ/kg
T2 =347°C=620K g l’lz = h@ 620K — 628.07 kJ/kg

. S 2
Analysis We take the compressor as the system, which is a control
volume since mass crosses the boundary. The energy balance for this
steady-flow system can be expressed in the rate form as
- d _ - 20 (steady) _
Ein - Eout - AEsystem =0 AIR -
| SR
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eou 1500 kJ/min
W, +m(h +V12)=Qqy +m(hy +V512) (since Ape = 0) 1

. . y2 _p2
I/Vin _Qout = m[hZ _hl +%J

Substituting, the mass flow rate is determined to be

250 kJ/s - (1500/60 kJ/s) = ri{628.07 050 0 misf -0 { ke

5 T H — 1 = 0.674 Kg/s
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5-58E Air is compressed by a compressor. The mass flow rate of air through the compressor and the exit
temperature of air are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Air is an ideal gas with variable specific heats.

Properties The gas constant of air is R = 0.3704 psia.ft’/[bm.R (Table A-1E). The inlet enthalpy of air is
(Table A-17E)

T] =60°F =520 R d h] = h@ S20R — 124.27 Btu/lbm
Analysis (a) There is only one inlet and one exit, and thus ng =, = m. The inlet specific volume of air

and its mass flow rate are

. 3
o = RTi _ (0.3704 psia - ft flom R)520 R) _15.1 £%/1bm
P 14.7 psia 2

. .
= A 23000 f/min _ o o min = 6.36 Ibmis

v, 13.1 ft/Ibm

(b) We take the compressor as the system, which is a control volume since AIR 3
mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

. . B : 70 (steady) _ 10 Btu/lbm
Ein - Eoul - AEsystem =0
—_—
Rate of net energy transfer  Rate of change in internal, kinetic, 1
by heat, work, and mass potential, etc. energies
Ein =E out

W, +hy = Q,, +mh, (since Ake = Ape = 0)
Vi/in - Qout = m(hz - hl)
Substituting,

(700 hp 0.7068 Btu/s —(6.36 Tbm/s)x (10 Btw/Ibm) = (6.36 Ibm/s )i, —124.27 Btu/Ibm)
L hp :

h, =192.06 Btw/Ibm

Then the exit temperature is determined from Table A-17E to be
7,=3801 R=341°F
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5-59E EES Problem 5-58E is reconsidered. The effect of the rate of cooling of the compressor on the exit
temperature of air as the cooling rate varies from 0 to 100 Btu/lbm is to be investigated. The air exit
temperature is to be plotted against the rate of cooling.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns "

T[1]1 =60 [F]

P[1] = 14.7 [psia]
V_dot[1] = 5000 [ft*3/min]
P[2] = 150 [psia]
{g_out=10 [Btu/lbm]}
W_dot_in=700 [hp]

"Property Data"
h[1]=enthalpy(Air, T=T[1])
h[2]=enthalpy(Air, T=T[2])
TR_2=T[2]+460 "[R]"
v[1]=volume(Air, T=T[1],p=P[1])
v[2]=volume(Air, T=T[2],p=P[2])

"Conservation of mass: "
m_dot[1]= m_dot[2]

"Mass flow rate"
m_dot[1]=V_dot[1]/v[1] *convert(ft"3/min,ft"3/s)
m_dot[2]= V_dot[2)/v[2]*convert(ft"3/min,ft"3/s)

"Conservation of Energy - Steady Flow energy balance"
W_dot_in*convert(hp,Btu/s)+m_dot[1]*(h[1]) = m_dot[1]*q_out+m_dot[1]*(h[2])

Cout T2 400 i
[Btu/lbm] [F] 350 ]
0 382 ]
10 340.9 300 -
20 299.7 ]
30 258.3 .= 250 j
40 216.9 = 200 -
50 175.4 ~ .
60 133.8 = 150 ]
70 92.26 100 -
80 50.67 .
90 9.053 50 7
100 -32.63 0 ]
-50- I | I | I | I | I )

0 20 40 60 80 100

Aoyt [Btu/lbm]
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5-60 Helium is compressed by a compressor. For a mass flow rate of 90 kg/min, the power input required
is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Helium is an ideal gas with constant specific heats.

Properties The constant pressure specific heat of helium is ¢, = 5.1926 klJ/kg'K (Table A-2a).

Analysis There is only one inlet and one exit, and thus g =, =m. We take the compressor as the
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

. A0 (stead; P, =700 kPa
Ein - Eout = AEsystem (steady) =0 Tz =430 K
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout Q
. ) . . . He — 3
W, +mh; =0, +mh, (since Ake = Ape = 0) 90 kg/min .
I/Vin_Qout:n./l(hZ_hl):’hcp(TZ_Tl) w
Thus,
I/i/in :Q.out+mcp(T2_Tl) P, =120 kPa
= (90/6 0 kg/s)(20 kJ/kg) + (90/60 kg/s)(5.1926 ki/kg - K)(430 — 310)K T, =310K
=965 kW

5-61 CO, is compressed by a compressor. The volume flow rate of CO, at the compressor inlet and the
power input to the compressor are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Helium is an ideal gas with variable specific heats. 4 The device is
adiabatic and thus heat transfer is negligible.

Properties The gas constant of CO, is R = 0.1889 kPa.m’/kg K, and its molar mass is M = 44 kg/kmol
(Table A-1). The inlet and exit enthalpies of CO, are (Table A-20)

T, =300 K — h =9,431kJ/kmol 2
T, =450 K — h, =15,483 kJ/kmol
Analysis (a) There is only one inlet and one exit, and thus my =7, =m.

The inlet specific volume of air and its volume flow rate are

RT, .1889 kPa-m°/kg-K K
. L _ (01889 kPa - m*/kg-K 300 ) _ 05667 m ke
P 100 kPa

V =mv, = (0.5 kg/s)(0.5667 m> /kg) = 0.283 m* /s 1

(b) We take the compressor as the system, which is a control volume since mass crosses the boundary. The
energy balance for this steady-flow system can be expressed in the rate form as

_ - 20 (steady) _
Ein - Eout - AEsystem =0
%/—J
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

W, +mh, =mh, (since Q= Ake= Ape = 0)
Wiy = iy —y) = in(hy —hy) | M

Substituting i = (0.5 ke/s)15,483 - 9,431 kJ/kmol) _ 68.8 KW
44 kg/kmol
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Throttling Valves

5-62C Because usually there is a large temperature drop associated with the throttling process.

5-63C Yes.

5-64C No. Because air is an ideal gas and h = h(T) for ideal gases. Thus if h remains constant, so does the
temperature.

5-65C If it remains in the liquid phase, no. But if some of the liquid vaporizes during throttling, then yes.

5-66 Refrigerant-134a is throttled by a valve. The temperature drop of the refrigerant and specific volume
after expansion are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work
interactions involved.

Properties The inlet enthalpy of R-134a is, from the refrigerant tables P, =700 kPa
(Tables A-11 through 13), Sat. liquid

B =0.7 MPa } T, =T, =26.69°C

sat

sat. liquid by =h, =88.82 kl/kg

Analysis There is only one inlet and one exit, and thus 7y =m, =m. We

take the throttling valve as the system, which is a control volume since
mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as P, =160 kPa

: . AT 70 (steady) _ S
Ein _Eout - AEsystem =0 - Ein - Eout

since Q= W = Ake = Ape =0 . Then,
P, =160kPa | h, =3121klkg, T, =-15.60°C
(hy=h) h, =241.11kJ/kg

Obviously A <h, <h,, thus the refrigerant exists as a saturated mixture at the exit state and thus T, = Ty = -
15.60°C. Then the temperature drop becomes

AT =T, - T, =-15.60 - 26.69 =-42.3°C
The quality at this state is determined from

hy—h; 88.82-31.21

M 209.90

=0.2745

x2=

Thus,
vy =V, +x,v,, =0.0007437 +0.2745%(0.12348 — 0.0007437) = 0.0344 mslkg



5-38

5-67 [Also solved by EES on enclosed CD] Refrigerant-134a is throttled by a valve. The pressure and
internal energy after expansion are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work
interactions involved.

Properties The inlet enthalpy of R-134a is, from the refrigerant tables (Tables A-11 through 13),

A=08MPat, 86.41 k/k
T,=25c [ raase TEOTIEIES
! P, =0.8 MPa
Analysis There is only one inlet and one exit, and thus m; =, =m. T, =25°C
We take the throttling valve as the system, which is a control volume
since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as 134
. . . . . -134a

Ein - Eout = AEsystem7IO (steady) =0 - Ein =Loy Mhl = th - hl = h2

since Q= W = Ake = Ape = 0. Then,

T, =—20°C | h, =25.49kl/kg, u, =25.39 ki/kg T,=-20°C
(hy=h) [h,=23841Kki/kg u, =218.84 kl/kg

Obviously i, < h, <h,, thus the refrigerant exists as a saturated mixture at the exit state, and thus
Py, = Py @aec = 132.82 kPa
hy—h; 86.41-2549

h 21291

Thus,  u, =uy +x3u, =25.39+0.2861x193.45=280.74 kd/kg

Also, x,= =0.2861

5-68 Steam is throttled by a well-insulated valve. The temperature drop of the steam after the expansion is
to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work
interactions involved.

Properties The inlet enthalpy of steam is (Tables A-6),
P, =8 MPa
T, =500°C

P, = 8§ MPa
}hl =3399.5 kl/kg T, = 500°C

Analysis There is only one inlet and one exit, and thus 7 =1, =m. We take

the throttling valve as the system, which is a control volume since mass &) o
crosses the boundary. The energy balance for this steady-flow system can be H,
expressed in the rate form as

O

Ein _Eout = AE 70 (SteadY) = 0 4 Ein = E

system out

XT<=23

- mh =mh,—> h =h,

L _ P,=6MPa

since Q = W = Ake = Ape = 0. Then the exit temperature of steam becomes
P, =6 MPa

T, =490.1°C
(h2:h1) } ?
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5-69 EES Problem 5-68 is reconsidered. The effect of the exit pressure of steam on the exit temperature
after throttling as the exit pressure varies from 6 MPa to 1 MPa is to be investigated. The exit temperature
of steam is to be plotted against the exit pressure.

Analysis The problem is solved using EES, and the solution is given below.

"Input information from Diagram Window"

{WorkingFluid$="Steam_iapws' "WorkingFluid: can be changed to ammonia or other fluids"
P_in=8000 [kPa]

T_in=500 [C]

P_out=6000 [kPal}

$Warning off

"Analysis"

m_dot_in=m_dot_out "steady-state mass balance"

m_dot_in=1 "mass flow rate is arbitrary"
m_dot_in*h_in+Q_dot-W_dot-m_dot_out*h_out=0 "steady-state energy balance"
Q_dot=0 "assume the throttle to operate adiabatically"

W_dot=0 "throttles do not have any means of producing power"
h_in=enthalpy(WorkingFluid$,T=T_in,P=P_in) "property table lookup"
T_out=temperature(WorkingFluid$,P=P_out,h=h_out) "property table lookup"
x_out=quality(WorkingFluid$,P=P_out,h=h_out) "x_out is the quality at the outlet"

P[1]=P_in; P[2]=P_out; h[1]=h_in; h[2]=h_out "use arrays to place points on property plot"

Pot | Tou[C] Throttle exit T vs exit P for steam
[kPa] 495 T T T T T T T T T
1000 463.1 - 1
2000 468.8 490
3000 474.3
4000 479.7 485
5000 484.9
6000 490.1 r—
o 480
OI_‘
. 475
=]
o
470
465
460 I | I | I | I | I

1000 2000 3000 4000 5000 6000

Pout [kPa]
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5-70E High-pressure air is throttled to atmospheric pressure. The temperature of air after the expansion is
to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work
interactions involved. 5 Air is an ideal gas.

Analysis There is only one inlet and one exit, and thus m; = m, =m. We take P, =200 psia
the throttling valve as the system, which is a control volume since mass T, = 90°F
crosses the boundary. The energy balance for this steady-flow system can be 9
expressed in the rate form as

. . . zo t d hd d . .

Ein _Eout = AEsystem (steady) =0 — Ein = Eout - m}ll = th - hl = h2 "" Air
since Q= W = Ake = Ape = 0. For an ideal gas, h = h(T).
Therefore, v

P, =14.7 psia

T2:T1:90°F

5-71 Carbon dioxide flows through a throttling valve. The temperature change of CO, is to be determined
if CO, is assumed an ideal gas and a real gas.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work
interactions involved.

Analysis There is only one inlet and one exit, and thus 7y =m, = m. We take the throttling valve as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

Ey—Ey =AE " Y =0 —» E, =E,, — mh =mhy— h=h

system
since Q= W = Ake= Ape=0.
o P co,
(a) For an ideal gas, h = h(T), and therefore, 5MPa —p 100 kPa
100°C

T, =T, =100°C—— AT =T, -T, =0°C
(b) We obtain real gas properties of CO, from EES software as follows

P, =5MPa

h, =34.77 kl/kg
T, =100°C

P, =100 kPa

T, =66.0°C
h, =h, =34.77 kl/kg

Note that EES uses a different reference state from the textbook for CO, properties. The temperature
difference in this case becomes

AT =T, -T, =100-66.0 = 34.0°C

That is, the temperature of CO, decreases by 34°C in a throttling process if its real gas properties are used.
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Mixing Chambers and Heat Exchangers

5-72C Yes, if the mixing chamber is losing heat to the surrounding medium.

5-73C Under the conditions of no heat and work interactions between the mixing chamber and the
surrounding medium.

5-74C Under the conditions of no heat and work interactions between the heat exchanger and the
surrounding medium.

5-75 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass
flow rate of cold water is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss
to the surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are
negligible. 4 Fluid properties are constant. 5 There are no work interactions.

Properties Noting that T < Ty @ 250 kea = 127.41°C, the

water in all three streams exists as a compressed liquid, T iSOOC \
. . .. m; = 0.5 kg/s
which can be approximated as a saturated liquid at the O
given temperature. Thus, > (P = 250 kPa)
l’ll = hf@ 80°C — 335.02 kJ/kg T;=42°C

hy = hygaec = 83.915kl/kg T,=20°C
g kS /

l’l3 = hf@42°c = 175.90 kJ/kg

Analysis We take the mixing chamber as the system, which is a control volume. The mass and energy
balances for this steady-flow system can be expressed in the rate form as

. . 70 (stead:
Mass balance:  ny, — 1y, = Am (steady)

system =0 > My +my =y

Energy balance:

. - _ A E’ J0 (steady) _
Ein - Eout - system =0
S R
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

iyl + myhy = rishy (since O = W = Ake = Ape = 0)
Combining the two relations and solving for m, gives
myhy +myhy = (”71 + ity g
Substituting, the mass flow rate of cold water stream is determined to be

o (335.02-175.90) kl/kg
> (175.90-83.915) ki/kg

(0.5 kg/s) = 0.865 kg/s



5-42

5-76 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing
temperature, the mass flow rate of the steam is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat
transfer is negligible.

Properties Noting that T < Ty @ 300 kea = 133.52°C, the cold water stream and the mixture exist as a
compressed liquid, which can be approximated as a saturated liquid at the given temperature. Thus, from
steam tables (Tables A-4 through A-6)

h] = hf@20°C = 8391 kJ/kg
h3 = hf@60°C = 251.18 kJ/kg

and

P, =300 kPa

h, =3069.6 kl/kg
T, =300°C
Analysis  We take the mixing chamber as the system, which is a control volume since mass crosses the

boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

. . . _ . A0 (steady) _ . . L
Mass balance: iy = Mgy = Milgygien, =0 > ny, =My, —> ny + 1y =1y

Energy balance:

” ; _ ” &0 (steady) _
Ein - Eout - AEsystem =0
—_— - T, =20°C
Rate of netenergy transfer  Rate of change in internal, kinetic, o = 1.8 ke/s
by heat, work, and mass potential, etc. energies 1= 1.0K8
. . H,O
Ey = Eqgy (P = 300 kPa)
. . . . 5 r ~ ~ T3 = 600C
- . . L T,=300°C /
Combining the two, myhy + myhy = (ml + 1, )h3 m,
. . . h—hy .
Solving for 71, : ity = —— 1y
h3 - h2
Substituting,

_(83.91-251.18)kJ/kg
(251.18 —3069.6)kJ/kg

n, (1.8 kg/s) =0.107 kg/s
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5-77 Feedwater is heated in a chamber by mixing it with superheated steam. If the mixture is saturated
liquid, the ratio of the mass flow rates of the feedwater and the superheated vapor is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat
transfer is negligible.

Properties Noting that T < Te @ 1 mpa = 179.88°C, the cold water stream and the mixture exist as a
compressed liquid, which can be approximated as a saturated liquid at the given temperature. Thus, from
steam tables (Tables A-4 through A-6)

h = hf@50°C = 209.34 kJ/kg
h3 = hf@]Mpa:762.51 kJ/kg

and
P, =1MPa

hy =2828.3kJ/kg
T, =200°C

Analysis  We take the mixing chamber as the system, which is a control volume since mass crosses the
boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

Mass balance: Mty = Mgy = Mt 06teady) — 0 > i, = ringy —> 1y + ity = 1ing
Energy balance:
3 ; 3 J0 (steady)
E -FE = AE =0
in out system T, = 50°C
Rate of netenergy transfer  Rate of change in internal, kinetic, m
by heat, work, and mass potential, etc. energies
. . Hzo
Ey = Eqgy (P=1MPa)
. . . . - . Sat. liquid
myhy + myhy, = nmzhy (since Q = W = Ake = Ape = 0)
T, = 200°C /
mp
Combining the two, iy hy + rinyhy = (1 + 1iny )y
Dividing by 7, yields yhy +hy =(y+1)h,
. hy—h
Solving for y: y="—2
by —hy

where y =my / m, is the desired mass flow rate ratio. Substituting,

b= 762.51—2828.3 _373
209.34 - 762.51
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5-78E Liquid water is heated in a chamber by mixing it with saturated water vapor. If both streams enter at
the same rate, the temperature and quality (if saturated) of the exit stream is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat
transfer is negligible.

Properties From steam tables (Tables A-5E through A-6E),
h] h/@ 50°F — 18.07 Btu/Ibm
]’l2 = hg @ 50 psia — 1174.2 Btu/lbm

Analysis  We take the mixing chamber as the system, which is a control volume since mass crosses the
boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

1

20 (steady)

Mass balance: i, — ., = Am = 0> my, = Mgy, —> 1y + 10, =Wy =2m—ny =1, =M

system
Energy balance:
” ; _ 3 J0 (steady) _ T, = 50°F
Ein - Eout - AEsystem =0 ! \\
— | S —
Rate of netenergy transfer  Rate of change in internal, kinetic, H0
by heat, work, and mass potential, etc. energies 2~
i . (P =50 psia)
Ey = Eqoy Ts, x5
myhy + myhy, = nmzhy (since Q = W = Ake = Ape = 0) Sat. vapor i

m; = my
Combining the two gives  rithy +rth, = 2rthy or hy = (hy +hy)/2
Substituting,
hy = (18.07 + 1174.2)/2 = 596.16 Btu/Ibm

At 50 psia, hy=250.21 Btu/lbm and s, = 1174.2 Btw/Ibm. Thus the exit stream is a saturated mixture since
hy < h3 < hg. Therefore,

T3 = Tsat @ 50 psia = 280.99°F
and

hy —h;  596.16—250.21

hg 924.03

=0.374

X3:
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5-79 Two streams of refrigerant-134a are mixed in a chamber. If the cold stream enters at twice the rate of
the hot stream, the temperature and quality (if saturated) of the exit stream are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat
transfer is negligible.

Properties From R-134a tables (Tables A-11 through A-13),
h] h/@ 12°C = 68.18 kJ/kg
hz =h @ 1 MPa, 60°C — 293.38 kJ/kg

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the
boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

1

20 (steady)

Mass balance: ny, — gy = Aitgyger,

= 0> rity, = 1ty —>1iy + ity = 1ty = 311, since ry = 2,

Energy balance:

R . R T, =12°C

_ AE J0 (steady) _ L 8 N\
Ein - Eout - system =0 m; = 2m
L.

-
Rate of net energy transfer  Rate of change in internal, kinetic, R-134a
by heat, work, and mass potential, etc. energies (P=1MPa)
L Ts, x3
Ein =E out

. . . . : . T,=60°C e
myhy + myhy = myhy (since Q = W = Ake = Ape = 0)

Combining the two gives  2rityhy +1ityhy =31inyhy or hy =2k +h, )/3
Substituting,
hy = (2x68.18 +293.38)/3 = 143.25 kl/kg
At 1 MPa, hy=107.32 kJ/kg and h, = 270.99 kl/kg. Thus the exit stream is a saturated mixture since
hy < h3 < hg. Therefore,
T3 = Tai@1 mpa = 39.37°C
and

hy —h; 143.25-107.32

I 163.67

=0.220

X3:
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5-80 EES Problem 5-79 is reconsidered. The effect of the mass flow rate of the cold stream of R-134a on
the temperature and the quality of the exit stream as the ratio of the mass flow rate of the cold stream to
that of the hot stream varies from 1 to 4 is to be investigated. The mixture temperature and quality are to be
plotted against the cold-to-hot mass flow rate ratio.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

"m_frac = 2" "m_frac =m_dot_cold/m_dot_hot=m_dot_1/m_dot_2"
T[1]=12[C]

P[1]=1000 [kPa]

T[2]=60 [C]

P[2]=1000 [kPa]
m_dot_1=m_frac*m_dot_2
P[3]=1000 [kPa]
m_dot_1=1

"Conservation of mass for the R134a: Sum of m_dot_in=m_dot_out"
m_dot_1+ m_dot 2 =m_dot_3

"Conservation of Energy for steady-flow: neglect changes in KE and PE"
"We assume no heat transfer and no work occur across the control surface."
E_dot_in - E_dot_out = DELTAE_dot_cv
DELTAE_dot_cv=0 "Steady-flow requirement"
E_dot_in=m_dot_1*h[1] + m_dot_2*h[2] 05
E_dot_out=m_dot_3*h[3]

"Property data are given by:"

h[1] =enthalpy(R134a,T=T[1],P=P[1])
h[2] =enthalpy(R134a,T=T[2],P=P[2])
T[3] =temperature(R134a,P=P[3],h=h[3])

x_3=QUALITY(R134a,h=h[3],P=P[3]) Ky
Mirac T3 [C] X3
1 39.37 0.4491 -
1.333 39.37 0.3509 . y
1.667 39.37 0.2772 ' ' '
2 39.37 0.2199 Mtrac
2.333 39.37 0.174 40
2.667 39.37 0.1365 o ' ' ' ' o
3 39.37 0.1053
3.333 39.37 | 0.07881 38 1
3.667 39.37 | 0.05613
4 39.37 | 0.03649 o 36l ]
=
|':' 34 .
321 _
30 L 1 L 1 L 1 L 1 L 1
1 1.5 2 2.5 3 3.5 4
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5-81 Refrigerant-134a is to be cooled by air in the condenser. For a specified volume flow rate of air, the
mass flow rate of the refrigerant is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the device to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid. 5 Air is an ideal gas with constant specific heats at room temperature.

Properties The gas constant of air is 0.287 kPa.m*/kg K (Table A-1). The constant pressure specific heat of
air is ¢, = 1.005 kJ/kg-°C (Table A-2). The enthalpies of the R-134a at the inlet and the exit states are
(Tables A-11 through A-13)
Py =1MPa
T; =90°C
P, =1MPa
T, =30°C

}h3 =324.64 kl/kg

}h4 2 h e = 9358 Ki/kg

Analysis The inlet specific volume and the mass flow rate of air are

RT, (0.287 kPa-m?>/kg-K 300 K
v, = 1:( a-m /xg X ):0.861m3/kg
P, 100 kPa

and
vV 600 m*/mi
=2l m—;nm = 696.9 kg/min
v, 0.861 m’/kg

We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances
for this steady-flow system can be expressed in the rate form as

Mass balance ( for each fluid stream):

20 (steady)

My — Moy = Amsystem =0— My = Moy = My =My =m, and my = my = mpg

Energy balance (for the entire heat exchanger):

. . . 20 (stead
Ein - Eout = AEsystem (steady) =0
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
riyhy + tighy = iy, + iyh, (since Q = W = Ake = Ape = 0)
Combining the two, i, (hy —hy ) =g (hy —hy)
- c \T, - T,
Solving for rig : g = fp I, = (7 l)ma
hy—hy hs—hy
Substituting,
1. kl/kg-° -27)° .
jiny, = 1:005 KI/kg - “C)O0 = 27)°C 60§ 1o /min) = 100.0 ke/min

(324.64 -93.58) kl/kg
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5-82E Refrigerant-134a is vaporized by air in the evaporator of an air-conditioner. For specified flow rates,
the exit temperature of the air and the rate of heat transfer from the air are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the device to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid. 5 Air is an ideal gas with constant specific heats at room temperature.

Properties The gas constant of air is 0.3704 psia.ft’/lbm.R (Table A-1E). The constant pressure specific
heat of air is ¢, = 0.240 Btu/lbm-°F (Table A-2E). The enthalpies of the R-134a at the inlet and the exit
states are (Tables A-11E through A-13E)

Py =20 psia
hy=hg +x3h g =11.445+0.3x 91.282 =38.83 Btu/Ibm AR
X3 = 0.3 .
F20ps 102.73 Btw/Ib il
= —— . u m
sat.vapor 4 g@?20 psia

Analysis (a) The inlet specific volume and the mass flow rate of air are

. 3
_ 5 _ (03704 psia ) Lo RISSOR) _ 13 g6 1o
PR 14.7 psia

: .
Y _ 2000U/min__ 14 43 lom/min
v 13.86 ft”/lbm

and

We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances
for this steady-flow system can be expressed in the rate form as

Mass balance (for each fluid stream):

20 (steady)

My = Moy = Amsystem =0—> Myy = Moy = My =My =M, and ms = nmy = mpg

Energy balance (for the entire heat exchanger):

- 5 _ $ 70 (steady) _
Ein - Eout - AEsystem =0
S | ——
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E, in = E, out
mhy + mzhy = myhy +myhy,  (since Q =W = Ake = Ape = 0)
Combining the two, tg(hy —hy)=m,(hy —h)= n,c, (1, -1,)
. mplhy —h
Solving for 7,: T, =T, +M
m B C P

(4 Ibm/min )(38.83 — 102.73)Btu/lbm

~16.2°F
(14.43 Btw/min){0.24 Btu/Ibm-F )

Substituting, T, =90°F +
(b) The rate of heat transfer from the air to the refrigerant is determined from the steady-flow energy
balance applied to the air only. It yields
_Qair,out = ma(hZ _hl) = macp (TZ _Tl)
Qair, out = —(14.43 Ibmg/min)(0.24 Btu/Ibm - °F)(16.2 - 90)°F = 255.6 Btu/min
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5-83 Refrigerant-134a is condensed in a water-cooled condenser. The mass flow rate of the cooling water
required is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the device to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid.

Properties The enthalpies of R-134a at the inlet and the exit states are (Tables A-11 through A-13)

P, =700 kPa
. hy =308.33 kl/kg
I; =70°C Water
Fo=700kPa |, ), — 88.82 kl/k il
sat. liquid + 7 T/@r0ke O s R-134a
Water exists as compressed liquid at both states, and thus (Table A-4) 3
h] = h/@ 15°Cc = 62.98 kJ/kg
h, = h/'@25oc =104.83 kJ/kg \LZ 4

Analysis We take the heat exchanger as the system, which is a
control volume. The mass and energy balances for this steady-flow
system can be expressed in the rate form as

Mass balance (for each fluid stream):

. : A 70 (steady) _ S P T
My = Moy = Amsystem =0—> My = Moy = My = My =M, and my = my = mpg

Energy balance (for the heat exchanger):

- . _ A E‘ 20 (steady) _
Ein - Eout - system =0
[ —— -
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E, out

riyhy + tighy = iy, + iyh,  (since Q = W = Ake = Ape = 0)
Combining the two, 71, (hy —hy )= rirg (hy —hy )
Solving for 7, : i =Ml
h2 - hl
Substituting,

. _ (30833 88.82)kl/kg
" (104.83 - 62.98)kJ/kg

(8 kg/min) = 42.0 kg/min
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5-84E [Also solved by EES on enclosed CD] Air is heated in a steam heating system. For specified flow
rates, the volume flow rate of air at the inlet is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the device to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid. 5 Air is an ideal gas with constant specific heats at room temperature.

Properties The gas constant of air is 0.3704 psia.ft’/lbm.R (Table A-1E). The constant pressure specific
heat of air is C, = 0.240 Btu/lbm-°F (Table A-2E). The enthalpies of steam at the inlet and the exit states
are (Tables A-4E through A-6E)

P, =30 psia
hy =1237.9 Btu/lbm
T, = 400°F
. Steam
Fy=25psia |, -, —180.21 Btw/lb
T,=2120F |47 Mr@aize T TS BUOM 3

Analysis We take the entire heat exchanger as the system, which
is a control volume. The mass and energy balances for this steady-
flow system can be expressed in the rate form as

Mass balance ( for each fluid stream):
J0 (steady)

My, — Moy = AWlsystem =0—> My = Moy —> My =My =m, and my =my = mg

Energy balance (for the entire heat exchanger):

- : _ : 20 (steady) _
Ein - Eout - AEsystem =0
| S —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
Combining the two, i, (hy —hy )=, (hy —hy)
. . . hy—hy . h—-h, .
Solving for m,, : f, =——tpp = 3 g
hy—h Cp(Tz_Tl)

Substituting,

L (1237.9-1802DBw/lbm
“ " (0.240 Btu/Ibm - °F)(130 — 80)°F

(15 Ibm/min) =1322 lbm/min = 22.04 lbm/s

RT;  (0.3704 psia-ft>/Ibm-R)(540 R)
P 14.7 psia

=13.61 ft*/lbm

Also, v, =

Then the volume flow rate of air at the inlet becomes

U, =, v, =(22.04 Ibm/s)(13.61 ft>/Ibm) = 300 ft*/s
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5-85 Steam is condensed by cooling water in the condenser of a power plant. If the temperature rise of the
cooling water is not to exceed 10°C, the minimum mass flow rate of the cooling water required is to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the device to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid. 5 Liquid water is an incompressible substance with constant specific heats at room temperature.

Properties The cooling water exists as compressed liquid at both states, and its specific heat at room
temperature is ¢ = 4.18 kJ/kg-°C (Table A-3). The enthalpies of the steam at the inlet and the exit states are
(Tables A-5 and A-6)

P, =20 kPa
hy = hy +xphg, = 251.42+0.95% 2357.5 = 24911 kl/kg
X3 = 0.95
Fo=20kPa |, = 251.42 kI/k
sat. liquid 4 = @20 kka — 27 8

Analysis We take the heat exchanger as the system, which is a control volume. The mass and energy
balances for this steady-flow system can be expressed in the rate form as
Mass balance (for each fluid stream):

20 (steady)

My = Moy = Amsystem =0—> My = Moy = My = My =m,, and my = nmy = m

Energy balance (for the heat exchanger):

i . _ 2 20 (steady) _
Ey —Eqgy - AE system =0 Steam
] R —
Rate of net energy transfer  Rate of change in internal, kinetic, 20 kPa
by heat, work, and mass potential, etc. energies

Ein = Eout

nighy + tishy = iyhy + iyhy (since Q = W = Ake = Ape = 0)

Combining the two, i, (hy —hy )= (hy —hy)
hy—h hy—h
Solving for s, : m, ==L 224 —~—
hy —h Cp(TZ_Tl) u Water
Substituting, *

. _(2491.1-251.42)kl/kg
(418 kJ/kg-° C)(10°C)

(20,000/3600 kg/s) =297.7 kg/s
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5-86 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of
steam is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The heat of vaporization of water at 50°C is /g, = 2382.0 kJ/kg and specific heat of cold water
is ¢, = 4.18 kJ/kg.°C (Tables A-3 and A-4).

Analysis We take the cold water tubes as the system, which

is a control volume. The energy balance for this steady- Steam
flow system can be expressed in the rate form as 50°C 27°C
; : _ : 20 (steady) _ ——
Ein = Eou - AESystem =0 5
M -
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
O, +mhy = mh, (since Ake = Ape = 0) . 18°C
On = ’hcp (I, -T)) L Water
Then the heat transfer rate to the cooling water in the condenser becomes *
. 50°C

0= [mcp (Tout - T, )]cooling water
— (101 kg/s)(4.18 kI/kg.°C)(27°C — 18°C)
=3800kJ/s

The rate of condensation of steam is determined to be

O  3800kJ/s

2o 22— 1,60 kg/s
h, 2382.0kl/kg

0= (mhfg )steam ? msteam =
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5-87 EES Problem 5-86 is reconsidered. The effect of the inlet temperature of cooling water on the rate of
condensation of steam as the inlet temperature varies from 10°C to 20°C at constant exit temperature is to
be investigated. The rate of condensation of steam is to be plotted against the inlet temperature of the
cooling water.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

T_s[1]=50 [C]

T_s[2]=50 [C]
m_dot_water=101 [kg/s]

T _water[1]=18 [C]
T_water[2]=27 [C]
C_P_water = 4.20 [kJ/kg-°C]

"Conservation of mass for the steam: m_dot_s_in=m_dot_s_out=m_dot_s"
"Conservation of mass for the water: m_dot_water_in=Im_dot_water_out=m_dot_water"
"Conservation of Energy for steady-flow: neglect changes in KE and PE"

"We assume no heat transfer and no work occur across the control surface."

E _dot_in- E_dot_out = DELTAE_dot_cv

DELTAE_dot_cv=0 "Steady-flow requirement"

E_dot_in=m_dot_s*h_s[1] + m_dot_water*h_water[1]

E_dot_out=m_dot_s*h_s[2] + m_dot_water*h_water[2]

"Property data are given by:"

h_s[1] =enthalpy(steam_iapws, T=T_s[1],x=1) "steam data"
h_s[2] =enthalpy(steam_iapws, T=T_s[2],x=0)

h_water[1] =C_P_water*T_water[1] "water data"
h_water[2] =C_P_water*T_water[2]

h_fg_s=h_s[1]-h_s[2] "h_fg is found from the EES functions rather than using h_fg = 2305 kJ/kg"

Mg Twater,1 35 T T T T T T T T T
[kg/s] [C] i 1
3.028 10
2.671 12
2.315 14
1.959 16
1.603 18
1.247 20

*S
n

10 12 14 16 18 20
Twater[1] [C]
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5-88 Water is heated in a heat exchanger by geothermal water. The rate of heat transfer to the water and the
exit temperature of the geothermal water is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C,
respectively.

Analysis We take the cold water tubes as the system, which is a control volume.

The energy balance for this steady-flow system can be expressed in the rate form
as

60°C

. : : 70 (stead; i
Ein - Eout = AES stem (steady) =0 Brine
Y! 140°C ]
Rate of net energy transfer  Rate of change in internal, kinetic, 7 @ > @ 3
by heat, work, and mass potential, etc. energies
Ein =E out

Q., + mh; = mh, (since Ake = Ape = 0)
Qin = ’hcp(Tz -T)

Then the rate of heat transfer to the cold water in the heat exchanger becomes

0 = [, (T — Ty yarer = (0.2 kg/s)(4.18 kI/kg.°C)(60°C — 25°C) = 29.26 kW

Noting that heat transfer to the cold water is equal to the heat loss from the geothermal water, the outlet
temperature of the geothermal water is determined from

- ' 29.26 kW
0= [mcp (Tm - Tout)]geot.waler —>Tout = Tin - 9 =140°C =117.4°C

e, (0.3kg/s)(4.31k/ke.°C)

5-89 Ethylene glycol is cooled by water in a heat exchanger. The rate of heat transfer in the heat exchanger
and the mass flow rate of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The specific heats of water and ethylene glycol are given to be 4.18 and 2.56 kJ/kg.°C,
respectively.

Analysis (a) We take the ethylene glycol tubes as the system, which is a control

volume. The energy balance for this steady-flow system can be expressed in the rate

form as

- ;. ;- 20 d
Eiy — Egy = AE (steady) =0 Cold Water *
20°C

system

— S —
Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies
. . Hot Glycol
Ein =E out
80°C

mhy = Q. +mh, (since Ake = Ape = 0)
Qout = 1itc, (T} = T)
Then the rate of heat transfer becomes
0 =[rec » T = Tout ) giyeor = (2kg/s)(2.56 kl/kg.°C)(80°C —40°C) = 204.8 kW

2 kg/s

(b) The rate of heat transfer from glycol must be equal to the rate of heat transfer to the water. Then,
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0 _ 204.8kJ/s
(T —Tyy)  (4.18KkI/kg.°C)(55°C —20°C)

1

Q = [mcp (Tout - Tin )]Water —)mwater = =14 kg/s
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5-90 EES Problem 5-89 is reconsidered. The effect of the inlet temperature of cooling water on the mass
flow rate of water as the inlet temperature varies from 10°C to 40°C at constant exit temperature) is to be
investigated. The mass flow rate of water is to be plotted against the inlet temperature.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

{T_w([1]=20 [C]}

T_w[2]=55 [C] "w: water"

m_dot_eg=2 [kg/s] "eg: ethylene glycol"
T_eg[1]=80 [C]

T_eg[2]=40 [C]

C_p_w=4.18 [kJ/kg-K]

C_p_eg=2.56 [kJ/kg-K]

"Conservation of mass for the water: m_dot_w_in=m_dot_w_out=m_dot_w"
"Conservation of mass for the ethylene glycol: m_dot_eg_in=m_dot_eg_out=m_dot_eg"

"Conservation of Energy for steady-flow: neglect changes in KE and PE in each mass steam"
"We assume no heat transfer and no work occur across the control surface."

E_dot_in - E_dot_out = DELTAE_dot_cv

DELTAE_dot_cv=0 "Steady-flow requirement"

E_dot_in=m_dot_w*h_w[1] + m_dot_eg*h_eg[1]

E_dot_out=m_dot_w*h_w[2] + m_dot_eg*h_eg[2]

Q_exchanged =m_dot_eg*h_eg[1] - m_dot_eg*h_eg[2]

"Property data are given by:"

h_w[1] =C_p_w*T_w[1] "liquid approximation applied for water and ethylene glycol"
h_w[2] =C_p_w*T_w[2]

h_eg[1] =C_p_eg"*T_eg|[1]

h_eg[2] =C_p_eg*T_eg[2]

m, [kg/s] | Tu:[C] S yr——
1.089 10
1.225 15
1.4 20
1.633 25
1.96 30
2.45 35
3.266 40

Tw1y [C]
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5-91 Oil is to be cooled by water in a thin-walled heat exchanger. The rate of heat transfer in the heat
exchanger and the exit temperature of water is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of water and oil are given to be 4.18 and 2.20 kJ/kg.°C, respectively.

Analysis We take the oil tubes as the system, which is a control volume. The
energy balance for this steady-flow system can be expressed in the rate form

as Hot oil *
. : _ AE 70 (steady) _ 150°C ¢
Ein - Eout - system =0
— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

rh = Q,, +mh, (since Ake = Ape = 0)
Oou = 1itc (T, =)

Then the rate of heat transfer from the oil becomes

0 = [, (T, ~ Tou) it = (2kg/$)(2.2 kI/kg.°C)(150°C — 40°C) = 484 kW

Noting that the heat lost by the oil is gained by the water, the outlet temperature of the water is determined
from

- 0 484 K)/s
=[mc, (T, —T; —> Ty =T +————=22°C+ =99.2°C
Q [ p( out n )]water out n 7 c (1 5 kg/S)(4 18 kJ/kgOC)

water™ p

5-92 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the exit
temperature of hot water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively.

Analysis We take the cold water tubes as the system, which
is a control volume. The energy balance for this steady-
flow system can be expressed in the rate form as

. - _ - 20 (steady) _
Ein - Eout - AEsystem =0
— R
Rate of netenergy transfer  Rate of change in internal, kinetic, Hot water
by heat, work, and mass potential, etc. energies ——
L 5
Ein =E out 100°C

. 3 kg/
O, +ihy = iih, (since Ake = Ape = 0) s
Oy, =mc, (T, - 1))

Then the rate of heat transfer to the cold water in this heat exchanger becomes

0 = [, (Tyy — T eotd water = (060 keg/s)(4.18 kJ/kg.°C)(45°C ~15°C) = 75.24 kW

Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of
the hot water is determined to be

L ' . 75.24kW
Q = [me(Tin _T;)ut)]hotwater—_)Tout = Tin - Q =100°C -

e, (kg/s)d.19K)/kg.°C)

94.0°C
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5-93 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the
outlet temperature of the air are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C,
respectively.

Analysis We take the exhaust pipes as the system, which is a control volume. The energy balance for this
steady-flow system can be expressed in the rate form as

Ein - Eout = AEsystem7IO et =0 Ein = Eout [
ihy, = Oy, +1ithy (since Ake = Ape = 0) A QS
O = 1, (T, = T5) osmss ([T QS
Thet} the fate of heat transfer from the exhaust gases becomes I-|_|_ &@\ QQ\‘
O = [1i1c, (T, — Ty lgs, = (1.1 kg/8)(1.1kI/kg.°C)(180°C - 95°C) = 102.85 kW « \
The mass flow rate of air is Exhaust gases
PV (95kPa)(0.8m’/s) 1.1 kg/s, 95°C

m= = 3 =0.904 kg/s
RT  (0.287kPa.m”/kg.K)x293K

Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the
air becomes

S ' 102.85k
0= me, (Tc out — Tc in) > L out = Tc in T Q =20°C+ 02.85 kW =133.2°C
’ ’ ’ ’ mc, (0.904 kg/s)(1.005 kJ/kg.°C)

5-94 Water is heated by hot oil in a heat exchanger. The rate of heat transfer in the heat exchanger and the
outlet temperature of oil are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively.

Analysis We take the cold water tubes as the system, which is

a control volume. The energy balance for this steady-flow (1)711)°C
system can be expressed in the rate form as 10 ke/s
- - _ - 20 (steady) _ S T m
Ein - Eout - AEsystem =0— Ein - Eout o
Rate of net energy transfer  Rate of change in internal, kinetic, )
by heat, work, and mass potential, etc. energies ( |*
. . . . N N Water
Q. +mhy = mh, (since Ake = Ape = 0) 20°C —¢ )
O =mc, (T, =T) 4.5 kefs J
Then the rate of heat transfer to the cold water in this heat exchanger becomes *

0 = [, (Tyyy — Ty yarer = (4.5 kg/s)(4.18 kJ/kg.°C)(70°C — 20°C) = 940.5 kW

Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot water
is determined from

.Q _170°C — 940.5 kW
mc, (10 kg/s)(2.3 kJ/kg.°C)

Q = [n:lcp(Tin _Tout)]oil —_)Tout = Tin - =129.1°C
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5-95E Steam is condensed by cooling water in a condenser. The rate of heat transfer in the heat exchanger
and the rate of condensation of steam are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The specific heat of water is 1.0 Btu/Ibm.°F (Table

A-3E). The enthalpy of vaporization of water at 85°F is 1045.2 Steam
Btu/lbm (Table A-4E). m 85°F
Analysis We take the tube-side of the heat exchanger where 73°F
cold water is flowing as the system, which is a control volume. »
The energy balance for this steady-flow system can be
expressed in the rate form as
; ; _ ; 70 (steady) —
Ein - Eout - AEsystem e =0
Rate of net energy transfer  Rate of change in internal, kinetic, 60°F
by heat, work, and mass potential, etc. energies -
Ein = Eout L Water
O, + iy, = by, (since Ake = Ape = 0) Q5°F *

Oy, =rinc,(Ty —T})

Then the rate of heat transfer to the cold water in this heat exchanger becomes

O =[c , Ty ~ Ty yarer = (138 Ibm/s)(1.0 Btu/Ibm.°F)(73°F — 60°F) = 1794 Btuls

Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of
condensation of the steam in the heat exchanger is determined from
O 1794Btu/s

hy  1045.2 Btu/lbm

Q = (mhfg )steam = —ﬁmsteam = =1.72 lbm/s
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5-96 Two streams of cold and warm air are mixed in a chamber. If the ratio of hot to cold air is 1.6, the

mixture temperature and the rate of heat gain of the room are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat

transfer is negligible.

Properties The gas constant of air is C_Old
R = 0.287 kPa.m’/kg.K. The enthalpies @' AN
of air are obtained from air table (Table 5°C
A-17) as
/’ll :h@278K =278.13 kJ/kg Warm

l’lz = l’l@307K: 307.23 kJ/kg air l/

p» Room

P 24°C

hroom = h@aork =297.18 kl/kg 34°C

Analysis (a) We take the mixing chamber as the system, which is a control volume since mass crosses the
boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

Mass balance:

A0 (steady)

min — }'}"lout = Amsystem = O_) ri’lin = mout _)ml + 1.6m1 = I’}’I3 = 2.61’}’11 Slnce mZ = 167}’11
Energy balance:
. - _ - 20 (steady) _
Ein - Eout - AEsystem =0
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eoul

nyhy +yhy = ighy  (since Q = W = Ake = Ape = 0)

Combining the two gives it hy +1.611,hy = 2.6, hy or hy = (hy +1.6h,)/2.6
Substituting,

hy =(278.13 +1.6x 307.23)/2.6 = 296.04 kJ/kg
From air table at this enthalpy, the mixture temperature is

T3 = T@h:296A04 kikg = 2959 K =22.9°C
(b) The mass flow rates are determined as follows
L _ RN _(0.287 kPa- m’/kg-K)(5+273 K)

op 105 kPa
y 3

iy = Ao IBWE s ks
v 0.7599 m’/kg
my = 2.6m; = 2.6(1.645 kg/s) = 4.277 kg/s

=0.7599 m* /kg

The rate of heat gain of the room is determined from

Orool = M3y (Moom — 13) = (4.277 kg/s)(297.18 — 296.04) kl/kg = 4.88 kW
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5-97 A heat exchanger that is not insulated is used to produce steam from the heat given up by the exhaust
gases of an internal combustion engine. The temperature of exhaust gases at the heat exchanger exit and
the rate of heat transfer to the water are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Exhaust gases are assumed to have air
properties with constant specific heats.

Properties The constant pressure specific heat of the exhaust gases is taken to be ¢, = 1.045 klJ/kg-°C
(Table A-2). The inlet and exit enthalpies of water are (Tables A-4 and A-5)

Tyin =15°C
hy i = 62.98 kl/kg
x=0 (Salt liq.) Exh. gas 40
P, =2MPa 400°C <
’ hy, ou =2798.3 kl/kg —>

x =1(sat.vap.) ’ Heat
Analysis We take the entire heat exchanger as the system, exchanger
which is a control volume. The mass and energy balances for l Water
this steady-flow system can be expressed in the rate form as 2 MPa o

sat. vap. 15°C

Mass balance (for each fluid stream):

A0 (steady)

My — Moy = A’nsystem =0 > My, = m,

out

Energy balance (for the entire heat exchanger):

- - _ - 20 (steady) _

Ein - Eout - AEsystem =0

— [ S —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

E, =E,
exhhexh,m + mwhw in _mexhhexh out mw 'w,out + Qout (Slnce W Ake = Ape = 0)
or mexhcpTexh in T mwhw in :mexhcpTexh out T mwhw out T Qout

Noting that the mass flow rate of exhaust gases is 15 times that of the water, substituting gives
15m,, (1.045 kl/kg.°C)(400°C) + m,, (62.98 kl/kg)

. 1
=15m,, (1.045 kJ/kg.°C)T oy oue + 171, (2798.3kI/kg) + O, O
The heat given up by the exhaust gases and heat picked up by the water are
Qexh = mexhcp (Texh,in - Texh,out ) = 15"nw (1 .045 kJ/kgOC)(400 - Texh,out )oc (2)
QW =1y, (hy o — Py in) =1, (2798.3 — 62.98)kJ/kg 3)

The heat loss is
Qout f heat loss Qexh 0. IQexh (4)

The solution may be obtained by a trial-error approach. Or, solving the above equations simultaneously
using EES software, we obtain

=206.1°C, 0,, =97.26 kW, i, =0.03556 kg/s, rin,, =0.5333 kg/s

exh out
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Pipe and duct Flow

5-98 A desktop computer is to be cooled safely by a fan in hot environments and high elevations. The air
flow rate of the fan and the diameter of the casing are to be determined.

Assumptions 1 Steady operation under worst conditions is considered. 2 Air is an ideal gas with constant
specific heats. 3 Kinetic and potential energy changes are negligible.

Properties The specific heat of air at the average temperature of 75, = (45+60)/2 =52.5°C =3255K is ¢,
=1.0065 kJ/kg.°C. The gas constant for air is R = 0.287 kJ/kg.K (Table A-2).

Analysis The fan selected must be able to meet the cooling requirements of the computer at worst
conditions. Therefore, we assume air to enter the computer at 66.63 kPa and 45°C, and leave at 60°C.

We take the air space in the computer as the system, which is a control volume. The energy
balance for this steady-flow system can be expressed in the rate form as

- . _ - 70 (steady) _
Ein - Eout - AEsystem =0
%,_/
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E, out

O,, + 1y = rih, (since Ake = Ape = 0)
O =1, (T, = T)

Then the required mass flow rate of air to absorb heat at a rate of 60 W is . == ]
determined to be o=s
, ' 60 W e ]
O = ey Ty ~Ty) i =—— L B,

~T,) (1006.5/kg.°C)(60-45)°C
=0.00397 kg/s = 0.238 kg/min

e, (T

out

The density of air entering the fan at the exit and its volume flow rate are

—a 66.63 kPa =0.6972 keg/m®

RT (0.287 kPa.m? /kg. K)(60+273)K
v m _ 0.238 kg/min
P 0.6972kg/m?

=0.341m%/min

For an average exit velocity of 110 m/min, the diameter of the casing of the fan is determined from

2 3, .
Vouy-""y 5p- 1/ 4 _ |@(0341m /min) _ 063 m = 6.3 cm
4 v (110 m/min)
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5-99 A desktop computer is to be cooled safely by a fan in hot environments and high elevations. The air
flow rate of the fan and the diameter of the casing are to be determined.

Assumptions 1 Steady operation under worst conditions is considered. 2 Air is an ideal gas with constant
specific heats. 3 Kinetic and potential energy changes are negligible.

Properties The specific heat of air at the average temperature of 7, = (45+60)/2 = 52.5°C is ¢, = 1.0065
kJ/kg.°C The gas constant for air is R = 0.287 kJ/kg.K (Table A-2).

Analysis The fan selected must be able to meet the cooling requirements of the computer at worst
conditions. Therefore, we assume air to enter the computer at 66.63 kPa and 45°C, and leave at 60°C.

We take the air space in the computer as the system, which is a control volume. The energy
balance for this steady-flow system can be expressed in the rate form as

determined to be

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
— -
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
O,, +mh; =mh, (since Ake = Ape = 0) ‘
Oin :mcp(Tz_TO /_
Then the required mass flow rate of air to absorb heat at a rate of 100 W is ——
'

o
o 100 W J\S

~T,)  (1006.5 J/kg.°C)(60 - 45)°C
= 0.006624 kg/s = 0.397 kg/min

0 = e, (T — i)—>n'1=cp(T

out

The density of air entering the fan at the exit and its volume flow rate are

p=2X - 66.63 kPa = 0.6972 kg/m®

RT ~ (0.287 kPa.m®/kg.K)(60+273)K
- m_ 0397 kg/min kg/mu; =0.57 m*/min
P 0.6972kg/m

For an average exit velocity of 110 m/min, the diameter of the casing of the fan is determined from

=0.081m=8.1cm

aD? _ |4V [(4)(0.57 m*/min)
¢ 4 i (110 m/min)
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5-100E Electronic devices mounted on a cold plate are cooled by water. The amount of heat generated by
the electronic devices is to be determined.

Assumptions 1 Steady operating conditions exist. 2 About 15 percent of the heat generated is dissipated
from the components to the surroundings by convection and radiation. 3 Kinetic and potential energy
changes are negligible.

Properties The properties of water at room temperature are p = 62.1 Ibm/ft* and ¢, = 1.00 Btu/Ibm.°F
(Table A-3E).

Analysis We take the tubes of the cold plate to be the system, which is a control volume. The energy
balance for this steady-flow system can be expressed in the rate form as

- . _ . 70 (steady) _ Cold plate Water
Ein - Eout = AEsystem =0 inlet
[ —— ¢
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies 1
Ein = Eout
Q., + mhy = mh, (since Ake = Ape = 0) 5

O = mcp(T2 -1)
Then mass flow rate of water and the rate of heat removal by the water are determined to be

2 2
mZPAV=p”%V= (62.11bm/ft3)w

(60 ft/min) =1.270 Ibm/min = 76.2 Ibm/h

O =1itc,,(Tyy —Tyy) = (76.2 Iom/h)(1.00 Btw/Ibm.°F)(105 - 95)°F = 762 Btu/h

which is 85 percent of the heat generated by the electronic devices. Then the total amount of heat generated
by the electronic devices becomes

0 :% — 896 Btu/h = 263 W

5-101 A sealed electronic box is to be cooled by tap water flowing through channels on two of its sides.
The mass flow rate of water and the amount of water used per year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Entire heat generated is dissipated by water. 3 Water is
an incompressible substance with constant specific heats at room temperature. 4 Kinetic and potential
energy changes are negligible.

Properties The specific heat of water at room temperature is Water l
¢, =4.18 kl/kg.°C (Table A-3). Inlet
Analysis We take the water channels on the sides to be the system, ] 1
which is a control volume. The energy balance for this steady-flow
system can be expressed in the rate form as
- : _ : 20 (steady) _
Ein - Eout = AEsystem =0 Electronic
Rate of net energy transfer  Rate of change in internal, kinetic, box
by heat, work, and mass potential, etc. energies 2 kW
Ein = Eout
Q,, +mh = mh, (since Ake = Ape = 0)
: . Water
Qin = mcp (TZ - Tl) exit
Then the mass flow rate of tap water flowing through the electronic box becomes I 2 I
. . ' 2Kkl/s
O =mc,AT m= 0 =0.1196 kg/s

T AT (4.18KJ/kg °C)(4°C)

Therefore, 0.1196 kg of water is needed per second to cool this electronic box. Then the amount of cooling
water used per year becomes
m =mAt =(0.1196 kg/s)(365 days/yr x 24 h/day x 3600 s/h) = 3,772,000 kg/yr = 3,772 tons/yr
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5-102 A sealed electronic box is to be cooled by tap water flowing through channels on two of its sides.
The mass flow rate of water and the amount of water used per year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Entire heat generated is dissipated by water. 3 Water is
an incompressible substance with constant specific heats at room temperature. 4 Kinetic and potential
energy changes are negligible

Properties The specific heat of water at room temperature is ¢, =

4.18 kJ/kg.°C (Table A-3). l Water l
Analysis  We take the water channels on the sides to be the T lnllet __
system, which is a control volume. The energy balance for this
steady-flow system can be expressed in the rate form as
: : _ : 70 (steady)  _
Ein - Eout - AEsystem e =0 g
N . , Electronic
Rate of net energy transfer  Rate of change in internal, kinetic, box
by heat, work, and mass potential, etc. energies o
. . 4 kW
Ein = Eout
Q,, +mh = mh, (since Ake = Ape = 0)
Qin = ’hcp(Tz -1) Water
exit
Then the mass flow rate of tap water flowing through the electronic box becomes =~ 2 T
- . C 4Kl/s l l
Q =nmc ,AT >m = 0 =0.2392 kg/s

- ¢, AT - (4.18kJ/kg.°C)(4°C)
Therefore, 0.2392 kg of water is needed per second to cool this electronic box. Then the amount of cooling

water used per year becomes
m = mAt = (0.23923 kg/s)(365 days/yrx 24 h/day x 3600 s/h) = 7,544,400 kg/yr = 7544 tons/yr

5-103 A long roll of large 1-Mn manganese steel plate is to be quenched in an oil bath at a specified rate.
The rate at which heat needs to be removed from the oil to keep its temperature constant is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the roll are constant. 3
Kinetic and potential energy changes are negligible

Properties The properties of the steel plate are given to be p = 7854 kg/m® and ¢, =0.434 kJ/kg.°C.
Analysis The mass flow rate of the sheet metal through the oil bath is
m=pV = pwtV = (7854 kg/m?)(2 m)(0.005 m)(10 m/min) = 785.4 kg/min

We take the volume occupied by the sheet metal in the oil bath to be the system, which is a control volume.
The energy balance for this steady-flow system can be expressed in the rate form as

. . _ - A0 (steady) _
Ein - Eout - AEsystem =0
Rate of net energy transfer  Rate of change in internal, kinetic, 0 }3 at
by heat, work, and mass potential, etc. energies \ 45°C
T Steel plate
Ein - Eout 1
10 m/min

sl = Qyy + by (since Ake = Ape = 0)
O = 11, (T; ~T)
Then the rate of heat transfer from the sheet metal to the oil bath becomes
Q.Out =mc, (T, — Tou)metar = (785.4 kg/min)(0.434 kJ/kg.°C)(820 —51.1)°C = 262,090 kJ/min = 4368 kW

This is the rate of heat transfer from the metal sheet to the oil, which is equal to the rate of heat removal
from the oil since the oil temperature is maintained constant.
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5-104 EES Problem 5-103 is reconsidered. The effect of the moving velocity of the steel plate on the rate
of heat transfer from the oil bath as the velocity varies from 5 to 50 m/min is to be investigated. Tate of
heat transfer is to be plotted against the plate velocity.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

Vel = 10 [m/min]
T_bath =45 [C]
T_1=2820[C]
T_2=51.1[C]

rho = 785 [kg/m~ 3]
C_P = 0.434 [kJ/kg-C]
width = 2 [m]

thick = 0.5 [cm]

"Analysis:

The mass flow rate of the sheet metal through the oil bath is:"
Vol_dot = width*thick*convert(cm,m)*Vel/convert(min,s)
m_dot = rho*Vol_dot

"We take the volume occupied by the sheet metal in the oil bath to be the system,
which is a control volume. The energy balance for this steady-flow system--the metal can be
expressed in the rate form as:"

E_dot_metal_in = E_dot_metal_out
E_dot_metal_in=m_dot*h_1
E_dot_metal_out=m_dot*h_2+Q_dot_metal_out

h 1
h 2

C_P*T_1
C_P*T_2

Q_dot_oil_out = Q_dot_metal_out

Quilout Vel 2500————m———m—F———7—— 77—
[kW] [m/min] i |
218.3 5
436.6 10 2000
654.9 15 ]
873.2 20 1500
1091 25 ?
1310 30 t
1528 35 u 1000
1746 40 _1
1965 45
2183 50 2 500
0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

5 10 15 20 25 30 35 40 45 50
Vel [m/min]
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5-105 [Also solved by EES on enclosed CD] The components of an electronic device located in a horizontal
duct of rectangular cross section are cooled by forced air. The heat transfer from the outer surfaces of the
duct is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 Kinetic and potential energy changes are negligible

Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg.°C (Table A-2).

Analysis The density of air entering the duct and the mass flow rate
are

p_i_ 101.325kPa
RT  (0.287 kPa.m?/kg.K)(30+273)K
= pV =(1.165kg/m>)(0.6 m* / min) = 0.700 kg/min

=1.165kg/m’

We take the channel, excluding the electronic components, to be the
system, which is a control volume. The energy balance for this steady-
flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
| —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies .
. . Air
By = Egu 30°C
: ) ) . 0.6 m /miM
Q., + mhy = mh, (since Ake = Ape = 0)

Qm = thp(Tz -1)
Then the rate of heat transfer to the air passing through the duct becomes
O = (e, (Toy — Tin)lair = (0.700/60 kg/s)(1.005 kJ/kg.°C)(40 —30)°C = 0.117kW =117 W

The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural
convection and radiation,

Qextemal = Qtotal - Qintemal =180-117=63 W
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5-106 The components of an electronic device located in a horizontal duct of circular cross section is
cooled by forced air. The heat transfer from the outer surfaces of the duct is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 Kinetic and potential energy changes are negligible

Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg.°C (Table A-2).

Analysis The density of air entering the duct and the mass flow rate
are

p_i_ 101.325kPa
RT  (0.287 kPa.m?/kg.K)(30+273)K
= pV =(1.165kg/m>)(0.6 m* / min) = 0.700 kg/min

We take the channel, excluding the electronic components, to be the system, which is a control volume.
The energy balance for this steady-flow system can be expressed in the rate form as

=1.165kg/m’

. - _ - A0 (steady) _
Ein - Eout - AEsystem =0
—_— N ——
Rate of net energy transfer  Rate of change in internal, kinetic, 1 2
by heat, work, and mass potential, etc. energies Ai
1r
Ein = Eout
. . . . ke ~ - 30°C
O, +mh = mh, (since Ake = Ape = 0) 0.6 m*/s

Oy, = rirc, (T, =T})
Then the rate of heat transfer to the air passing through the duct becomes
Ouir = [, (T — Tin)lair = (0.700/60 kg/s)(1.005 kJ/kg.°C)(40 —30)°C = 0.117kW =117 W

The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural
convection and radiation,

Qextemal = Qtotal - Qintemal =180-117=63 W

5-107E Water is heated in a parabolic solar collector. The required length of parabolic collector is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat loss from the tube is negligible so that the entire
solar energy incident on the tube is transferred to the water. 3 Kinetic and potential energy changes are
negligible

Properties The specific heat of water at room temperature is ¢, = 1.00 Btu/lbm.°F (Table A-2E).

Analysis We take the thin aluminum tube to be the system, which is a control volume. The energy balance
for this steady-flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
N —
Rate of net energy transfer  Rate of change in internal, kinetic, 1 2
by heat, work, and mass potential, etc. energies
. . Water
Ein = Eout
: . . . ° 180°F
O, +mhy =mh, (since Ake = Ape = 0) >>°F
) 4 Tbm/s

O = MypierC P (I, -1)
Then the total rate of heat transfer to the water flowing through the tube becomes
tha1 =mc, (T, —T;) = (4 1bm/s)(1.00 Btu/Ibm.°F)(180 — 55)°F = 500 Btu/s = 1,800,000 Btu/h
The length of the tube required is

_ Ouotal 1,800,000 Btu/h
0 400 Btu/h.ft

L =4500 ft
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5-108 Air enters a hollow-core printed circuit board. The exit temperature of the air is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 The local atmospheric pressure is 1 atm. 4 Kinetic and potential energy changes are
negligible.

Properties The gas constant of air is R =
0.287 kJ/kg.°C (Table A-1). The specific
heat of air at room temperature is ¢, = 1.005
kJ/kg.°C (Table A-2).

Analysis The density of air entering the
duct and the mass flow rate are

P 101.325kPa
RT  (0.287 kPa.m?/kg.K)(32+273)K
= pV = (1.16 kg/m>)(0.0008 m* /s) = 0.000928 kg/s

=1.16 kg/m>

P

We take the hollow core to be the system, which is a control volume. The energy balance for this steady-
flow system can be expressed in the rate form as

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0
— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E, out

Q., + mh; = mh, (since Ake = Ape = 0)
O = ric, (T, = T;)
Then the exit temperature of air leaving the hollow core becomes

Op = 1, (T, ~T)) —> Ty = T; + -2~ 32°C + 20Jfs _53.4°C

e, (0.000928 kg/s)(1005 J/kg.°C)
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5-109 A computer is cooled by a fan blowing air through the case of the computer. The required flow rate
of the air and the fraction of the temperature rise of air that is due to heat generated by the fan are to be
determined.

Assumptions 1 Steady flow conditions exist. 2 Air is an ideal gas with constant specific heats. 3 The
pressure of air is 1 atm. 4 Kinetic and potential energy changes are negligible

Properties The specific heat of air at room temperature is ¢, = 1.005 kJ/kg.°C (Table A-2).

Analysis (a) We take the air space in the computer as the system, which is a control volume. The energy
balance for this steady-flow system can be expressed in the rate form as

Ein _ Eout _ AE 20 (steady) =0

system

—_— | ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = Eout
O + Wiy +1ithy = rithy (since Ake = Ape = 0) /E\
Q.in+pi/;n :mcp(TZ_Ti) = '

=
Noting that the fan power is 25 W and the 8 PCBs transfer a total of / 2 -ﬁﬁ'ﬁéﬁﬁh
80 W of heat to air, the mass flow rate of air is determined to be ‘ =

O +Wy  (8X10)W +25W
c,(T,=T) (1005 J/kg.°C)(10°C)

(b) The fraction of temperature rise of air that is due to the heat generated by the fan and its motor can be
determined from

Oiy + Wiy = tiic, (T, = T,) — i = = 0.0104 kg/s

0 25W

O =1ic ,AT - AT =——= =2.4°C
mc,,  (0.0104 kg/s)(1005 J/kg.°C)
F=22C _024-24%
10°C

5-110 Hot water enters a pipe whose outer surface is exposed to cold air in a basement. The rate of heat
loss from the water is to be determined.

Assumptions 1 Steady flow conditions exist. 2 Water is an incompressible substance with constant specific
heats. 3 The changes in kinetic and potential energies are negligible.

Properties The properties of water at the average temperature of (90+88)/2 = 89°C are p =965 kg/m3 and
¢, =4.21 kl/kg.°C (Table A-3).
Analysis The mass flow rate of water is

7(0.04 m)?

= pA.V =(965kg/m?) (0.8 m/s) = 0.970 kg/s

We take the section of the pipe in the basement to be the system, which is a control volume. The energy
balance for this steady-flow system can be expressed in the rate form as

- . _ - 70 (steady) _ .
Ein - Eout - AEsystem =0 Q
— R
Rate of net energy transfer  Rate of change in internal, kinetic, 1 2
by heat, work, and mass potential, etc. energies
) ) Water
Ein = Eout
L . . o 90°C 88°C
mhy = Q. +mh, (since Ake = Ape = 0) 0.8 m/s

Qo = e, (T, = T)
Then the rate of heat transfer from the hot water to the surrounding air becomes
Ot = mc [Ty — Toy Jwater = (0.970 kg/s)(4.21kJ/kg.°C)(90 — 88)°C = 8.17 kW
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5-111 EES Problem 5-110 is reconsidered. The effect of the inner pipe diameter on the rate of heat loss as
the pipe diameter varies from 1.5 cm to 7.5 cm is to be investigated. The rate of heat loss is to be plotted
against the diameter.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

{D =0.04 [m]}

rho = 965 [kg/m"3]
Vel = 0.8 [m/s]
T_1=90][C]
T_2=88[C]

C_P =4.21[kJ/kg-C]

"Analysis:"

"The mass flow rate of water is:"
Area = pi*D"2/4

m_dot = rho*Area*Vel

"We take the section of the pipe in the basement to be the system, which is a control volume. The
energy balance for this steady-flow system can be expressed in the rate form as"

E_dot_in - E_dot_out = DELTAE_dot_sys
DELTAE_dot_sys = 0 "Steady-flow assumption"

E_dot_in = m_dot*h_in
E_dot_out =Q_dot_out+m_dot*h_out

hin=C P*T_1
h out=C P*T 2 e 77—
250 _
D [m] Qout [KW] i |
0.015 1.149 20l |
0.025 3.191 I ]
0.035 6.254 >
0.045 10.34 i 15r .
0.055 15.44 e I 1
0.065 21.57 3 10 .
0.075 28.72 g :
5L _
0 1 1 1 1 1 1 1 1 1 1 1 1 1

0.01 0.02 003 0.4 0.05 006 007 0.08
D [m]
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5-112 A room is to be heated by an electric resistance heater placed in a duct in the room. The power rating
of the electric heater and the temperature rise of air as it passes through the heater are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 Kinetic and potential energy changes are negligible. 4 The heating duct is adiabatic, and
thus heat transfer through it is negligible. 5 No air leaks in and out of the room.

Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The specific heats of air at room
temperature are ¢, = 1.005 and ¢, = 0.718 kl/kg-K (Table A-2).

Analysis (a) The total mass of air in the room is

V=5x6x8m°> =240 m> 200 kJ/min

3
L _RY_ (98 kPa)(240 m?) WAk A sxexsm' N

RT,  (0.287 kPa-m’/kg-K)(288 K)

y

We first take the entire room as our system, which is a closed system
since no mass leaks in or out. The power rating of the electric heater is

determined by applying the conservation of energy relation to this % w
constant volume closed system:

WY
V=)

E in E out AE, system
e -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wein * Weanin — 0, =AU (since AKE = APE = 0)

Al‘(I/Ve,in + I/I./fan,in - Qout): mcu,avg(TZ - Tl)
Solving for the electrical work input gives
I/I./e,in = Qoul - Wfan,in + mc, (T2 _Tl)/At
=(200/60 kJ/s) — (0.2 kJ/s) + (284.6 kg)(0.718 kJ/kg-° C)(25-15)°C/(15%x 60 s)
=5.40 kW

(b) We now take the heating duct as the system, which is a control volume since mass crosses the
boundary. There is only one inlet and one exit, and thus ny =m, =m. The energy balance for this

adiabatic steady-flow system can be expressed in the rate form as

- d d 20 (stead
Ein - Eaut = AEsystem (steady) =0
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
Vi + Weanin + 1ithy = 1ith,  (since O = Ake = Ape = 0)
I/i/e,in + I/i/fan,in = m(hZ - hl) = mcp(TZ - Ti)
Thus,
. in T W n,in 4 2)k °
AT =Ty -7, = 2o D ___ CAORODMS g7
e, (50/60 kg/s 1.005 ki/kg - K)
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5-113 A house is heated by an electric resistance heater placed in a duct. The power rating of the electric
heater is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
constant specific heats at room temperature. 3 Kinetic and potential energy changes are negligible.
Properties The constant pressure specific heat of air at room temperature is ¢, = 1.005 kJ/kg-K (Table A-2)
Analysis We take the heating duct as the system, which is a control volume since mass crosses the
boundary. There is only one inlet and one exit, and thus ny = m, = m. The energy balance for this steady-

flow system can be expressed in the rate form as

_ d 20 (steady) _
E Eout - AEsystem =0
%r—’ [ S ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eoul
We in T Weanin +mhy = Oy +mhy (since Ake = Ape = 0)

I/Vem +Vf/fanin = Qout +m(h2 _hl) = Qout +me (TZ _T)
Substltutmg, the power rating of the heating element is determined to be

Wyin = Ogu + MC,AT —Wpyy i = (0.3 kI/s) + (0.6 kg/s)(1.005 kJ/kg - °C)(7°C) — 0.3 kW = 4.22 kW

5-114 A hair dryer consumes 1200 W of electric power when running. The inlet volume flow rate and the
exit velocity of air are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
constant specific heats at room temperature. 3 Kinetic and potential energy changes are negligible. 4 The
power consumed by the fan and the heat losses are negligible.

Properties The gas constant of air is 0.287 kPa.m’/kg K (Table A-1). The constant pressure specific heat of
air at room temperature is ¢, = 1.005 kJ/kg-K (Table A-2)

Analysis We take the hair dryer as the system, which is a control volume since mass crosses the boundary.
There is only one inlet and one exit, and thus ms = rs, = m . The energy balance for this steady-flow system

can be expressed in the rate form as

_ 20 (steady) _
E — E = AEsystem =0 e
%r—’ R <
Rate of net energy transfer  Rate of change in internal, kinetic, T, =47°C P, =100 kPa
by heat, work, and mass potential, etc. energies 2 2 o
A, =60cm T, =22°C

Ein = Eout
We o 1k = mh, (since Q,, = Ake = Ape = 0)

Win = m(hy —hy) = 1ic (1, =T))

em

W.=1200 W

Substituting, the mass and volume flow rates of air are determined to be
Wein 1.2KJ/s
c,(l,-1) (1005 ki/kg"CJ47-22) C
RTy _ (0.287 kPa-m®/kg- KX295 K)
P (100 kPa)
Ui = o, =(0.04776 ke/s)0.8467 m*/kg)= 0.0404 m /s
(b) The exit velocity of air is determined from the mass balance ry = m, = m to be

RT, (0.287 kPa-m?/kg-K)(320K
v, =202 _ (0.287kPa-m"/kg - K)320K) _ ) 5,4 m’/kg
P, (100 kPa)

j 0.04776 kg/s)(0.9184 m?
= 4,7, y, =Mva _ (004776 ke/s)( 49 82 mke) 731 mis
v, A, 60x10""m

= 0.04776 kg/s

=0.8467 m> /kg

v, =
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5-115 EES Problem 5-114 is reconsidered. The effect of the exit cross-sectional area of the hair drier on
the exit velocity as the exit area varies from 25 cm® to 75 cm? is to be investigated. The exit velocity is to
be plotted against the exit cross-sectional area.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"

R=0.287 [kPa-m"3/kg-K]
P= 100 [kPa]

T 1=22][C]
T_2=47[C]

{A_2 =60 [cm"2]}
A_1=53.35[cm"2]
W_dot_ele=1200 [W]

"Analysis:

We take the hair dryer as the system, which is a control volume since mass

crosses the boundary. There is only one inlet and one exit. Thus, the

energy balance for this steady-flow system can be expressed in the rate form

as:"

E_dot_in = E_dot_out

E_dot_in = W_dot_ele*convert(W,kW) + m_dot_1*(h_1+Vel_1"2/2*convert(m"2/s"2,kJ/kg))
E_dot_out = m_dot_2*(h_2+Vel_2"2/2*convert(m”2/s"2,kJ/kg))

h_2 = enthalpy(air, T=T_2)

h_1= enthalpy(air, T=T_1)

"The volume flow rates of air are determined to be:"
V_dot_1=m_dot_1*v_1

P*v_1=R*(T_1+273)

V_dot_2=m_dot_2*v 2

P*v_2=R*(T_2+273)

m_dot_1=m_dot_2
Vel_1=V_dot_1/(A_1*convert(cm”2,m"2))

"(b) The exit velocity of air is determined from the mass balance to be"
Vel_2=V_dot_2/(A_2*convert(cm”2,m"2))

18 T T T T T T T T T T

A, [cm’] | Vel, [m/s] - Neglect KE Changes — o
25 16 e Set A, = 53.35cmA2 ]
gg 13(7)2 14_— Include KE Changes —¢— :
40 10.68 = 12l ]
45 9.583 - s ]
50 8.688 = 10| N i
55 7.941 = e ]
60 7.31 > 8 e .

65 6.77 - e,

70 6.303 6 —~e 1

75 5.896 L
20 30 40 50 60 70 80

A, [cm"2]
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5-116 The ducts of a heating system pass through an unheated area. The rate of heat loss from the air in the
ducts is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
constant specific heats at room temperature. 3 Kinetic and potential energy changes are negligible. 4 There
are no work interactions involved.

Properties The constant pressure specific heat of air at room temperature is ¢, = 1.005 kJ/kg-K (Table A-2)
Analysis We take the heating duct as the system, which is a control volume since mass crosses the
boundary. There is only one inlet and one exit, and thus ms = m, = m. The energy balance for this steady-

flow system can be expressed in the rate form as

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0
e
Rate of net energy transfer  Rate of change in internal, kinetic, . AIR
by heat, work, and mass potential, etc. energies 120 kg/min
L \

Ein - Eout N
mhy = Q. +mhy, (since W = Ake = Ape = 0) 0

Oout = ity = hy) = rinc, (T, = T5)
Substituting, O, = (120 kg/min)(1.005 kJ/kg-° C)(4°C) = 482 kJ/min

5-117E The ducts of an air-conditioning system pass through an unconditioned area. The inlet velocity and
the exit temperature of air are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with
constant specific heats at room temperature. 3 Kinetic and potential energy changes are negligible. 4 There
are no work interactions involved.

Properties The gas constant of air is 0.3704 psia.ft’/lbm.R (Table A-1E). The constant pressure specific
heat of air at room temperature is ¢, = 0.240 Btu/lbm.R (Table A-2E)

Analysis (a) The inlet velocity of air through the duct is

_ Vi V450 ft°/min

V= R 5~ = 825 ft/min s AIR _
1 zr 7(5/12 ft) 450 ft’/min A D=10in
Then the mass flow rate of air becomes \
ia . ft3 . 2 Btu/s
o KT (03704 psia - f/1bm -RIS10R) _ o

R (15 psia)
. .
= 2 AOIIIN 35 5 /i = 0,595 Toms
v 126 ft’/Ibm

(b) We take the air-conditioning duct as the system, which is a control volume since mass crosses the
boundary. There is only one inlet and one exit, and thus 7y = m, = m. The energy balance for this steady-

flow system can be expressed in the rate form as

. - _ - 20 (steady) _
Ein - Eout - AEsystem =0
N —— [ ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E out

Oy, +1ihy =rithy  (since W = Ake = Ape = 0)

Oy =m(hy —hy) = mcp(TZ -1)
Then the exit temperature of air becomes
_Qi“ S0 4+ 2 Btu/s

e, (0.595 Ibm/s)(0.24 Btu/lbm"F)

T,=T + 64.0°F
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5-118 Water is heated by a 7-kW resistance heater as it flows through an insulated tube. The mass flow
rate of water is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Water is an
incompressible substance with constant specific heats at room temperature. 3 Kinetic and potential energy
changes are negligible. 4 The tube is adiabatic and thus heat losses are negligible.

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3).

Analysis We take the water pipe as the system, which is a control volume since mass crosses the boundary.
There is only one inlet and one exit, and thus 7y = m, = . The energy balance for this steady-flow system

can be expressed in the rate form as

” - _ - J0 (steady) _
By — Eou - AESystem =0 ]
— | ——
Rate of net energy transfer Rate of change in internal, kinetic, WATER
by heat, work, and mass potential, etc. energies 20°C > 75°C
Ein = Eout
ein T Ml =mh, (since O, = Ake = Ape = 0)
. . . 20 . 7 kW
Wein = iy~ Iy) = i[e(Ty = T)) + AP ] = tne(T, = )

Substituting, the mass flow rates of water is determined to be
o Mo _ 7 kl/s
c(T,-T)) (4.184 kJ/kg°C)(75-20)"C

= 0.0304 kg/s

5-119 Steam pipes pass through an unheated area, and the temperature of steam drops as a result of heat
losses. The mass flow rate of steam and the rate of heat loss from are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 4 There are no work interactions involved.

Properties From the steam tables (Table A-6),
P =1MPa }ul = 0.25799 m’/kg

T, =300°C | A =3051.6 kl/kg 1 MPa STEAM 800 kPa
(o] > O,
P, = 800 kPa 300°C \ 250°C
h, = 2950.4 kJ/kg N
T, = 250°C o

Analysis (a) The mass flow rate of steam is determined directly from

.1 1
f = A =
v 0.25799 m” /kg
(b) We take the steam pipe as the system, which is a control volume since mass crosses the boundary.
There is only one inlet and one exit, and thus 7y = m, = . The energy balance for this steady-flow system

[ﬂ(0.06 m)? kz m/s)=0.0877 kg/s

can be expressed in the rate form as

. - _ A E’ 70 (steady) _
Ein - Eout - system =0
— R
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E out

mhy = Qlout +mh, (since W = Ake = Ape = 0)

Qout = m(hl - h2)
Substituting, the rate of heat loss is determined to be
Oloss = (0.0877 kg/s)(3051.6 - 2950.4) ki/kg = 8.87 kdls
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5-120 Steam flows through a non-constant cross-section pipe. The inlet and exit velocities of the steam are
to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change
is negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is
negligible.

Analysis We take the pipe as the

system, which is a control volume
since mass crosses the boundary. The D —_— D
mass and energy balances for this 200 kPa p Steam 150 kPa
steady-flow system can be expressed 200°C 150°C
in the rate form as Vel, Vel,
Mass balance: b
. . AL 70 (steady) _
My — Moy = Amsystem =0
2 2
. . " " /O /D
My = Mgy —> A4 — = 4, — = -
v v 4 v 4 v,
Energy balance:
- - _ - A0 (steady) _
Ein - Eout - AEsystem =0
~ %f—J
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
V12 sz

h1+7:h2+7 (since Q;W;Ake;Ape;O)

The properties of steam at the inlet and exit are (Table A-6)

P, =200 kPa | v, =1.0805 m’ /kg
T, =200°C | by =2870.7 kl/kg

P, =150 kPa }vz =1.2855 m>/kg

T, =150°C | h, =2772.9 kl/kg
Assuming inlet diameter to be 1.8 m and the exit diameter to be 1.0 m, and substituting,
7(1.8m)? v, _ 7(1.0m)? v, W
4 (1.0805m>/kg) 4 (1.2855m’/kg)
2870.7 k/kg + Vi(%j =2772.9 klkg + V—ZZ[%]
2 11000 m?/s? 2 {1000 m?/s

There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an
equation solver such as EES, the velocities are determined to be

7, =118.8 m/s
V,=458.0 m/s
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Charging and Discharging Processes

5-121 A large reservoir supplies steam to a balloon whose initial state is specified. The final temperature in

the balloon and the boundary work are to be determined.

Analysis Noting that the volume changes linearly with the pressure, the final volume and the initial mass

are determined from

Steam
150 kPa
200°C

P, =100 kPa X
v, =1.9367m"/kg (Table A-6)

T, =150°C

P
y, =Ly J150KPE s 75 ms

P, 100 kPa

v, 3
my = 0M s ey

v 1.9367m’/kg

The final temperature may be determined if we first calculate specific
volume at the final state

v, V. ’

b= M 4ssmikg
m, 2m, 2x(25.82kg)

P, =150kPa

3 T, =202.5°C (Table A-6)
v, =1.4525m’/kg

Noting again that the volume changes linearly with the pressure, the boundary work can be determined
from

_P+P, (100+150)kPa

W, W, -¥) = (75-50)m> =3125kJ

5-122 Steam in a supply line is allowed to enter an initially evacuated tank. The temperature of the steam in
the supply line and the flow work are to be determined.

Analysis Flow work of the steam in the supply line is converted to sensible internal energy in the tank.
That is,

hline = Uank Steam _> 4 MPa

P, =4MPa
T =550°C

where

}umnk =3189.5kJ/kg (Table A-6)

Now, the properties of steam in the line can be calculated Initiall
nitially

Pijpe =4MPa } Tine =389.5°C evacuated

(Table A-6)
hiine =3189.5kI/kg | e =2901.5kI/kg

The flow work per unit mass is the difference between enthalpy and internal energy of the steam in the line
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5-123 A vertical piston-cylinder device contains air at a specified state. Air is allowed to escape from the
cylinder by a valve connected to the cylinder. The final temperature and the boundary work are to be
determined.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).

Analysis The initial and final masses in the cylinder are
PV, 25m’
m =Y _ (600 kPa)(0.25m") —09121m° .
RT, (0.287kJ/kg.K)(300+273K) Air
0.25m°
my =0.25m; =0.25(0.9121kg) = 0.2280 kg 600 kPa Air
Then the final temperature becomes 300°C 1>
Pv. 05m’
r, =% _ (600 kPa)(0.05m") _458.4K

"~ myR (0.2280kg)(0.287 kl/kg.K)
Noting that pressure remains constant during the process, the boundary work is determined from

W, = PV, —V,) = (600 kPa)(0.25—0.05)m> =120 kJ

5-124 Helium flows from a supply line to an initially evacuated tank. The flow work of the helium in the
supply line and the final temperature of the helium in the tank are to be determined.

Properties The properties of helium are R = 2.0769 kJ/kg.K, ¢, = 5.1926 kl/kg K, ¢, = 3.1156 kJ/kg.K
(Table A-2a).

Analysis The flow work is determined from its definition but

we first determine the specific volume Helium —Jp 200 kPa, 120°C
RT;; . .
y = line _ (20769 ki/kg K)(120+273 K) =4.0811m>/kg
P (200 kPa)
Wiow = PV = (200 kPa)(4.0811 m’/kg) = 816.2 kd/kg
Noting that the flow work in the supply line is converted to e\:ggl?al\?(led

sensible internal energy in the tank, the final helium
temperature in the tank is determined as follows

Utank = h]ine

Pine =€ Tine = (5.1926 kI/kg.K)(120 +273 K) = 2040.7 ki/kg
Uogone = CoTiame ——> 2040.7kI/kg = (3.1156 kI/kg )Ty, —> Ty = 655.0 K

Alternative Solution: Noting the definition of specific heat ratio, the final temperature in the tank can also
be determined from

Tk = kT =1.667(120 + 273 K) = 655.1K

which is practically the same result.
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5-125 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill
the bottle. The amount of heat transfer through the wall of the bottle when thermal and mechanical
equilibrium is established is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential energies are negligible. 4
There are no work interactions involved. 5 The direction of heat transfer is to the air in the bottle (will be
verified).

Properties The gas constant of air is 0.287 kPa.m’/kg K (Table A-1).

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: my, —mg, = Amsystem - m; =m, (since myy = My, = 0)
Energy balance: E,.-E,. = AE yem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
O +mh; = myuy (sinceW = E | = E; i = ke = pe = 0)
.. 100 kPa
Combining the two balances: 17°C
O = mz(“z - hi)

where

PV 100 kPa)(0.008 m*

my =2 ( 3)3( M) 0.0096 ke 8L
RT, (0 287 kPa-m”/kg-K)(290 K) Evacuated

h; =290.16 ki/kg
u, =206.91kl/kg

Substituting, Oin = (0.0096 kg)(206.91 - 290.16) kl/kg=-0.8k] — Q,u=0.8kJ
Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we
reverse the direction.

Ti _ T2 =290 K Table A-17

5-126 An insulated rigid tank is evacuated. A valve is opened, and air is allowed to fill the tank until
mechanical equilibrium is established. The final temperature in the tank is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential energies are negligible. 4
There are no work interactions involved. 5§ The device is adiabatic and thus heat transfer is negligible.
Properties The specific heat ratio for air at room temperature is k= 1.4 (Table A-2).
Analysis We take the tank as the system, which is a control volume since mass
crosses the boundary. Noting that the microscopic energies of flowing and
nonflowing fluids are represented by enthalpy / and internal energy u, respectively,
the mass and energy balances for this uniform-flow system can be expressed as

] initially
Mass balance: m;, —mg, = Amsystem - m; =m, (since myy = My, = 0) evacuated
Energy balance: E —Eyu = AEygem
%ﬂ—J
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

mihi =y, (SiIlCC Q =W = Eout - mmal = ke = pe = 0)
Combining the two balances:
u, =h; >c, 1, =c,T; >T, =(c, /c,)I; =kT;

Substituting, T, =1.4x290 K =406 K =133°C
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5-127 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line,
and air is allowed to enter the tank until mechanical equilibrium is established. The mass of air that entered
and the amount of heat transfer are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential energies are negligible. 4
There are no work interactions involved. 5 The direction of heat transfer is to the tank (will be verified).

Properties The gas constant of air is 0.287 kPa.m’/kg K (Table A-1). The properties of air are (Table A-17)

T, =295 K ——> h, =295.17 kl/kg
T, =295 K ——> u, =210.49 kl/kg
T, =350 K —> u, = 250.02 ki/kg

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Ao —> M =My —my
Energy balance: Ey — Egun AEytem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O, +m;h; = myuy —myuy (since W = ke = pe = 0)

The initial and the final masses in the tank are

3
m, _AV _ 100 kP}a)(2 m’) 2362 ke
RT,  (0.287 kPa-m”/kg-K)(295 K) P, =600 kPa
3 T, =22°C
m2:P2V: (600kP3a)(2m ) _11.946 ke
RT, (0.287 kPa-m’/kg-K)(350 K) )
Then from the mass balance, Vi=2m’ Q
P, =100 kPa ]
m; =m, —m; =11.946-2.362 = 9.584 kg T, =22°C
(b) The heat transfer during this process is determined from

O = —m;hy + myuy — muy
= —(9.584 kg)(295.17 kl/kg )+ (11.946 kg )(250.02 ki/kg)— (2.362 kg)(210.49 ki/kg)
=-339k] — O, =339KkJ

Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we
reversed the direction.
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5-128 A rigid tank initially contains saturated R-134a liquid-vapor mixture. The tank is connected to a
supply line, and R-134a is allowed to enter the tank. The final temperature in the tank, the mass of R-134a
that entered, and the heat transfer are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The
direction of heat transfer is to the tank (will be verified).

Properties The properties of refrigerant are (Tables A-11 through A-13)
T, =8°C }vl = v, +xv,, =0.0007887 +0.7x (0.052762 — 0.0007887) = 0.03717 m’/kg

x =07 U =uy+xug =6239+0.7x172.19 =182.92 ki/kg

Py =800 kPa | v = vygg00 kpa = 0.02562 m’/kg

sat. vapor Uy = Ugggoo kpa = 246.79 kl/kg

P =1.0 MPa

h; =335.06 kl/kg R-134a 1 MPa

T; =100°C 100°c T~
Analysis We take the tank as the system, which is a control volume
since mass crosses the boundary. Noting that the microscopic energies
of flowing and nonflowing fluids are represented by enthalpy / and 02m’
internal energy u, respectively, the mass and energy balances for this R-134a

uniform-flow system can be expressed as

Mass balance: My — Moy = AMgygony —> My = my —my

Energy balance: E, —E . = AE,

system

H—/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O, +m;h; = myu, —myuy (since W = ke = pe = 0)

(a) The tank contains saturated vapor at the final state at 800 kPa, and thus the final temperature is the
saturation temperature at this pressure,

T, = Tsat@SOO kPa =31.31°C

(b) The initial and the final masses in the tank are

3
m=Lo OZM 535y
v, 003717 m'/kg
3
my= Lo 02 gk

v, 0.02562 m’/kg

Then from the mass balance
m; =m, —m; =7.81-5.38=2.43 kg
(¢) The heat transfer during this process is determined from the energy balance to be
On = —m;h; + mauy — myuy
= —(2.43 kg)(335.06 kl/kg )+ (7.81 kg )(246.79 ki/kg)- (5.38 kg )(182.92 ki/kg)
=130 kJ
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5-129E A rigid tank initially contains saturated water vapor. The tank is connected to a supply line, and
water vapor is allowed to enter the tank until one-half of the tank is filled with liquid water. The final
pressure in the tank, the mass of steam that entered, and the heat transfer are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The

direction of heat transfer is to the tank (will be verified).

Properties The properties of water are (Tables A-4E through A-6E)

T, = 300°F } Vi = V@300 = 6.4663 ft’/lbm

sat. vapor | u; =y 300op = 1099.8 Btu/lbm

T, =300°F }uf =0.01745, v, = 6.4663 ft*/Ibm

sat. mixture u, =269.51, u, =1099.8 Btu/lbm

P, =200 psia

h; =1210.9 Btu/lbm
T, = 400°F

Steam 200 psia
400°F

—

Water
31t
300°F
Sat. vapor

R

~

]

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be

expressed as

Mass balance: My — Moy = Ao —> M =My —my
Energy balance: R AEytem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O +mh; = myuy —myuy (since W = ke = pe = 0)

(a) The tank contains saturated mixture at the final state at 250°F, and thus the exit pressure is the

saturation pressure at this temperature,

P = Ry@ 300°r = 67.03 psia

(b) The initial and the final masses in the tank are

f3
m, :K=3—t3=0.464 Ibm
Vi 6.4663 ft/Ibm
v, Vv 1.5 ft° 1.5 ft°.
Zr,. s +

m2=mf+mg=U v = 3 3
s Vg 001745t /Ibm  6.4663 ft*/Ibm

Then from the mass balance
m; =m, —m; =86.20 —0.464 =85.74 Ilbm

=85.97+0.232 =86.20 Ibm

(¢) The heat transfer during this process is determined from the energy balance to be

O = —m;h; + myuy — myuy

= —(85.74 1bm)(1210.9 Btu/Ibm)+ 23,425 Btu — (0.464 Ibm)(1099.8 Btu/lIbm)

= -80,900 Btu — O, = 80,900 Btu

since U, =myuy =mpu; +mou, =85.97x269.51+0.232x1099.8 =23,425 Btu

Discussion A negative result for heat transfer indicates that the assumed direction is wrong, and should be

reversed.
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5-130 A cylinder initially contains superheated steam. The cylinder is connected to a supply line, and is
superheated steam is allowed to enter the cylinder until the volume doubles at constant pressure. The final
temperature in the cylinder and the mass of the steam that entered are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 The expansion process is quasi-equilibrium. 3 Kinetic and potential energies are negligible. 3
There are no work interactions involved other than boundary work. 4 The device is insulated and thus heat
transfer is negligible.

Properties The properties of steam are (Tables A-4 through A-6)
P, =500 kPa }ul =0.42503 m’ /kg

T, =200°C | u, =2643.3 ki/kg P =500 kpa
T, =200°C
P 1P V,=0.01 m’
= a
l h, =3158.2 k/kg Steam
T, =350°C

Analysis (a) We take the cylinder as the system, which is a control volume since mass crosses the
boundary. Noting that the microscopic energies of flowing and nonflowing fluids are represented by
enthalpy % and internal energy u, respectively, the mass and energy balances for this uniform-flow system
can be expressed as

Mass balance: My = Moy = Ay, —> My = my —my
Energy balance: E, —E. = AEgiem

—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

m;h; = Wy ou + matly —myuy (since Q = ke = pe = 0)
Combining the two relations gives 0 =W, ,, — (m2 —m )hl. + myuy, —myu,

The boundary work done during this process is

Wy ow = I " pav - P(V, —¥,)=(500 kPa)0.02—-0.01)m? SEEL
’ 1 1kPa-m?

The initial and the final masses in the cylinder are

3
m= Ao DM 0035k
v 042503 m’/kg
v, 002m’
m2 = —_—= —
vy )
Substituting, ~ 0=5- [& - 0.0235}(3158.2)+ 0.02 u, —(0.0235)2643.3)
) )

Then by trial and error (or using EES program), 7,=261.7°C and v = 0.4858 m’/kg
(b) The final mass in the cylinder is

v, 0.02 m*
v, 04858 m’/ke
Then, m;=m,-m; =0.0412-0.0235=10.0176 kg

m, = =0.0412 kg
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5-131 A cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a
supply line, and the steam is allowed to enter the cylinder until all the liquid is vaporized. The final
temperature in the cylinder and the mass of the steam that entered are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 The expansion process is quasi-equilibrium. 3 Kinetic and potential energies are negligible. 3
There are no work interactions involved other than boundary work. 4 The device is insulated and thus heat
transfer is negligible.

Properties The properties of steam are (Tables A-4 through A-6)

P, =200 kPa
Iy =hy +xhy, =504.71+0.6x 2201.6 = 1825.6 kl/kg

¥ =06 (P =200 kPa)
m; =10 kg
Py, =200 kPa o
sat Vapor h2 = hg@zoo kPa = 27063 kJ/kg 2 Pi =(0.5 MPa
’ T;=350°C
P.=0.5MPa -
h; =3168.1 kl/kg
T, =350°C

Analysis (a) The cylinder contains saturated vapor at the final state at a pressure of 200 kPa, thus the final
temperature in the cylinder must be

T3 = Tar @200 pa = 120.2°C

(b) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting
that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy /4 and internal
energy u, respectively, the mass and energy balances for this uniform-flow system can be expressed as

Mass balance: My = Moy = Ay, —> My = my —my
Energy balance: E,—E. = AEygem
%f_’
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

m;h; = Wy, oy + matty —myuy (since Q = ke = pe = 0)
Combining the two relations gives 0 =W, ,, — (m2 —m )hl. + myuy, —myu,
or, 0= —(m2 —m )hl- + myh, —mhy

since the boundary work and AU combine into AH for constant pressure expansion and compression
processes. Solving for m, and substituting,
-k (3168.1-1825.6) ki/kg

_ _ 10 kg) = 29.07 k
h—h " (3168.1-2706.3) kJ/kg( 2 s

my

Thus,
m; =my - m; =29.07 - 10 = 19.07 kg
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5-132 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-
134a is allowed to enter the tank. The mass of the R-134a that entered and the heat transfer are to be
determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The
direction of heat transfer is to the tank (will be verified).

Properties The properties of refrigerant are (Tables A-11 through A-13)

R-134a 1.2 MPa
P =1MPa | v, =v,q) vp, =0.02031 m’/kg > 36°C —
sat.vapor Uy = U@ mpa = 250.68 kI/kg
P, =12 MPa }uz =V @12 mpa = 0.0008934 m*/kg

Lo ' R-134a

sat. liquid Uy =U @12 mpa =116.70 kl/kg 0.12 m* .
P =12 MPa 1 MPa Q
T, =36°C h; = hygsgec =102.30 kl/kg Sat. vapor

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Ao —> M =My —my
Energy balance: Ey — Egun AEytem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O +mh; = myuy —myuy; (since W = ke = pe = 0)

(a) The initial and the final masses in the tank are

v, 0.12m?
m=-t=— =T —591kg
v 0.02031 m’/kg
V. 0.12m?
my =22 = m =13431kg

v, 0.0008934 m>/kg

Then from the mass balance
m.=m, —m, =134.31-591=128.4 kg
(¢) The heat transfer during this process is determined from the energy balance to be
O = —mhy + mauy — muy
= —(128.4 kg )(102.30 kl/kg )+ (134.31 kg )116.70 kl/kg)— (5.91 kg (250.68 kl/kg)
=1057 kJ
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5-133 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and
half of the mass in liquid form is withdrawn from the tank. The temperature in the tank is maintained
constant. The amount of heat transfer is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The
direction of heat transfer is to the tank (will be verified).

Properties The properties of water are (Tables A-4 through A-6) H,0
_ o _ _ 3 Sat. liquid
T, =200°C | ¥ =V, o0 = 0001157 m/kg Vo 0
sat. liquid U= U ogre = 850.46 kl/kg V=03m’ g
L= 200G g e =85226 kI/kg
sat. liquid /@

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: my, — My, = Am, - m,=m —m

system
Energy balance: E, —E = AESystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Q. = m,h, + myuy, —mu, (since W = ke = pe = 0)
The initial and the final masses in the tank are

3
Y. 0B3mt —=259.4kg
v, 0.001157m’/kg

my =L+m =1(259.4 kg)=129.7 kg

m

Then from the mass balance,
m, =m; —m, =259.4-129.7=129.7 kg

Now we determine the final internal energy,

03m’

v, =L 2030 002313 m ke

m, 129.7 kg

Vy =V, —
r, V27V 0002313-0.001157 _; o617y

Vi 0.12721-0.001157
T =200°C + 850.46+(0.009171)1743.7) = 866.46 ki/k
U, =u XU 4 = . . )= .

x, =0.009171 [ 7/ Tk s

Then the heat transfer during this process is determined from the energy balance by substitution to be
0=1(129.7 kg)852.26 ki/kg) + (129.7 kg }866.46 kl/kg)— (259.4 kg )850.46 ki/kg)
=2308 kJ
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5-134 A rigid tank initially contains saturated liquid-vapor mixture of refrigerant-134a. A valve at the
bottom of the tank is opened, and liquid is withdrawn from the tank at constant pressure until no liquid
remains inside. The amount of heat transfer is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The
direction of heat transfer is to the tank (will be verified).

Properties The properties of R-134a are (Tables A-11 through A-13)

R-134a
P, =800 kPa — v, =0.0008458 m’/kg, v, =0.025621 m’/kg Sat. vapor

P =800 kPa
vV=0.12m’

u, =94.79 kikg, u, = 246.79 kikg

Py =800 kPa | vy = vygg00 kpa = 0.025621 m’/kg

sat. vapor

P, =800 kPa
sat. liquid

}he = hf@800 kPa — 9547 kJ/kg

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Aoy —> M, =My —my
Energy balance: Ey — Egun AEystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O, = m,h, + myu, —mu, (since W = ke = pe = 0)
The initial mass, initial internal energy, and final mass in the tank are
V, V. 012x025m®  0.12x0.75m’
S L& _ 3 + 3
vy v, 0.0008458 m°/kg  0.025621 m’/kg
Uy = mguy = mou, +mgu, =(35.47)94.79)+(3.513)246.79) = 4229.2 kJ
v 0.2m’

my=—=—-————=4684kg
v, 0.025621 m’/kg

=35.47+3.513 =38.98 kg

mlsz“l‘mg =

Then from the mass and energy balances,
m, =m; —m, =38.98 —4.684 =34.30 kg

0., = (34.30 kg )95.47 k)/kg) + (4.684 kg 246.79 kl/kg)— 4229 kJ = 201.2 kJ
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5-135E A rigid tank initially contains saturated liquid-vapor mixture of R-134a. A valve at the top of the
tank is opened, and vapor is allowed to escape at constant pressure until all the liquid in the tank
disappears. The amount of heat transfer is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved.

Properties The properties of R-134a are (Tables A-11E through A-13E)
P, =100 psia v, =0.01332 ft’/lbm, v, = 0.4776 ft’/lbm

u; =37.623 Btw/lbm, u, =104.99 Btw/lbm —t
- a
P, =100 psia } Vs = V@00 psia = 0-4776 ft’/lbm Psi“igépiﬁa ~Q
sat. vapor Uy =Ug@r00 psia = 104.99 Btw/lbm V=4 15[3
Fe=100psia |, 113.83 Btw/lb
— L= . m
sat. vapor ¢~ Tg@100 psia

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Ao, —> M, =My —m,

Energy balance: E,-E, = AE,

system

v v -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oy —mh, = myu, —mu, (since W = ke = pe = 0)
The initial mass, initial internal energy, and final mass in the tank are
Yy Yo 4x02f  4x08f
vy v, 0.01332ft/lbm  0.4776 ft*/lbm
Uy =muy =mpu, +mgu, =(60.04)37.623)+(6.70)104.99) = 2962 Btu

=60.04+6.70 = 66.74 Ibm

m=m;+m, =

v 4 ft3
m2 :_:—3
v,  0.4776 ft>/lbm

Then from the mass and energy balances,
m, =m; —m, =66.74 —8.375=58.37 lbm

=8.375 Ibm

Oy = moh, + myuy — myu,
= (58.37 Ibm)(113.83 Btw/Ibm)+ (8.375 Ibm }104.99 Btw/Ibm)—2962 Btu
= 4561 Btu
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5-136 A rigid tank initially contains superheated steam. A valve at the top of the tank is opened, and vapor
is allowed to escape at constant pressure until the temperature rises to 500°C. The amount of heat transfer
is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process by using constant average properties for the
steam leaving the tank. 2 Kinetic and potential energies are negligible. 3 There are no work interactions
involved. 4 The direction of heat transfer is to the tank (will be verified).

Properties The properties of water are (Tables A-4 through A-6) %_(
P =2MPa | v, =0.12551 m® /kg w
T, =300°C | u, =2773.2kl/kg, h, =3024.2 kl/kg STEAM ~Q

2 MPa

P, =2MPa | v, =0.17568 m* /kg
T, =500°C | u, =3116.9 ki/kg, h, =3468.3 kl/kg

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = AMgyeny —> M, = my —my

Energy balance: E,.-E,. = AE,

system

v . L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O, —m,h, = myu, —mu, (since W = ke = pe = 0)

The state and thus the enthalpy of the steam leaving the tank is changing during this process. But for
simplicity, we assume constant properties for the exiting steam at the average values. Thus,
h +h, 3024.2+3468.3 kl/k
h, = ’; 2 _ hi . & ~3246.2 k/kg

The initial and the final masses in the tank are

v, 2m’
:_1202—m:1_594kg
v 0.12551m’/kg
v,  02m’

v,  0.17568 m’/kg

my

m, = =1.138kg
Then from the mass and energy balance relations,
m, =m; —m, =1.594-1.138=0.456 kg
Qi = moh, + myuiy —myu,
= (0.456 kg)(3246.2 kJ/kg )+ (1.138 kg (3116.9 ki/kg)—(1.594 kg )2773.2 kl/kg)
=606.8 kJ
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5-137 A pressure cooker is initially half-filled with liquid water. If the pressure cooker is not to run out of
liquid water for 1 h, the highest rate of heat transfer allowed is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved.

Properties The properties of water are (Tables A-4 through A-6)
B =175kPa — v, =0.001057 m’/kg, v, =1.0037 m*/kg
u, =486.82 kl/kg, u, =2524.5kl/kg

P, =175 kPa }uz = V@75 kpa = 1.0036 m/kg

P
sat. vapor Uy = Ugq@r7s kpa = 2524.5 kI/kg Cr(e)iiuerre
P, =175 kPa 4L
h, = hy@i75 pa = 2700.2 kl/kg 175 kPa
sat. vapor
Analysis We take the cooker as the system, which is a control volume since 0

mass crosses the boundary. Noting that the microscopic energies of flowing
and nonflowing fluids are represented by enthalpy % and internal energy u,
respectively, the mass and energy balances for this uniform-flow system can
be expressed as

Mass balance: My — Moy = Ao, —> M, =My —m,

Energy balance: E,-E, = AE,

system

v v -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oy —mh, = myu, —mu, (since W = ke = pe = 0)
The initial mass, initial internal energy, and final mass in the tank are
v.e v, 0.002 m* 0.002 m*
vy v, 0.001057 m’/kg 1.0036 m”/kg
Uy = muy = mu, +mgu, = (1.893)486.82)+(0.002)2524.5) = 926.6 kJ
vV 0004m’

m2 == —3
v, 1.0037 m’/kg

=1.893+0.002 =1.895 kg

m=ms;+mg, =

=0.004 kg

Then from the mass and energy balances,
m, =m; —m, =1.895-0.004 =1.891 kg
O = moh, + myuy — myu,
= (1.891 kg)(2700.2 kJ/kg)+(0.004 kg)2524.5 kI/kg)—926.6 kJ = 4188 kJ
Thus,

0-L2 8K 4 1634w
A 3600
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5-138 An insulated rigid tank initially contains helium gas at high pressure. A valve is opened, and half of
the mass of helium is allowed to escape. The final temperature and pressure in the tank are to be
determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process by using constant average properties for the
helium leaving the tank. 2 Kinetic and potential energies are negligible. 3 There are no work interactions
involved. 4 The tank is insulated and thus heat transfer is negligible. S Helium is an ideal gas with constant
specific heats.

Properties The specific heat ratio of helium is £ =1.667 (Table A-2).
Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and

internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Ao, —> M, =My —m,
_1 ; - -1
m, =5m; (given) ——> m, =my =5m,
Energy balance: Ey,—Eyw = AEystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

—m,h, = myu, —myu; (since W = Q = ke= pe =0)

Note that the state and thus the enthalpy of helium leaving the tank is changing during this process. But for
simplicity, we assume constant properties for the exiting steam at the average values.

Combining the mass and energy balances: 0= Lmh, +Lmu, —mu,

T +T.
Dividing by m,/2 0=h, +uy —2u; or 0=c, L2 ¢, T, —2¢,T,
Dividing by c.: 0=k(T, +T,)+2T, — 4T, since k=c, /¢,
(4—k T _(4-1.667)

Solving for T: T, = (353K)=225K

2+k)" (2+1.667)
The final pressure in the tank is
1% _ m RT, P - myT, P

225
= >

1223 5000 kPa) = 637 kPa
mT, 2353
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5-139E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is
opened, and air is allowed to escape at constant temperature until the pressure inside drops to 30 psia. The
amount of electrical work transferred is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air
remains constant. 2 Kinetic and potential energies are negligible. 3 The tank is insulated and thus heat
transfer is negligible. 4 Air is an ideal gas with variable specific heats.

Properties The gas constant of air is R =0.3704 psia.ft’/Ibm.R (Table A-1E). The properties of air are
(Table A-17E)

T,=580R —— h =138.66 Btu/lbm
T,=580R —— u =98.90 Btu/lbm
T,=580R —— u, =98.90 Btu/Ibm

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My = Moy = Agygery —> M, = my —ny,
Energy balance: E,—-E, = AEygiem
%f_/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wein — m,h, = myu, —mu, (since Q = ke = pe = 0)

The initial and the final masses of air in the tank are

_AV _ (75 psia)(60 ft3) —20.95 Ibm
RT; (03704 psia - ft*/Ibm-R |580 R)
. 3
m, <52V _ (30 ps1a)(60 fit ) 238 Ibm

RT, (03704 psia-ft*/Ibm-R [580 R)

Then from the mass and energy balances,
m, =m —my =20.95-8.38=12.57 Ibm
w.

ein = Mh, + myuy — myu,
= (12.57 1bm)(138.66 Btu/Ibm)+ (8.38 1bm)(98.90 Btu/Ibm)— (20.95 1bm }(98.90 Btu/Ibm)

=500 Btu
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5-140 A vertical cylinder initially contains air at room temperature. Now a valve is opened, and air is
allowed to escape at constant pressure and temperature until the volume of the cylinder goes down by half.
The amount air that left the cylinder and the amount of heat transfer are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air
remains constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions. 4 Air is
an ideal gas with constant specific heats. 5 The direction of heat transfer is to the cylinder (will be
verified).

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis (a) We take the cylinder as the system, which is a control volume since mass crosses the
boundary. Noting that the microscopic energies of flowing and nonflowing fluids are represented by
enthalpy % and internal energy u, respectively, the mass and energy balances for this uniform-flow system
can be expressed as

Mass balance: My — Moy = Ao, —> M, =My —m,
Energy balance: E, —E . = AE g em
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

AIR
300 kPa
0.2 m’

O + Wyin —moh, = myu, —myu, (since ke = pe = 0)

The initial and the final masses of air in the cylinder are

20°C
AV, (300 kPa)(o.z m3) >
m =—L= =0.714 kg
RT,  (0.287 kPa-m*/kg-K 293 K)
3
m, <22 (300 kPa)(0.1m*) 0357 kg =Lm,

RT,  (0.287 kPa-m®/kg K J293 K)
Then from the mass balance,
m, =m; —m, =0.714 - 0.357 = 0.357 kg
(b) This is a constant pressure process, and thus the ¥}, and the AU terms can be combined into AH to yield
Q = myh, +myh, —mh
Noting that the temperature of the air remains constant during this process, we have #; = h; = h, = h.

— oy =]
Also, m, =m, = m,. Thus,

Q:(%ml +3m —ml)hzo
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5-141 A balloon is initially filled with helium gas at atmospheric conditions. The tank is connected to a
supply line, and helium is allowed to enter the balloon until the pressure rises from 100 to 150 kPa. The
final temperature in the balloon is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Helium is an ideal gas with constant specific heats. 3 The expansion process is quasi-
equilibrium. 4 Kinetic and potential energies are negligible. 5 There are no work interactions involved
other than boundary work. 6 Heat transfer is negligible.

Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-1). The specific heats of helium are
¢, =5.1926 and ¢, = 3.1156 kJ/kg'K (Table A-2a).

Analysis We take the cylinder as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My, — My, = Am - m;=my—m

system
Energy Ein - Eout = AEsystem
. —_— NI
balance: Net energy transfer Change in internal, kinetic, He
by heat, work, and mass potential, etc. energies °
25°C
mh; = Wy, ou + Moty —myuy (since Q = ke = pe = 0) 150 kPa
RY, (100 kPa){65 m*)

=10.61 kg

RT; (20769 kPa-m’/kg-K 295 K)

% = % — V= %Vl = 138%(65 m3)= 97.5 m’

2 2 1 a He
3 22°C,

my =Y _ (150 kPa)(97.5 m’) _ 704174

. 100 kPa
RT,  (2.0769 kPa-m’/kg -K|T,K) T

Then from the mass balance,
_7041.74

!

=m, —m -10.61kg

Noting that P varies linearly with V¥, the boundary work done during this process is

Wy Vz_Vl):

P +P
:%( 97.5-65)m’ = 4062.5 kJ

(100 +150)kPa
—

Using specific heats, the energy balance relation reduces to
Wooue = mic, T; —myc, T, + mie, T

Substituting,

7041.74

)- T8 (3 1156)r, +(10.61)(3.1156)295)

2

4062.5 :(
2

—10.61](5.1926)(298

It yields 7,=333.6 K
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5-142 An insulated piston-cylinder device with a linear spring is applying force to the piston. A valve at
the bottom of the cylinder is opened, and refrigerant is allowed to escape. The amount of refrigerant that
escapes and the final temperature of the refrigerant are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process assuming that the state of fluid leaving the device
remains constant. 2 Kinetic and potential energies are negligible.

Properties The initial properties of R-134a are (Tables A-11 through A-13)

v, =0.02423 m° /kg
u, =325.03 ki/kg

P =12 MPa}
hy =354.11kJ/kg

T, =120°C

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy % and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Aoy —> M, = My —my
Energy balance: E, —E = AEygem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wo.in —mch, = myuy —myu, (since Q = ke = pe = 0)

The initial mass and the relations for the final and exiting masses are

3

m :ﬁZan:I’:.OZkg

v 0.02423 m’/kg

v, 05m’
my, =—==

) V2 R-134a

0.5m’ 0.8m°
m, =m —m, =33.02—— 1.2 MPa
U o —
2 120°C N
Noting that the spring is linear, the boundary work can be determined from
P +P

Woim = - (U ~ ) :W(o.g-o.sm3 =270kJ

Substituting the energy balance,

3 3
270 —[33.02 _05m ]he - [0'5 m Juz —(33.02kg)(325.03kI/kg)  (Eq. 1)
%) (9]

where the enthalpy of exiting fluid is assumed to be the average of initial and final enthalpies of the
refrigerant in the cylinder. That is,

_hy+hy  (354.11KkJ/kg) +h,
¢ 2 2
Final state properties of the refrigerant (4,, u, and ) are all functions of final pressure (known) and
temperature (unknown). The solution may be obtained by a trial-error approach by trying different final

state temperatures until Eq. (1) is satisfied. Or solving the above equations simultaneously using an
equation solver with built-in thermodynamic functions such as EES, we obtain

T, =96.8°C, m.=22.47 kg, 1, = 336.20 kl/kg,
u, =307.77 kl/kg, v = 0.04739 m*/kg, m, = 10.55 kg

h
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5-143 Steam flowing in a supply line is allowed to enter into an insulated tank until a specified state is
achieved in the tank. The mass of the steam that has entered and the pressure of the steam in the supply line
are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid entering the tank remains
constant. 2 Kinetic and potential energies are negligible.

Properties The initial and final properties of steam in the tank are
(Tables A-5 and A-6)

P =1MPa v, =0.19436 m®/kg Steam —» 400°C
u; =2582.8 kl/kg

x, =1(sat.vap.)

P, =2MPa }02 =0.12551 m>/kg

T, =300°C Ju, =2773.2 kl/kg Satz. vapor
m
Analysis We take the tank as the system, which is a control volume 1 MPa

since mass crosses the boundary. Noting that the microscopic energies
of flowing and nonflowing fluids are represented by enthalpy /4 and
internal energy u, respectively, the mass and energy balances for this
uniform-flow system can be expressed as

Mass balance: My — Moy = Ao, —> ;= my —my

Energy balance: E,.-E, = AE

system

v v L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

m;h; = myu, —myuy (since Q = ke = pe = 0)

The initial and final masses and the mass that has entered are

2 3
=Yoo 2m ——=1029 kg
v, 0.19436 m3/kg
2 3
my=" o2 504k

v, 0.12551m’/kg
m; =m, —m; =15.94-10.29 = 5.645 kg
Substituting,
(5.645kg)h, = (15.94kg)(2773.2 kI/kg) — (10.29 kg)(2582.8 kI/kg) —> h; =3120.3kl/kg
The pressure in the supply line is

h; =3120.3kJ/kg

P, =8931kPa (determined from EES)
T, =400°C
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5-144 Steam at a specified state is allowed to enter a piston-cylinder device in which steam undergoes a
constant pressure expansion process. The amount of mass that enters and the amount of heat transfer are to
be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid entering the device
remains constant. 2 Kinetic and potential energies are negligible.

Properties The properties of steam at various states are (Tables A-4 through A-6)

v, 01m?
v =L =" _0.16667m’/kg

m; 0.6kg
P =P |
P, =800 kPa

1 Lty =2004.4 Ki/kg seam AT °
v, =0.16667 m> /kg 0.6 k
~ ; 0.1 m%

P, =800kPa |y, =0.29321m" /kg 800 kPa Steam
T, =250°C  Ju, =2715.9 kl/kg V¥~— 5MPa

500°C

P, =5MPa

h; =3434.7 kl/kg
T, = 500°C

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Ao, —> M; = my —my

Energy balance: E, —E = AE,

system

v v -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O =Wy ou +mh; = myu, —myu,  (since ke = pe = 0)
Noting that the pressure remains constant, the boundary work is determined from
Wy.ou = P(Vy —V)) = (800 kPa)(2x 0.1~ 0.1)m* =80kJ
The final mass and the mass that has entered are
v, 0.2m’
v, 029321 m’/kg
m; =m, —m; =0.682-0.6=0.082 kg

m, = =0.682 kg

(b) Finally, substituting into energy balance equation

0, —80KkJ +(0.082 kg)(3434.7 kI/kg) = (0.682 kg)(2715.9 kl/kg) — (0.6 kg)(2004.4 kI/kg)
0, = 447.9kJ
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Review Problems

5-145 A water tank open to the atmosphere is initially filled with water. The tank discharges to the
atmosphere through a long pipe connected to a valve. The initial discharge velocity from the tank and the
time required to empty the tank are to be determined.

Assumptions 1 The flow is incompressible. 2 The draining pipe is horizontal. 3 The tank is considered to
be empty when the water level drops to the center of the valve.

Analysis (a) Substituting the known quantities, the discharge velocity can be expressed as

:\/ 2gz :\/ 2gz _ Jo1212¢

1.5+ /L/D  \1.5+0.015(100 m)/(0.10 m)

Then the initial discharge velocity becomes

= J0.1212gz, =+/0.1212(9.81m/s” )2 m) =1.54 m/s

where z is the water height relative to the center of the orifice at
that time. Dy
lo

(b) The flow rate of water from the tank can be obtained by
multiplying the discharge velocity by the pipe cross-sectional area,

. aD?
V=40, :T./O.IZIZgZ

Then the amount of water that flows through the pipe during a differential time interval dr is

av =it = % 0.1212gzdt (1)

which, from conservation of mass, must be equal to the decrease in the volume of water in the tank,

DZ
dav = Atank(_dz) - __d (2)

where dz is the change in the water level in the tank during dt. (Note that dz is a negative quantity since the
positive direction of z is upwards. Therefore, we used —dz to get a positive quantity for the amount of water
discharged). Setting Egs. (1) and (2) equal to each other and rearranging,

2 2 2
D D
D 0.1212gzdt:—ﬂ O dr - dt=——2 d- z 2dz

D? 1/0.1212gz 021/0 1212g

The last relation can be integrated easily since the variables are separated. Letting #, be the discharge time
and integrating it from # = 0 when z = z, to = ¢, when z = 0 (completely drained tank) gives

0

0=

D; 22| 2Dg L
1

dr=————20 f’”zdz—>t S N e —
-r D%/Olzlzg =z 7 p? 01212 5 D% Jo.1212¢

2

Simplifying and substituting the values given, the draining time is determined to be

2D2 2
t="2 - :2(10“1)2 2m — =259405=7.21h
p? V0.1212g  (0.1m)2 | 0.1212(9.81 m/s?)

Discussion The draining time can be shortened considerably by installing a pump in the pipe.
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5-146 The rate of accumulation of water in a pool and the rate of discharge are given. The rate supply of
water to the pool is to be determined.

Assumptions 1 Water is supplied and discharged steadily. 2 The rate of evaporation of water is negligible.
3 No water is supplied or removed through other means.

Analysis The conservation of mass principle applied to the pool requires that the rate of increase in the
amount of water in the pool be equal to the difference between the rate of supply of water and the rate of
discharge. That is,

dm

pool pool

(/' _ dvpool

. . dm .
=m; —m - m;= +m i =——+V,
dt

dt ’ ' dt ¢
since the density of water is constant and thus the conservation of

mass is equivalent to conservation of volume. The rate of discharge
of water is

V, = AV, =(aD*/4)V, =[7(0.05m)? /4](5 m/s) = 0.00982 m*/s

_)

e

The rate of accumulation of water in the pool is equal to the cross-
section of the pool times the rate at which the water level rises,

deool -4

dr cross-section

Vievel = (3mx4m)(0.015 m/min) = 0.18 m>/min = 0.00300 m>/s

Substituting, the rate at which water is supplied to the pool is determined to be

V _ dvpool

1

+, =0.003+0.00982 = 0.01282 m*/s

Therefore, water is supplied at a rate of 0.01282 m®/s = 12.82 L/s.

5-147 A fluid is flowing in a circular pipe. A relation is to be obtained for the average fluid velocity in
therms of ¥(r), R, and r.

Analysis Choosing a circular ring of area dA = 2zrdr as our differential area, the mass flow rate through a
cross-sectional area can be expressed as

m= JPV(’” )dA = fpV(r)27rrdr ' dr

Solving for Vg,
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5-148 Air is accelerated in a nozzle. The density of air at the nozzle exit is to be determined.
Assumptions Flow through the nozzle is steady.

Properties The density of air is given to be 4.18 kg/m’ at the inlet.

Analysis There is only one inlet and one exit, and thus 7y =71, = 1. Then,

o \

AIR
1AV = p AV, I == 2

AV, /
o, =N 120mS e ke’ = 2.64 ke/m?

", 7, 7 T 380ms

Discussion Note that the density of air decreases considerably despite a decrease in the cross-sectional area
of the nozzle.

5-149 The air in a hospital room is to be replaced every 15 minutes. The minimum diameter of the duct is
to be determined if the air velocity is not to exceed a certain value.

Assumptions 1 The volume occupied by the furniture etc in the room is negligible. 2 The incoming
conditioned air does not mix with the air in the room.

Analysis The volume of the room is
V= (6 m)(5 m)(4 m) = 120 m’

To empty this air in 20 min, the volume flow rate must be

v 120m’

== =0.1333m°/s Hospital
At 15x60s Room
If the mean velocity is 5 m/s, the diameter of the duct is
5 . ; 6x5x4 m’
():AV:ED v o D- av 4(0.1333m/s):0.184m 10 bulbs
4 Vid 7(5m/s)

Therefore, the diameter of the duct must be at least 0.184 m to ensure that the air in the room is exchanged
completely within 20 min while the mean velocity does not exceed 5 m/s.

Discussion This problem shows that engineering systems are sized to satisfy certain constraints imposed by
certain considerations.

5-150 A long roll of large 1-Mn manganese steel plate is to be quenched in an oil bath at a specified rate.
The mass flow rate of the plate is to be determined.

Assumptions The plate moves through the bath steadily. 5
Piz)pertzes The}densuy of steel plate is given to be Steel plate N\ P
p = 7854 kg/m’. 10 m/min \_J/

Analysis The mass flow rate of the sheet metal through
the oil bath is

= pV = pwtV = (7854 kg/m>)(1 m)(0.005 m)(10 m/min) = 393 kg/min = 6.55 kg/s

Therefore, steel plate can be treated conveniently as a “flowing fluid” in calculations.



5-101

5-151E A study quantifies the cost and benefits of enhancing IAQ by increasing the building ventilation.
The net monetary benefit of installing an enhanced IAQ system to the employer per year is to be
determined.

Assumptions The analysis in the report is applicable to this work place.

Analysis The report states that enhancing IAQ increases the productivity of a person by $90 per year, and
decreases the cost of the respiratory illnesses by $39 a year while increasing the annual energy
consumption by $6 and the equipment cost by about $4 a year. The net monetary benefit of installing an
enhanced IAQ system to the employer per year is determined by adding the benefits and subtracting the
costs to be

Net benefit = Total benefits — total cost = (90+39) — (6+4) = $119/year (per person)
The total benefit is determined by multiplying the benefit per person by the number of employees,
Total net benefit = No. of employees x Net benefit per person = 120x$119/year = $14,280/year

Discussion Note that the unseen savings in productivity and reduced illnesses can be very significant when
they are properly quantified.

5-152 Air flows through a non-constant cross-section pipe. The inlet and exit velocities of the air are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change
is negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is
negligible. 5 Air is an ideal gas with constant specific heats.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K. Also, ¢, = 1.005 kJ/kg.K for air at room
temperature (Table A-2)

Analysis We take the pipe as the system,

which is a control volume since mass

— . A

crosses the boundary. The mass and energy 2D& 0 kP \ — D
balances for this steady-flow system can be 50°C a » Air 1500 kPa
expressed in the rate form as Vel s 40°C
Mass balance: els Vel,
. : . 70 (stead -
My — Moy = Amsystem (steady) 0
B, D} P, D3 A P
ny, = g, — P AV, = py A,V Ly - 22y Aply =22ply.
in out Py = Prisls RT141RT242 T111T222
Energy balance:
E, -E,, = AEsystemzo Steady)  — 0 since W = Ape = 0)
[ ——)

Rate of net energy transfer
by heat, work, and mass

Ein = Eout

2 2
1 2
or cpT1+—2 :cpT2 +—2 + G out

| S
Rate of change in internal, kinetic,
potential, etc. energies

72 )2
—N +%: hy + 2+ o

2

Assuming inlet diameter to be 1.8 m and the exit diameter to be 1.0 m, and substituting given values into

mass and energy balance equations

Ezookpa](l.gm)zV :£150kPaJ(1.0m)2V2 0

323K 313K

V2
(1.005 kJ/kg K)(323K) +—— (Lkzgz
2 {1000m*/s

2
j = (1.005 kJ/kg.K)(313 K) +V—2(

1kJ/kg
2

1000 m?/s?

j+ 3.3kl/kg (2)

There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an
equation solver such as EES, the velocities are determined to be

V,=28.6 m/s
V,=120 m/s
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5-153 Geothermal water flows through a flash chamber, a separator, and a turbine in a geothermal power
plant. The temperature of the steam after the flashing process and the power output from the turbine are to
be determined for different flash chamber exit pressures.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The devices are insulated so that there are no heat losses to the

surroundings. 4 Properties of steam are used for geothermal water.

Analysis For all components, we take the steam
as the system, which is a control volume since Flash
mass crosses the boundary. The energy balance chamber
for this steady-flow system can be expressed in
the rate form as

Energy balance: 230°|C
) . ) sat. lig.
20 (stead
Ein - Eout = AEsystem (steady) =0
—_—

Rate of net energy transfer
by heat, work, and mass

Ein = Eout

| —
Rate of change in internal, kinetic,
potential, etc. energies

For each component, the energy balance reduces to

Flash chamber: h; =5,
Separator: myhy, =myhy + mhquidhhquid
Turbine: Wy =iy (hy — hy)

(a) For a flash chamber exit pressure of P, = 1 MPa

The properties of geothermal water are

h = hsat@230°C =990.14 kJ/kg
hz = h]
h, —h _
X = >~ r@1000kPa _ 990.14 - 762.51 — 0113

hfg@lOOO kPa 2014.6

T, = Tsat@moo kPa = 179.9°C

P, =1000 kPa
hy =2777.1kl/kg
x3 =1
P, =20kPa
005 [P = st xshy = 25142+ (0.05)2357.5kkg) = 2491.1 ke
x4 = V.

The mass flow rate of vapor after the flashing process is

my = xym, = (0.113)(50kg/s) = 5.649 kg/s
Then, the power output from the turbine becomes

Wy =(5.649 kg/s)(2777.1—-2491.1) =1616 kW
Repeating the similar calculations for other pressures, we obtain
(b) For P, =500 kPa, T, =151.8°C, W, =2134kW
(¢) For P, =100 kPa, T, =99.6°C, W, =2333kW

(d) For P, =50 kPa, T,=81.3°C, W;=2173kW
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5-154 A water tank is heated by electricity. The water withdrawn from the tank is mixed with cold water in
a chamber. The mass flow rate of hot water withdrawn from the tank and the average temperature of mixed

water are to be determined.

Assumptions 1 The process in the mixing chamber is a steady-flow process since there is no change with
time. 2 Kinetic and potential energy changes are negligible. 3 There are no work interactions. 4 The device

is adiabatic and thus heat transfer is negligible.

Properties The specific heat and density of water are taken
to be ¢, =4.18 k/kg.K, p =100 kg/m’ (Table A-3).

Analysis We take the mixing chamber as the system, which
is a control volume since mass crosses the boundary. The
energy balance for this steady-flow system can be expressed
in the rate form as

Energy balance:

. - _ - A0 (steady) _
Ein - Eout - AEsystem =0
%,—J
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E, out

Z?nC Tank
—+> T1=80°C
T,=60°C

m=? T

—»
20°C

0.06 kg/s —P

Mixing
chamber

nyhy + iyhy = ishy  (since Q = W = Ake = Ape = 0)

or Mot Cthank,ave + Meo1d€ p Tcold = (mhot T Meold )Cmeixture

Similarly, an energy balance may be written on the water tank as

)

[We,in + mhotcp (Tcold - Ttank,ave )]At = Mank cp (Ttank,2 - Ttank,l ) (2)
Tiankt + Thank2 80+ 60
where T, tank.ave = tak, 1 3 tank2 _ ; =70°C

and  my, = pV =(1000kg/m>)(0.060m?) = 60kg
Substituting into Eq. (2),

[1.6KI/s + rin, ., (4.18 kJ/kg.°C)(20 — 70)°C)(8 x 60'5) = (60 kg)(4.18 k/kg.°C)(60 — 80)°C

— iy, =0.0577 kgls

Substituting into Eq. (1),

(0.0577 kg/s)(4.18 kI/kg.°C)(70°C) + (0.06 kg/s)(4.18 kJ/kg.°C)(20°C)

=[(0.0577 + 0.06)kg/s](4.18 ki /kg.°C)T,,
= 44.5°C

—>T

mixture

Tmixz?

ixture
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5-155 Water is boiled at a specified temperature by hot gases flowing through a stainless steel pipe
submerged in water. The rate of evaporation of is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from /\
the outer surfaces of the boiler are negligible.

Properties The enthalpy of vaporization of water at 150°C is \JI@—>
hi =2113.8 klJ/kg (Table A-4).

Analysis The rate of heat transfer to water is given to
be 74 kl/s. Noting that the enthalpy of vaporization
represents the amount of energy needed to vaporize a

| ——  —J Water
M’ 150°C

|l —

. .. R Heat
unit mass of a liquid at a specified temperature, the rate ot gases 7 cater
of evaporation of water is determined to be >0 D)

. ili 4%k
Meyvaporation — Qbmlmg = T4kl =0.0350 kg/S
hy, 2113.8kl/kg

5-156 Cold water enters a steam generator at 20°C, and leaves as saturated vapor at Ty, = 150°C. The
fraction of heat used to preheat the liquid water from 20°C to saturation temperature of 150°C is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the steam generator are negligible. 3
The specific heat of water is constant at the average temperature.

Properties The heat of vaporization of water at 150°C is &g, = 2113.8 kl/kg (Table A-4), and the specific
heat of liquid water is ¢ = 4.18 kJ/kg.°C (Table A-3).

Analysis The heat of vaporization of water represents the amount of heat needed to vaporize a unit mass of
liquid at a specified temperature. Using the average specific heat, the amount of heat transfer needed to
preheat a unit mass of water from 20°C to 150°C is

G preheating = CAT = (4.18 kJ/kg -°C)(150 — 20)°C = 543.4 kl/kg

and N\
Steam
Grotal = Dhoiling + Ipreheating = 21138 +543.4 = 2657.2 kl/kg ~— —1—

Therefore, the fraction of heat used to preheat the water is
/\ Water

. reheatin, 543.4 ~
Fraction to preheat = Tpreheating _ =0.205 (or 20.5%) - 150°C
Grotal 2657.2

Cold water Heater

20—
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5-157 Cold water enters a steam generator at 20°C and is boiled, and leaves as saturated vapor at boiler
pressure. The boiler pressure at which the amount of heat needed to preheat the water to saturation
temperature that is equal to the heat of vaporization is to be determined.

Assumptions Heat losses from the steam generator are negligible.

Properties The enthalpy of liquid water at 20°C is 83.91 kl/kg. Other properties needed to solve this
problem are the heat of vaporization Ay, and the enthalpy of saturated liquid at the specified temperatures,
and they can be obtained from Table A-4.

Analysis The heat of vaporization of water represents the amount of heat needed to vaporize a unit mass of
liquid at a specified temperature, and A/ represents the amount of heat needed to preheat a unit mass of
water from 20°C to the saturation temperature. Therefore,

qpreheating = qboiling

(hyar, —hparecc) =gar,
hf@rsat - 8391 kJ/kg = hfg@Tsat el hf@T

sat

_hfg@rsat :8391kJ/kg

The solution of this problem requires choosing a boiling

temperature, reading /¢ and /4y, at that temperature, and substituting
the values into the relation above to see if it is satisfied. By trial /\ Steam

and error, (Table A-4) \_/‘:6‘—)

At 310°C: hf@T;at - h.?%’@Tsm =1402.0 - 1325.9 = 76.1 kl/kg
| — Water

At315°C: hygr, —hpar, =1431.6 —1283.4 = 148.2 kl/kg ¥///
The temperature that satisfies this condition is Heater
determined from the two values above by Cold water -
: : o ; 20°C
interpolation to be 310.6°C. The saturation pressure >0

corresponding to this temperature is 9.94 MPa.

5-158 Saturated steam at 1 atm pressure and thus at a saturation temperature of 7, = 100°C condenses on a
vertical plate maintained at 90°C by circulating cooling water through the other side. The rate of
condensation of steam is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The steam condenses and the condensate drips off at
100°C. (In reality, the condensate temperature will be between 90 and 100, and the cooling of the
condensate a few °C should be considered if better accuracy is desired).

Properties The enthalpy of vaporization of water at 1 atm (101.325 2
kPa) is hg, =2256.5 kl/kg (Table A-5). i

Steam

Analysis The rate of heat transfer during this condensation process is Q T
given to be 180 klJ/s. Noting that the heat of vaporization of water 4
represents the amount of heat released as a unit mass of vapor at a ]
specified temperature condenses, the rate of condensation of steam is 100°C
determined from 37
i _ QO __I80KIS g 798 ke i
o ¢ Condensate

condensation E = m
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5-159 Water is boiled at T, = 100°C by an electric heater. The rate of evaporation of water is to be

determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from
the outer surfaces of the water tank are negligible.

Properties The enthalpy of vaporization of water at 100°C is

hs, = 2256.4 kJ/kg (Table A-4). N

Analysis  Noting that the enthalpy of vaporization represents the

Steam

amount of energy needed to vaporize a unit mass of a liquid at a L W
specified temperature, the rate of evaporation of water is determined to M~ P 10?)t°eé
be /
. We oilin, 3KkJ/ ] Heater
Mevaporation = ofloe : =0.00133 kg/s=4.79 kg/h | [
hy, 2256.4kJ/kg 1

5-160 Two streams of same ideal gas at different states are mixed in a mixing chamber. The simplest

expression for the mixture temperature in a specified format is to be obtained.

Analysis The energy balance for this steady-flow system can be expressed in the rate form as

. - _ . 70 (steady) _
Ein - Eout - AEsystem =0
— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout my, T
myhy + myhy = nyhy (since Q =W =0) —P Mixi s, Ty
. . . 1Xing ’
myc, Ty +myc, T, = mse, Ty device L »
and, m3 = ml +m2 my, TZ

Solving for final temperature, we find

my my
L=—Nh+—1,
ms s
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5-161 An ideal gas expands in a turbine. The volume flow rate at the inlet for a power output of 200 kW is
to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties The properties of the ideal gas are given as R = 0.30 kPa.m*/kg.K, ¢, = 1.13 kl/kg-°C, ¢, = 0.83
kJ/kg-°C.

Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary.
The energy balance for this steady-flow system can be expressed in the rate form as

Ein _ Eo _ AE 20 (steady) =0
[ ——]

ut system

| —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies P, =600 kPa

T,=1200K

Ideal gas
200 kW

T, =700 K

Ey, = E oy ——>1ithy = Wy, + i, (since O = Ake = Ape = 0)
which can be rearranged to solve for mass flow rate
W W, 200 kW

n',l_ —

S h—hy ¢, (I,-Ty) (113 KJ/kg.K)(1200- 700)K
The inlet specific volume and the volume flow rate are
RT, (03 kPa-m®/kg-K 1200 K)
P, 600 kPa
Thus, ¥ =riv; =(0.354kg/s)(0.6m’/kg) = 0.212m>/s

=0.354 kg/s

=0.6 m*/kg

v, =

5-162 Two identical buildings in Los Angeles and Denver have the same infiltration rate. The ratio of the
heat losses by infiltration at the two cities under identical conditions is to be determined.

Assumptions 1 Both buildings are identical and both are subjected to the same conditions except the
atmospheric conditions. 2 Air is an ideal gas with constant specific heats at room temperature. 3 Steady
flow conditions exist.

Analysis We can view infiltration as a steady stream of air that is heated as it flows in an imaginary duct
passing through the building. The energy balance for this imaginary steady-flow system can be expressed
in the rate form as

: - 20 (stead,
Ein - Eout = AEsystem (steady) =0
Rateorm o N Los Angeles: 101 kPa
ate of net energy transter  Rate of change in internal, kinetic, .
by heat, work, and mass potential, etc. energies Denver: 83 kPa
Ein = Eout

O, +mhy =mh, (since Ake = Ape = 0)
O =ic, (T, = T)) = p¥e, (T, =)

Then the sensible infiltration heat loss (heat gain for the infiltrating air) can
be expressed

Qinflltration = maircp (T; - T;)) = Po, air (ACH)(Vbuilding )Cp (Tz - Tu)
where ACH is the infiltration volume rate in air changes per hour. Therefore, the infiltration heat loss is

proportional to the density of air, and thus the ratio of infiltration heat losses at the two cities is simply the
densities of outdoor air at those cities,

. . Qinﬁltration, Los Angeles po,air, Los Angeles
Infiltration heat loss ratio = — £ees = g

Qinﬁltration, Denver P, 0, air, Denver

_ (PO/R%)LosAngeles _ Po,LosAngeles _ 101kPa _

(Po /R%)Denver H), Denver 83 kPa

Therefore, the infiltration heat loss in Los Angeles will be 22% higher than that in Denver under identical
conditions.

1.22
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5-163 The ventilating fan of the bathroom of an electrically heated building in San Francisco runs
continuously. The amount and cost of the heat “vented out” per month in winter are to be determined.

Assumptions 1 We take the atmospheric pressure to be 1 atm = 101.3 kPa since San Francisco is at sea
level. 2 The building is maintained at 22°C at all times. 3 The infiltrating air is heated to 22°C before it
exfiltrates. 4 Air is an ideal gas with constant specific heats at room temperature. 5 Steady flow conditions
exist.

Properties The gas constant of air is R = 0.287 kPa.m*/kg-K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg-°C (Table A-2).

Analysis The density of air at the indoor conditions of 1 atm and 22°C is
P . 30 L/s
o _ (101.3 kPa) 120 kg/m? oo
RT, (0.287 kPa.m’/kg.K)(22+273K)

Po =

Then the mass flow rate of air vented out becomes 1\ 1\
rg, = pV, = (1.20 kg/m*)(0.030 m*/s) = 0.036 kg/s

We can view infiltration as a steady stream of air that is heated as it flows in
an imaginary duct passing through the house. The energy balance for this
imaginary steady-flow system can be expressed in the rate form as

o
. . _ . 20 (steady) _ 22°C
Ein - Eout - AEsystem =0
—_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E, in = E out

O,, +mhy =mh, (since Ake = Ape = 0)
Oy = ric, (T, = T)

Noting that the indoor air vented out at 22°C is replaced by infiltrating outdoor air at 12.2°C, the sensible
infiltration heat loss (heat gain for the infiltrating air) due to venting by fans can be expressed

Oloss by fan = Mair€p Lindoors — Loutdoors )
=(0.036 kg/s)(1.005 kJ/kg.°C)(22-12.2)°C = 0.355 kJ/s =0.355 kW
Then the amount and cost of the heat “vented out” per month ( 1 month = 30x24 = 720 h) becomes
Energy loss = Oy by fan A7 = (0.355 kW)(720 h/month) = 256 kWh/month
Money loss = (Energy loss)(Unit cost of energy) = (256 kWh/month)($0.09/kWh) = $23.0/month

Discussion Note that the energy and money loss associated with ventilating fans can be very significant.
Therefore, ventilating fans should be used with care.
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5-164 Chilled air is to cool a room by removing the heat generated in a large insulated classroom by lights
and students. The required flow rate of air that needs to be supplied to the room is to be determined.

Assumptions 1 The moisture produced by the bodies leave the room as vapor without any condensing, and
thus the classroom has no latent heat load. 2 Heat gain through the walls and the roof is negligible. 4 Air is
an ideal gas with constant specific heats at room temperature. 5 Steady operating conditions exist.

Properties The specific heat of air at room temperature is 1.005 kJ/kg-°C (Table A-2). The average rate of
sensible heat generation by a person is given to be 60 W.

Analysis The rate of sensible heat generation by the people in the room and the total rate of sensible
internal heat generation are

Q'gen, sensible = c]gen,sensible (No. of people) = (60 W/person)(150 persons) = 9000 W
Qtotal,sensible = Qgen, sensible + Qlighting =9000 + 6000 = 15’000 N

Both of these effects can be viewed as heat gain for the chilled

air stream, which can be viewed as a steady stream of cool air Chilled air  Return air
that is heated as it flows in an imaginary duct passing through 15°C 25°C
the room. The energy balance for this imaginary steady-flow T
system can be expressed in the rate form as J
- : _ : 20 (steady) _
Ein - Eout - AEsystem =0
|
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

Q. +mh, = mh, (since Ake = Ape = 0)
Qin = Qtotal,sensible = }'}"le (TZ - Tl)

Then the required mass flow rate of chilled air becomes

_ Qtotal,sensible _ 15kl/s —1.49 kg/S
¢, AT (1.005kJ/kg-°C)(25—15)°C

air

Discussion The latent heat will be removed by the air-conditioning system as the moisture condenses
outside the cooling coils.
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5-165 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from
the chicken and the mass flow rate of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are
constant.

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18
kJ/kg.°C (Table A-3).

Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be
considered to flow steadily through the chiller at a mass flow rate of

Mepicken = (500 chicken / h)(2.2 kg / chicken) =1100 kg/h = 0.3056kg /s

Taking the chicken flow stream in the chiller as the

system, the energy balance for steadily flowing chickens romersion
can be expressed in the rate form as chilling; 0.5°C
- . _ . 70 (steady) _
Ein - Eout - AEsystem =0

—_—— -
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = Eout
by = Q,,, +1mh, (since Ake = Ape = 0)

Qout = Qchicken = mchickencp (Tl - TZ)

Then the rate of heat removal from the chickens as they are
cooled from 15°C to 3°C becomes

Octicken =(71€ AT ien = (0.3056 ke/s)(3.54 k/kg.> C)(15-3)° C = 13.0 kW

The chiller gains heat from the surroundings at a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat
gain by the water is

Qwater = Qchicken + Qheat gain — 13.0+0.056 =13.056 kW

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow
rate of water must be at least

O\vater 13.056 kW

. _ _ =1.56 kg/s
My ater (CpAT) (4 18 kJ/kgo C)(zo C) °

water

If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more
than 2°C.
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5-166 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from
the chicken and the mass flow rate of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are
constant. 3 Heat gain of the chiller is negligible.

Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18
kJ/kg.°C (Table A-3).
Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be
considered to flow steadily through the chiller at a mass flow rate of

Mepicken = (500 chicken/ h)(2.2 kg /chicken) =1100 kg/h = 0.3056kg/s

Taking the chicken flow stream in the chiller as the system, the
energy balance for steadily flowing chickens can be expressed

in the rate form as Immersion
chilling, 0.5°C
’ - _ - 20 (steady) _ =
Ein - Eout - AEsystern =0
— [ —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Eiy = Equ Chicken
jth, = Oy + 1ty (since Ake = Ape = 0 5°C
mhy = Qg +mh, (since Ake = Ape = 0)

Qout = Qchicken = mchickencp (Tl - TZ)

Then the rate of heat removal from the chickens as they are
cooled from 15°C to 3°C becomes

O hicken =(1m¢ , AT) ghicken = (0.3056 kg/s)(3.54 kl/kg.* C)(15-3)°C=13.0 kW
Heat gain of the chiller from the surroundings is negligible. Then the total rate of heat gain by the water is

Qwater = Qchicken =13.0 kW

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass
flow rate of water must be at least

O \vater 13.0 kW

M yater = = =1.56 kg/s
(c,AT) (4.18kJ/kg.*C)(2°C)

water

If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more
than 2°C.
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5-167 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of
fuel and money such a generator will save per year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant.
Properties The average density and specific heat of milk can be taken to be Pmix = Pyaer =1 kg/L and
¢y, miik=3.79 kJ/kg.°C (Table A-3).

Analysis The mass flow rate of the milk is

e = pVo = (Lkg/L)(12 L/s) = 12 kg/s = 43,200 kg/h ?;tcmllk
Taking the pasteurizing section as the system,
the energy balance for this steady-flow system )
can be expressed in the rate form as
: : _ : 70 (steady)  _
Ein - Eout - AEsystem e =0 ﬂ
— | ——
Rate of net energy transfer  Rate of change in internal, kinetic, Q 4°C
by heat, work, and mass potential, etc. energies -
Ein = Eout L Cold milk
O, +mh =h, (since Ake = Ape = 0) Regenerator

Qin = mmilkcp(TZ -T)

Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a
rate of

chrrent = [mcp (T pasturization Trefrigeration )]milk

= (12 kg/s)(3.79 kl/kg.cC)(72 — 4)°C = 3093 k/s

The proposed regenerator has an effectiveness of € = 0.82, and thus it will save 82 percent of this energy.
Therefore,

Ourved = EQeurrent = (0.82)(3093 kI /s)=2536 kI /s

Noting that the boiler has an efficiency of Nyoier = 0.82, the energy savings above correspond to fuel
savings of

Ouved (2536 KJ/s)  (1therm)
Mboiler (082) (105,500 kJ)

Fuel Saved = =0.02931therm/s

Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $1.10/therm, the annual fuel and money
savings will be

Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,400 therms/yr
Money saved = (Fuel saved)(Unit cost of fuel)
= (924,400 therm/yr)($1.10/therm) = $1,016,800/yr
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5-168E A refrigeration system is to cool eggs by chilled air at a rate of 10,000 eggs per hour. The rate of
heat removal from the eggs, the required volume flow rate of air, and the size of the compressor of the
refrigeration system are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The eggs are at uniform temperatures before and after
cooling. 3 The cooling section is well-insulated. 4 The properties of eggs are constant. 5 The local
atmospheric pressure is 1 atm.

Properties The properties of the eggs are given to p = 67.4 [bm/ft’ and ¢, = 0.80 Btw/Ibm.°F. The specific
heat of air at room temperature c, = 0.24 Btu/lbm. °F (Table A-2E). The gas constant of air is R = 0.3704
psia.ft’/lbm.R (Table A-1E).

Analysis (a) Noting that eggs are cooled at a rate of 10,000 eggs per hour, eggs can be considered to flow
steadily through the cooling section at a mass flow rate of

Meye = (10,000 eggs/h)(0.14 Ibm/egg) =1400 Ibm/h=0.3889 lbm/s

Taking the egg flow stream in the cooler as the system, the energy

balance for steadily flowing eggs can be expressed in the rate form as 01 4g1%b
. m
. . _ - A0 (steady) _
Ein - Eout - AEsystem =0 .
o e Air
Rate of net energy transfer  Rate of change in internal, kinetic, °
by heat, work, and mass potential, etc. energies 34°F
. . —>
Ejy = Eqy ==
. b . .
mhy = O, +mh, (since Ake = Ape = 0) -

Qout = Qegg = meggcp(Tl _TZ)
Then the rate of heat removal from the eggs as they are cooled from 90°F to 50°F at this rate becomes
Qegg =(1mc ,AT )¢ge = (1400 Ibm/h)(0.80 Btu/Ibm.°F)(90 — 50)°F = 44,800 Btu/h

(b) All the heat released by the eggs is absorbed by the refrigerated air since heat transfer through he walls
of cooler is negligible, and the temperature rise of air is not to exceed 10°F. The minimum mass flow and
volume flow rates of air are determined to be

Ouir 44,800 Btu/h

Mgiy = = ———— =18,667 lbm/h
(c,AT)y:  (0.24Btw/Ibm.°F)(10°F)

P 14.7 psia
RT  (0.3704 psia.ft’/lbm.R)(34 + 460)R
11, 18,667 Ibm/h

= Mair 0007 DIV _ 532,500 ft*/h
Py 0.0803 Ibm/ft

=0.0803 Ibm/ft>

Pair =
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5-169 Dough is made with refrigerated water in order to absorb the heat of hydration and thus to control
the temperature rise during kneading. The temperature to which the city water must be cooled before
mixing with flour is to be determined to avoid temperature rise during kneading.

Assumptions 1 Steady operating conditions exist. 2 The dough is at uniform temperatures before and after
cooling. 3 The kneading section is well-insulated. 4 The properties of water and dough are constant.

Properties The specific heats of the flour and the water are given to be 1.76 and 4.18 kJ/kg.°C,
respectively. The heat of hydration of dough is given to be 15 kJ/kg.

Analysis 1t is stated that 2 kg of flour is mixed with 1 kg of water, and thus 3 kg of dough is obtained

from each kg of water. Also, 15 kJ of heat is released for each kg of dough kneaded, and thus 3x15 =45 kJ
of heat is released from the dough made using 1 kg of water.

Taking the cooling section of water as the system, which is . Flour
a steady-flow control volume, the energy balance for this steady-
flow system can be expressed in the rate form as

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0
— —_—

Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies

Ein = Eout

mh = Q,,, +mh, (since Ake = Ape = 0)
Qoul = Qwater = mwatercp (Tl - TZ)

In order for water to absorb all the heat of hydration and end up at a temperature of 15°C, its temperature
before entering the mixing section must be reduced to

0 _soc. 45kJ ~
me,, (1kg)(4.18 kJ/kg.°C)

4.2°C

O = Oiougn =me,(L-1) > T, =T, -

That is, the water must be precooled to 4.2°C before mixing with the flour in order to absorb the entire heat
of hydration.
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5-170 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of
heat and water mass that need to be supplied to the water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The entire water body is maintained at a uniform
temperature of 55°C. 3 Heat losses from the outer surfaces of the bath are negligible. 4 Water is an
incompressible substance with constant properties.

Properties The specific heat of water at room temperature is ¢, = 4.18 kJ/kg.°C. Also, the specific heat of
glass is 0.80 kJ/kg.°C (Table A-3).

Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is
Tlporie = Mporte X Bottle flow rate = (0.150 kg / bottle)(800 bottles/ min) =120 kg / min=2 kg /s
Taking the bottle flow section as the system, which is a steady-

flow control volume, the energy balance for this steady-flow

. h
system can be expressed in the rate form as Water bat

_ ] ) 55°C
Ein _ Eom _ AE 20 (steady) =0

system

N —
Rate of net energy transfer ~ Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies N NNAN N ]
Ein = Eout
O, +1ith, = ih, (since Ake = Ape = 0)

Qin = Qbottle = mwatercp (TZ - Ti)

Then the rate of heat removal by the bottles as they are heated . f
from 20 to 55°C is Q

Ohottie = MhorteC, AT = (2 kg/s)(0.8 kI/kg.2CY55 - 20 C= 56,000 W

The amount of water removed by the bottles is

m = (Flow rate of bottles Water removed per bottle)

‘water,out
= (800 bottles/min)0.2 g/bottle) =160 g/min = 2.67x10> kg/s
Noting that the water removed by the bottles is made up by fresh water entering

at 15°C, the rate of heat removal by the water that sticks to the bottles is
Qlwater removed = Myater removed€ p AT = (2.67 x107> kg/s)(4180 J/kg° C)(55—15)° C= 446 W
Therefore, the total amount of heat removed by the wet bottles is

Qtotal, removed — leass removed T Qwater removed — 56’000 +446 = 56’446W

Discussion In practice, the rates of heat and water removal will be much larger since the heat losses from
the tank and the moisture loss from the open surface are not considered.



5-116

5-171 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of
heat and water mass that need to be supplied to the water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The entire water body is maintained at a uniform
temperature of 50°C. 3 Heat losses from the outer surfaces of the bath are negligible. 4 Water is an
incompressible substance with constant properties.

Properties The specific heat of water at room temperature is ¢, = 4.18 kJ/kg.°C. Also, the specific heat of
glass is 0.80 kJ/kg.°C (Table A-3).

Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is

Tlporie = Mporte X Bottle flow rate = (0.150 kg / bottle)(800 bottles/ min) =120 kg / min=2 kg /s

Taking the bottle flow section as the system, which is a
steady-flow control volume, the energy balance for this

3 h
steady-flow system can be expressed in the rate form as Water bat

50°C
: : : 20 (steady)
Ein - Eout = AEsystem e =0

S -
Rate of net energy transfer ~ Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies N aoNANnN N nn
O, + 1y = nith, (since Ake = Ape = 0)

Qin = Qbottle = mwatercp (TZ - Ti)

Then the rate of heat removal by the bottles as they are Q
heated from 20 to 50°C is

Obotte = Mot AT = (2 kg/s)0.8 kl/kg.° C)50-20) C= 48,000 W

The amount of water removed by the bottles is

= (Flow rate of bottles ) Water removed perbottle)

mwater,out

= (800 bottles/min )(0.2 g/bottle)= 160 g/min = 2.67x10> kg/s

Noting that the water removed by the bottles is made up by fresh water entering at 15°C, the rate of heat
removal by the water that sticks to the bottles is

Tigater removedCp AT = (2.67x107 kg/5)(4180 J/kg-2C)(50 ~15)°C= 391 W

Qwater removed —

Therefore, the total amount of heat removed by the wet bottles is

Qtotal, removed — leass removed + Qwater removed — 48’000 + 391 = 48’391 W

Discussion In practice, the rates of heat and water removal will be much larger since the heat losses from
the tank and the moisture loss from the open surface are not considered.
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5-172 Long aluminum wires are extruded at a velocity of 10 m/min, and are exposed to atmospheric air.
The rate of heat transfer from the wire is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant.
Properties The properties of aluminum are given to be p = 2702 kg/m® and ¢, = 0.896 kJ/kg.°C.
Analysis The mass flow rate of the extruded wire through the air is

= pV = p(mg W = (2702 kg/m*)7(0.0015 m)* (10 m/min) = 0.191 kg/min

Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the
energy balance for this steady-flow system can be expressed in the rate form as

- . _ . 70 (steady) _
Ein - Eout - AEsystem =0
—_— | — LT ) l o
Rate of net energy transfer  Rate of change in internal, kinetic, ‘;. AR
by heat, work, and mass potential, etc. energies Ei:;:]ﬂ,%i;; e 10 m/min
E, _ E -\.‘?‘; "El ,-.F .allrl |—>
:‘,'nl.'. i -.'d-*: -.-I;-
Y. il 1
rith, = QOut +rithy (since Ake = Ape = 0) . ;,_-1_.;;{‘_ o
_ e T
Qout lere - wlrec (Ti TZ) I"}’_" :I'. L e

Then the rate of heat transfer from the wire to the air becomes

O = e [T (1)~ T,,] = (0.191 kg/min)(0.896 kI/kg.°C)(350 — 50)°C = 51.3 kI/min = 0.856 kW

5-173 Long copper wires are extruded at a velocity of 10 m/min, and are exposed to atmospheric air. The
rate of heat transfer from the wire is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant.
Properties The properties of copper are given to be p = 8950 kg/m’ and ¢, = 0.383 kJ/kg.°C.
Analysis The mass flow rate of the extruded wire through the air is

= pV = p(rg W = (8950 kg/m>)7(0.0015 m)* (10 m/min) = 0.633 kg/min

Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the
energy balance for this steady-flow system can be expressed in the rate form as

Ein - Eout = AEsystem7IO (steady) =0
%?igaftn\)evto?ﬁe;%}é tr;a:sssfer Rate of (t:har_lgle in internal, kinetic,
s > . . potential, etc. energies 350°C 10 m/min
Eip = Eqy |—>

mhy = QOut + mh2 (since Ake = Ape = 0)
Qout anre = Myire p(]—i Tz)
Then the rate of heat transfer from the wire to the air becomes

0 = e ,[T(1)~ T, 1= (0.633 kg/min)(0.383 kJ/kg.°C)(350 — 50)°C = 72.7 kJ/min = 1.21 KW

Copper wire
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5-174 Steam at a saturation temperature of 7y, = 40°C condenses on the outside of a thin horizontal tube.
Heat is transferred to the cooling water that enters the tube at 25°C and exits at 35°C. The rate of
condensation of steam is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant
properties at room temperature. 3 The changes in kinetic and potential energies are negligible.

Properties The properties of water at room temperature are p = 997 kg/m’ and ¢, = 4.18 kJ/kg.°C (Table
A-3). The enthalpy of vaporization of water at 40°C is A, = 2406.0 kl/kg (Table A-4).

Analysis The mass flow rate of water through the tube is
Blyier = PVA, = (997 kg/m?)(2 m/s)[7(0.03 m)? / 4] = 1.409 kg/s

Taking the volume occupied by the cold water in the tube as the system, which is a steady-flow control
volume, the energy balance for this steady-flow system can be expressed in the rate form as

. . - A0 (steady)
E4 —_ E = AE = 0
t 1
in ou system Steam
Rate of net energy transfer  Rate of change in internal, kinetic, 40°C
by heat, work, and mass potential, etc. energies
. . 35°C
Ei = Eout C
old
O, +mh; = mh, (since Ake = Ape = 0) Water

. . . 25°C
Qin = Qwater = MyaterCp (TZ - Ti)

Then the rate of heat transfer to the water and the rate of condensation become
Q = rhcp (T, — Ty) = (1.409 kg/s)(4.18 kJ/kg - °C)(35 - 25)°C = 58.9 kW

O 589Kkl

£ o °7%P  _0.0245kgls
hy  2406.0 kl/kg

Q: mcondhfg > Meond =

5-175E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of 7Ty, =
100°F (Table A-4E) condenses on the outer surfaces of 144 horizontal tubes by circulating cooling water
arranged in a 12 x 12 square array. The rate of heat transfer to the cooling water and the average velocity
of the cooling water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tubes are * Saturated
isothermal. 3 Water is an incompressible substance with constant steam
properties at room temperature. 4 The changes in kinetic and 0.95 psia

potential energies are negligible. ( 3 —

Properties The properties of water at room temperature are p =
62.1 Ibm/ft’ and ¢, = 1.00 Btw/Ibm.°F (Table A-3E). The enthalpy
of vaporization of water at a saturation pressure of 0.95 psia is Ay,
=1036.7 Btu/Ibm (Table A-4E).

Analysis (a) The rate of heat transfer from the steam to the cooling -
water is equal to the heat of vaporization released as the vapor Cooling
condenses at the specified temperature, u water
Q =rih 4z = (6800 1bm/h)(1036.7 Btu/Ibm) = 7,049,560 Btu/h =1958 Btu/s *
(b) All of this energy is transferred to the cold water. Therefore, the mass flow rate of cold water must be
0 = ity ) AT >ty =— 2= LO8BWS 5 s
¢,AT  (1.00 Btu/lbm.°F)(8°F)

Then the average velocity of the cooling water through the 144 tubes becomes
m=pAV — V= m m 244 .8 1bm/s

= = . —— =5.02ftls
pA  p(naD?/4)  (62.1Tbm/ft>)[1447(1/12 ft)* / 4]
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5-176 Saturated refrigerant-134a vapor at a saturation temperature of 7y, = 34°C condenses inside a tube.
The rate of heat transfer from the refrigerant for the condensate exit temperatures of 34°C and 20°C are to
be determined.

Assumptions 1 Steady flow conditions exist. 2 Kinetic and potential energy changes are negligible. 3
There are no work interactions involved.

Properties  The properties of saturated refrigerant-134a at 34°C are Ay = 99.40 kl/kg, are h, = 268.57
kl/kg, and are hg, = 169.17 kJ/kg. The enthalpy of saturated liquid refrigerant at 20°C is 4¢ = 79.32 kl/kg,
(Table A-11).

Analysis We take the tube and the refrigerant in it as the system. This is a control volume since mass
crosses the system boundary during the process. We note that there is only one inlet and one exit, and thus
my =, =m . Noting that heat is lost from the system, the energy balance for this steady-flow system can

be expressed in the rate form as

Qout
- . _ . 20 (steady) _

Ein - Eout - AEsystem =0

— -
Rate of net energy transfer  Rate of change in internal, kinetic, R-134a
by heat, work, and mass potential, etc. energies

. . 34°C
E in — E, out

mhy = Q.out + mh, (since Ake = Ape = 0)
Qout =m(h —hy)
where at the inlet state s, = h, = 268.57 kl/kg. Then the rates of
heat transfer during this condensation process for both cases become
Case 1: T,=34°C: h; = hgsaec = 99.40 kl/kg.
Ouu = (0.1kg/min)(268.57 - 99.40) ki/kg = 16.9 kg/min
Case2: T,=20°C: hy = hegpoec =79.32 kl/kg.
Ouut = (0.1kg/min)(268.57 - 79.32) kl/kg = 18.9 kg/min

Discussion Note that the rate of heat removal is greater in the second case since the liquid is subcooled in
that case.
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5-177E A winterizing project is to reduce the infiltration rate of a house from 2.2 ACH to 1.1 ACH. The
resulting cost savings are to be determined.

Assumptions 1 The house is maintained at 72°F at all times. 2 The latent heat load during the heating
season is negligible. 3 The infiltrating air is heated to 72°F before it exfiltrates. 4 Air is an ideal gas with
constant specific heats at room temperature. 5 The changes in kinetic and potential energies are negligible.
6 Steady flow conditions exist.

Properties The gas constant of air is 0.3704 psia.ft’/lbm-R (Table A-1E). The specific heat of air at room
temperature is 0.24 Btu/lbm-°F (Table A-2E).

Analysis The density of air at the outdoor conditions is
P, 13.5 psia

= : =0.0734 Ibm/ft’
RT,  (0.3704 psia.ft*/Ilbm.R)(496.5 R)

Po =

The volume of the house is
Viilging = (Floor area)(Height) = (3000 ft*)(9 ft) = 27,000 ft’

We can view infiltration as a steady stream of air that is heated
as it flows in an imaginary duct passing through the house. The
energy balance for this imaginary steady-flow system can be
expressed in the rate form as

; ; ; 70 (steady)
E —FE = AE =0 . .
D _System , Cold air Warm air
Rate of net energy transfer  Rate of change in internal, kinetic, o o
by heat, work, and mass potential, etc. energies 36.5°F 72°F
Ein = Eout

O,, +mh; =mh, (since Ake = Ape = 0)
Oy, = ic, (T, =T)) = p¥e, (T, =)

The reduction in the infiltration rate is 2.2 — 1.1 = 1.1 ACH. The reduction in the sensible infiltration heat
load corresponding to it is

Qinﬁltration, saved — PoCp (4 CHsaved )(Vbuilding )(Tz -7, )
=(0.0734 Ibm/ft> )(0.24 Btu/Ibm.°F)(1.1/h)(27,000 ft* (72 - 36.5)°F
=18,573 Btu/h = 0.18573 therm/h

since 1 therm = 100,000 Btu. The number of hours during a six month period is 6x30x24 = 4320 h. Noting
that the furnace efficiency is 0.65 and the unit cost of natural gas is $1.24/therm, the energy and money
saved during the 6-month period are

Energy savings = (Q'inﬁhrmon’ saved J(NO. of hours per year)/Efficiency

=(0.18573 therm/h)(4320 h/year)/0.65
= 1234 therms/year

Cost savings = (Energy savings)(Unit cost of energy)
= (1234 therms/year)($1.24/therm)
= $1530/year

Therefore, reducing the infiltration rate by one-half will reduce the heating costs of this homeowner by
$1530 per year.
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5-178 Outdoors air at -5°C and 90 kPa enters the building at a rate of 35 L/s while the indoors is
maintained at 20°C. The rate of sensible heat loss from the building due to infiltration is to be determined.

Assumptions 1 The house is maintained at 20°C at all times. 2 The latent heat load is negligible. 3 The
infiltrating air is heated to 20°C before it exfiltrates. 4 Air is an ideal gas with constant specific heats at
room temperature. 5 The changes in kinetic and potential energies are negligible. 6 Steady flow conditions
exist.

Properties The gas constant of air is R = 0.287 kPa.m’/kg-K. The specific heat of air at room temperature
is ¢, = 1.005 kJ/kg-°C (Table A-2).
Analysis The density of air at the outdoor conditions is

P
p =t _ 20kPa ~1.17kg/m’
RT, ~ (0.287 kPa.m* kg K)(-5 + 273 K)

We can view infiltration as a steady stream of air that is heated
as it flows in an imaginary duct passing through the building.
The energy balance for this imaginary steady-flow system can
be expressed in the rate form as

- - - A0 (steady)
E -E = AE =0
t 1
o in ou ] system Warm
ate of net energy transfer  Rate of change in internal, kinetic, . air .
by heat, work, and mass potential, etc. energies Cold air Warm air
R . o o
Ein = Eout 905kCP 20°C 20°C
. a
Oy, +mh = mh, (since Ake = Ape = 0) 35 L/s

Qin = ’hcp(Tz -1)
Then the sensible infiltration heat load corresponding to an infiltration rate of 35 L/s becomes
Qinﬁhration =Po Vairc »(Ti=T,)
= (1.17 kg/m*>)(0.035 m>/s)(1.005 kJ/kg.°C)[20 - (-5)]°C
=1.029 kW

Therefore, sensible heat will be lost at a rate of 1.029 kJ/s due to infiltration.
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5-179 The maximum flow rate of a standard shower head can be reduced from 13.3 to 10.5 L/min by
switching to low-flow shower heads. The ratio of the hot-to-cold water flow rates and the amount of
electricity saved by a family of four per year by replacing the standard shower heads by the low-flow ones
are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus
Amcy =0 and AEy =0. 2 The kinetic and potential energies are negligible, ke = pe=0. 3 Heat losses

from the system are negligible and thus O = 0. 4 There are no work interactions involved. 5 .Showers

operate at maximum flow conditions during the entire shower. 6 Each member of the household takes a 5-
min shower every day. 7 Water is an incompressible substance with constant properties. 8 The efficiency
of the electric water heater is 100%.

Properties The density and specific heat of water at room temperature are p = 1 kg/L and ¢ = 4.18
kJ/kg.°C (Table A-3).

Analysis (a) We take the mixing chamber as the system. This is a control volume since mass crosses the
system boundary during the process. We note that there are two inlets and one exit. The mass and energy
balances for this steady-flow system can be expressed in the rate form as follows:

Mass balance: 70 (steady) _

Min = Moy = Amsystem Mixture

My = Moy

_ . _ Cold Hot
Energy balance: E, —E,, = AEsystemm (steady) ¢ water H

[ ——
Rate of net energy transfer  Rate of change in internal, kinetic, ! 2
by heat, work, and mass potential, etc. energies —> i j -

Ein = Eoul
riyhy + 1iyhy = rishy (since O = 0,/ =0, ke = pe = 0)

> 1ty + ity = 1ty T 3

Combining the mass and energy balances and rearranging,
myhy +myhy = (my + my )hy
1,y (hy — hy) = my(hy —hy)

Then the ratio of the mass flow rates of the hot water to cold water becomes
my _hy—h _c(3-T)) T;-T, _(42-15)°C _

my  hy—hy oT,-Ty) T,-T, (55-42)°C

2.08

(b) The low-flow heads will save water at a rate of

Vsaved =[(13.3-10.5) L/min](5 min/person.day)(4 persons)(365 days/yr) = 20,440 L/year
Mgeq = PVorved = (1kg/L)(20,440 L/year) = 20,440 kg/year
Then the energy saved per year becomes
Energy saved = g, .qcAT = (20,440 kg/year)(4.18 kJ/kg.°C)(42-15)°C
= 2,307,000 kJ/year
=641 kWh (since 1 kWh =3600kJ)

Therefore, switching to low-flow shower heads will save about 641 kWh of electricity per year.
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5-180 EES Problem 5-179 is reconsidered. The effect of the inlet temperature of cold water on the energy
saved by using the low-flow showerhead as the inlet temperature varies from 10°C to 20°C is to be
investigated. The electric energy savings is to be plotted against the water inlet temperature.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"
C_P =418 [kJ/kg-K]
density=1[kg/L]

{T 1=15[C]}
T 2= 55[C]
T 3=42[C]

V_dot_old = 13.3 [L/min]
V_dot_new = 10.5 [L/min]
m_dot_1=1[kg/s] "We can set m_dot_1 = 1 without loss of generality."

"Analysis:"

"(a) We take the mixing chamber as the system. This is a control volume since mass
crosses the system boundary during the process. We note that there are two inlets
and one exit. The mass and energy balances for this steady-flow system can be
expressed in the rate form as follows:"

"Mass balance:"

m_dot_in - m_dot_out = DELTAm_dot_sys
DELTAm_dot_sys=0

m_dot_in =m_dot_1 + m_dot_2
m_dot_out =m_dot_3

"The ratio of the mass flow rates of the hot water to cold water is
obtained by setting m_dot_1=1[kg/s]. Then m_dot_2 represents
the ratio of m_dot_2/m_dot_1"

"Energy balance:"

E_dot_in - E_dot_out = DELTAE_dot_sys
DELTAE_dot_sys=0

E_dot in=m_dot_1*h_1 + m_dot_2*h_2
E_dot out=m_dot_3*h_3

T 1

s plen s
000!

1 _P*
| 2=C P*T 2

 3=C_P*T_3

"(b) The low-flow heads will save water at a rate of "
V_dot_saved = (V_dot_old - V_dot_new)"L/min"*(5"min/person-
day")*(4"persons")*(365"days/year") "[L/year]"
m_dot_saved=density*V_dot_saved "[kg/year]"

"Then the energy saved per year becomes"
E_dot_saved=m_dot_saved*C_P*(T_3 - T_1)"kJ/year"*convert(kJ,kWh) "[kWh/year]"

"Therefore, switching to low-flow shower heads will save about 641 kWh of electricity per year. "

"Ratio of hot-to-cold water flow rates:"
m_ratio = m_dot_2/m_dot_1
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5-181 A fan is powered by a 0.5 hp motor, and delivers air at a rate of 85 m*/min. The highest possible air
velocity at the fan exit is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus
Amey =0 and AEqy =0. 2 The inlet velocity and the change in potential energy are negligible,

Vi, =20 and Ape=0. 3 There are no heat and work interactions other than the electrical power consumed

by the fan motor. 4 The efficiencies of the motor and the fan are 100% since best possible operation is
assumed. 5 Air is an ideal gas with constant specific heats at room temperature.

Properties The density of air is given to be p = 1.18 kg/m’. The constant pressure specific heat of air at
room temperature is ¢, = 1.005 kJ/kg.°C (Table A-2).

Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the
system boundary during the process. We note that there is only one inlet and one exit, and thus

The velocity of air leaving the fan will be highest when all of the entire electrical energy drawn by
the motor is converted to kinetic energy, and the friction between the air layers is zero. In this best possible
case, no energy will be converted to thermal energy, and thus the temperature change of air will be zero,
T, = T;. Then the energy balance for this steady-flow system can be expressed in the rate form as

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0
—_— | —

Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies

Ein = Eout

Wi + ity = tia(hy +V5/2) (since ¥} = 0 and Ape = 0)

(-
o

Noting that the temperature and thus enthalpy remains constant, the
relation above simplifies further to

Wy =1mV5 /2

0.5 hp

where 85 m’/min

= pV = (1.18 kg/m*)(85 m>/min) = 100.3 kg/min = 1.67 kg/s

Solving for ¥, and substituting gives

W,  [2(0.5h . 2 /82
sz\/ ein _ (0.5hp) ( 745.7W | 1m~ /s 211 mis
m 1.67 kg/s lhp W

Discussion In reality, the velocity will be less because of the inefficiencies of the motor and the fan.
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5-182 The average air velocity in the circular duct of an air-conditioning system is not to exceed 10 m/s. If
the fan converts 70 percent of the electrical energy into kinetic energy, the size of the fan motor needed and
the diameter of the main duct are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus
Amey =0 and AEqy =0. 2 The inlet velocity is negligible, V; =0. 3 There are no heat and work

interactions other than the electrical power consumed by the fan motor. 4 Air is an ideal gas with constant
specific heats at room temperature.

Properties The density of air is given to be p = 1.20 kg/m’. The constant pressure specific heat of air at
room temperature is ¢, = 1.005 kJ/kg.°C (Table A-2).

Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the
system boundary during the process. We note that there is only one inlet and one exit, and thus
my =m, =m. The change in the kinetic energy of air as it is accelerated from zero to 10 m/s at a rate of

180 m’/s is
m = pV = (1.20 kg/m>)(180 m>/min) = 216 kg/min = 3.6 kg/s

) y2_p? 2
AKE = i V2710 (3 gy (L0VS)” 20 lkmig ~|=0.18kW
2 2 1000m” /s T
It is stated that this represents 70% of the electrical energy consumed by the |
motor. Then the total electrical power consumed by the motor is determined to be
. . : AKE 018k
0.7Wpoior =AKE — Wiooior =—— = OI8 kW _ 0.257 kW
0.7 0.7
The diameter of the main duct is 10 m/s
y 3 . . 3 .
. 180 m’/
V—VA=V(aD?/4) — D= /ﬂz 4(180m” /min) ( 1 min _0.618m m’/min
v (10 m/s) 60s

Therefore, the motor should have a rated power of at least 0.257 kW, and the diameter of the duct should
be at least 61.8 cm

5-183 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill
the bottle. The amount of heat transfer through the wall of the bottle when thermal and mechanical
equilibrium is established is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas. 3 Kinetic and potential energies are negligible. 4 There are no work
interactions involved. 5 The direction of heat transfer is to the air in the bottle (will be verified).

Analysis We take the bottle as the system. It is a control volume since mass crosses the boundary. Noting
that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy /4 and internal
energy u, respectively, the mass and energy balances for this uniform-flow system can be expressed as

Mass balance:  my, —myy = Amgyge,, —>  m; =m,  (since myy = My = 0)
Energy balance: E,.—-Eyw = AE

system

v v L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Py

O, +mh; = myu, (sinceW = E_, = E; i = ke = pe = 0)
Combining the two balances:
O = my(uy —hy) = my(c, T, -c,T)
But ;= T, = Ty, and c¢,-c, = R. Substituting,
On = m2(cv _Cp)To =-mRT, = _ZO_Y:RTO =—hRV
Therefore, Oou = PyV  (Heat is lost from the tank)

Evacuated
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5-184 An adiabatic air compressor is powered by a direct-coupled steam turbine, which is also driving a
generator. The net power delivered to the generator is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an
ideal gas with variable specific heats.

Properties From the steam tables (Tables A-4 through 6)

P, =12.5MPa
hy =3343.6 kl/kg
T; = 500°C
and
P, =10 kPa

hy =hy + x40, =191.81+(0.92)(2392.1) = 2392.5 ki/kg
Xy =0.92 -

From the air table (Table A-17),
T, =295K —— h; =295.17 kl/kg

12.5 MPa
T, =620 K —> h, = 628.07 kl/kg Tl MPa  500°C
620 K
Analysis There is only one inlet and one exit for either .
device, and thus g, =m,, =m . We take either the Alr Steam
. . comp turbine
turbine or the compressor as the system, which is a control

volume since mass crosses the boundary. The energy
balance for either steady-flow system can be expressed in
the rate form as 98 kPa

En—Epe =  AEggm Y =0 10 kPa

system

;ﬁ/—/ S —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = Eout
For the turbine and the compressor it becomes

+ mairhl = maith - W

Compressor: W, comp, in

comp, in

= titgiy (hy —hy)

Turbine: MgeamNz = erb, out T MgeamPa = erb, out = Mteam (3 — hy)
Substituting,
Weompin = (10 kg/s)628.07 —295.17) kl/kg = 3329 kW
Wasb.out = (25 kg/s)3343.6 —2392.5) ki/kg = 23,777 kW
Therefore,

W,

net,out

-W,

=W, compin = 23,777 —3329 = 20,448 kW

urb,out
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5-185 Water is heated from 16°C to 43°C by an electric resistance heater placed in the water pipe as it
flows through a showerhead steadily at a rate of 10 L/min. The electric power input to the heater, and the
money that will be saved during a 10-min shower by installing a heat exchanger with an effectiveness of
0.50 are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the
system and thus Am.y, =0 and AE-y, =0,. 2 Water is an incompressible substance with constant specific
heats. 3 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 4 Heat losses from the
pipe are negligible.

Properties The density and specific heat of water at room temperature are p = | kg/L and ¢ = 4.18
kJ/kg-°C (Table A-3).

Analysis We take the pipe as the system. This is a control volume since mass crosses the system boundary
during the process. We observe that there is only one inlet and one exit and thus 7 =, = . Then the
energy balance for this steady-flow system can be expressed in the rate form as

: d _ A E‘ 20 (steady) _ n L
Ein - Eoul - system =0 - Ein - Eout
—_— \ ————

Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies

+ mh, = mh, (since Ake = Ape = 0)

e,in
Wein = rihy = hy) = ile(Ty =) + V(P = R ] = sne(Ty = T))
where
m= p() = (l kg/L)(lO L/min): 10 kg/min S
T WATER
Sub stltutlng, 16°C > 43°C
W, 5, = (10/60 ke/s)4.18 ki/kg C 43~ 16)PC = 18.8 kW

The energy recovered by the heat exchanger is
Qsaved = ‘s‘Q'max = g”hC(Tmax - Tmin)
=0.5(10/60 kg/s)(4.18 kJ/kg.’ CX39 ~16rC
= 8.0 kJ/s = 8.0kW
Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to

Winnew = Winold — Osaved = 18.8—8.0 =10.8 kW

in,new

The money saved during a 10-min shower as a result of installing this heat exchanger is
(8.0 kW }10/60 h)(8.5 cents/kWh)=11.3 cents
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5-186 EES Problem 5-185 is reconsidered. The effect of the heat exchanger effectiveness on the money
saved as the effectiveness ranges from 20 percent to 90 percent is to be investigated, and the money saved
is to be plotted against the effectiveness.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"

density = 1 [kg/L]

V_dot =10 [L/min]

C =4.18 [kJ/kg-C]

T_1=16[C]

T_2=43[C]

T_max =39 [C]

T min=T_1

epsilon = 0.5 "heat exchanger effectiveness "
EleRate = 8.5 [cents/kWh]

"For entrance, one exit, steady flow m_dot_in = m_dot_out = m_dot_wat er:"
m_dot_water= density*V_dot /convert(min,s)

"Energy balance for the pipe:"
W_dot_ele_in+ m_dot_water*h_1=m_dot_water*h_2 "Neglect ke and pe"

"For incompressible fluid in a constant pressure process, the enthalpy is:"
h_1=C*T_1
h 2=C*T_2

"The energy recovered by the heat exchanger is"
Q_dot_saved=epsilon*Q_dot_max
Q_dot_max = m_dot_water*C*(T_max - T_min)

"Therefore, 8.0 kW less energy is needed in this case, and the required
electric power in this case reduces to"
W _dot_ele_new =W _dot_ele_in - Q_dot_saved

"The money saved during a 10-min shower as a result of installing this heat exchanger is"
Costs_saved = Q_dot_saved*time*convert(min,h)*EleRate
time=10 [min]

24 T T T T T T T T T T T T T
CostSsaved € I |
[cents] 20.33
4.54 0.2 |
6.81 0.3 4 16.67
9.08 0.4 ]
11.35 05 E 13
13.62 0.6 d
15.89 0.7 é 9.333
18.16 0.8 .
20.43 0.9 E see7
2 ]
’ 2 L 1 L 1 L 1 L 1 L 1 L 1 L

02 03 04 05 06 07 08 09
Heat exchanger effectiveness ¢
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5-187 |Also solved by EES on enclosed CD] Steam expands in a turbine steadily. The mass flow rate of the
steam, the exit velocity, and the power output are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with 1 30 kJ/kg
time. 2 Potential energy changes are negligible.

Properties From the steam tables (Tables A-4 through 6)
P =10 MPa | v, =0.035655 m°/kg
T, =550°C h; =3502.0 kJ/kg

and

P, =25kPa | vy =v, +x,0, =0.00102+(0.95)6.2034-0.00102) = 5.8933 m* /kg
x, =0.95 hy =h; +x,h g, =271.96+(0.95)2345.5) = 2500.2 kl/kg 2

Analysis (a) The mass flow rate of the steam is

=1 V4, = ;(60 m/s)(0.015 m? ): 25.24 kgls
v 0.035655 m*/kg

(b) There is only one inlet and one exit, and thus m; = m, = m . Then the exit velocity is determined from

' 25.24 kg/s)(5.8933 m> /k
=14, p, =02 B2 kgIE 8933 m ke)
v, A, 0.14m

=1063 m/s

(c) We take the turbine as the system, which is a control volume since mass crosses the boundary. The
energy balance for this steady-flow system can be expressed in the rate form as

- - _ . 70 (steady) _
Ein - Eout - AEsystem =0
%/_/ -
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

tia(hy + V2 1 2) = Wy +Qoy +1it(hy +V5/2) (since Ape = 0)
) ) 2 _y?
Wout = _Qout _m[hZ _hl +;]

Then the power output of the turbine is determined by substituting to be

2 2
W, =—(25.24%30) kl/s — (25.24 kg/s{2500.2 35020+ 1063 m/s)” (60 ms) [ 1ke D

2 1000 m?/s>
=10,330 kW
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5-188 EES Problem 5-187 is reconsidered. The effects of turbine exit area and turbine exit pressure on the
exit velocity and power output of the turbine as the exit pressure varies from 10 kPa to 50 kPa (with the
same quality), and the exit area to varies from 1000 cm? to 3000 cm? is to be investigated. The exit velocity
and the power output are to be plotted against the exit pressure for the exit areas of 1000, 2000, and 3000
cm2.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Fluid$="Steam_IAPWS'

A[1]=150 [cm”2]

T[1]=550 [C]

P[1]=10000 [kPa]

Vel[1]= 60 [m/s]

A[2]=1400 [cm”2]

P[2]=25 [kPa]

g_out = 30 [kJ/kg]

m_dot = A[1]*Vel[1]/V[1]*convert(cm”2,m"2)

v[1]=volume(Fluid$, T=T[1], P=P[1]) "specific volume of steam at state 1"
Vel[2]=m_dot*v[2]/(A[2]*convert(cm”2,m"2))

v[2]=volume(Fluid$, x=0.95, P=P[2]) "specific volume of steam at state 2"
T[2]=temperature(Fluid$, P=P[2], v=v[2]) "[C]" "not required, but good to know"

"[conservation of Energy for steady-flow:"

"Ein_dot - Eout_dot = DeltaE_dot" "For steady-flow, DeltaE_dot = 0"
DELTAE_dot=0 "[kW]"

"For the turbine as the control volume, neglecting the PE of each flow steam:"
E_dot_in=E_dot_out

h[1]=enthalpy(Fluid$,T=T[1], P=P[1])

E_dot_in=m_dot*(h[1]+ Vel[1]*2/2*Convert(m”2/s"2, kJ/kg))
h[2]=enthalpy(Fluid$,x=0.95, P=P[2])

E_dot_out=m_dot*(h[2]+ Vel[2]*2/2*Convert(m”2/s"2, kJ/kg))+ m_dot *q_out+ W_dot_out
Power=W_dot_out

Q_dot_out=m_dot*q_out

Power [kW] P, [kPa] Vel, [m/s]
-54208 10 2513
-14781 14.44 1778

750.2 18.89 1382
8428 23.33 1134
12770 27.78 962.6
15452 32.22 837.6
17217 36.67 7421
18432 41.11 666.7
19299 45.56 605.6
19935 50 555
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5-189E Refrigerant-134a is compressed steadily by a compressor. The mass flow rate of the refrigerant and
the exit temperature are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties From the refrigerant tables (Tables A-11E through A-13E)
P =15 psia | v, =3.2551 ft’/Ibm
Ty =20°F | h; =107.52 Btu/lbm
Analysis (a) The mass flow rate of refrigerant is
Z 10 ft*/s
m=—

=—————=3.072lbm/s
vy 3.2551ft°/Ibm

(b) There is only one inlet and one exit, and thus my =m, =m. We take

the compressor as the system, which is a control volume since mass
crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

- . _ d 70 (steady) _
Ein - Eout - AEsystem =0
%,—/ -
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E out

W, +1ih) = mh, (since Q= Ake = Ape = 0)

Wiy = tia(hy = hy)
Substituting,
0.7068 Bt
(45 hp)(7Tu/sj = (3.072 Ibm/s)(, —107.52)Btw/Ibm
p

h, =117.87 Btu/lbm
Then the exit temperature becomes
P, =100 psia

T, =95.7°F
h, =117.87 Btu/lbm
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5-190 Air is preheated by the exhaust gases of a gas turbine in a regenerator. For a specified heat transfer
rate, the exit temperature of air and the mass flow rate of exhaust gases are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the regenerator to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid. 5 Exhaust gases can be treated as air. 6 Air is an ideal gas with variable specific heats.

Properties The gas constant of air is 0.287 kPa.m*/kg.K (Table A-1). The enthalpies of air are (Table A-
17)

T, =550K — h =555.74k/kg
T,=800K — h, =82195kl/kg
T, =600K — h, =607.02kl/kg

Exhaust \I/ !

Analysis (a) We take the air side of the heat exchanger as the Gases

system, which is a control volume since mass crosses the
boundary. There is only one inlet and one exit, and thus
my =m, = m. The energy balance for this steady-flow system can

be expressed in the rate form as

. . _ 2 20 (steady) _
Ein - Eout - AEsystem =0
;w—/ | —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E out

O, + v hy = by (since W = Ake = Ape = 0)
Qin = My (hy — hy)
Substituting,
3200 kJ/s = (800/60 kg/s\hy —554.71kl/kg) — hy, = 794.71 kl/kg

Then from Table A-17 we read T, = 7751 K
(b) Treating the exhaust gases as an ideal gas, the mass flow rate of the exhaust gases is determined from
the steady-flow energy relation applied only to the exhaust gases,

=F

E; out

1

mexhausth:% = Qout + mexhausth4 (Since W = Ake = Ape = 0)
Qout = mexhaust (h3 - h4)

3200 KJ/s = 11, s (821.95 - 607.02) kl/kg

exhaust
It yields
Meypaust = 14.9 kals
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5-191 Water is to be heated steadily from 20°C to 55°C by an electrical resistor inside an insulated pipe.
The power rating of the resistance heater and the average velocity of the water are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the
system and thus Amcy =0 and AE, = 0.2 Water is an incompressible substance with constant specific
heats. 3 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 4 The pipe is insulated
and thus the heat losses are negligible.

Properties The density and specific heat of water at room temperature are p = 1000 kg/m® and ¢ = 4.18
kJ/kg-°C (Table A-3).

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system
boundary during the process. Also, there is only one inlet and one exit and thus m; =2, = m. The energy
balance for this steady-flow system can be expressed in the rate form as

: ; _ : J0 (steady) _
Ein - Eout - AEsystem =0
— -
Rate of net energy transfer  Rate of change in internal, kinetic, .
by heat, work, and mass potential, etc. energies 30 L/min —_— D=5cm
Ein = Eout
Wein +mhy = mhy (since Q,, = Ake = Ape = 0)

Wein = tially =) = ie(Ty = T;) + vAP*] = sine(T; ~ ;)
The mass flow rate of water through the pipe is
m = pV, = (1000 kg/m*)(0.030 m?/min) = 30 kg/min
Therefore,
We,m =mc(T, —T}) = (30/60 kg/s)(4.18 kI/kg-* C)(55-20)° C = 73.2 kW
(b) The average velocity of water through the pipe is determined from
ViV 0.030m’/min

=——=————=153 m/min

/A
"4 22 1(0.025m)>
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5-192 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio
of the mass flow rates of the extracted seam the feedwater are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 Heat loss from the device to the
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold
fluid.

Properties The enthalpies of steam and feedwater at are (Tables A-4 through A-6)

A=IMPal o83k
T, =200°c | 1T OO0 EEE STEAM
R =1MPa | /= hygupe = 762.51 kikg ll
sat. liquid T, =179.9°C Feedwater
37
and
By=25MPal -, L —209.34 kI/k
Ty =50°C P T esee T s lz !
P, =2.5MPa

hy = h gm0 =718.55 kI/k
T4:T2—10;170°C} 4= senrc ¢

Analysis We take the heat exchanger as the system, which is a control volume. The mass and energy
balances for this steady-flow system can be expressed in the rate form as
Mass balance (for each fluid stream):

20 (steady)

My — Moy = Amsystem =0— My = Mgy —> My = My = M and my = My = Mgy,
Energy balance (for the heat exchanger):
- . _ . A0 (steady) _

Ein - Eout - AEsystem =0

S R
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = Eout

siyhy + tishy = ryhy + fighy (since O = W = Ake = Ape = 0)
Combining the two, m (h2 —h ): mg, (h3 —hy)
Dividing by 71, and substituting,

my  hy—h,  (718.55-209.34)k)/kg

-k (28283-762.51)kJ/kg

: 246
m/w
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5-193 A building is to be heated by a 30-kW electric resistance heater placed in a duct inside. The time it
takes to raise the interior temperature from 14°C to 24°C, and the average mass flow rate of air as it passes
through the heater in the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room
temperature. 3 Kinetic and potential energy changes are negligible. 4 The heating duct is adiabatic, and
thus heat transfer through it is negligible. S No air leaks in and out of the building.

Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The specific heats of air at room
temperature are ¢, = 1.005 and ¢, = 0.718 kJ/kg-K (Table A-2).

Analysis (a) The total mass of air in the building is
_RY (95 kPa)(400 m3)
RT;  (0.287 kPa-m’/kg - K |287 K)

=4613kg.
450 kJ/min

We first take the entire building as our system, which is a

S

closed system since no mass leaks in or out. The time required / T,=T,+5°C \
to raise the air temperature to 24°C is determined by applying
the energy balance to this constant volume closed system: g - 32?{1;
= a
Ein - Eout = AEsystem
—
Net energy transfer Change in internal, kinetic, We
by heat, work, and mass potential, etc. energies 14°C — 24°C C{ -
Wein + Weanin — Qo =AU (since AKE = APE = 0)
. . A 250 W
At(VVe in T VVfan,in - Qout) Cy ,avg (TZ Tl) T

Solving for Az gives

me, ue(Ty = Th) _ (461.3kg)(0.718 kl/kg~ C)(24-14)°C _
+ Wignin — Oow (30 kJ/8) +(0.25kJ/s) — (450/60 kl/s)

At =

W,

ell’l
(b) We now take the heating duct as the system, which is a control volume since mass crosses the
boundary. There is only one inlet and one exit, and thus #y; =m, =m. The energy balance for this
adiabatic steady-flow system can be expressed in the rate form as

. . _ - 70 (steady) _
Ein - Eout - AEsystem =0
[ — ‘ \ _ S
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E. =EF

n
Win + Wanin + tithy = tithy (since Q = Ake = Ape = 0)
I/Ve in T Wfan,in = m(hz - hl) = I’th(Tz - Tl)

out

Thus,

We in + Weanin _ G0+ 0.250) kJ/sO _ 6.02 ks
¢, AT (1.005 kJ/kg° C)(5°C)
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5-194 [Also solved by EES on enclosed CD] An insulated cylinder equipped with an external spring
initially contains air. The tank is connected to a supply line, and air is allowed to enter the cylinder until its
volume doubles. The mass of the air that entered and the final temperature in the cylinder are to be
determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 The expansion process is quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4
The spring is a linear spring. 5 The device is insulated and thus heat transfer is negligible. 6 Air is an ideal
gas with constant specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table
A-1). The specific heats of air at room temperature are ¢, =
0.718 and ¢, = 1.005 kJ/kg-K (Table A-2a). Also, u = ¢,T and
h=c,T.

F. spring

Analysis We take the cylinder as the system, which is a control
volume since mass crosses the boundary. Noting that the P'=200 kPa
T, =22°C

Vi=02m’

microscopic energies of flowing and nonflowing fluids are
represented by enthalpy % and internal energy u, respectively,
the mass and energy balances for this uniform-flow system can
be expressed as

Air

Mass balance: My, — Mgy = Am, - my=my—m

system
Energy balance: E,-E, = AEgem
—_— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

m;h; = Wy oue + Moty —myuy (since Q = ke = pe = 0)
Combining the two relations, (m2 —m )h[ =Wy e + Moty — Myt
or, (my —my)e, T; =Wy o +myc, T —mye, Ty

The initial and the final masses in the tank are

3
=P (200 kpi)(o.z m’) 0472 kg
RT,  (0.287 kPa-m*/kg-K |295 K)
3
s PV, _ (600 kPa)(o.4 m ) _836.2

RT, (0287 kPa-m’/kg-KJr, T
8362

2

Then from the mass balance becomes m; =m, —m -0.472

The spring is a linear spring, and thus the boundary work for this process can be determined from
P +P 200+ 600 kP
Wy = drea==1""2(; -V, ):%(0.4—0.2)1113 =80 kJ
Substituting into the energy balance, the final temperature of air 7, is determined to be

-80= —[ 83T 62 _ 0.472j(1 .005)295)+ (83T 62 J(0.718)(T2 )—(0.472)(0.718)(295)
2 2

It yields 7, = 3441 K
Thus, m, = 836.2_836.2_ 2.430 kg
T, 344.1

and m; = my - m = 2.430 - 0.472 = 1.96 kg
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5-195 R-134a is allowed to leave a piston-cylinder device with a pair of stops. The work done and the heat
transfer are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device is
assumed to be constant. 2 Kinetic and potential energies are negligible.

Properties The properties of R-134a at various states are
(Tables A-11 through A-13)

P _800KkPa |¥1 = 0032659 m*/kg

! u; =290.84 kl/kg
T, =80°C R-134a L

hy =316.97 kl/kg 2 kg / 0
0.042115m>/k 800 kPa

P, =500kPa |2 = m ke ° —

2 L) =242.40 k/kg 80°C  ~J—p
T, =20°C —

h, =263.46 kl/kg

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy 4 and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: My — Moy = Ao —> M, = my —m,
Energy balance: Ey, —E = AE yem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wo.in = Qout —Moh, = myuy —myuy  (since ke = pe = 0)
The volumes at the initial and final states and the mass that has left the cylinder are
V, = mv, = (2kg)(0.032659 m*/kg) = 0.06532 m*
Vy, =myv, =(1/2)mv, = (1/2)(2kg)(0.042115 m* /kg) = 0.04212 m*
m, =m; —m, =2-1=1kg

The enthalpy of the refrigerant withdrawn from the cylinder is assumed to be the average of initial and
final enthalpies of the refrigerant in the cylinder

h, =(1/2)(hy + hy)=(1/2)(316.97 + 263.46) = 290.21 kl/kg

Noting that the pressure remains constant after the piston starts moving, the boundary work is determined
from

Wyin = P, (V) —V,) = (500 kPa)(0.06532 — 0.04212)m> =11.6 kJ
(b) Substituting,

11.6 kI — 0, — (1kg)(290.21kJ/kg) = (1kg)(242.40 kI/kg) — (2 kg)(290.84 kI /kg)
O, = 60.7 kJ
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5-196 Air is allowed to leave a piston-cylinder device with a pair of stops. Heat is lost from the cylinder.
The amount of mass that has escaped and the work done are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device is
assumed to be constant. 2 Kinetic and potential energies are negligible. 3 Air is an ideal gas with constant
specific heats at the average temperature.

Properties The properties of air are R = 0.287 kPa.m’/kg.K (Table A-1), ¢, = 0.733 kl/kg.K, c,=1.020
kJ/kg.K at the anticipated average temperature of 450 K (Table A-2b).

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy /# and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: m;, —m,,, =Am - m,=m —m,

system
Energy Ein - Eout = AEsystem
. — %,—/

balance: Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies ’

Woin = Qout — Moh, = myuy — myuy (since ke = pe = 0) Air 4 Q

1.2 kg
or Wb,in - Qout _meCpTe = mZCvTZ - mlchi 700 kPa
. . . . o

The temperature of the air withdrawn from the cylinder is assumed to 200°C ~J—
be the average of initial and final temperatures of the air in the >

cylinder. That is,
T,=Q01/2)T, +T,)=(1/2)473+T,)
The volumes and the masses at the initial and final states and the mass that has escaped from the cylinder
are given by
mRT,  (1.2kg)(0.287 kPa.m?/kg.K)(200+273 K)
T p (700 kPa)
V, =0.80¢/;, =(0.80)(0.2327) =0.1862 m’

_ PV,  (600kPa)(0.1862m>)  389.18 e

RT,  (0.287 kPa.m®/kg K)T, T,

m, =m; —m, :(1.2—389'18Jkg
T,

=02327 m?

Y

2

Noting that the pressure remains constant after the piston starts moving, the boundary work is determined
from

Wyin =P, (V) V) = (600 kPa)(0.2327 — 0.1862)m* =27.9kJ
Substituting,
389.18

2

27.9kI —40kJ — (1 2- ](1.020 KI/kg.K)(1/2) (473 + T, )

= [389' ! 8J(O.733 kl/kg K)T, —(1.2kg)(0.733 kJ/kg.K)(473 K)
2
The final temperature may be obtained from this equation by a trial-error approach or using EES to be
7,=415.0 K
Then, the amount of mass that has escaped becomes
389.18

e

m, =12 ~0.262 kg
415.0K
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5-197 The pressures across a pump are measured. The mechanical efficiency of the pump and the
temperature rise of water are to be determined.

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 exit velocities are equal, V; = V.

Properties We take the density of water to be 1 kg/L. = 1000
kg/m® and its specific heat to be 4.18 kJ/kg - °C (Table A-3).

Analysis (a) The mass flow rate of water through the pump is
m = pV = (1kg/L)(50 L/s) = 50 kg/s

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 = Mmotor Welectric = (090)(15 kW) =13.5kW

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 vy (n
AEmech,ﬂuid = Emech,out - Emech,in = m(_Z + 2 +8z, J - m[_l + L +82 J
p 2 p 2
Simplifying it for this case and substituting the given values,

- (P, —P 00 —100)kP
AEmechﬂuid :m(#j:(SOkg/s) (3 ) 3 : ( L] 3j:10kW
’ P 1000 kg/m 1kPa-m

Then the mechanical efficiency of the pump becomes

AE .
: mech, fluid _ 10 kW =0.741= 741%
Wpump,shaft 13.5kW

n pump =

(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 converted to thermal energy due to frictional effects, and this
“lost” mechanical energy manifests itself as a heating effect in the fluid,

E

:W AEmech,ﬂuid :13.5_10:35 kW

mech,loss pump,shaft —

The temperature rise of water due to this mechanical inefficiency is determined from the thermal energy
balance,

Emech,loss = m(uz — Uy ) = mcAT
Solving for AT,

Emech,loss _ 3.5kW

AT = —mechloss _
e (50 kg/s)(4.18 kJ/kg - K)

=0.017°C

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

Discussion In an actual application, the temperature rise of water will probably be less since part of the
heat generated will be transferred to the casing of the pump and from the casing to the surrounding air. If
the entire pump motor were submerged in water, then the 1.5 kW dissipated to the air due to motor
inefficiency would also be transferred to the surrounding water as heat. This would cause the water
temperature to rise more.
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5- 198 Heat is lost from the steam flowing in a nozzle. The exit velocity and the mass flow rate are to be
determined.

Assumptions 1 This is a steady-flow process since there is
no change with time. 2 Potential energy change is
negligible. 3 There are no work interactions. 150°C STEAM 75 kPa

Analysis (a) We take the steam as the system, which is a 200

kPa —p Sat. vap.
control volume since mass crosses the boundary. The
energy balance for this steady-flow system can be expressed /q/
in the rate form as

Energy balance:

. 2 _ A E‘ 20 (steady) _
Ein - Eoul - system =0
N——— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein =E out

V2 V2 . .
W h1+i = hz+72 +Q,y since W = Ape = 0)

or V, = \/2(]71 —hy = qGou)

The properties of steam at the inlet and exit are (Table A-6)

P, =200 kPa

hy =2769.1kl/kg
T, =150°C

P, =75kPa }02 =22172 m%/kg

sat. vap. h, =2662.4 kl/kg
Substituting,
1kJ/k
Vy = J20h — Ty — o) = |2(2769.1-2662.4 26)kJ/kg[%j = 401.7 m/s
1000 m~/s
(b) The mass flow rate of the steam is
m:iAsz = ! (0.001m?)(401.7 m/s) = 0.181kgls

v, 2.2172m°/kg
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5-199 The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an
aftercooler is considered. The temperature of the air at the compressor outlet and the minimum flow rate of
ambient air are to be determined.

Air

Assumptions 1 All processes are steady since there is
no change with time. 2 Kinetic and potential energy
changes are negligible. 3 Air properties are used for
exhaust gases. 4 Air is an ideal gas with constant Turbine Compressor
specific heats. 5 The mechanical efficiency between the
turbine and the compressor is 100%. 6 All devices are

adiabatic. 7 The local atmospheric pressure is 100 kPa. Exhaust

Properties The constant pressure specific heats of gases Aftercooler
exhaust gases, warm air, and cold ambient air are taken Cold air' »
to be ¢, = 1.063, 1.008, and 1.005 kJ/kg K, respectively

(Table A-2b). +

Analysis (a) An energy balance on turbine gives
s = 1en poxt Texint — Texnz ) = (0.02 kg/s)(1.063 k/kg - K)(400~ 350)K = 1.063 kW

This is also the power input to the compressor since the mechanical efficiency between the turbine and the
compressor is assumed to be 100%. An energy balance on the compressor gives the air temperature at the
compressor outlet

WC = macp,a (Ta,2 _Ta,l)
1.063 kW = (0.018 kg/s)(1.008 ki/kg - K)(T,, , —S0)K ——> T, , =108.6 °C

(b) An energy balance on the aftercooler gives the mass flow rate of cold ambient air

Cacp,ca (T;:a,z - Tca,l)
(0.018 kg/s)(1.008 kl/kg - °C)(108.6 — 80)°C = i, (1.005 kJ/kg - °C)(40 — 30)°C
1y, = 0.05161kg/s

macp,a (7—;1,2 - Ta,3) =m

The volume flow rate may be determined if we first calculate specific volume of cold ambient air at the
inlet of aftercooler. That is,

b RT _ (0.287kJ/kg-K)(30+273K)
“a - p 100 kPa

=0.8696 m’/kg

V., =mv,, =(0.05161kg/s)(0.8696 m’/kg) = 0.0449 m®/s = 44.9 L/s
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Fundamentals of Engineering (FE) Exam Problems

5-200 Steam is accelerated by a nozzle steadily from a low velocity to a velocity of 210 m/s at a rate of 3.2
kg/s. If the temperature and pressure of the steam at the nozzle exit are 400°C and 2 MPa, the exit area of
the nozzle is

(a) 24.0 cm? (b) 8.4 cm? (c) 10.2 cm? (d) 152 cm? () 23.0 cm?

Answer () 23.0 cm®

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Vel _1=0 "m/s"

Vel 2=210 "m/s"

m=3.2 "kg/s"

T2=400 "C"

P2=2000 "kPa"

"The rate form of energy balance is E_dot_in - E_dot out = DELTAE_dot_cv"
v2=VOLUME(Steam_IAPWS,T=T2,P=P2)

m=(1/v2)*A2*Vel_2 "A2 in m"2"

"Some Wrong Solutions with Common Mistakes:"

R=0.4615 "kJ/kg.K"

P2*v2ideal=R*(T2+273)

m=(1/v2ideal)*W1_A2*Vel 2 "assuming ideal gas"
P1*v2ideal=R*T2

m=(1/v2ideal)*W2_A2*Vel_ 2 "assuming ideal gas and using C"
m=W3_A2*Vel_ 2 "not using specific volume"

5-201 Steam enters a diffuser steadily at 0.5 MPa, 300°C, and 122 m/s at a rate of 3.5 kg/s. The inlet area
of the diffuser is
(a) 15 cm? (b) 50 cm® (c) 105 cm’ (d) 150 cm? (e) 190 cm’

Answer (b) 50 cm?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Vel_1=122 "m/s"

m=3.5 "kg/s"

T1=300 "C"

P1=500 "kPa"

"The rate form of energy balance is E_dot_in - E_dot_out = DELTAE_dot_cv"
v1=VOLUME(Steam_IAPWS,T=T1,P=P1)

m=(1/v1)*A*Vel_1 "Ain mA2"

"Some Wrong Solutions with Common Mistakes:"
R=0.4615 "kJ/kg.K"
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P1*vilideal=R*(T1+273)

m=(1/vlideal)*W1_A*Vel_1 "assuming ideal gas"
P1*v2ideal=R*T1

m=(1/v2ideal)*W2_A*Vel_1 "assuming ideal gas and using C"
m=W3_A*Vel_1 "not using specific volume"

5-202 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot air
at 90°C entering also at rate of 5 kg/s. If the exit temperature of hot air is 20°C, the exit temperature of
cold water is

(a) 27°C (b) 32°C (c) 52°C (d) 85°C (e) 90°C

Answer (b) 32°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C_w=4.18 "kJ/kg-C"

Cp_air=1.005 "kJ/kg-C"

Tw1=15"C"

m_dot_w=5 "kg/s"

Tair1=90 "C"

Tair2=20 "C"

m_dot_air=5 "kg/s"

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot w*C_w*(Tw2-Tw1)

"Some Wrong Solutions with Common Mistakes:"

(Tair1-Tair2)=(W1_Tw2-Tw1) "Equating temperature changes of fluids"
Cv_air=0.718 "kJ/kg.K"

m_dot_air*Cv_air*(Tair1-Tair2)=m_dot_ w*C_w*(W2_Tw2-Tw1) "Using Cv for air"
W3_Tw2=Tair1 "Setting inlet temperature of hot fluid = exit temperature of cold fluid"
W4 _Tw2=Tair2 "Setting exit temperature of hot fluid = exit temperature of cold fluid"

5-203 A heat exchanger is used to heat cold water at 15°C entering at a rate of 2 kg/s by hot air at 100°C
entering at rate of 3 kg/s. The heat exchanger is not insulated, and is loosing heat at a rate of 40 klJ/s. If the
exit temperature of hot air is 20°C, the exit temperature of cold water is

(a) 44°C (b) 49°C (c) 39°C (d) 72°C (e) 95°C

Answer (c) 39°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C_w=4.18 "kJ/kg-C"
Cp_air=1.005 "kJ/kg-C"
Tw1=15"C"
m_dot_w=2 "kg/s"
Tair1=100 "C"
Tair2=20"C"
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m_dot_air=3 "kg/s"

Q_loss=40 "kJ/s"

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot w*C_w*(Tw2-Tw1)+Q_loss

"Some Wrong Solutions with Common Mistakes:"
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W1_Tw2-Tw1) "Not considering Q_loss"
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1)-Q_loss "Taking heat loss as
heat gain"

(Tair1-Tair2)=(W3_Tw2-Tw1) "Equating temperature changes of fluids"

Cv_air=0.718 "kJ/kg.K"
m_dot_air*Cv_air*(Tair1-Tair2)=m_dot_w*C_w*(W4_Tw2-Tw1)+Q_loss "Using Cv for air"

5-204 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot
water at 90°C entering at rate of 4 kg/s. If the exit temperature of hot water is 50°C, the exit temperature of
cold water is

(a) 42°C (b) 47°C (c) 55°C (d) 78°C (e) 90°C

Answer (b) 47°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C_w=4.18 "kJ/kg-C"

Tcold_1=15"C"

m_dot_cold=5 "kg/s"

Thot_1=90 "C"

Thot_2=50 "C"

m_dot_hot=4 "kg/s"

Q_loss=0 "kJ/s"

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
m_dot_hot*C_w*(Thot_1-Thot_2)=m_dot_cold*C_w*(Tcold_2-Tcold_1)+Q_loss

"Some Wrong Solutions with Common Mistakes:"
Thot_1-Thot_2=W1_Tcold_2-Tcold_1 "Equating temperature changes of fluids"
W2_Tcold_2=90 "Taking exit temp of cold fluid=inlet temp of hot fluid"

5-205 In a shower, cold water at 10°C flowing at a rate of 5 kg/min is mixed with hot water at 60°C
flowing at a rate of 2 kg/min. The exit temperature of the mixture will be
(a) 24.3°C (b) 35.0°C (c) 40.0°C (d) 44.3°C (e) 55.2°C

Answer (a) 24.3°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C_w=4.18 "kJ/kg-C"
Tcold_1=10"C"
m_dot_cold=5 "kg/min"



5-147

Thot_1=60 "C"

m_dot_hot=2 "kg/min"

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
m_dot_hot*C_w*Thot_1+m_dot_cold*C_w*Tcold_1=(m_dot_hot+m_dot_cold)*C_w*Tmix
"Some Wrong Solutions with Common Mistakes:"

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids"

5-206 In a heating system, cold outdoor air at 10°C flowing at a rate of 6 kg/min is mixed adiabatically
with heated air at 70°C flowing at a rate of 3 kg/min. The exit temperature of the mixture is
(a) 30°C (b) 40°C (c) 45°C (d) 55°C (e) 85°C

Answer (a) 30°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C_air=1.005 "kJ/kg-C"

Tcold_1=10"C"

m_dot_cold=6 "kg/min"

Thot_1=70"C"

m_dot_hot=3 "kg/min"

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
m_dot_hot*C_air*Thot_1+m_dot_cold*C_air*Tcold_1=(m_dot_hot+m_dot_cold)*C_air*Tmix
"Some Wrong Solutions with Common Mistakes:"

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids"

5-207 Hot combustion gases (assumed to have the properties of air at room temperature) enter a gas turbine
at | MPa and 1500 K at a rate of 0.1 kg/s, and exit at 0.2 MPa and 900 K. If heat is lost from the turbine to
the surroundings at a rate of 15 kl/s, the power output of the gas turbine is

(a) ISkW (b) 30 kW (c) 45 kW (d) 60 kW (e) 75 kW

Answer (c) 45 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp_air=1.005 "kJ/kg-C"

T1=1500 "K"

T2=900 "K"

m_dot=0.1 "kg/s"

Q_dot_loss=15 "kJ/s"

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
W_dot_out+Q_dot_loss=m_dot*Cp_air*(T1-T2)

"Alternative: Variable specific heats - using EES data"
W_dot_outvariable+Q_dot_loss=m_dot*(ENTHALPY (Air,T=T1)-ENTHALPY (Air,T=T2))

"Some Wrong Solutions with Common Mistakes:"
W1_Wout=m_dot*Cp_air*(T1-T2) "Disregarding heat loss"
W2_Wout-Q_dot_loss=m_dot*Cp_air*(T1-T2) "Assuming heat gain instead of loss"
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5-208 Steam expands in a turbine from 4 MPa and 500°C to 0.5 MPa and 250°C at a rate of 1350 kg/h.
Heat is lost from the turbine at a rate of 25 kJ/s during the process. The power output of the turbine is
(a) 157 kW (b) 207 kW (c) 182 kW (d) 287 kW (e) 246 kW

Answer (a) 157 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=500 "C"

P1=4000 "kPa"

T2=250"C"

P2=500 "kPa"

m_dot=1350/3600 "kg/s"

Q_dot_loss=25 "kJ/s"

h1=ENTHALPY (Steam_IAPWS,T=T1,P=P1)

h2=ENTHALPY (Steam_IAPWS, T=T2,P=P2)

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
W_dot_out+Q_dot_loss=m_dot*(h1-h2)

"Some Wrong Solutions with Common Mistakes:"

W1_Wout=m_dot*(h1-h2) "Disregarding heat loss"

W2_Wout-Q_dot_loss=m_dot*(h1-h2) "Assuming heat gain instead of loss"
u1=INTENERGY(Steam_IAPWS, T=T1,P=P1)

u2=INTENERGY (Steam_IAPWS, T=T2,P=P2)

W3_Wout+Q_dot_loss=m_dot*(u1-u2) "Using internal energy instead of enthalpy"
W4_Wout-Q_dot_loss=m_dot*(u1-u2) "Using internal energy and wrong direction for heat"

5-209 Steam is compressed by an adiabatic compressor from 0.2 MPa and 150°C to 2500 MPa and 250°C
at a rate of 1.30 kg/s. The power input to the compressor is
(a) 144 kW (b) 234 kW (c) 438 kW (d) 717 kW (e) 901 kW

Answer (a) 144 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

"Note: This compressor violates the 2nd law. Changing State 2 to 800 kPa and 350C will correct
this problem (it would give 511 kW)"

P1=200 "kPa"

T1=150"C"

P2=2500 "kPa"

T2=250"C"

m_dot=1.30 "kg/s"

Q_dot_loss=0 "kJ/s"

h1=ENTHALPY(Steam_|IAPWS,T=T1,P=P1)

h2=ENTHALPY (Steam_|IAPWS,T=T2,P=P2)

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
W_dot_in-Q_dot_loss=m_dot*(h2-h1)
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"Some Wrong Solutions with Common Mistakes:"

W1_Win-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying"
W2_Win-Q_dot_loss=h2-h1 "Not considering mass flow rate"

u1=INTENERGY (Steam_IAPWS,T=T1,P=P1)

u2=INTENERGY (Steam_IAPWS, T=T2,P=P2)

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy"
W4_Win-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate"

5-210 Refrigerant-134a is compressed by a compressor from the saturated vapor state at 0.14 MPa to 1.2
MPa and 70°C at a rate of 0.108 kg/s. The refrigerant is cooled at a rate of 1.10 kJ/s during compression.
The power input to the compressor is

(a) 5.54 kW (b) 7.33 kW (c) 6.64 kW (d) 7.74 kW (e) 8.13 kW

Answer (d) 7.74 kKW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=140 "kPa"

x1=1

P2=1200 "kPa"

T2=70"C"

m_dot=0.108 "kg/s"

Q_dot_loss=1.10 "kJ/s"

h1=ENTHALPY(R134a,x=x1,P=P1)

h2=ENTHALPY(R134a,T=T2,P=P2)

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
W_dot_in-Q_dot_loss=m_dot*(h2-h1)

"Some Wrong Solutions with Common Mistakes:"

W1_Win+Q_dot_loss=m_dot*(h2-h1) "Wrong direction for heat transfer"

W2_Win =m_dot*(h2-h1) "Not considering heat loss"
u1=INTENERGY(R134a,x=x1,P=P1)

u2=INTENERGY(R134a,T=T2,P=P2)

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy"
W4_Win+Q_dot_loss=u2-u1 "Using internal energy and wrong direction for heat transfer"

5-211 Refrigerant-134a expands in an adiabatic turbine from 1.2 MPa and 100°C to 0.18 MPa and 50°C at
arate of 1.25 kg/s. The power output of the turbine is
(a) 46.3 kW (b) 66.4kW (c) 72.7kW (d) 89.2 kW (e) 112.0kW

Answer (a) 46.3 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=1200 "kPa"
T1=100 "C"
P2=180 "kPa"
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T2=50"C"

m_dot=1.25 "kg/s"

Q_dot_loss=0 "kJ/s"

h1=ENTHALPY(R134a,T=T1,P=P1)

h2=ENTHALPY(R134a,T=T2,P=P2)

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out"
-W_dot_out-Q_dot_loss=m_dot*(h2-h1)

"Some Wrong Solutions with Common Mistakes:"

-W1_Wout-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying"
-W2_Wout-Q_dot_loss=h2-h1 "Not considering mass flow rate"
u1=INTENERGY(R134a,T=T1,P=P1)

u2=INTENERGY(R134a,T=T2,P=P2)

-W3_Wout-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy"
-W4_Wout-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate"

5-212 Refrigerant-134a at 1.4 MPa and 90°C is throttled to a pressure of 0.6 MPa. The temperature of the
refrigerant after throttling is
(a) 22°C (b) 56°C (c) 82°C (d) 80°C (e) 90.0°C

Answer (d) 80°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=1400 "kPa"

T1=90 "C"

P2=600 "kPa"
h1=ENTHALPY(R134a,T=T1,P=P1)
T2=TEMPERATURE(R134a,h=h1,P=P2)

"Some Wrong Solutions with Common Mistakes:"

W1_T2=T1 "Assuming the temperature to remain constant"
W2_T2=TEMPERATURE(R134a,x=0,P=P2) "Taking the temperature to be the saturation
temperature at P2"

u1=INTENERGY(R134a,T=T1,P=P1)

W3_T2=TEMPERATURE(R134a,u=u1,P=P2) "Assuming u=constant"
v1=VOLUME(R134a,T=T1,P=P1)

W4_T2=TEMPERATURE(R134a,v=v1,P=P2) "Assuming v=constant"

5-213 Air at 20°C and 5 atm is throttled by a valve to 2 atm. If the valve is adiabatic and the change in
kinetic energy is negligible, the exit temperature of air will be
(a) 10°C (b) 14°C (c) 17°C (d) 20°C (e) 24°C

Answer (d) 20°C
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on

a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).
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"The temperature of an ideal gas remains constant during throttling, and thus T2=T1"
T1=20"C"

P1=5"atm"

P2=2 "atm"

T2=T1"C"

"Some Wrong Solutions with Common Mistakes:"

W1_T2=T1*P1/P2 "Assuming v=constant and using C"

W2_T2=(T1+273)*P1/P2-273 "Assuming v=constant and using K"

W3_T2=T1*P2/P1 "Assuming v=constant and pressures backwards and using C"
W4_T2=(T1+273)*P2/P1 "Assuming v=constant and pressures backwards and using K"

5-214 Steam at 1 MPa and 300°C is throttled adiabatically to a pressure of 0.4 MPa. If the change in
kinetic energy is negligible, the specific volume of the steam after throttling will be
(a) 0.358 m’/kg (b) 0.233 m*/kg (c) 0.375 m’/kg (d) 0.646 m*/kg (e) 0.655 m’/kg

Answer (d) 0.646 m*/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=1000 "kPa"

T1=300 "C"

P2=400 "kPa"

h1=ENTHALPY (Steam_IAPWS,T=T1,P=P1)
v2=VOLUME(Steam_IAPWS,h=h1,P=P2)

"Some Wrong Solutions with Common Mistakes:"
W1_v2=VOLUME(Steam_IAPWS,T=T1,P=P2) "Assuming the volume to remain constant"
u1=INTENERGY(Steam,T=T1,P=P1)

W2_v2=VOLUME(Steam_IAPWS,u=u1,P=P2) "Assuming u=constant"
W3_v2=VOLUME(Steam_IAPWS,T=T1,P=P2) "Assuming T=constant"

5-215 Air is to be heated steadily by an 8-kW electric resistance heater as it flows through an insulated
duct. If the air enters at 50°C at a rate of 2 kg/s, the exit temperature of air will be
(a) 46.0°C (b) 50.0°C (c) 54.0°C (d) 55.4°C (e) 58.0°C

Answer (c) 54.0°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=1.005 "kJ/kg-C"
T1=50"C"

m_dot=2 "kg/s"

W_dot_e=8 "kJ/s"
W_dot_e=m_dot*Cp*(T2-T1)

"Checking using data from EES table"
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W_dot_e=m_dot*(ENTHALPY (Air,T=T_2table)-ENTHALPY (Air,T=T1))

"Some Wrong Solutions with Common Mistakes:"
Cv=0.718 "kJ/kg.K"

W_dot_e=Cp*(W1_T2-T1) "Not using mass flow rate"
W_dot_e=m_dot*Cv*(W2_T2-T1) "Using Cv"
W_dot_e=m_dot*Cp*W3_T2 "Ignoring T1"

5-216 Saturated water vapor at 50°C is to be condensed as it flows through a tube at a rate of 0.35 kg/s.
The condensate leaves the tube as a saturated liquid at 50°C. The rate of heat transfer from the tube is
(a) 73 kl/s (b) 980 kJ/s (c) 2380 kJ/s (d) 834 k/s (e) 907 kJ/s

Answer (d) 834 kJ/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=50"C"

m_dot=0.35 "kg/s"
h_f=ENTHALPY(Steam_IAPWS,T=T1,x=0)
h_g=ENTHALPY(Steam_IAPWS, T=T1,x=1)
h_fg=h_g-h_f
Q_dot=m_dot*h_fg

"Some Wrong Solutions with Common Mistakes:"
W1_Q=m_dot*h_f "Using hf"

W2_Q=m_dot*h_g "Using hg"

W3_Q=h_fg "not using mass flow rate"

W4 _Q=m_dot*(h_f+h_g) "Adding hf and hg"

5-217, 5-218 Design and Essay Problems




Chapter 6
THE SECOND LAW OF THERMODYNAMICS

The Second Law of Thermodynamics and Thermal Energy Reservoirs

6-1C Water is not a fuel; thus the claim is false.

6-2C Transferring 5 kWh of heat to an electric resistance wire and producing 5 kWh of electricity.

6-3C An electric resistance heater which consumes 5 kWh of electricity and supplies 6 kWh of heat to a
room.

6-4C Transferring 5 kWh of heat to an electric resistance wire and producing 6 kWh of electricity.

6-5C No. Heat cannot flow from a low-temperature medium to a higher temperature medium.

6-6C A thermal-energy reservoir is a body that can supply or absorb finite quantities of heat isothermally.
Some examples are the oceans, the lakes, and the atmosphere.

6-7C Yes. Because the temperature of the oven remains constant no matter how much heat is transferred
to the potatoes.

6-8C The surrounding air in the room that houses the TV set.

Heat Engines and Thermal Efficiency

6-9C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics.

6-10C Heat engines are cyclic devices that receive heat from a source, convert some of it to work, and
reject the rest to a sink.

6-11C Method (b). With the heating element in the water, heat losses to the surrounding air are
minimized, and thus the desired heating can be achieved with less electrical energy input.

6-12C No. Because 100% of the work can be converted to heat.

6-13C 1t is expressed as "No heat engine can exchange heat with a single reservoir, and produce an
equivalent amount of work".

6-14C (a) No, (b) Yes. According to the second law, no heat engine can have and efficiency of 100%.

6-15C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics.

6-16C No. The Kelvin-Plank limitation applies only to heat engines; engines that receive heat and convert
some of it to work.




6-17 The power output and thermal efficiency of a power plant are given. The rate of heat rejection is to be
determined, and the result is to be compared to the actual case in practice.

Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other
components are negligible.

Analysis The rate of heat supply to the power plant is determined from the thermal efficiency relation,

: Wne ou 600 M
Oy = —=2% = W _ 1500 MW @
7 0.4

The rate of heat transfer to the river water is determined from the first law N = 40%
relation for a heat engine, @ 600 MW

0, = Oy ~Wyerou = 1500-600 = 900 MW

In reality the amount of heat rejected to the river will be lower since part of the heat will be lost to the
surrounding air from the working fluid as it passes through the pipes and other components.

6-18 The rates of heat supply and heat rejection of a power plant are given. The power output and the
thermal efficiency of this power plant are to be determined.

Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other
components are taken into consideration.

Analysis (a) The total heat rejected by this power plant is
Q, =145+8=153GJ/h

Then the net power output of the plant becomes O =280 GJ/h

Wetout = O — O, = 280153 =127 GJ/h = 353 MW

(b) The thermal efficiency of the plant is determined from its definition,

Wnet,out _ 127 GJ/h

chout _ = 0.454 = 45.4%
0,  280Glh

M =
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6-19E The power output and thermal efficiency of a car engine are given. The rate of fuel consumption is
to be determined.

Assumptions The car operates steadily.
Properties The heating value of the fuel is given to be 19,000 Btu/lbm.

Analysis This car engine is converting 28% of the chemical energy released during the combustion process
into work. The amount of energy input required to produce a power output of 110 hp is determined from
the definition of thermal efficiency to be

> Wnet out
On = :

_ 110 hp( 2545 Btuh | _ 999,598 Btu/h Fuel @

To supply energy at this rate, the engine must burn fuel at a rate of 19,000 Btu/lbm 110 hp
999,598 Btu/h @
i=—""""1 _526lbm/h 28%
19,000 Btu/Ibm w

since 19,000 Btu of thermal energy is released for each Ibm of fuel burned.

6-20 The power output and fuel consumption rate of a power plant are given. The thermal efficiency is to
be determined.

Assumptions The plant operates steadily.

60 t/h

Properties The heating value of coal is given to be 30,000 kJ/kg.

Analysis The rate of heat supply to this power plant is coal
Oy = Megaitleon = (60,000 kg/h ) (30,000 kJ/kg) =1.8x10° kJ/h = 500 MW @ 150 MW

Then the thermal efficiency of the plant becomes

W,
g = oo DOMW 6 5300 _ 30.00%
Oy 500 MW

6-21 The power output and fuel consumption rate of a car engine are given. The thermal efficiency of the
engine is to be determined.

Assumptions The car operates steadily.

Properties The heating value of the fuel is given to be 44,000 kJ/kg. _ﬁfb{‘ﬂ

Analysis The mass consumption rate of the fuel is TEREE
. - m =28 L 60 kW
e = (PV et = (0.8 kg/L)(28 L/h) = 22.4 kg/h (8

The rate of heat supply to the car is

Op = Mygyttoy = (22.4 kg/h)(44,000 kI/kg) = 985,600 ki/h = 273.78 kW @

Then the thermal efficiency of the car becomes

Wherouw 60 kW

shout _ = 0.219 = 21.9%
O,  273.78kW

M =



6-22E The power output and thermal efficiency of a solar pond power plant are given. The rate of solar
energy collection is to be determined.

Assumptions The plant operates steadily. ¢¢¢¢¢
Analysis The rate of solar energy collection or the rate of heat ﬂﬂ*“ﬂ

supply to the power plant is determined from the thermal T
efficiency relation to be Solar pond 330 kW
o .
Oy = netout _ 350 kW[ 1Btu |3600s ) 2986 x107Btu/h
M 0.04 (1.055kJ | 1h Csink D

6-23 The United States produces about 51 percent of its
electricity from coal at a conversion efficiency of about 34
percent. The amount of heat rejected by the coal-fired power

plants per year is to be determined. . 1.878x10'* kWh
Analysis Noting 'that the conversion efficiency %s 34%, the Qo t N = 34%
amount of heat rejected by the coal plants per year is v
n = O Qo *Weon
0, < Went _pp _LBTBXIOZKWh | eoe )12 1 yn 364610 KWh

7S 0.34



6-24 The projected power needs of the United States is to be met by building inexpensive but inefficient
coal plants or by building expensive but efficient IGCC plants. The price of coal that will enable the IGCC
plants to recover their cost difference from fuel savings in 5 years is to be determined.

Assumptions 1 Power is generated continuously by
either plant at full capacity. 2 The time value of money
(interest, inflation, etc.) is not considered.

Properties The heating value of the coal is given to be
28x10° kJ/ton.

Analysis For a power generation capacity of 150,000
MW, the construction costs of coal and IGCC plants and
their difference are

Construction cost ,,; = (150,000,000 kW)($1300/kW) = $195x10°
Construction cost ;5 = (150,000,000 kW)($1500/kW) = $225x10°
Construction cost difference = $225x10° —$195x10? = $30x10°
The amount of electricity produced by either plant in 5 years is
W, = WAt = (150,000,000 kW)(5x 365 x 24 h) = 6.570x10'* kWh

The amount of fuel needed to generate a specified amount of power can be determined from

Qin — We
Heating value  7(Heating value)

e

w
— — e —
n= - Qin - n OF Mgyl =

in

Then the amount of coal needed to generate this much electricity by each plant and their difference are

114 . 12
M ¢oal, coal plant = — = 6.570>10 6kWh (3600 kJ] =2.484x10° tons
’ n(Heating value)  (0.34)(28x10° kJ/ton) \ 1kWh
174 ) 12
M ¢0al, IGCC plant — — = 6.570>10 6kWh (3600 kJ] =1.877x10° tons
’ n(Heating value)  (0.45)(28x10° kJ/ton) \ 1kWh

Am m

coal —

Meoal 1GCC plant. = 2-484x10° —1.877x10% =0.607x10” tons

coal, coal plant —

For Am,, to pay for the construction cost difference of $30 billion, the price of coal should be

Construction cost difference $30x10°

= 5 = $49.4/ton
Am gy 0.607x10” tons

Unit cost of coal =

Therefore, the IGCC plant becomes attractive when the price of coal is above $49.4 per ton.
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6-25 EES Problem 6-24 is reconsidered. The price of coal is to be investigated for varying simple payback
periods, plant construction costs, and operating efficiency.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"
HeatingValue = 28E+6 [kJ/ton]
W_dot = 150E+6 [kW]

{PayBackPeriod = 5 [years]
eta_coal =0.34

eta IGCC =0.45
CostPerkW_Coal = 1300 [$/kW]
CostPerkW_IGCC=1500 [$/kW]}

"Analysis:"

"For a power generation capacity of 150,000 MW, the construction costs of coal
and IGCC plants and their difference are"

ConstructionCost_coal = W_dot *CostPerkW_Coal

ConstructionCost_IGCC= W _dot *CostPerkW_IGCC

ConstructionCost_diff = ConstructionCost_IGCC - ConstructionCost_coal

"The amount of electricity produced by either plant in 5 years is "
W_ele = W_dot*PayBackPeriod*convert(year,h)

"The amount of fuel needed to generate a specified amount of power can be determined
from the plant efficiency and the heating value of coal."

"Then the amount of coal needed to generate this much electricity by each plant and their
difference are"

"Coal Plant:"
eta_coal = W_ele/Q_in_coal
Q_in_coal =
m_fuel_CoalPlant*HeatingValue*convert(kJ,kWh)
"IGCC Plant:"

eta IGCC =W _ele/Q_in_IGCC
Q_in_IGCC =
m_fuel_IGCCPlant*HeatingValue*convert(kJ,kWh)

DELTAmM_coal = m_fuel_CoalPlant - m_fuel IGCCPIlant

"For to pay for the construction cost difference of $30 billion, the price of coal should be"
UnitCost_coal = ConstructionCost_diff /DELTAmM_coal

"Therefore, the IGCC plant becomes attractive when the price of coal is above $49.4 per ton. "
SOLUTION

ConstructionCost_coal=1.950E+11 [dollars] = ConstructionCost_diff=3.000E+10 [dollars]
ConstructionCost_IGCC=2.250E+11 [dollars] CostPerkW_Coal=1300 [dollars/kW]

CostPerkW_IGCC=1500 [dollars/kW] DELTAmM_coal=6.073E+08 [tons]
eta_coal=0.34 eta_IGCC=0.45
HeatingValue=2.800E+07 [kJ/ton] m_fuel_CoalPlant=2.484E+09 [tons]
m_fuel IGCCPIlant=1.877E+09 [tons] PayBackPeriod=5 [years]
Q_in_coal=1.932E+13 [kWh] Q_in_IGCC=1.460E+13 [kWh]
UnitCost_coal=49.4 [dollars/ton] W_dot=1.500E+08 [kW]

W_ele=6.570E+12 [KWh]
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Following is a study on how unit cost of fuel changes with payback period:

250————————
PaybackPerio | UnitCost,y,
d [years] [$/ton]
1 247 200 1
2 123.5 |
3 82.33 )
4 61.75 E 1501 T
5 49.4 é
6 41.17 L 100l ]
7 35.28 :
8 30.87 )
9 27.44 501 8
10 24.7
e 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
PayBackPeriod [years]

6-26 The projected power needs of the United States is to be met by building inexpensive but inefficient
coal plants or by building expensive but efficient IGCC plants. The price of coal that will enable the IGCC
plants to recover their cost difference from fuel savings in 3 years is to be determined.

Assumptions 1 Power is generated continuously by either

plant at full capacity. 2 The time value of money (interest,

inflation, etc.) is not considered.

Properties The heating value of the coal is given to be
28x10° kJ/ton.

Analysis For a power generation capacity of 150,000 MW,
the construction costs of coal and IGCC plants and their
difference are

Construction cost ,,; = (150,000,000 kW)($1300/kW) = $195x10°
Construction cost gee = (150,000,000 kW)($1500/kW) = $225x10°

Construction cost difference = $225x10° —$195x10° = $30x10°
The amount of electricity produced by either plant in 3 years is
W, = WAt = (150,000,000 kW)(3x 365x 24 h) = 3.942x10'* kWh
The amount of fuel needed to generate a specified amount of power can be determined from

e We Qin We
- Qin = Of Mgy = . = .
i n Heating value  n7(Heating value)

77:

Then the amount of coal needed to generate this much electricity by each plant and their difference are

w, 3.942x10'2 kWh (3600 kJ 9
M ¢oal, coal plant = . = G =1.491x10" tons
: n(Heating value)  (0.34)(28x10° kJ/ton) \ 1kWh
14 . 12
T 7 _3.942x10 6kWh (3600ij:1_126“09 rons
’ n(Heating value)  (0.45)(28x10° kJ/ton) \ 1kWh

Meoat 1GCC plant = 1:491x107 =1.126x10° = 0.365x10” tons

For Am,, to pay for the construction cost difference of $30 billion, the price of coal should be

Amcoal = mcoal,coal plant —

Construction cost difference $30x10°

At o "~ 0.365x10° tons
Therefore, the IGCC plant becomes attractive when the price of coal is above $82.2 per ton.

Unit cost of coal = = $82.2/ton
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6-27E An OTEC power plant operates between the temperature limits of 86°F and 41°F. The cooling water
experiences a temperature rise of 6°F in the condenser. The amount of power that can be generated by this
OTEC plans is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Water is an i ; }f\
incompressible substance with constant properties.

Properties The density and specific heat of water are taken p = 64.0
Ibm/ft* and C = 1.0 Btu/Ibm.°F, respectively.

Analysis The mass flow rate of the cooling water is

3

. . . 1 fi
Hater = PV ovater = (64.0 Ibm/ft%)(13,300 gal/mm)(—7.4804 por

J =113,790 Ibm/min = 1897 Ibm/s

The rate of heat rejection to the cooling water is
Ouut = Myaies C(Ly — Toy) = (1897 Ibmy/s)(1.0 Btu/Ibm.°F)(6°F) = 11,380 Btu/s
Noting that the thermal efficiency of this plant is 2.5%, the power generation is determined to be
T 005 i — W =292Btu/s =308 kW
On W+0,u W + (11,380 Btu/s)

since 1 kW = 0.9478 Btu/s.

n

6-28 A coal-burning power plant produces 300 MW of power. The amount of coal consumed during a one-
day period and the rate of air flowing through the furnace are to be determined.

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero.
Properties The heating value of the coal is given to be 28,000 kJ/kg.
Analysis (a) The rate and the amount of heat inputs to the power plant are
o e _ 300MW
e 0.32

=937.5MW

0., = 0, At =(937.5MJ/s)(24 x 3600s) =8.1x 10" MJ

The amount and rate of coal consumed during this period are

Oy 8.1x10" MW
T gav | 28Mlkg

6
. Mooal _ 2.893x10” kg _33.48kgs
At 24x3600s

(b) Noting that the air-fuel ratio is 12, the rate of air flowing through the furnace is

gy, = (AF)m, = (12 kg air/kg fuel)(33.48 kg/s) = 401.8 kg/s

=2.893x10° kg

m




Refrigerators and Heat Pumps

6-29C The difference between the two devices is one of purpose. The purpose of a refrigerator is to
remove heat from a cold medium whereas the purpose of a heat pump is to supply heat to a warm medium.

6-30C The difference between the two devices is one of purpose. The purpose of a refrigerator is to
remove heat from a refrigerated space whereas the purpose of an air-conditioner is remove heat from a
living space.

6-31C No. Because the refrigerator consumes work to accomplish this task.

6-32C No. Because the heat pump consumes work to accomplish this task.

6-33C The coefficient of performance of a refrigerator represents the amount of heat removed from the
refrigerated space for each unit of work supplied. It can be greater than unity.

6-34C The coefficient of performance of a heat pump represents the amount of heat supplied to the heated
space for each unit of work supplied. It can be greater than unity.

6-35C No. The heat pump captures energy from a cold medium and carries it to a warm medium. It does
not create it.

6-36C No. The refrigerator captures energy from a cold medium and carries it to a warm medium. It does
not create it.

6-37C No device can transfer heat from a cold medium to a warm medium without requiring a heat or
work input from the surroundings.

6-38C The violation of one statement leads to the violation of the other one, as shown in Sec. 6-4, and
thus we conclude that the two statements are equivalent.

6-39 The COP and the refrigeration rate of a refrigerator are given. The power consumption and the rate of
heat rejection are to be determined.

Assumptions The refrigerator operates steadily.
Analysis (a) Using the definition of the coefficient of performance, the power input to the refrigerator is
determined to be

: O, 60 kJ/min
Wnet,in = =
COPy 1.2

=50 kJ/min = 0.83 kW

() The heat transfer rate to the kitchen air is determined from the energy
balance,

Oy = O +Wyegsn = 60 +50 = 110 kJ/min

cool space



6-40 The power consumption and the cooling rate of an air conditioner are given. The COP and the rate of
heat rejection are to be determined.

Assumptions The air conditioner operates steadily.

Analysis (a) The coefficient of performance of the air-conditioner (or refrigerator) is determined from its
definition,

COP, = WQL

net,in

_ 750 kJ/min 1 kW 208
6 kW | 60 kJ/min )

(b) The rate of heat discharge to the outside air is determined from the
energy balance,

Oy = Oy +Wyeuin = (750 kJ/min) + (6 x 60 kJ/min) = 1110 kJ/min

O, =750 kJ/min

6-41 The COP and the refrigeration rate of a refrigerator are given. The power consumption of the
refrigerator is to be determined.

Assumptions The refrigerator operates steadily.

Analysis Since the refrigerator runs one-fourth of the time and removes heat

from the food compartment at an average rate of 800 kJ/h, the refrigerator
removes heat at a rate of

O, = 4x(800 kJ/h) = 3200 kJ/h

COP =
800 kJ/h
when running. Thus the power the refrigerator draws when it is running is
. O,  3200kJ/h
Wnet,in = =
COPy 2.2

Refrigerator

=1455kJ/h = 0.40 kW

6-42E The COP and the refrigeration rate of an ice machine are given. The power consumption is to be
determined.

Assumptions The ice machine operates steadily.

Analysis The cooling load of this ice machine is

0, =g, =(28 Ibm/h)169 Btu/lbm)= 4732 Btu/h

Using the definition of the coefficient of performance, the power input to
the ice machine system is determined to be

: O, 4732Btwh( 1hp water lce  |ice
W - ~0.775h 55°F | Machine [rop
mekin T COP, 24 | 2545Btuwh P 55°F achine [25°F
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6-43 The COP and the power consumption of a refrigerator are given. The time it will take to cool 5
watermelons is to be determined.

Assumptions 1 The refrigerator operates steadily. 2 The heat gain of the refrigerator through its walls,
door, etc. is negligible. 3 The watermelons are the only items in the refrigerator to be cooled.

Properties The specific heat of watermelons is given to be ¢ = 4.2 kJ/kg.°C.

Analysis The total amount of heat that needs to be removed from the watermelons is
0, = (MeAT ), yermetons = 5% (10 kg 4.2 ki/kg -°C) 20 —8) C = 2520 kJ

The rate at which this refrigerator removes heat is
0, = (COP Wi )= (2.5X0.45 kW) = 1.125 kW

That is, this refrigerator can remove 1.125 kJ of heat per second. Thus
the time required to remove 2520 kJ of heat is COP =25

Ao Qo 2520

0, 1.125Kkl/s
This answer is optimistic since the refrigerated space will gain some heat during this process from the
surrounding air, which will increase the work load. Thus, in reality, it will take longer to cool the
watermelons.

= 2240 s = 37.3 min

6-44 [Also solved by EES on enclosed CD] An air conditioner with a known COP cools a house to desired
temperature in 15 min. The power consumption of the air conditioner is to be determined.

Assumptions 1 The air conditioner operates steadily. 2 The house is well-sealed so that no air leaks in or
out during cooling. 3 Air is an ideal gas with constant specific heats at room temperature.

Properties The constant volume specific heat of air is given to be ¢, = 0.72 kJ/kg.°C.

Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be
removed from the house is

0y = (me, AT )y = (800 kg)0.72 kI/kg -°C)32 —20FC = 6912 kI

This heat is removed in 15 minutes. Thus the average rate of heat Outside
removal from the house is
: 6912 k '
0, =& _OLZM . ew Qn
At 15%x60s o COP=25

Using the definition of the coefficient of performance, the power input
to the air-conditioner is determined to be

W O,  71.68kW
net,in — -
COPy 2.5

32—-20°C

=3.07 kW House
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6-45 EES Problem 6-44 is reconsidered. The rate of power drawn by the air conditioner required to cool
the house as a function for air conditioner EER ratings in the range 9 to 16 is to be investigated.
Representative costs of air conditioning units in the EER rating range are to be included.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Input Data"
T_1=32[C]
T_2=20[C]
C_v=0.72 [kJ/kg-C]
m_house=800 [kq]
DELTAtime=20 [min]
{SEER=9}
COP=EER/3.412

"Assuming no work done on the house and no heat energy added to the house

in the time period with no change in KE and PE, the first law applied to the house is:"
E_dot_in- E_dot_out = DELTAE_dot

E dot in=0

E_dot_out=Q_dot_L

DELTAE_dot = m_house*DELTAu_house/DELTAtime

DELTAu_house = C_v*(T_2-T_1)

"Using the definition of the coefficient of performance of the A/C:"
W_dot_in = Q_dot_L/COP "kJ/min"*convert('kJ/min','kW') "kW"
Q_dot_H=W_dot_in*convert('KW','kJ/min') + Q_dot_L "kJ/min"

EER Wi 2.2
[Btu/kWh] [KW]
9 2.184
10 1.965 2
11 1.787
12 1.638 1 43
13 1.512 el
14 1.404
15 1.31 R 1.6
16 1.228 N

1.4

1.2
9 10 11 12 13 14 15 16

EER [Btu/kWh]
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6-46 The heat removal rate of a refrigerator per kW of power it consumes is given. The COP and the rate
of heat rejection are to be determined.

Assumptions The refrigerator operates steadily.
Analysis The coefficient of performance of the refrigerator is
determined from its definition,

B 5040kJ/h( 1kW )_1

COPg = WQL

net,in

1kW  {3600kJ/h 1 kW

.. . . 5040 kJ/h
The rate of heat rejection to the surrounding air, per kW of power

consumed, is determined from the energy balance,

Oy = O +Wyeuin = (5040 kJ/h) + (1x 3600 ki/h) = 8640 kJ/h

Refrigerator

6-47 The rate of heat supply of a heat pump per kW of power it consumes is given. The COP and the rate
of heat absorption from the cold environment are to be determined.

Assumptions The heat pump operates steadily.

Analysis The coefficient of performance of the refrigerator is determined House
from its definition,
' 8000kJ/h( 1kW 5000 Vb
COPyp = O _ [ j: 2.22 @
Wetin 1kW \3600kJ/h 1 kW
The rate of heat absorption from the surrounding air, per kW of power @

consumed, is determined from the energy balance,

0, = Oy ~Wyeuin = (8,000 kJ/h) — (1)(3600 kJ/h) = 4400 kd/h

6-48 A house is heated by resistance heaters, and the amount of electricity consumed during a winter
month is given. The amount of money that would be saved if this house were heated by a heat pump with a
known COP is to be determined.

Assumptions The heat pump operates steadily.

Analysis The amount of heat the resistance heaters supply to the house is equal to he amount of electricity
they consume. Therefore, to achieve the same heating effect, the house must be supplied with 1200 kWh of
energy. A heat pump that supplied this much heat will consume electrical power in the amount of

Oy 1200kWh

W = =500 kWh
"L COPyp 2.4

which represent a savings of 1200 — 500 = 700 kWh. Thus the homeowner would have saved
(700 kWh)(0.085 $/kWh) = $59.50
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6-49E The rate of heat supply and the COP of a heat pump are given. The power consumption and the rate
of heat absorption from the outside air are to be determined.

Assumptions The heat pump operates steadily.

Analysis (a) The power consumed by this heat pump can be 60,000
determined from the definition of the coefficient of performance of a House Btu/h
heat pump to be

: Oy 60,000 Btu/h
Wnet,in = =
COPyp 25

= 24,000 Btu/h = 9.43 hp

(b) The rate of heat transfer from the outdoor air is determined from
the conservation of energy principle,

O; = O —Wyeiin = (60,000 - 24,000)Btu/h = 36,000 Btu/h

6-50 The rate of heat loss from a house and the COP of the heat pump are given. The power consumption
of the heat pump when it is running is to be determined.

Assumptions The heat pump operates one-third of the time.

Analysis Since the heat pump runs one-third of the time and must 22,000
supply heat to the house at an average rate of 22,000 kJ/h, the heat House ki
pump supplies heat at a rate of o
. H
Oy =3x(22,000 kJ/h) = 66,000 kJ/h @
COP =28

when running. Thus the power the heat pump draws when it is running is

0y _ 66,000 kJ/h( 1 kW J: .55 KW Outside >

W L=
"L COPyp 2.8 3600 kJ/h

6-51 The rate of heat loss, the rate of internal heat gain, and the COP of a heat pump are given. The power
input to the heat pump is to be determined.

Assumptions The heat pump operates steadily.

Analysis The heating load of this heat pump system is the difference between the 6%3}? 0
heat lost to the outdoors and the heat generated in the house from the people, House
lights, and appliances, -
Op
Q4 = 60,000 — 4,000 = 56,000 kJ / h @
COP =25

Using the definition of COP, the power input to the heat pump is determined to be

_ Oy :56,000kJ/h( 1kW J:6.22kW @

W
"L COPyp 2.5 3600 kJ/h



6-52E An office that is being cooled adequately by a 12,000 Btu/h window air-conditioner is converted to
a computer room. The number of additional air-conditioners that need to be installed is to be determined.

Assumptions 1 The computers are operated by 4 adult men. 2 The computers consume 40 percent of their
rated power at any given time.

Properties The average rate of heat generation from a person seated in a room/office is 100 W (given).

Analysis The amount of heat dissipated by the computers is equal to the amount
of electrical energy they consume. Therefore,

Qcompulers = (Rated power) x (Usage factor) = (3.5 kW)(0.4) =1.4 kW @

Qpeople = (No. of people) x Qperson =4x(100 W) =400 W
Qtotal = Qcomputers + Qpeople =1400+400=1800 W = 6142 Btu/h

since | W =3.412 Btu/h. Then noting that each available air conditioner T
provides 4,000 Btu/h cooling, the number of air-conditioners needed 400/9
becomes Computer
i room
No. of air conditioners = Cooling load _ 6142 Bw/h

Cooling capacity of A/C 4000 Btu/h
=1.5= 2 Air conditioners

6-53 A decision is to be made between a cheaper but inefficient air-conditioner and an expensive but
efficient air-conditioner for a building. The better buy is to be determined.

Assumptions The two air conditioners are comparable in all aspects other than the initial cost and the
efficiency.

Analysis The unit that will cost less during its lifetime is a better buy. The total cost of a system during its
lifetime (the initial, operation, maintenance, etc.) can be determined by performing a life cycle cost
analysis. A simpler alternative is to determine the simple payback period. The energy and cost savings of
the more efficient air conditioner in this case is
Energy savings = (Annual energy usage of A)—(Annual energy usage of B)
= (Annual cooling load)(1/ COP, —1/COPy)
= (120,000 kWh/year)(1/3.2—-1/5.0)

=13,500 kWh/year Air Cond. A
COP =32

Cost savings = (Energy savings)(Unit cost of energy)
= (13,500 kWh/year)($0.10/kWh) = $1350/year

The installation cost difference between the two air-conditioners is

Cost difference = Cost of B — cost of A = 7000 — 5500 = $1500 Air Cond. B

Therefore, the more efficient air-conditioner B will pay for the $1500 cost COP=5.0

differential in this case in about 1 year.

Discussion A cost conscious consumer will have no difficulty in deciding that the more expensive but
more efficient air-conditioner B is clearly the better buy in this case since air conditioners last at least 15
years. But the decision would not be so easy if the unit cost of electricity at that location was much less
than $0.10/kWh, or if the annual air-conditioning load of the house was much less than 120,000 kWh.
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6-54 Refrigerant-134a flows through the condenser of a residential heat pump unit. For a given compressor
power consumption the COP of the heat pump and the rate of heat absorbed from the outside air are to be
determined.

Assumptions 1 The heat pump operates steadily. Qu
2 The kinetic and potential energy changes are 80)(()=I6Pa 4 8%05553
.
Zero: . . Condenser |
Properties The enthalpies of R-134a at the '
condenser inlet and exit are
Expansion
A=800KPa |, 122k valve W
T, =35°C e & Compressor —
P, =800kPa
h, =95.47 kl/kg
x2 = 0

Evaporator  |jep
Analysis (a) An energy balance on the condenser &
gives the heat rejected in the condenser Q

0, =r(h, —hy) =(0.018kg/s)(271.22 -95.47) kl/kg = 3.164 kW
The COP of the heat pump is
Oy _3.164kW _

COP==_="_"——=2.64
W, 1.2kW

(b) The rate of heat absorbed from the outside air
0, =0, - W, =3.164—12=1.96 kW

6-55 A commercial refrigerator with R-134a as the working fluid is considered. The evaporator inlet and
exit states are specified. The mass flow rate of the refrigerant and the rate of heat rejected are to be
determined.

Assumptions 1 The refrigerator operates steadily. 2 4 Qx
The kinetic and potential energy changes are zero.

.
Condenser

Properties The properties of R-134a at the
evaporator inlet and exit states are (Tables A-11

through A-13) Expansion Wi,

- valve
R =120kPa] 65.38 kl/kg Compressor —
x, =02 :
P, =120kPa
T2 = _20°C h2 =238.84 kJ/kg Evaporator _'_>
. he refriveration load i 120 kPa & 120 kPa
Analysis (a) The refrigeration load is x=0.2 Q. -20°C

0, =(COPW,, =(1.2)(0.45kW)=0.54 kW
The mass flow rate of the refrigerant is determined from

0, 0.54kW
hy,—h,  (238.84—65.38)kl/kg

=0.0031 kg/s

mR:

(b) The rate of heat rejected from the refrigerator is

0, =0, +W, =0.54+0.45=0.99 KW
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Perpetual-Motion Machines

6-56C This device creates energy, and thus it is a PMMI.

6-57C This device creates energy, and thus it is a PMMI.

Reversible and Irreversible Processes

6-58C No. Because it involves heat transfer through a finite temperature difference.

6-59C Because reversible processes can be approached in reality, and they form the limiting cases. Work
producing devices that operate on reversible processes deliver the most work, and work consuming devices
that operate on reversible processes consume the least work.

6-60C When the compression process is non-quasiequilibrium, the molecules before the piston face
cannot escape fast enough, forming a high pressure region in front of the piston. It takes more work to
move the piston against this high pressure region.

6-61C When an expansion process is non-quasiequilibrium, the molecules before the piston face cannot
follow the piston fast enough, forming a low pressure region behind the piston. The lower pressure that
pushes the piston produces less work.

6-62C The irreversibilities that occur within the system boundaries are internal irreversibilities; those
which occur outside the system boundaries are external irreversibilities.

6-63C A reversible expansion or compression process cannot involve unrestrained expansion or sudden
compression, and thus it is quasi-equilibrium. A quasi-equilibrium expansion or compression process, on
the other hand, may involve external irreversibilities (such as heat transfer through a finite temperature
difference), and thus is not necessarily reversible.

The Carnot Cycle and Carnot's Principle

6-64C The four processes that make up the Carnot cycle are isothermal expansion, reversible adiabatic
expansion, isothermal compression, and reversible adiabatic compression.

6-65C They are (1) the thermal efficiency of an irreversible heat engine is lower than the efficiency of a
reversible heat engine operating between the same two reservoirs, and (2) the thermal efficiency of all the
reversible heat engines operating between the same two reservoirs are equal.

6-66C False. The second Carnot principle states that no heat engine cycle can have a higher thermal
efficiency than the Carnot cycle operating between the same temperature limits.

6-67C Yes. The second Carnot principle states that all reversible heat engine cycles operating between the
same temperature limits have the same thermal efficiency.

6-68C (a) No, (b) No. They would violate the Carnot principle.




Carnot Heat Engines

6-69C No.

6-70C The one that has a source temperature of 600°C. This is true because the higher the temperature at
which heat is supplied to the working fluid of a heat engine, the higher the thermal efficiency.

6-71 The source and sink temperatures of a Carnot heat engine and the rate of heat supply are given. The
thermal efficiency and the power output are to be determined.
Assumptions The Carnot heat engine operates steadily.

Analysis (a) The thermal efficiency of a Carnot heat engine depends on the source and the sink
temperatures only, and is determined from

Mo =1- 2k =1-22K 690 or 70%

Ty 1000 K 800 kJ/min

(b) The power output of this heat engine is determined from the definition
of thermal efficiency,

W,etout = M@y = (0.70)(800 kJ/min) = 560 kJ/min = 9.33 kW

net,out

o

6-72 The sink temperature of a Carnot heat engine and the rates of heat supply and heat rejection are given.
The source temperature and the thermal efficiency of the engine are to be determined.

Assumptions The Carnot heat engine operates steadily.

Analysis (a) For reversible cyclic devices we have (Q—H] = (T—H]

), T, 650 kJ
Thus the temperature of the source Ty must be @
250 kJ
Oy 650 kJ
Ty =|=*| T, =|—— 1297 K)=772.2 K
" (QL 250k (297K) Qe D

(b) The thermal efficiency of a Carnot heat engine depends on the source and the sink temperatures only,
and is determined from

e =1- 2L =1- 27X 5615 or 61.5%
©TTT, T Tmak

6-73 [Also solved by EES on enclosed CD] The source and sink temperatures of a heat engine and the rate
of heat supply are given. The maximum possible power output of this engine is to be determined.
Assumptions The heat engine operates steadily.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

T—Lzl—%:o.éﬁ or 63.8%

max — =1-
T1th, ma: MTin,c TH 823 K 1200 kJ/min

Then the maximum power output of this heat engine is determined @
from the definition of thermal efficiency to be

Werou = 1Oy = (0.638)1200 kJ/min) = 765.6 kJ/min = 12.8 kW G5°0)

net,out
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6-74 EES Problem 6-73 is reconsidered. The effects of the temperatures of the heat source and the heat
sink on the power produced and the cycle thermal efficiency as the source temperature varies from 300°C
to 1000°C and the sink temperature varies from 0°C to 50°C are to be studied. The power produced and the
cycle efficiency against the source temperature for sink temperatures of 0°C, 25°C, and 50°C are to be
plotted.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Input Data from the Diagram Window"
{T_H=550[C]

T_L=25[C]}

{Q_dot_H = 1200 [kJ/min]}

"First Law applied to the heat engine"

Q_dot H-Q_dot_ L-W _dot_net=0
W_dot_net_ KW=W_dot_net*convert(kJ/min,kW)

"Cycle Thermal Efficiency - Temperatures must be absolute”
eta_th=1-(T_L+273)/(T_H + 273)

"Definition of cycle efficiency" 0.8

eta_th=W_dot_net/Q dot H ' T =50C —o— " 1
075t L _osc _m o« a—
L /./ i
Nth Tw [C] Whetaw 0'7__ ]
[kW] 0.65 _
0.52 300 10.47 L i
0.59 400 11.89 < 0.6 -
0.65 500 12.94 = 0.55] T
0.69 600 13.75 ) ]
0.72 700 14.39 0.5 _
0.75 800 14.91 -
0.77 900 15.35 0.45 .
0.79 1000 15.71 0al . R R S R
300 400 500 600 700 800 900 1000
T, [C]

20_ T T T T T T T T T T T T T ]

18 T =50C —o— i

16 =25C — R

14 =0C o /.0,;’3;—-/;—55:_'

12[ ]

E 10? ]

— sl ]

§ o Q,, = 1200 kJ/min

© 4L _

c | 4

= 2 i

0- ! | ! | ! | ! | ! | ! | ! ]

300 400 500 600 700 800 900 1000
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6-75E The sink temperature of a Carnot heat engine, the rate of heat rejection, and the thermal efficiency
are given. The power output of the engine and the source temperature are to be determined.

Assumptions The Carnot heat engine operates steadily.

Analysis (a) The rate of heat input to this heat engine is determined from the definition of thermal
efficiency,

e =1-2L 55— 300 Bu/min 0, = 1777.8 Btw/min
H H
Then the power output of this heat engine can be determined from @
Wetout = 1 Qy = (0.55)1777.8 Btu/min) = 977.8 Btu/min = 23.1 hp
(b) For reversible cyclic devices we have Q—H = T @ )
o, T, 800 Btu/min
rev
Thus the temperature of the source 7 must be @

1, =| Q| g —[ 778 Bwmin g, p)_11s5.6 R
0, . 800 Btu/min

6-76 The source and sink temperatures of a OTEC (Ocean Thermal Energy Conversion) power plant are
given. The maximum thermal efficiency is to be determined.

Assumptions The power plant operates steadily.

Analysis The highest thermal efficiency a heat engine operating
between two specified temperature limits can have is the Carnot
efficiency, which is determined from

I, _, 216K

= =1- =1-—=0.071 or 7.1%
nth,max 77th,C TH 297 K °

ot

6-77 The source and sink temperatures of a geothermal power plant are given. The maximum thermal
efficiency is to be determined.
Assumptions The power plant operates steadily.

Analysis The highest thermal efficiency a heat engine operating
between two specified temperature limits can have is the Carnot
efficiency, which is determined from

T, _,_ 20+273K

=l-———=0.291 or 29.1%
Ty 140 +273 K

et

nth,max = nth,C =1-
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6-78 An inventor claims to have developed a heat engine. The inventor reports temperature, heat transfer,
and work output measurements. The claim is to be evaluated.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

T, 290 K
Nih,max = Mn,c =1 ——L=1-=——=042 or 2%

Ty 500 K
700 kJ
The actual thermal efficiency of the heat engine in question is @ 00 kJ
w 300kJ

net

= et _ = 0.429 or 42.9%
T, T 700k ’ C 290K >

which is greater than the maximum possible thermal efficiency. Therefore, this heat engine is a PMM2 and
the claim is false.

6-79E An inventor claims to have developed a heat engine. The inventor reports temperature, heat transfer,
and work output measurements. The claim is to be evaluated.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

T 540 R
Mimax = Min,c =1 —i =1 “900R 0.40 or 40% 900 R

300 Btu
The actual thermal efficiency of the heat engine in question is @
160 Bt
W, 160Btu !
Ny =—=%=———=0.533 or 53.3%
Oy 300 Btu

which is greater than the maximum possible thermal efficiency.
Therefore, this heat engine is a PMM2 and the claim is false.
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6-80 A geothermal power plant uses geothermal liquid water at 160°C at a specified rate as the heat source.
The actual and maximum possible thermal efficiencies and the rate of heat rejected from this power plant
are to be determined.

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 3
Steam properties are used for geothermal water.

Properties Using saturated liquid properties, the source and the sink state enthalpies of geothermal water
are (Table A-4)

Tsource = 1600C

Neource = 675.47 kl/kg
xsource = 0
Tin = 25°C

}hsink =104.83 kl/kg
Xsink = 0

Analysis (a) The rate of heat input to the plant may be taken as the enthalpy difference between the source
and the sink for the power plant
0, = Moo (Msource = Msink ) = (440 kg/s)(675.47 —104.83) kl/kg = 251,083 kW

The actual thermal efficiency is

Woetot  22MW

o = =0.0876 = 8.8%
0,  251.083MW

N =

(b) The maximum thermal efficiency is the thermal efficiency of a reversible heat engine operating
between the source and sink temperatures
T, _(25+273)K

T7th, max =l-—4=1-——""—=0.312=31.2%
’ Ty (160 +273) K

(c) Finally, the rate of heat rejection is

Oout =0 — Wiepou =251.1-22=229.1MW
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Carnot Refrigerators and Heat Pumps

6-81C By increasing Ty or by decreasing Ty.

1

6-82C It is the COP that a Carnot refrigerator would have, COPy = ——.

6-83C No. At best (when everything is reversible), the increase in the work produced will be equal to the
work consumed by the refrigerator. In reality, the work consumed by the refrigerator will always be
greater than the additional work produced, resulting in a decrease in the thermal efficiency of the power
plant.

6-84C No. At best (when everything is reversible), the increase in the work produced will be equal to the
work consumed by the refrigerator. In reality, the work consumed by the refrigerator will always be
greater than the additional work produced, resulting in a decrease in the thermal efficiency of the power
plant.

6-85C Bad idea. At best (when everything is reversible), the increase in the work produced will be equal
to the work consumed by the heat pump. In reality, the work consumed by the heat pump will always be
greater than the additional work produced, resulting in a decrease in the thermal efficiency of the power
plant.

6-86 The refrigerated space and the environment temperatures of a Carnot refrigerator and the power
consumption are given. The rate of heat removal from the refrigerated space is to be determined.

Assumptions The Carnot refrigerator operates steadily.

Analysis The coefficient of performance of a Carnot refrigerator depends on the temperature limits in the
cycle only, and is determined from

Cope =L 1

(T, /T,)-1 (22+273K)(3+273K)-1 _

The rate of heat removal from the refrigerated space is determined e
from the definition of the coefficient of performance of a refrigerator, 2 kW

0, = COP W,y = (14.5)2 kW) =29.0 kW = 1740 kJ/min ¢
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6-87 The refrigerated space and the environment temperatures for a refrigerator and the rate of heat
removal from the refrigerated space are given. The minimum power input required is to be determined.

Assumptions The refrigerator operates steadily.

Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible
manner. The coefficient of performance of a reversible refrigerator depends on the temperature limits in the
cycle only, and is determined from

1 1
COPy 1oy = - ~8.03
R,rev (TH/TL)_I (25+273 K)/(—8+273 K)—l

The power input to this refrigerator is determined from the definition of the 6
coefficient of performance of a refrigerator,

= =37.36 kJ/min = 0.623 kW »
net,in,min COPR,max 8.03

6-88 The cooled space and the outdoors temperatures for a Carnot air-conditioner and the rate of heat
removal from the air-conditioned room are given. The power input required is to be determined.

Assumptions The air-conditioner operates steadily.

Analysis The COP of a Carnot air conditioner (or Carnot refrigerator) depends on the temperature limits in
the cycle only, and is determined from
1 1

COPy . = - =27.0
R (1, /T)-1 (35+273K)/(24+273K)-1

The power input to this refrigerator is determined from the definition
of the coefficient of performance of a refrigerator,

i O _750ki/min
net,in COPR’maX 270

Pt

House
=27.8 kJ/min = 0.463 kW 24°C

6-89E The cooled space and the outdoors temperatures for an air-conditioner and the power consumption
are given. The maximum rate of heat removal from the air-conditioned space is to be determined.

Assumptions The air-conditioner operates steadily.

Analysis The rate of heat removal from a house will be a maximum when the air-conditioning system
operates in a reversible manner. The coefficient of performance of a reversible air-conditioner (or
refrigerator) depends on the temperature limits in the cycle only, and is determined from

1 1
COP, .., = = =29.6 .@
R (1, /T,)-1 (90+460 R)/(72+460 R)—1

The rate of heat removal from the house is determined from the definition @
of the coefficient of performance of a refrigerator,

5h
House P

0, = COP ... =(29.6)5 h;{%j — 6277 Btu/min 72°F
p

et,in
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6-90 The refrigerated space temperature, the COP, and the power input of a Carnot refrigerator are given.
The rate of heat removal from the refrigerated space and its temperature are to be determined.

Assumptions The refrigerator operates steadily.

Analysis (a) The rate of heat removal from the refrigerated space is determined from the definition of the
COP of a refrigerator,

0, = COP W, i = (4.5)0.5 kW)= 2.25 kW =135 kJ/min
(b) The temperature of the refrigerated space 7 is determined from
the coefficient of performance relation for a Carnot refrigerator,
1 1

COPy ., = 45=
R (T, 1T,) -1 (25+273K)/T, -1

500 W
COP =45

i)

It yields
Ty = 243.8K = -29.2°C

6-91 An inventor claims to have developed a refrigerator. The inventor reports temperature and COP
measurements. The claim is to be evaluated.

Analysis The highest coefficient of performance a refrigerator can have when removing heat from a cool
medium at -12°C to a warmer medium at 25°C is
1 1

COPy e = COPy 1, = = =71
R,max B (1, T, -1 (254273 K)/(-12+273K) -1

The COP claimed by the inventor is 6.5, which is below this
maximum value, thus the claim is reasonable. However, it is not

probable. COP=6.5

et

6-92 An experimentalist claims to have developed a refrigerator. The experimentalist reports temperature,
heat transfer, and work input measurements. The claim is to be evaluated.

Analysis The highest coefficient of performance a refrigerator can have when removing heat from a cool
medium at -30°C to a warmer medium at 25°C is

COPR oy = COPg o, = ! ! =4.42

(1, /7,)-1  (25+273K)(=30+273K)-1 _ 0 D

The work consumed by the actual refrigerator during this experiment is

Wetin = WaerinAt = (2 kJ/5)20x 60 s) = 2400 kJ W
Then the coefficient of performance of this refrigerator becomes
30,000kJ 20,000k
COPy = 9 _3 =12.5 @
Wietin ~ 2400kJ

which is above the maximum value. Therefore, these measurements are not reasonable.
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6-93E An air-conditioning system maintains a house at a specified temperature. The rate of heat gain of the
house and the rate of internal heat generation are given. The maximum power input required is to be
determined.

Assumptions The air-conditioner operates steadily.

Analysis The power input to an air-conditioning system will be a minimum when the air-conditioner
operates in a reversible manner. The coefficient of performance of a reversible air-conditioner (or
refrigerator) depends on the temperature limits in the cycle only, and is determined from

1 1

COP, = = =26.75
RrV (T, 1T,) -1 (95+460 R)/(75+460 R)—1
The cooling load of this air-conditioning system is the sum of the
heat gain from the outside and the heat generated within the house, @ <
), =800+100 =900 Btu/min —+House

800 kJ/min —# 750p
The power input to this refrigerator is determined from the —r
definition of the coefficient of performance of a
refrigerator,

O, _ 900 Btwmin

W o= =33.6 Btu/min = 0.79 h
net,in,min COPR,maX 2675 p

6-94 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is given.
The minimum power input required is to be determined.

Assumptions The heat pump operates steadily.

Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible
manner. The COP of a reversible heat pump depends on the temperature limits in the cycle only, and is
determined from

1 1 80,000 kJ/h
COPyp o, = = =102
TV —(1,/Ty) 1-(=5+273K)/(24+273K) House
24°C
The required power input to this reversible heat pump is determined from
the definition of the coefficient of performance to be
: 0 80,000 kJ/h( 1h
Wnet,in,min = 4= =2.18 kW @
COPyp 10.2 3600 s

which is the minimum power input required. @
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6-95 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house and the
power consumption of the heat pump are given. It is to be determined if this heat pump can do the job.

Assumptions The heat pump operates steadily.

Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible
manner. The coefficient of performance of a reversible heat pump depends on the temperature limits in the
cycle only, and is determined from

1 1
COP, = = =14.75
Moy = (1, /1,)  1-(2+273K)/(22+273K) 110,000
House ’

The required power input to this reversible heat pump is determined 29°C
from the definition of the coefficient of performance to be

: Oy  110,000k)/h( 1h

W = = =2.07 kW
netinmin = oop 1475 (3600s (HP)e—s5 kW

This heat pump is powerful enough since 5 kW >2.07 kW.

6-96 A heat pump that consumes 5-kW of power when operating maintains a house at a specified
temperature. The house is losing heat in proportion to the temperature difference between the indoors and
the outdoors. The lowest outdoor temperature for which this heat pump can do the job is to be determined.

Assumptions The heat pump operates steadily.
Analysis Denoting the outdoor temperature by Ty, the heating load of this house can be expressed as
Oy = (5400 kJ/h - K )294 -7} ) = (1.5 kW/K )(294 — T, )K
The coefficient of performance of a Carnot heat pump depends on the temperature limits in the cycle only,

and can be expressed as

COPyp=— = 1 5400 kJ/h.K

1-(7,/Ty;) 1-T,/(294K) House
21°C

or, as

Cop... - G _ (1.5 KW/K)294 - T, )K
w Wnet,in 6 kW @ -

Equating the two relations above and solving for 7}, we obtain

T, = 2597K = -13.3°C C T D
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6-97 A heat pump maintains a house at a specified temperature in winter. The maximum COPs of the heat
pump for different outdoor temperatures are to be determined.

Analysis The coefficient of performance of a heat pump will be a maximum when the heat pump operates
in a reversible manner. The coefficient of performance of a reversible heat pump depends on the
temperature limits in the cycle only, and is determined for all three cases above to be

1 1
COP = = =293 @
HP,rev = 17 (TL /Ty ) 1- (10 + 273K)/(20 + 273K) -

1 1 «—
COP = = =117
ey = (1, /Ty)  1-(-5+273K)/(20+273K) @

COPyyp gy = ——d = ! ~5.86 C T D

1-(T, /Ty ) 1-(~30+273K)/(20+273K)

6-98E A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is
given. The minimum power inputs required for different source temperatures are to be determined.

Assumptions The heat pump operates steadily.

Analysis (a) The power input to a heat pump will be a minimum when the heat pump operates in a
reversible manner. If the outdoor air at 25°F is used as the heat source, the COP of the heat pump and the
required power input are determined to be

1 1
COP = COP, = = =10.15 55,000
P max My (1,/T,;) 1-(25+460 R)/(78+460 R) Bk
House
and 78°F
: 0 55,000 Btu/h 1hp
Wnet,in,min = 4 = =2.13 hp T
COPyp max 10.15 2545 Btu/h
(b) If the well-water at SO°F is used as the heat source, the COP of the @

heat pump and the required power input are determined to be

COPyyp 1y = COPyp oy = ———— = ! ~19.2 257 or
HPomax = =R T (1, /T,) 1-(50+460 R)/(78+460R) 50°F

and

Oy 55000 Btu/h( 1 hp

W =1.13 h
net,in,min COPyp max 19.2 2545 Btu/hJ P
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6-99 A Carnot heat pump consumes 8-kW of power when operating, and maintains a house at a specified
temperature. The average rate of heat loss of the house in a particular day is given. The actual running time
of the heat pump that day, the heating cost, and the cost if resistance heating is used instead are to be
determined.

Analysis (a) The coefficient of performance of this Carnot heat pump depends on the temperature limits in
the cycle only, and is determined from

1 1
COPyp oy = = =16.3
ey (1,/1,)  1-(2+273K)/(20+273K)
The amount of heat the house lost that day is ﬁf/t?oo
Oy = 0y (1 day) = (82,000 kJ/h )24 h) = 1,968,000 kJ F;ousée
00

Then the required work input to this Carnot heat pump is determined

from the definition of the coefficient of performance to be
Oy 1,968,000 kJ

T
<— 8 kW
Woetin = COP,p 16.3

Thus the length of time the heat pump ran that day is @

Waetin 120,736 kJ
/4 8 kJ/s

net,in

=120,736 kJ

At = =15,0925s=4.19h

(b) The total heating cost that day is
Cost = I x price = (W x At |price) = (8 kW )4.19 h)0.085 $/kWh) = $2.85

(c) If resistance heating were used, the entire heating load for that day would have to be met by electrical
energy. Therefore, the heating system would consume 1,968,000 kJ of electricity that would cost

. 1 kWh
New Cost = Qy; x price = (1,968,0001<J)(360?1(J J(o.ogs $/kWh) = $46.47
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6-100 A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from
the refrigerated space and the total rate of heat rejection to the ambient air are to be determined.

Assumptions The heat engine and the refrigerator operate steadily.
Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature
limits can have is the Carnot efficiency, which is determined from

T, _,_ 300K

—1-= = 0.744
T, 1173K

MMth,max = Men,c = 1-
Then the maximum power output of this heat engine is
determined from the definition of thermal efficiency to be

Wetout = 16Oy = (0.744)(800 kJ/min) = 595.2 kJ/min

net,out

which is also the power input to the refrigerator, W, ;, -

The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used.
The COP of the Carnot refrigerator is
1 1

COPy o, = = =8.37
R (1, 11) -1 (274273 K)(-5+273K)-1

Then the rate of heat removal from the refrigerated space becomes
01 r = (COPg o Wi )= (8.37)(595.2 kJ/min) = 4982 kJ/min

(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine
(Q'L,HE ) and the heat discarded by the refrigerator (Q'H,R ),

Optik = O tie — Waerour = 800 —595.2 = 204.8 kJ/min
Opr = O1r + Wyewin = 4982 +595.2 = 5577.2 kl/min

and

Oumbiont = Oppie + Op g = 204.8+5577.2 = 5782 kJ/min
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6-101E A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal
from the refrigerated space and the total rate of heat rejection to the ambient air are to be determined.

Assumptions The heat engine and the refrigerator operate steadily.

Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature
limits can have is the Carnot efficiency, which is determined from

T; 1 540 R

=1- =075
T, 2160 R

nth,max = nth,C =1-

Then the maximum power output of this heat engine is
determined from the definition of thermal efficiency to be

Woetout = 16Oy = (0.75)700 Btu/min) = 525 Btu/min

net,out

which is also the power input to the refrigerator, W, ;, -

The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used.
The COP of the Carnot refrigerator is
1 1

COPy ey = = =80
RISV (T, /T, )1 (80+460 R)/(20+460 R)—1

Then the rate of heat removal from the refrigerated space becomes
01 r = (COPg o, Wrin )= (8.0)(525 Btwmin) = 4200 Btw/min
(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine
(O ug ) and the heat discarded by the refrigerator (Qy g ),
O 1tk = O it — Waerour = 700 =525 =175 Btu/min
Opr = OLr + Wyeuin = 4200+ 525 = 4725 Btu/min
and

Oumbiont = Op.ie + O r =175 +4725 = 4900 Btu/min
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6-102 A commercial refrigerator with R-134a as the working fluid is considered. The condenser inlet and
exit states are specified. The mass flow rate of the refrigerant, the refrigeration load, the COP, and the
minimum power input to the compressor are to be determined.

Assumptions 1 The refrigerator operates steadily. 2 The kinetic and potential energy changes are zero.

Properties The properties of R-134a and
water are (Steam and R-134a tables)

o Water
R =12MPa 26°C 18°C
I _spe (= 27827 kike
1 on 1:22MPa ‘ Q 1.2 MPa
I, = Tsat@l.z Mpa T Algupeoor = 46.3 =5 =41.3°C 5°C subcool N 50°C
P, =12MPa Condenser |
hy, =110.17 kl/kg
T, =41.3°C
r 18°C Expansion Wi,
e 0 }th =75.54 kl/kg valve Compressor m—
'xw,l =
T,,=26°C
~ h,,, =109.01 kl/kg -
Xy = Vaporator — jmp
Analysis (a) The rate of heat transferred & Q
L

to the water is the energy change of the
water from inlet to exit

Oy = m,,(h,, —h,;)=(0.25kg/s)(109.01 - 75.54) kJ/kg = 8.367 kW
The energy decrease of the refrigerant is equal to the energy increase of the water in the condenser. That is,

Oy 8.367 kW

S (b — o _
Oy =mp(hy —hy) nmp h —h, (278.27-110.17)kl/kg

=0.0498 kg/s

(b) The refrigeration load is
0, =0, -W, =837-3.30=5.07 kW
(c) The COP of the refrigerator is determined from its definition,

0, 507kw

COP === =1.54
W, 3.3kW
(d) The COP of a reversible refrigerator operating between the same temperature limits is
COP,_,, = ! ! 4.49

mx T T, 1 (184 273)/(35+273) -1
Then, the minimum power input to the compressor for the same refrigeration load would be
W 0,  507kw
wmcop 4.49

max

=113 kW
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6-103 An air-conditioner with R-134a as the working fluid is considered. The compressor inlet and exit
states are specified. The actual and maximum COPs and the minimum volume flow rate of the refrigerant
at the compressor inlet are to be determined.

Assumptions 1 The air-conditioner operates steadily. 2 The kinetic and potential energy changes are zero.

Properties The properties of R-134a at

the compressor inlet and exit states are AQH
(Tables A-11 through A-13) \
P, =500kPa | A, =259.30 ki/kg Condenser 1.2 MPa
x =1 v, =0.04112m3/kg 4 50°C
P, =12 MPa E;‘Ipzns'on W
1, =soec |12 =278 Kke val Compressor m—
Analysis (a) The mass flow rate of the refrigerant 1 500kPa
and the power consumption of the compressor are sat. vap.

Evaporator  |jr—p

3 -

100 L/min| ™ (Immj &
7 1000L )\ 60s Q
My =—= 3 =0.04053 kg/s

v 0.04112 m°/kg

W, =mpg(hy —hy)=(0.04053 kg/s)(278.27 — 259.30) kl/kg = 0.7686 kW
The heat gains to the room must be rejected by the air-conditioner. That is,

1 min
60s

O = Oheat + Qequipment = (250 kJ/min)[ j+ 0.9kW =5.067 kW

Then, the actual COP becomes

0, _ 5.067TkW _ oo

COP === =6.
w.  0.7686 kW

1

(b) The COP of a reversible refrigerator operating between the same temperature limits is
1 _ 1 3

T, T, —1 (34+273)/(26 +273) — 1

COP 374

(¢) The minimum power input to the compressor for the same refrigeration load would be

0,  5067kW

W= =0.1356 kW
wmnecop,,, 3738
The minimum mass flow rate is
MR min = - = 0.1356 kW =0.007149 kg/s

hy—h, (27827 -259.30) kl/kg
Finally, the minimum volume flow rate at the compressor inlet is

Voin1 = fiig min¥ = (0.007149 kg/s)(0.04112 m’/kg) =0.000294 m’/s =17.64 Limin

min, 1
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Special Topic: Household Refrigerators

6-104C It is a bad idea to overdesign the refrigeration system of a supermarket so that the entire air-
conditioning needs of the store can be met by refrigerated air without installing any air-conditioning
system. This is because the refrigerators cool the air to a much lower temperature than needed for air
conditioning, and thus their efficiency is much lower, and their operating cost is much higher.

6-105C It is a bad idea to meet the entire refrigerator/freezer requirements of a store by using a large
freezer that supplies sufficient cold air at -20°C instead of installing separate refrigerators and freezers .
This is because the freezers cool the air to a much lower temperature than needed for refrigeration, and
thus their efficiency is much lower, and their operating cost is much higher.

6-106C The energy consumption of a housechold refrigerator can be reduced by practicing good
conservation measures such as (1) opening the refrigerator door the fewest times possible and for the
shortest duration possible, (2) cooling the hot foods to room temperature first before putting them into the
refrigerator, (3) cleaning the condenser coils behind the refrigerator, (4) checking the door gasket for air
leaks, (5) avoiding unnecessarily low temperature settings, (6) avoiding excessive ice build-up on the
interior surfaces of the evaporator, (7) using the power-saver switch that controls the heating coils that
prevent condensation on the outside surfaces in humid environments, and (8) not blocking the air flow
passages to and from the condenser coils of the refrigerator.

6-107C It is important to clean the condenser coils of a household refrigerator a few times a year since the
dust that collects on them serves as insulation and slows down heat transfer. Also, it is important not to
block air flow through the condenser coils since heat is rejected through them by natural convection, and
blocking the air flow will interfere with this heat rejection process. A refrigerator cannot work unless it can
reject the waste heat.

6-108C Today’s refrigerators are much more efficient than those built in the past as a result of using
smaller and higher efficiency motors and compressors, better insulation materials, larger coil surface areas,
and better door seals.

6-109 A refrigerator consumes 300 W when running, and $74 worth of electricity per year under normal
use. The fraction of the time the refrigerator will run in a year is to be determined.

Assumptions The electricity consumed by the light bulb is negligible.
Analysis The total amount of electricity the refrigerator uses a year is

Total cost of energy  §74/year
Unit cost of energy  $0.07/kWh

Total electric energy used =W, ;.| = =1057 kWh/year

The number of hours the refrigerator is on per year is

VVe,tOtal _ 1057 kWh
/4

e

Total operating hours = A7 = =3524 h/year

0.3kW (

Noting that there are 365x24=8760 hours in a year, the fraction of the
time the refrigerator is on during a year is determined to be

Total operating hours  3524/year

Time fraction on = =0.402

Total hours per year 8760 h/year

Therefore, the refrigerator remained on 40.2% of the time.
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6-110 The light bulb of a refrigerator is to be replaced by a $25 energy efficient bulb that consumes less
than half the electricity. It is to be determined if the energy savings of the efficient light bulb justify its
cost.

Assumptions The new light bulb remains on the same number of hours a year.

Analysis The lighting energy saved a year by the energy efficient bulb is

Lighting energy saved = (Lighting power saved)(Operating hours)
=[(40-18)W](60 h/year) c
=1320 Wh =1.32kWh

This means 1.32 kWh less heat is supplied to the refrigerated space by
the light bulb, which must be removed from the refrigerated space.
This corresponds to a refrigeration savings of

Lighting energy saved  1.32 kWh
cop

Then the total electrical energy and money saved by the energy efficient light bulb become

=1.02 kWh

Refrigeration energy saved =

Total energy saved = (Lighting + Refrigeration) energy saved =1.32+1.02 = 2.34 kWh/year
Money saved = (Total energy saved)(Unit cost of energy) = (2.34 kWh/year)($0.08 /kWh)
=$0.19/ year

That is, the light bulb will save only 19 cents a year in energy costs, and it will take $25/$0.19 = 132 years
for it to pay for itself from the energy it saves. Therefore, it is not justified in this case.

6-111 A person cooks twice a week and places the food into the refrigerator before cooling it first. The
amount of money this person will save a year by cooling the hot foods to room temperature before
refrigerating them is to be determined.

Assumptions 1 The heat stored in the pan itself is negligible. 2 The specific heat of the food is constant.
Properties The specific heat of food is ¢ = 3.90 kJ/kg.°C (given).
Analysis The amount of hot food refrigerated per year is

Meyoq = (5 kg/pan)(2 pans/week)(52 weeks/ year) = 520 kg/ year
The amount of energy removed from food as it is unnecessarily cooled to room temperature in the
refrigerator is
Energy removed = O, = myg,,qcAT = (520 kg/year)(3.90 kJ/kg.°C)(95 - 20)°C =152,100 kJ/year
Energy removed 152,100 kJ/year{ 1kWh
sed =T 0op 12 (3600 KJ

Money saved = (Energy saved)(Unit cost of energy) = (35.2 kWh/year)($0.10/kWh) = $3.52/year

out

Energysaved = F j =35.2kWh/year

Therefore, cooling the food to room temperature before putting it into the refrigerator will save about three
and a half dollars a year.
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6-112 The door of a refrigerator is opened 8 times a day, and half of the cool air inside is replaced by the
warmer room air. The cost of the energy wasted per year as a result of opening the refrigerator door is to be
determined for the cases of moist and dry air in the room.

Assumptions 1 The room is maintained at 20°C and 95 kPa at all times. 2 Air is an ideal gas with constant
specific heats at room temperature. 3 The moisture is condensed at an average temperature of 4°C. 4 Half
of the air volume in the refrigerator is replaced by the warmer kitchen air each time the door is opened.

Properties The gas constant of air is R = 0.287 kPa.m’/kg-K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.005 kJ/kg-°C (Table A-2a). The heat of vaporization of water at 4°C is hy = 2492
kJ/kg (Table A-4).

Analysis The volume of the refrigerated air replaced each time the refrigerator is opened is 0.3 m® (half of
the 0.6 m’ air volume in the refrigerator). Then the total volume of refrigerated air replaced by room air per
year is

v

air, replaced

= (0.3 m>)(8/day)(365 days/year) = 876 m’ /year

The density of air at the refrigerated space conditions of 95 kPa and 4°C and
the mass of air replaced per year are c
P, 95 kPa

= ; =1.195kg/m’
RT, (0.287 kPa.m®/kg.K)(4+273K)

Po =

=pV,, =(1.195 kg/m?)(876 m* /year) = 1047 kg/year

Mgy

The amount of moisture condensed and removed by the refrigerator is
m = m,;, (moisture removed per kg air) = (1047 kg air/year)(0.006 kg/kg air)

= 6.28 kg/year

moisture

The sensible, latent, and total heat gains of the refrigerated space become
=MgicCp (Troom - Trefrig)

= (1047 kg/year)(1.005 kJ/kg.°C)(20 —4)°C =16,836 kJ/year
= (6.28 kg/year)(2492 kJ/kg) = 15,650 k] /year

anin,total = anin,sensible + anin,latent = 16’836 + 15>650 = 32>486 kJ/year

anin,sensible

anin,latent = Mmoisture

For a COP of 1.4, the amount of electrical energy the refrigerator will consume to remove this heat from
the refrigerated space and its cost are

Electrical energy used (total) =

Ogainotal 32,486 kJ/year [ 1kWh
COP 1.4 (3600 kJ
Cost of energy used (total) = (Energy used)(Unit cost of energy)
= (6.45 kWh/year)($0.075/kWh) = $0.48/year

j = 6.45 kWh/year

If the room air is very dry and thus latent heat gain is negligible, then the amount of electrical energy the
refrigerator will consume to remove the sensible heat from the refrigerated space and its cost become
Qgain,sensible _16,836kJ/year [ 1kWh
coP 1.4 (3600 kJ
Cost of energy used (sensible) = (Energy used)(Unit cost of energy)
= (3.34 kWh/year)($0.075/kWh) = $0.25/year

Electrical energy used (sensible) =

j =3.34 kWh/year
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Review Problems

6-113 A Carnot heat engine cycle is executed in a steady-flow system with steam. The thermal efficiency
and the mass flow rate of steam are given. The net power output of the engine is to be determined.

Assumptions All components operate steadily.
Properties The enthalpy of vaporization /4y, of water at 275°C is 1574.5 kl/kg (Table A-4).

Analysis The enthalpy of vaporization 4, at a given T or P
represents the amount of heat transfer as 1 kg of a substance T
is converted from saturated liquid to saturated vapor at that 7

or P. Therefore, the rate of heat transfer to the steam during A
heat addition process is T, 275°C 2

Oy = tith g 1 = (3 ke/s(1574.5 kl/kg) = 4723 k/s

Then the power output of this heat engine becomes

Wyt out = 10O = (0.30)(4723 kW) = 1417 kW v

net,out

6-114 A heat pump with a specified COP is to heat a house. The rate of heat loss of the house and the
power consumption of the heat pump are given. The time it will take for the interior temperature to rise
from 3°C to 22°C is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The house is well-
sealed so that no air leaks in or out. 3 The COP of the heat pump remains constant during operation.

Properties The constant volume specific heat of air at room temperature is ¢, = 0.718 kJ/kg.°C (Table A-2)
Analysis The house is losing heat at a rate of

OlLoss = 40,000 kJ/h = 11.11kJ/s
The rate at which this heat pump supplies heat is

Oy = COPyplpin = (2.4)8 kW) =19.2 kW
That is, this heat pump can supply heat at a rate of 19.2 kJ/s. Taking the house as the system (a closed
system), the energy balance can be written as

Eyy — Eqgy = AE,

system
Net energy transfer Change in internal, kinetic, 40,000
by heat, work, and mass potential, etc. energies l(’ I/h
22°C :
Qin _Qout =AU = m(”z _ul) ﬂ
Qin - Qout =mc, (TZ - Ti) 3°C
(Qin - Qout)At =mc, (T2 - Ti) QH
Substituting, (19.2 —11.11kJ/s)Az = (2000kg)(o.718kJ/kg-° chz -3)C Wi,

Solving for At it will take
At = 3373s = 0937 h

for the temperature in the house to rise to 22°C.
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6-115 The thermal efficiency and power output of a gas turbine are given. The rate of fuel consumption of
the gas turbine is to be determined.

Assumptions Steady operating conditions exist.

Properties The density and heating value of the fuel are given to be 0.8 g/cm® and 42,000 kl/kg,
respectively.

Analysis This gas turbine is converting 21% of the chemical energy released during the combustion

process into work. The amount of energy input required to produce a power output of 6,000 kW is
determined from the definition of thermal efficiency to be

LW
0, = —nevou _ B000KIIs _ ¢ 576 1y
T 0.21

To supply energy at this rate, the engine must burn fuel at a rate of

28,570 k
= 28STOKS ) 6003 kes
42,000 kJ/kg

since 42,000 kJ of thermal energy is released for each kg of fuel burned.
Then the volume flow rate of the fuel becomes

v m _ 0.6803 kg/s
P 0.8 kg/LL

=0.850 L/s

6-116 It is to be shown that COPyp = COPy +1 for the same temperature and heat transfer terms.
Analysis Using the definitions of COPs, the desired relation is obtained to be

+ W et
QH :QLW net,m: QL +1=COPR+1

net,in net,in

COP,p =

net,in

6-117 An air-conditioning system maintains a house at a specified temperature. The rate of heat gain of the
house, the rate of internal heat generation, and the COP are given. The required power input is to be
determined.

Assumptions Steady operating conditions exist.

Analysis The cooling load of this air-conditioning system is the sum of the heat gain from the outdoors and
the heat generated in the house from the people, lights, and appliances:

0, = 20,000+ 8,000 = 28,000 kJ /h

Using the definition of the coefficient of performance, the power input

to the air-conditioning system is determined to be @ COP =25
. y House
Wnet in = QL = 28’000 kJ/h ! kW =3.11 kW — .
" = COoP, 25 (3600 ki/h S a
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6-118 A Carnot heat engine cycle is executed in a closed system with a fixed mass of R-134a. The thermal
efficiency of the cycle is given. The net work output of the engine is to be determined.

Assumptions All components operate steadily.
Properties The enthalpy of vaporization of R-134a at 50°C is &g, = 151.79 kl/kg (Table A-11).

Analysis The enthalpy of vaporization 4, at a given T or P represents the amount of heat transfer as 1 kg of
a substance is converted from saturated liquid to saturated vapor at that 7 or P. Therefore, the amount of
heat transfer to R-134a during the heat addition process of the cycle is

=mh .. =(0.01kg)151.79 kJ/kg)=1.518 kJ

Or = mhy gy = (001 ke) e) R-134a

Then the work output of this heat engine becomes i m
Werou = Q= (0.15)1.518 kJ) = 0.228 kJ p——

6-119 A heat pump with a specified COP and power consumption is used to heat a house. The time it takes
for this heat pump to raise the temperature of a cold house to the desired level is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The heat loss of the
house during the warp-up period is negligible. 3 The house is well-sealed so that no air leaks in or out.

Properties The constant volume specific heat of air at room temperature is ¢, = 0.718 kJ/kg.°C.

Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be
supplied to the house is

Oy = (mc,AT), ... = (1500 kg)0.718 kI/kg -°C)22 ~7FC = 16,155 kJ

The rate at which this heat pump supplies heat is
Qs = COP W, i = (2.8)(5 kW) = 14 kW

House

et,in

That is, this heat pump can supply 14 kJ of heat per second. Thus the time 5 kW
required to supply 16,155 kJ of heat is @

0y _16,155Kk]

At ==
0, 14K/

=1154s=19.2 min

6-120 A solar pond power plant operates by absorbing heat from the hot region near the bottom, and
rejecting waste heat to the cold region near the top. The maximum thermal efficiency that the power plant
can have is to be determined.

Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits
can have is the Carnot efficiency, which is determined from

L, s
Nihmax = T =1——F=1- T 0.127 or 12.7% 80°C
W

Ty
In reality, the temperature of the working fluid must be above 35°C
in the condenser, and below 80°C in the boiler to allow for any
effective heat transfer. Therefore, the maximum efficiency of the
actual heat engine will be lower than the value calculated above.
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6-121 A Carnot heat engine cycle is executed in a closed system with a fixed mass of steam. The net work
output of the cycle and the ratio of sink and source temperatures are given. The low temperature in the
cycle is to be determined.

Assumptions The engine is said to operate on the Carnot cycle, which is totally reversible.
Analysis The thermal efficiency of the cycle is
T, 1

=1-—+=1-—=05
uny T, 2
Also, W W 25k Carnot HE
Ny =— —> Oy =—=—=50kJ
Oy Mn 0.5 ~
0, =0y - W=50-25=25Kk]
and 0, 25k
==t =——_ =24272kl/kg=h,
T T 0.0103 ke 8= rar, ™
since the enthalpy of vaporization /4y, at a given T or P represents the amount 0.0103 kg
of heat transfer as 1 kg of a substance is converted from saturated liquid to H,O

saturated vapor at that 7 or P. Therefore, 7, is the temperature that
corresponds to the hy, value of 2427.2 kl/kg, and is determined from the
steam tables to be

T, = 31.3°C
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6-122 EES Problem 6-121 is reconsidered. The effect of the net work output on the required temperature
of the steam during the heat rejection process as the work output varies from 15 kJ to 25 kJ is to be
investigated.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Analysis: The coefficient of performance of the cycle is given by"

m_Steam = 0.0103 [kg]

THtoTLRatio = 2 "T_H = 2*T_L"

{W_out =15 [kJ]} "Depending on the value of W_out, adjust the guess value of T_L."
eta= 1-1/ THtoTLRatio "eta=1-T_L/T_H"

Q_H= W_out/eta

"First law applied to the steam engine cycle yields:"
Q H-Q_L=W_out

"Steady-flow analysis of the condenser yields
m_Steam*h_4 = m_Steam*h_1 +Q L
Q_L =m_Steam*(h_4-h_1) andh_fg=h_4-h_1 also T_L=T_1=T_4"

Q_L=m_Steam*h_fg
h_fg=enthalpy(Steam_iapws, T=T_L,x=1) - enthalpy(Steam_iapws, T=T_L,x=0)
T_H=THtoTLRatio*T_L

"The heat rejection temperature, in C is:"
TLC=T_L-273

TLC [C] Wout [kJ]
293.1 15
253.3 17.5
199.6 20
126.4 22.5
31.3 25
300
250
200
g 150
Q 100
-
-
50
0 1 | 1 | 1 | 1 | 1
15 17 19 21 23 25
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6-123 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net
work input and the ratio of maximum-to-minimum temperatures are given. The minimum pressure in the

cycle is to be determined.

Assumptions The refrigerator is said to operate on the reversed Carnot cycle, which is totally reversible.

Analysis The coefficient of performance of the cycle is
1 1

O = 1" 121

Also, oL '
COP, :V%— —— 0, = COP xW, = (522 kI)=110kJ
Oy =0, +W=110+22=132kJ

and Q_H_ 132 kJ

=137.5kI/kg=hyqr,

dy =

m  096kg

T

TH = 12T|_

2\
LA

L

v

since the enthalpy of vaporization /4, at a given T or P represents the amount of heat transfer per unit mass
as a substance is converted from saturated liquid to saturated vapor at that 7" or P. Therefore, Ty is the
temperature that corresponds to the hg, value of 137.5 kJ/kg, and is determined from the R-134a tables to

be
Ty =61.3°C=3343K
Then,
T, = Ty 343K 278.6 K = 5.6°C
1.2 1.2
Therefore, Prin = Pa@s.e-c =355 kPa
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6-124 EES Problem 6-123 is reconsidered. The effect of the net work input on the minimum pressure as
the work input varies from 10 kJ to 30 kJ is to be investigated. The minimum pressure in the refrigeration
cycle is to be plotted as a function of net work input.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Analysis: The coefficient of performance of the cycle is given by"

m_R134a = 0.96 [kq]

THtoTLRatio=1.2 "T_H=1.2T_L"

"W_in =22 [kJ]" "Depending on the value of W _in, adjust the guess value of T_H."
COP_R = 1/( THtoTLRatio- 1)

Q_L=W_in*COP_R

"First law applied to the refrigeration cycle yields:"
QL+W_in=Q_H

"Steady-flow analysis of the condenser yields

m_R134a*h_3 =m_R134a*h_4 +Q_H

Q_H=m_R134a*(h_3-h_4) andh_fg=h_3-h_4 also T_H=T_3=T_4"
Q_H=m_R134a*h_fg

h_fg=enthalpy(R134a,T=T_H,x=1) - enthalpy(R134a,T=T_H,x=0)
T_H=THtoTLRatio*T_L

"The minimum pressure is the saturation pressure correspondingto T_L."
P_min = pressure(R134a,T=T_L,x=0)*convert(kPa,MPa)
TLC=T1L-273

Prin [MPa] Th[K] T [K] Win [kJ] Tc[C]
0.8673 368.8 307.3 10 34.32
0.6837 358.9 299 15 26.05

0.45 342.7 285.6 20 12.61
0.2251 319.3 266.1 25 -6.907
0.06978 287.1 239.2 30 -33.78

Pmin [MPa]

10 . 14 . 18 . 22 . 26 . 30 10 14 18 22 26 30
W, [kJ] W, [kJ]
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6-125 Two Carnot heat engines operate in series between specified temperature limits. If the thermal
efficiencies of both engines are the same, the temperature of the intermediate medium between the two
engines is to be determined.

Assumptions The engines are said to operate on the Carnot cycle, which is totally reversible.
Analysis The thermal efficiency of the two Carnot heat engines can be expressed as
T T
=1-— and =1--L
Min 1 T, Mh, 11 T
T T,

Tu >

Equating, l-—=1-—
q & T, T T >
TS

Solving for 7,

T =T, T, =,/(1800 K)(300 K) =735 K

6-126 A performance of a refrigerator declines as the temperature of the refrigerated space decreases. The
minimum amount of work needed to remove 1 kJ of heat from liquid helium at 3 K is to the determined.

Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible
manner. The coefficient of performance of a reversible refrigerator depends on the temperature limits in the
cycle only, and is determined from

1 1

COPy o = - = 0.0101
Ry (1, /T,) -1 (300 K)/(3K)-1

The power input to this refrigerator is determined from the definition of the coefficient of performance of a
refrigerator,

W % _ 1K =99 kJ

P T COP e 00101

6-127E A Carnot heat pump maintains a house at a specified temperature. The rate of heat loss from the
house and the outdoor temperature are given. The COP and the power input are to be determined.

Analysis (a) The coefficient of performance of this Carnot heat pump depends on the temperature limits in
the cycle only, and is determined from

1 1
CORwrey =7 77, T 1-(35+ 460 R) (754 460 R) 2300
(b) The heating load of the house is H%gff o
0y = (2500 Btu/h-°F)(75—35FF =100,000 Btu/h
Then the required power input to this Carnot heat pump is determined T
from the definition of the coefficient of performance to be @ D

g o Qu 100,000 Buh(  1hp )60y @
T COPyp 13.4 2545 Btw/h
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6-128 A Carnot heat engine drives a Carnot refrigerator that removes heat from a cold medium at a
specified rate. The rate of heat supply to the heat engine and the total rate of heat rejection to the
environment are to be determined.

Analysis (a) The coefficient of performance of the Carnot refrigerator is

1 1
COPy ¢ = = =6.14
R (T, 1) -1 (300 K)/(258 K)—1

Then power input to the refrigerator becomes

O, _ 400 kJ/min

W . = = 65.1 kJ/min
"N COPg ¢ 6.14

which is equal to the power output of the heat engine, W,y -

The thermal efficiency of the Carnot heat engine is determined from

e =1-1L—1-390K _ 560
’ Ty 750 K

Then the rate of heat input to this heat engine is determined from the definition of thermal efficiency to be

QH,HE — net,out _ 651 kJ/mln _ 108.5 kJ/mln

th,HE 0.60

(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine
( Q.L’HE ) and the heat discarded by the refrigerator ( Q.H’R ),

Or it = O e — Waerour = 108.5—65.1 = 43.4 kJ/min
O r = O + Waerin = 400+ 65.1 = 465.1 kJ/min

and

Ombient = Oppie + Oy p = 43.4+465.1 = 508.5 kJ/min
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6-129 EES Problem 6-128 is reconsidered. The effects of the heat engine source temperature, the
environment temperature, and the cooled space temperature on the required heat supply to the heat engine
and the total rate of heat rejection to the environment as the source temperature varies from 500 K to 1000
K, the environment temperature varies from 275 K to 325 K, and the cooled space temperature varies from
-20°C to 0°C are to be investigated. The required heat supply is to be plotted against the source
temperature for the cooled space temperature of -15°C and environment temperatures of 275, 300, and 325
K.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Q_dot_L_R =400 [kJ/min]

_C=-15][C]

=T_L_C+ 273 "[K]"

oefficient of performance of the Carnot refrigerator:"
T HR=T surr

COP_R=1/(T_H_R/T_L-1)

"Power input to the refrigerator:"

W_dot_in_R =Q_dot_L_R/COP_R

"Power output from heat engine must be:"
W_dot_out HE = W_dot_in_R

"The efficiency of the heat engine is:"

T L HE=T_ surr

eta HE=1-T_L HE/T_H

"The rate of heat input to the heat engine is:"

Q_dot_ H_HE =W _dot_out_HE/eta_HE

"First law applied to the heat engine and refrigerator:"
Q_dot L HE=Q_dot H HE - W_dot_out HE
Q_dot H R=Q_dot L R+W _dot_in_R

"Total heat transfer rate to the surroundings:"
Q_dot_surr = Q_dot_L_HE + Q_dot_H_R "[kJ/min]"

QuHe Th 300 ; _II_ ' 32| KI T ' | '
[kJ/min] K] - =325 K —— _ 4
162.8 | 500 260 SUT 300 K T =-15C
130.2 | 600
114 700 ;' 220
104.2 | 800 i
97.67 | 900 n 180
93.02_| 1000 ! 140

A 100

2 g0

o . ]
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6-130 Half of the work output of a Carnot heat engine is used to drive a Carnot heat pump that is heating a
house. The minimum rate of heat supply to the heat engine is to be determined.

Assumptions Steady operating conditions exist.

Analysis The coefficient of performance of the Carnot heat pump is

1 1
P _ =14.
COPyp.c 1-(7,/T,) 1-(2+273K)/(22+273K) 7 62,000

kd/h

Then power input to the heat pump, which is supplying heat to
the house at the same rate as the rate of heat loss, becomes

: Oy 62,000 kJ/h
Wnet,in = =
COPyp ¢ 14.75

=4203 kJ/h

which is half the power produced by the heat engine. Thus the
power output of the heat engine is

W = 2(4203 kJ/h) = 8406 kJ/h

net,out

=20

net,in

To minimize the rate of heat supply, we must use a Carnot heat engine whose thermal efficiency is
determined from

e 1T 28K g
: T, 1073 K

Then the rate of heat supply to this heat engine is determined from the definition of thermal efficiency to be

Wietour 8406 kl/h

=11,560 kJ/h
. HE 0.727

QH,HE =

6-131 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net
work input and the maximum and minimum temperatures are given. The mass fraction of the refrigerant
that vaporizes during the heat addition process, and the pressure at the end of the heat rejection process are
to be determined.

Properties The enthalpy of vaporization of R-134a at -8°C is /1, =204.52 kl/kg (Table A-12).
Analysis The coefficient of performance of the cycle is

I 1 T

COPg = = =9.464
and T, /T, -1  293/265-1 A

0, = COPxW,, = (9.464)15 kJ) =142 kJ 20°C N3
Then the amount of refrigerant that vaporizes during l
heat absorption is 8°C N\

142 kJ Q
=mh,_ . > m= =0.695k
O @7, =—8C 204.52 kl/kg g v

since the enthalpy of vaporization /4, at a given T or P represents the amount of heat transfer per unit mass
as a substance is converted from saturated liquid to saturated vapor at that 7' or P. Therefore, the fraction
of mass that vaporized during heat addition process is

0.695 kg
0.8 kg

=0.868 or 86.8%

The pressure at the end of the heat rejection process is
Py = Ry@aoec =572.1kPa
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6-132 A Carnot heat pump cycle is executed in a steady-flow system with R-134a flowing at a specified
rate. The net power input and the ratio of the maximum-to-minimum temperatures are given. The ratio of
the maximum to minimum pressures is to be determined.

Analysis The coefficient of performance of the cycle is T
COPyp = ! = ! =50
-7, /Ty, 1-1/1.25 T
and
Oy = COPypx W, = (5.0)(7 kW) = 35.0 k)/s T
gy =2 = 0K 5 se kg = By v

o 0.264 kg/s

since the enthalpy of vaporization A, at a given T or P represents the amount of heat transfer per unit mass
as a substance is converted from saturated liquid to saturated vapor at that 7' or P. Therefore, Ty is the
temperature that corresponds to the 4 value of 132.58 kJ/kg, and is determined from the R-134a tables to
be

Ty =64.6°C=3378K

d
" Pmax = Psat@64.6°C =1875kPa
L :T_H = w =293.7 K = 20.6°C
Also, 125 125
Poin = sat@20.6°C = 582 kPa

Then the ratio of the maximum to minimum pressures in the cycle is
Prax  1875kPa
P 582 kPa

min

6-133 A Carnot heat engine is operating between specified temperature limits. The source temperature that
will double the efficiency is to be determined.

Analysis Denoting the new source temperature by 7}, the thermal efficiency of the Carnot heat engine for
both cases can be expressed as

T, * T,
=1--L and =1-—L =2
Tn,c T, Mth,c T Mn,c o 0
T T
Substituting, R | Thth 2711
U T (5 (5

. T,T,

Solving for Ty, T, =—"+—
g LT N

which is the desired relation.
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6-134 A Carnot cycle is analyzed for the case of temperature differences in the boiler and condenser. The
ratio of overall temperatures for which the power output will be maximum, and an expression for the
maximum net power output are to be determined.

Analysis It is given that O "= (hA) i (T =T :, ) Therefore,

7 = 1a - {1 L o -7i)- s —%}(hA)H[ ;-jf

H H H Tu
or, ) . .
w T, T,

= - = (=) 1

it 3 U o KECC
where we defined rand x asr = 7, /Ty and x = 1 - Ty /Ty
For a reversible cycle we also have @

* hd * * W
Ty _On 1 () ~15)  (h), Ty (175 1T,
70, r ()t -1,) (), 1,1y Ty T, /Ty T

but

T—Z—Tzizr(l—x).
Ty T; Ty

Substituting into above relation yields
1 _ (hA) X
r (hA)L[’”(l_x)_TL/TH]

Solving for x,

_ r=T,/Ty
F ), 1(h4), +1] @)
Substitute (2) into (1):

r_TL/TH ()

- A
W = (hA)HTH(1 r) r[(hA)H I(h4); + 1]

Taking the partial derivative aa—W holding everything else constant and setting it equal to zero gives
r

* %
T @
TH TH

which is the desired relation. The maximum net power output in this case is determined by substituting (4)
into (3). It simplifies to

v 2
i ()T, 1_£T_LJA
TH



6-50

6-135 Switching to energy efficient lighting reduces the electricity consumed for lighting as well as the
cooling load in summer, but increases the heating load in winter. It is to be determined if switching to
efficient lighting will increase or decrease the total energy cost of a building.

Assumptions The light escaping through the windows is negligible so that the entire lighting energy
becomes part of the internal heat generation.

Analysis (a) Efficient lighting reduces the amount of electrical energy used for lighting year-around as well
as the amount of heat generation in the house since light is eventually converted to heat. As a result, the
electrical energy needed to air condition the house is also reduced. Therefore, in summer, the total cost of
energy use of the household definitely decreases.

(b) In winter, the heating system must make up for the reduction in the heat generation due to reduced
energy used for lighting. The total cost of energy used in this case will still decrease if the cost of unit heat
energy supplied by the heating system is less than the cost of unit energy provided by lighting.

The cost of 1 kWh heat supplied from lighting is $0.08 since all the energy consumed by lamps is
eventually converted to thermal energy. Noting that 1 therm = 29.3 kWh and the furnace is 80% efficient,
the cost of 1 kWh heat supplied by the heater is

Cost of 1kWh heat supplied by furnace = (Amount of useful energy/ 7 n.cc )(Price)

1 therm j

=[(1kWh)/0.80]($1.40/therm)| —————
[(1kWh)/0.80]($1.40/t erm)(zgj o

=$0.060 (per kWh heat)

|
which is less than $0.08. Thus we conclude that switching to energy efficient lighting |
will reduce the total energy cost of this building both in summer and in winter.

Discussion To determine the amount of cost savings due to switching to energy -

efficient lighting, consider 10 h of operation of lighting in summer and in winter for 1 kW rated power for
lighting.

Current lighting:

Lighting cost: (Energy used)(Unit cost)= (1 kW)(10 h)($0.08/kWh) = $0.80

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(10 kWh/3.5)($0.08/kWh) = $0.23

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(10/0.8 kWh)($1.40/29.3/kWh) =$0.60
Total cost in summer = 0.80+0.23 = $1.03; Total cost in winter = $0.80-0.60 = 0.20.

Energy efficient lighting:

Lighting cost: (Energy used)(Unit cost)= (0.25 kW)(10 h)($0.08/kWh) = $0.20

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(2.5 kWh/3.5)($0.08/kWh) = $0.06

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(2.5/0.8 kWh)($1.40/29.3/kWh) = $0.15
Total cost in summer = 0.20+0.06 = $0.26; Total cost in winter = $0.20-0.15 = 0.05.

Note that during a day with 10 h of operation, the total energy cost decreases from $1.03 to $0.26 in
summer, and from $0.20 to $0.05 in winter when efficient lighting is used.
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6-136 The cargo space of a refrigerated truck is to be cooled from 25°C to an average temperature of 5°C.
The time it will take for an 8-kW refrigeration system to precool the truck is to be determined.

Assumptions 1 The ambient conditions remain constant during precooling. 2 The doors of the truck are
tightly closed so that the infiltration heat gain is negligible. 3 The air inside is sufficiently dry so that the
latent heat load on the refrigeration system is negligible. 4 Air is an ideal gas with constant specific heats.

Properties The density of air is taken 1.2 kg/m’, and its specific heat at the average temperature of 15°C is
c,= 1.0 kl/kg-°C (Table A-2).

Analysis The mass of air in the truck is

My = PaiVine = (1.2 kg/m?)(12 mx 2.3 mx 3.5 m) =116 kg Truck
The amount of heat removed as the air is cooled from 25 to 5°C 7, 250C
Oeooling.air = (M, AT )y = (116 kg)(1.0 kl/kg.°C)(25 - 5)°C T, =5°C
=2320KkJ 5‘ |
Noting that UA is given to be 80 W/°C and the average air 0

temperature in the truck during precooling is (25+5)/2 = 15°C, the
average rate of heat gain by transmission is determined to be

= UAAT = (80 W/°C)(25—15)°C = 800 W = 0.80kJ /s

Qtransmission,ave
Therefore, the time required to cool the truck from 25 to 5°C is determined to be

Qcooling,air _ 2,320 kJ

= =322s=5.4min
(8-0.8)kJ/s

Qrefrig.At = Qcooling,air + Qtransmission At — At =—

refrig. — Qtransmission
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6-137 A refrigeration system is to cool bread loaves at a rate of 500 per hour by refrigerated air at -30°C.
The rate of heat removal from the breads, the required volume flow rate of air, and the size of the
compressor of the refrigeration system are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the bread loaves are
constant. 3 The cooling section is well-insulated so that heat gain through its walls is negligible.

Properties The average specific and latent heats of bread are
given to be 2.93 kJ/kg.°C and 109.3 kl/kg, respectively. The

Aj
gas constant of air is 0.287 kPa.m*/kg.K (Table A-1), and the > _3010rc
specific heat of air at the average temperature of (-30 + -22)/2 3
=-26°C = 250 K is ¢, =1.0 kJ/kg.°C (Table A-2). 5
Analysis (a) Noting that the breads are cooled at a rate of 500 —> gread
loaves per hour, breads can be considered to flow steadily :

through the cooling section at a mass flow rate of
Myreaq = (500 breads/h)(0.45 kg/bread) = 225 kg/h =0.0625 kg/s
Then the rate of heat removal from the breads as they are cooled from 22°C to -10°C and frozen becomes
Opread =(1hC AT ) breaa = (225kg/h)(2.93 kI/kg.°C)[(22 - (-10)]°C
=21,096 kJ/h

Otiecring = (MMigient ) bread = (225kg/n )109.3kT/kg) = 24,593k1/h

and Ouoial = Obread + Otieering = 21,096 + 24,593 = 45,689 kJ/h

(b) All the heat released by the breads is absorbed by the refrigerated air, and the temperature rise of air is
not to exceed 8°C. The minimum mass flow and volume flow rates of air are determined to be
o Ow 45,689kl
" (e, AT) (1.0 kJ/kg.°C)(8°C)

=5711 kg/
air
P 101.3 kPa

£ . =145 kg/m’
RT (0287 kPa.m® /kg.K)(-30+273) K

P

= M S711ke/h h3 =3939 m*h
Pair 145 kg/m
(c) For a COP of 1.2, the size of the compressor of the refrigeration system must be

_ Ouetrig _ 45,689 kI/h _ 38,074 kJ/h = 10.6 kKW

Wretria =" 0p 12
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6-138 The drinking water needs of a production facility with 20 employees is to be met by a bobbler type
water fountain. The size of compressor of the refrigeration system of this water cooler is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant
properties at room temperature. 3 The cold water requirement is 0.4 L/h per person.

Properties The density and specific heat of water at room temperature are p = 1.0 kg/L and ¢ = 4.18
kJ/kg.°C.C (Table A-3).

Analysis The refrigeration load in this case consists of the heat gain of the reservoir and the cooling of the
incoming water. The water fountain must be able to provide water at a rate of

B yer = PVonier = (1kg/L)(0.4 L/h - person)(20 persons) = 8.0 kg/h

To cool this water from 22°C to 8°C, heat must removed from

the water at a rate of *
Qcooling = I’i’lCP (T;n - Tout) Water in
= (8.0 kg/h)(4.18 k/kg.°C)(22 - 8)°C 22°C
=468kJ/h =130 W (sincel W=3.6kl/h) —= )
Then total refrigeration load becomes
Qrefrig, total — Qcooling + Qtransfer =130+45=175W
Noting that the coefficient of performance of the refrigeration -
system is 2.9, the required power input is u Refrig.
. Q . 175 W Water out
Wrefrig = ree == 60.3 \%Y% 8°C *
COop 2.9

Therefore, the power rating of the compressor of this
refrigeration system must be at least 60.3 W to meet the cold
water requirements of this office.
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6-139 A washing machine uses $85/year worth of hot water heated by an electric water heater. The
amount of hot water an average family uses per week is to be determined.

Assumptions 1 The electricity consumed by the motor of the washer is negligible. 2 Water is an
incompressible substance with constant properties at room temperature.

Properties The density and specific heat of water at room temperature are p = 1.0 kg/L and ¢ = 4.18
kJ/kg.°C (Table A-3).
Analysis The amount of electricity used to heat the water and the net amount transferred to water are

Total cost of energy  $85/year
Unit cost of energy ~ $0.082/kWh

Total energy transfer to water = £ .n = (Efficiency)(Total energy used) = 0.91x1036.6 kWh/year
3600 kJ ]( 1 year j

=1036.6 kWh/year

Total energy used (electrical) =

=943.3 kWh/year = (943.3 kWh/year)
1kWh )\ 52 weeks
= 65,305 kJ/week
Then the mass and the volume of hot water used per week become

E. 65,305 kJ/week

= = =363 kg/week
) (4.18kJ/kg.°C)(55-12)°C

Ein :mc(Tout_Tin) - m= T

m

(T,

out
and Vwmr _m_ 363 kg/week
P 1kg/L

Therefore, an average family uses 363 liters of hot water per week for washing clothes.

=363 L/week

6-140E A washing machine uses $33/year worth of hot water heated by a gas water heater. The amount of
hot water an average family uses per week is to be determined.

Assumptions 1 The electricity consumed by the motor of the washer is negligible. 2 Water is an
incompressible substance with constant properties at room temperature.

Properties The density and specific heat of water at room temperature are p = 62.1 Ibm/ft® and ¢ = 1.00
Btu/Ibm.°F (Table A-3E).

Analysis The amount of electricity used to heat the water and the net amount transferred to water are

Total cost of energy  $33/year

- =27.27 therms/year
Unit cost of energy ~ $1.21/therm

Total energy used (gas) =

Total energy transfer to water = £, = (Efficiency)(Total energy used) = 0.58 x 27.27 therms/year

100,000 Btu 1 year
1 therm 52 weeks

=15.82 therms/year = (15.82 therms/year)(

=30,420 Btu/week

Then the mass and the volume of hot water used per week become

Ey =mc(Tyy —Ty) — m= L = 30,420 Btu/week =434.6 Ibm/week
e(Ty —Tyy) (1.0 Btu/Ibm.°F)(130- 60)°F
. m  434.6 lbm/week 3 7.4804 galj
and %4 =—=— = (7.0ft" / week)]| ————=— | = 52.4 gal/week
waer 62.1 1bm/ft’ ( )( 116 8

Therefore, an average family uses about 52 gallons of hot water per week for washing clothes.
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6-141 [Also solved by EES on enclosed CD] A typical heat pump powered water heater costs about $800
more to install than a typical electric water heater. The number of years it will take for the heat pump water
heater to pay for its cost differential from the energy it saves is to be determined.

Assumptions 1 The price of electricity remains nger

constant. 2 Water is an incompressible substance

with constant properties at room temperature. 3 A Y

Time value of money (interest, inflation) is not i

considered. 1 water

Properties The density and specific heat of water [

at room temperature are p= 1.0 kg/L and ¢ =4.18 = [Eraa e

kJ/kg.°C (Table A-3). Cold e L Heater
g water 2\ - - - - - =

Analysis The amount of electricity used to heat the - -—-—-—-—-—---

water and the net amount transferred to waterare =000 oo - -—-—-=

Total cost of energy  $390/year
Unit cost of energy ~ $0.080/kWh

Total energy transfer to water = E;, = (Efficiency)(Total energy used) = 0.9 x 4875 kWh/year
= 4388 kWh/year

Total energy used (electrical) = = 4875 kWh/year

The amount of electricity consumed by the heat pump and its cost are

Energy transfer to water 4388 kWh/year

Energy usage (of heat pump) = =1995 kWh/year
gy usage ( pump) COP,y 2 y
Energy cost (of heat pump) = (Energy usage)(Unit cost of energy) = (1995 kWh/year)($0.08/kWh)
=$159.6/year

Then the money saved per year by the heat pump and the simple payback period become
Money saved = (Energy cost of electric heater) - (Energy cost of heat pump)
=$390-$159.60 = $230.40
Additional installation cost _ $800
Money saved - $230.40/year

Simple payback period = = 3.5years

Discussion The economics of heat pump water heater will be even better if the air in the house is used as
the heat source for the heat pump in summer, and thus also serving as an air-conditioner.
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6-142 EES Problem 6-141 is reconsidered. The effect of the heat pump COP on the yearly operation costs
and the number of years required to break even are to be considered.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Energy supplied by the water heater to the water per year is E_ElecHeater"

"Cost per year to operate electric water heater for one year is:"
Cost_ElectHeater = 390 [$/year]

"Energy supplied to the water by electric heater is 90% of energy purchased"
E_ElectHeater = 0.9*Cost_ElectHeater /UnitCost "[kWh/year]"
UnitCost=0.08 [$/kWh]

"For the same amont of heated water and assuming that all the heat energy leaving
the heat pump goes into the water, then"

"Energy supplied by heat pump heater = Energy supplied by electric heater"
E_HeatPump = E_ElectHeater "[kWh/year]"

"Electrical Work enegy supplied to heat pump = Heat added to water/COP"
COP=2.2
W_HeatPump = E_HeatPump/COP "[kWh/year]"

"Cost per year to operate the heat pump is"
Cost_HeatPump=W_HeatPump*UnitCost

"Let N_BrkEven be the number of years to break even:"
"At the break even point, the total cost difference between the two water heaters is zero."
"Years to break even, neglecting the cost to borrow the extra $800 to install heat pump"

CostDiff total = 0 [$]
CostDiff_total=AddCost+N_BrkEven*(Cost_HeatPump-Cost_ElectHeater)
AddCost=800 [$]

"The plot windows show the effect of heat pump COP on the yearly operation costs and the
number of years required to break even. The data for these plots were obtained by placing
{" and "} around the COP = 2.2 line, setting the COP values in the Parametric Table, and
pressing F3 or selecting Solve Table from the Calculate menu”

COP BBrkEven COStHeatPump COStEIektHeater
[years] [$/year] [$/year]

2 3.73 175.5 390
23 3.37 152.6 390
2.6 3.137 135 390
29 2974 121 390
3.2 2.854 109.7 390
3.5 2.761 100.3 390
3.8 2.688 92.37 390
4.1 2.628 85.61 390
4.4 2.579 79.77 390
4.7 2.537 74.68 390

5 2.502 70.2 390
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6-143 A home owner is to choose between a high-efficiency natural gas furnace and a ground-source heat
pump. The system with the lower energy cost is to be determined.

Assumptions The two heater are comparable in all aspects other than the cost of energy.

Analysis The unit cost of each kJ of useful energy supplied to the house by each system is

Natural gas furnace: Unit cost of useful energy = (81.42/therm) (1 therm =$13.8x107°/kJ
0.97 105,500 kJ

Heat Pump System: Unit cost of useful energy = (30.092/kWh) [ LkWh ) _ $7.3x107% /kJ
35 3600 kJ

The energy cost of ground-source heat pump system will be lower.

6-144 The maximum flow rate of a standard shower head can be reduced from 13.3 to 10.5 L/min by
switching to low-flow shower heads. The amount of oil and money a family of four will save per year by
replacing the standard shower heads by the low-flow ones are to be determined.

Assumptions 1 Steady operating conditions exist.
2 Showers operate at maximum flow conditions

during the entire shower. 3 Each member of the Shower /
household takes a 5-min shower every day. Head r_—
13.3 L/min

Properties The specific heat of water is ¢ = 4.18 | :
kJ/kg.°C and heating value of heating oil is

146,300 kJ/gal (given). The density of water is p
=1 ke/L. i

Analysis The low-flow heads will save water at a
rate of

Vavea =[(13.3-10.5) L/min](6 min/person.day)(4 persons)(365 days/yr) = 24,528 L/year
Beq = PVorveq = (1kg/L)(24,528 L/year) = 24,528 kg/year
Then the energy, fuel, and money saved per year becomes
Energy saved = ni,,4cAT = (24,528 kg/year)(4.18 kJ/kg.°C)(42 -15)°C = 2,768,000 kJ/year
Energy saved 2,768,000 kJ/year
(Efficiency)(Heating value of fuel)  (0.65)(146,300 kJ/gal)
Money saved = (Fuel saved)(Unit cost of fuel) = (29.1gal/year)($1.20/gal) = $34.9/year

Fuel saved = = 29.1 gal/year

Therefore, switching to low-flow shower heads will save about $35 per year in energy costs..
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6-145 The ventilating fans of a house discharge a houseful of warmed air in one hour (ACH = 1). For an
average outdoor temperature of 5°C during the heating season, the cost of energy “vented out” by the fans
in | h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all
times. 3 The infiltrating air is heated to 22°C before it is vented out. 4 Air is an ideal gas with constant
specific heats at room temperature. 5 The volume occupied by the people, furniture, etc. is negligible.

Properties The gas constant of air is R = 0.287 kPa.m’/kg-K (Table A-1). The
specific heat of air at room temperature is ¢, = 1.0 kJ/kg-°C (Table A-2a).

Analysis The density of air at the indoor conditions of 92 kPa and 22°C is 5°C
92 kPa
P
P, =—2 = ?2 kPa =1.087 kg/m®
RT, (0287 kPa.m”/kg.K)(22+273K) Bathroom
fan /]\ T

Noting that the interior volume of the house is 200 x 2.8 = 560 m’, the
mass flow rate of air vented out becomes

g = pV = (1.087 kg/m>)(560 m*/h) = 608.7 kg/h = 0.169 kg/s

Noting that the indoor air vented out at 22°C is replaced by infiltrating

outdoor air at 5°C, this corresponds to energy loss at a rate of 220

Q loss,fan — m air€ P (Tindoors - Toutdoors )
= (0.169 kg/s)(1.0 kJ/kg.°C)(22 — 5)°C = 2.874 kJ/s = 2.874 kW

Then the amount and cost of the heat “vented out” per hour becomes

Fuel energy loss = Q'loss,fanAt/ Mfumace = (2.874kW)(1h)/0.96 = 2.994 kWh
Money loss = (Fuel energy loss)(Unit cost of energy)

1 therm

= (2.994 kWh)($1.20/therm)] ————
29.3kWh

j =$0.123

Discussion Note that the energy and money loss associated with ventilating fans can be very significant.
Therefore, ventilating fans should be used sparingly.
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6-146 The ventilating fans of a house discharge a houseful of air-conditioned air in one hour (ACH = 1).
For an average outdoor temperature of 28°C during the cooling season, the cost of energy “vented out” by
the fans in 1 h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all
times. 3 The infiltrating air is cooled to 22°C before it is vented out. 4 Air is an ideal gas with constant
specific heats at room temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 6
Latent heat load is negligible.

Properties The gas constant of air is R = 0.287 kPa.m*/kg-K (Table A-1). The specific heat of air at room
temperature is ¢, = 1.0 kJ/kg-°C (Table A-2a).

Analysis The density of air at the indoor conditions of 92 kPa and 22°C is

28°C
p, = to__ 92 kPa =1.087 kg/m’ 92 kPa
RT, (0.287 kPa.m’/kg.K)(22+273K)
Bathroom
Noting that the interior volume of the house is 200 x 2.8 = 560 m3, the fan 1\ 1\

mass flow rate of air vented out becomes

g = pV. = (1.087 kg/m>)(560 m*/h) = 608.7 kg/h = 0.169 kg/s

Noting that the indoor air vented out at 22°C is replaced by infiltrating
outdoor air at 28°C, this corresponds to energy loss at a rate of

. . 22°C
Qloss,fan = maircp (Toutdoors - Tindoors )
=(0.169 kg/s)(1.0 kJ/kg.°C)(28 —22)°C =1.014 kJ/s=1.014 kW
Then the amount and cost of the electric energy “vented out” per hour becomes
Electric energy loss = Q.loss,fanAt/ COP = (1.014kW)(1h)/2.3 = 0.441 kWh

Money loss = (Fuel energy loss)(Unit cost of energy)
= (0.441kWh)($0.10/kWh) = $0.044

Discussion Note that the energy and money loss associated with ventilating fans can be very significant.
Therefore, ventilating fans should be used sparingly.
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6-147 EES The maximum work that can be extracted from a pond containing 10> kg of water at 350 K
when the temperature of the surroundings is 300 K is to be determined. Temperature intervals of (a) 5 K,
(b) 2 K, and (c) 1 K until the pond temperature drops to 300 K are to be used.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

T_L =300 [K]

m_pond = 1E+5 [kg]

C_pond = 4.18 [kJ/kg-K] "Table A.3"

T_H_high = 350 [K]

T_H_low =300 [K]

deltaT_H =1 [K] "deltaT_H is the stepsize for the EES integral function."

"The maximum work will be obtained if a Carnot heat pump is used. The sink temperature

of this heat engine will remain constant at 300 K but the source temperature will be decreasing
from 350 K to 300 K. Then the thermal efficiency of the Carnot heat engine operating between
pond and the ambient air can be expressed as"

eta th C=1-T L/T_H

"where TH is a variable. The conservation of energy relation for the pond can be written in the
differential form as"
deltaQ_pond = m_pond*C_pond*deltaT_H

"Heat transferred to the heat engine:"
deltaQ_H = -deltaQ_pond
IntegrandW_out = eta_th_C*m_pond*C_pond

"Exact Solution by integration from T_H = 350 K to 300 K:"
W_out_exact =-m_pond*C_pond*(T_H low - T_H_high -T_L*In(T_H_low/T_H_high))

"EES integral function where the stepsize is an input to the solution."
W_EES_1 = integral(IntegrandW_out,T_H, T_H low, T_H_high,deltaT_H)
W_EES_2 = integral(IntegrandW_out,T_H, T_H_low, T_H_high,2*deltaT_H)
W_EES_5 = integral(integrandW_out, T H, T_H_low, T_H_high,5*deltaT_H)

SOLUTION

C_pond=4.18 [kJ/kg-K]
deltaQ_H=-418000 [kJ]
deltaQ_pond=418000 [kJ]
deltaT_H=1 [K]
eta_th_C=0.1429
IntegrandW_out=59714 [kJ]
m_pond=100000 [kg]
T_H=350 [K]
T_H_high=350 [K]
T_H_low=300 [K]

L=300 [K]
EES_1=1.569E+06 [kJ]
EES_2=1.569E+06 [kJ]
EES_5=1.569E+06 [kJ]
out_exact=1.570E+06 [kJ]

T
W
W
W
W
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This problem can also be solved exactly by integration as follows:

The maximum work will be obtained if a Carnot heat engine is used. The sink temperature of this heat
engine will remain constant at 300 K but the source temperature will be decreasing from 350 K to 300 K.
Then the thermal efficiency of the Carnot heat engine operating between pond and the ambient air can be
expressed as

T, 300

=1L -1
Tn,c T, T,

where Ty is a variable. The conservation of energy relation for the pond can be written in the differential
form as

I 0pond = medTy

and 5
80y =0, = —medTy, =—(107kg)4.18kI/kg - K)dT,,
Also,
Wy =i, c Oy = —[1 - %}(105 kg)(4.18 kJ/kg -K)ATy,
H

The total work output is obtained by integration,

350 350( 300 ) s
W = 2 =I 1-222 |10° kg 4.18 ki/kg - K)dT,
net 30077th,C QH 300( TH J( gx g ) H

350 00
= 4.18><105I [1—3—}1@, =15.7x10° kJ
300 Ty

which is the exact result. The values obtained by computer solution will approach this value as the
temperature interval is decreased.
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6-148 A geothermal heat pump with R-134a as the working fluid is considered. The evaporator inlet and
exit states are specified. The mass flow rate of the refrigerant, the heating load, the COP, and the minimum
power input to the compressor are to be determined.

Assumptions 1 The heat pump operates steadily. 2 The kinetic and potential energy changes are zero. 3
Steam properties are used for geothermal water.

Properties The properties of R-134a and ‘ Qn
water are (Steam and R-134a tables) %

Condenser
T, =20°C) h, =106.66 k/kg
x,=0.15] P =572.1kPa £ .
xpansion W
P, =P, =572.1kP valve n
270 ‘ }hz = 261.59 kJ/kg Compressor — B
x2 =
T =30 0034 kK
x,, =0 wil = . g Evaporator _|_>
' 20°C '
T, = 40°C x=0.15 \ Q Sat. vap.
’ h,» =167.53 ki/kg
X, =
w2 Geo water
Analysis (a) The rate of heat transferred from the water 50°C 40°C

is the energy change of the water from inlet to exit
0, =m,, (h,1 = h,,)=(0.065kg/s)(209.34 —167.53) k]/kg = 2.718 kW

The energy increase of the refrigerant is equal to the energy decrease of the water in the evaporator. That
is,

0, 2.718kW
hy —hy  (261.59-106.66) k/kg

O =ring(hy —h))——> i, = ~0.0175 kg/s

(b) The heating load is
Oy =0, +W,, =2.718+12=3.92kW
(c) The COP of the heat pump is determined from its definition,

COP:Q_H:M:3_27
w. 1.2kW

1
(d) The COP of a reversible heat pump operating between the same temperature limits is

1 1
T, /Ty 1-(25+273)/(50+273)

Ccop 12.92

Then, the minimum power input to the compressor for the same refrigeration load would be

W Oy  3.92kW
mm T Cop 12.92

=0.303 kW

max
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6-149 A heat pump is used as the heat source for a water heater. The rate of heat supplied to the water and
the minimum power supplied to the heat pump are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero.

Properties The specific heat and specific volume of water at room temperature are ¢, = 4.18 kJ/kg.K and
v=0.001 m*/kg (Table A-3).

Analysis (a) An energy balance on the water heater gives the rate of heat supplied to the water

(0.02/60) m?/

QH=rhcp(T2—T1)=Zcp(T2—Tl): 3 S(4.181<J/kg.°C)(50—10)°C:55.73kW
v 0.001m~/kg

(b) The COP of a reversible heat pump operating between the specified temperature limits is

cop, -—— 1 ! =10.1
1-T, /T, 1-(0+273)/(30+273)

Then, the minimum power input would be

W Oy _5573kW
e cop 10.1

max

=5.52 kW

6-150 A heat pump receiving heat from a lake is used to heat a house. The minimum power supplied to the
heat pump and the mass flow rate of lake water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero.
Properties The specific heat of water at room temperature is ¢, = 4.18 kJ/kg.K (Table A-3).
Analysis (a) The COP of a reversible heat pump operating between the specified temperature limits is

cop,, - — L ! =14.29
1-T, /T, 1-(6+273)/(27+273)

Then, the minimum power input would be

i __Ou _(64000/3600) kW
in,min — =
COP, .« 14.29

(b) The rate of heat absorbed from the lake is
0; =0y ~Wiymin =17.78-1.244 =16.53kW

=1.244 kW

An energy balance on the heat exchanger gives the mass flow rate of lake water

. 0, 16.53k/s
M yater = = > 5
¢, AT (4.18kJ/kg.°C)(5°C)

=0.791kg/s



6-65

6-151 A heat pump is used to heat a house. The maximum money saved by using the lake water instead of
outside air as the heat source is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero.

Analysis When outside air is used as the heat source, the cost of energy is calculated considering a
reversible heat pump as follows:
1 1

CoP_. = = =11.92
1-T, /T, 1-(0+273)/(25+273)

i __Ou _(140.000/3600) kW
e cop 11.92

max

Cost ;. = (3.262 kW)(100 h)($0.085/kWh) = $27.73

=3.262kW

Repeating calculations for lake water,

1 1

max = =19.87
17, /T  1-(10+273)/(25+273)

Ccop

i __ O _ (140,000/3600) kW
e cop 19.87

max

Cost 1,y = (1.957 kW)(100 h)($0.085/kWh) = $16.63

=1.957kW

Then the money saved becomes
Money Saved = Cost ;. —Cost . =$27.73-8$16.63 = $11.10
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Fundamentals of Engineering (FE) Exam Problems

6-152 The label on a washing machine indicates that the washer will use $85 worth of hot water if the
water is heated by a 90% efficiency electric heater at an electricity rate of $0.09/kWh. If the water is heated
from 15°C to 55°C, the amount of hot water an average family uses per year, in metric tons, is

(a) 10.5 tons (b) 20.3 tons (c) 18.3 tons (d) 22.6 tons (e) 24.8 tons

Answer (c) 18.3 tons

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Eff=0.90

C=4.18 "kJ/kg-C"
T1=15"C"

T2=55"C"

Cost=85"$"

Price=0.09 "$/kWh"
Ein=(Cost/Price)*3600 "kJ"
Ein=m*C*(T2-T1)/Eff "kJ"

"Some Wrong Solutions with Common Mistakes:"
Ein=W1_m*C*(T2-T1)*Eff "Multiplying by Eff instead of dividing"
Ein=W2_m*C*(T2-T1) "Ignoring efficiency"
Ein=W3_m*(T2-T1)/Eff "Not using specific heat"
Ein=W4_m*C*(T2+T1)/Eff "Adding temperatures"

6-153 A 2.4-m high 200-m” house is maintained at 22°C by an air-conditioning system whose COP is 3.2.
It is estimated that the kitchen, bath, and other ventilating fans of the house discharge a houseful of
conditioned air once every hour. If the average outdoor temperature is 32°C, the density of air is 1.20
kg/m’, and the unit cost of electricity is $0.10/kWh, the amount of money “vented out” by the fans in 10
hours is

(a) $0.50 (b) $1.60 (c) $5.00 (d) $11.00 (e) $16.00

Answer (a) $0.50

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

COP=3.2

T1=22 "C"
T2=32"C"
Price=0.10 "$/kWh"
Cp=1.005 "kJ/kg-C"
rho=1.20 "kg/m"3"
V=2.4*200 "m"3"
m=rho*V
m_total=m*10
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Ein=m_total*Cp*(T2-T1)/COP "kJ"
Cost=(Ein/3600)*Price

"Some Wrong Solutions with Common Mistakes:"
W1_Cost=(Price/3600)*m_total*Cp*(T2-T1)*COP "Multiplying by Eff instead of dividing"
W2_Cost=(Price/3600)*m_total*Cp*(T2-T1) "Ignoring efficiency"
W3_Cost=(Price/3600)*m*Cp*(T2-T1)/COP "Using m instead of m_total"
W4_Cost=(Price/3600)*m_total*Cp*(T2+T1)/COP "Adding temperatures"

6-154 The drinking water needs of an office are met by cooling tab water in a refrigerated water fountain
from 23°C to 6°C at an average rate of 10 kg/h. If the COP of this refrigerator is 3.1, the required power
input to this refrigerator is

(a) 197 W (b) 612 W (c) 64 W (d) 109 W (e) 403 W

Answer (c) 64 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

COP=3.1
Cp=4.18 "kJ/kg-C"

T1=23"C"

T2=6 "C"

m_dot=10/3600 "kg/s"
Q_L=m_dot*Cp*(T1-T2) "kW"
W_in=Q_L*1000/COP "W"

"Some Wrong Solutions with Common Mistakes:"

W1_Win=m_dot*Cp*(T1-T2) *1000*COP "Multiplying by COP instead of dividing"
W2_Win=m_dot*Cp*(T1-T2) *1000 "Not using COP"

W3_Win=m_dot*(T1-T2) *1000/COP "Not using specific heat"
W4_Win=m_dot*Cp*(T1+T2) *1000/COP "Adding temperatures"

6-155 A heat pump is absorbing heat from the cold outdoors at 5°C and supplying heat to a house at 22°C
at a rate of 18,000 kJ/h. If the power consumed by the heat pump is 2.5 kW, the coefficient of performance
of the heat pump is

(a) 0.5 (b) 1.0 (c) 2.0 (d) 5.0 (e)17.3

Answer (c) 2.0

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TL=5"C"
TH=22"C"
QH=18000/3600 "kJ/s"
Win=2.5 "kW"
COP=QH/Win
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"Some Wrong Solutions with Common Mistakes:"

W1_COP=Win/QH "Doing it backwards"

W2_COP=TH/(TH-TL) "Using temperatures in C"

W3_COP=(TH+273)/(TH-TL) "Using temperatures in K"
W4_COP=(TL+273)/(TH-TL) "Finding COP of refrigerator using temperatures in K"

6-156 A heat engine cycle is executed with steam in the saturation dome. The pressure of steam is 1 MPa
during heat addition, and 0.4 MPa during heat rejection. The highest possible efficiency of this heat engine
is

(a) 8.0% (b) 15.6% () 20.2% (d) 79.8% (e) 100%

Answer (a) 8.0%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

PH=1000 "kPa"

PL=400 "kPa"
TH=TEMPERATURE(Steam_IAPWS x=0,P=PH)
TL=TEMPERATURE(Steam_IAPWS x=0,P=PL)
Eta_Carnot=1-(TL+273)/(TH+273)

"Some Wrong Solutions with Common Mistakes:"
W1_Eta_Carnot=1-PL/PH "Using pressures"
W2_Eta_Carnot=1-TL/TH "Using temperatures in C"
W3_Eta_Carnot=TL/TH "Using temperatures ratio"

6-157 A heat engine receives heat from a source at 1000°C and rejects the waste heat to a sink at 50°C. If
heat is supplied to this engine at a rate of 100 kJ/s, the maximum power this heat engine can produce is
(a) 25.4 kW (b) 55.4 kW (c) 74.6 kW (d) 95.0 kW (e) 100.0 kW

Answer (c) 74.6 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TH=1000 "C"

TL=50"C"

Q_in=100 "kW"
Eta=1-(TL+273)/(TH+273)
W_out=Eta*Q_in

"Some Wrong Solutions with Common Mistakes:"
W1_W_out=(1-TL/TH)*Q_in  "Using temperatures in C"

W2 W out=Q_in "Setting work equal to heat input"
W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio"
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6-158 A heat pump cycle is executed with R-134a under the saturation dome between the pressure limits of
1.8 MPa and 0.2 MPa. The maximum coefficient of performance of this heat pump is
(a) 1.1 (b) 3.6 (c)5.0 (d)4.6 (e) 2.6

Answer (d) 4.6

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

PH=1800 "kPa"

PL=200 "kPa"

TH=TEMPERATURE(R134a,x=0,P=PH) "C"
TL=TEMPERATURE(R134a,x=0,P=PL) "C"

COP_HP=(TH+273)/(TH-TL)

"Some Wrong Solutions with Common Mistakes:"

W1_COP=PH/(PH-PL) "Using pressures"

W2_COP=TH/(TH-TL) "Using temperatures in C"

W3 _COP=TL/(TH-TL) "Refrigeration COP using temperatures in C"

W4 _COP=(TL+273)/(TH-TL) "Refrigeration COP using temperatures in K"

6-159 A refrigeration cycle is executed with R-134a under the saturation dome between the pressure limits
of 1.6 MPa and 0.2 MPa. If the power consumption of the refrigerator is 3 kW, the maximum rate of heat
removal from the cooled space of this refrigerator is

(a) 0.45 kJ/s (b) 0.78 kJ/s (c)3.0KkJ/s (d) 11.6 kJ/s (e) 14.6 kJ/s

Answer (d) 11.6 kJ/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

PH=1600 "kPa"
PL=200 "kPa"

W_in=3 "KW"
TH=TEMPERATURE(R134a,x=0,P=PH) "C"
TL=TEMPERATURE(R134a,x=0,P=PL) "C"
COP=(TL+273)/(TH-TL)

QL=W_in*COP "kW"

"Some Wrong Solutions with Common Mistakes:"
W1_QL=W_in*TL/(TH-TL)  "Using temperatures in C"

W2_QL=W_in "Setting heat removal equal to power input”
W3_QL=W_in/COP "Dividing by COP instead of multiplying"
W4_QL=W_in*(TH+273)/(TH-TL) "Using COP definition for Heat pump"
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6-160 A heat pump with a COP of 3.2 is used to heat a perfectly sealed house (no air leaks). The entire
mass within the house (air, furniture, etc.) is equivalent to 1200 kg of air. When running, the heat pump
consumes electric power at a rate of 5 kW. The temperature of the house was 7°C when the heat pump was
turned on. If heat transfer through the envelope of the house (walls, roof, etc.) is negligible, the length of
time the heat pump must run to raise the temperature of the entire contents of the house to 22°C is

(a) 13.5 min (b) 43.1 min (¢) 138 min (d) 18.8 min (e) 808 min

Answer (a) 13.5 min

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

COP=3.2
Cv=0.718 "kJ/kg.C"
m=1200 "kg"
T1=7"C"

T2=22"C"
QH=m*Cv*(T2-T1)
Win=5 "kW"
Win*time=QH/COP/60

"Some Wrong Solutions with Common Mistakes:"

Win*W1_time*60=m*Cv*(T2-T1) *COP "Multiplying by COP instead of dividing"
Win*W2_time*60=m*Cv*(T2-T1) "Ignoring COP"
Win*W3_time=m*Cv*(T2-T1) /COP "Finding time in seconds instead of minutes"
Win*W4 _time*60=m*Cp*(T2-T1) /COP "Using Cp instead of Cv"

Cp=1.005 "kJ/kg.K"

6-161 A heat engine cycle is executed with steam in the saturation dome between the pressure limits of 5
MPa and 2 MPa. If heat is supplied to the heat engine at a rate of 380 kJ/s, the maximum power output of
this heat engine is

(a) 36.5 kW (b) 742 kW (c) 186.2 kW (d) 343.5 kW (e) 380.0 kW
Answer (a) 36.5 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

PH=5000 "kPa"

PL=2000 "kPa"

Q_in=380 "kW"
TH=TEMPERATURE(Steam_IAPWS x=0,P=PH) "C"
TL=TEMPERATURE(Steam_IAPWS, x=0,P=PL) "C"
Eta=1-(TL+273)/(TH+273)

W_out=Eta*Q_in

"Some Wrong Solutions with Common Mistakes:"
W1_W_out=(1-TL/TH)*Q_in  "Using temperatures in C"
W2_W_out=(1-PL/PH)*Q_in  "Using pressures"
W3_W_out=Q_in/Eta  "Dividing by efficiency instead of multiplying
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio"
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6-162 An air-conditioning system operating on the reversed Carnot cycle is required to remove heat from
the house at a rate of 32 kJ/s to maintain its temperature constant at 20°C. If the temperature of the

outdoors is 35°C, the power required to operate this air-conditioning system is
(a) 0.58 kW (b) 3.20 kW (c) 1.56 kW (d) 2.26 kW (e) 1.64 kW

Answer (e) 1.64 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TL=20"C"

TH=35"C"

QL=32 "kJ/s"
COP=(TL+273)/(TH-TL)
COP=QL/Win

"Some Wrong Solutions with Common Mistakes:"
QL=W1_Win*TL/(TH-TL) "Using temperatures in C"
QL=W2_Win "Setting work equal to heat input”
QL=W3_Win/COP "Dividing by COP instead of multiplying"
QL=W4_Win*(TH+273)/(TH-TL) "Using COP of HP"

6-163 A refrigerator is removing heat from a cold medium at 3°C at a rate of 7200 kJ/h and rejecting the
waste heat to a medium at 30°C. If the coefficient of performance of the refrigerator is 2, the power

consumed by the refrigerator is
(a) 0.1 kW (b) 0.5kW (c) 1.0kW (d) 2.0kW (e) 5.0 kW

Answer (¢) 1.0 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TL=3"C"

TH=30 "C"
QL=7200/3600 "kJ/s"
COP=2
QL=Win*COP

"Some Wrong Solutions with Common Mistakes:"
QL=W1_Win*(TL+273)/(TH-TL) "Using Carnot COP"

QL=W2_Win "Setting work equal to heat input"
QL=W3_Win/COP "Dividing by COP instead of multiplying"
QL=W4_Win*TL/(TH-TL) "Using Carnot COP using C"
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6-164 Two Carnot heat engines are operating in series such that the heat sink of the first engine serves as
the heat source of the second one. If the source temperature of the first engine is 1600 K and the sink
temperature of the second engine is 300 K and the thermal efficiencies of both engines are the same, the
temperature of the intermediate reservoir is

() 950 K (b) 693 K (c) 860K (d) 473K (e) 758K

Answer (b) 693 K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

TH=1600 "K"

TL=300 "K"

"Setting thermal efficiencies equal to each other:"
1-Tmid/TH=1-TL/Tmid

"Some Wrong Solutions with Common Mistakes:"
W1_Tmid=(TL+TH)/2 "Using average temperature"
W2_Tmid=SQRT(TL*TH) "Using average temperature"

6-165 Consider a Carnot refrigerator and a Carnot heat pump operating between the same two thermal
energy reservoirs. If the COP of the refrigerator is 3.4, the COP of the heat pump is
() 1.7 (b) 24 (c) 3.4 (d) 44 (e)5.0

Answer (d) 4.4

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

COP_R=3.4
COP_HP=COP_R+1

"Some Wrong Solutions with Common Mistakes:"
W1_COP=COP_R-1 "Subtracting 1 instead of adding 1"
W2_COP=COP_R "Setting COPs equal to each other"

6-166 A typical new household refrigerator consumes about 680 kWh of electricity per year, and has a
coefficient of performance of 1.4. The amount of heat removed by this refrigerator from the
refrigerated space per year is

(a) 952 Ml/yr (b) 1749 MJ/yr (c) 2448 MJ/yr (d) 3427 MJ/yr (e) 4048 MJ/yr

Answer (d) 3427 MJ/yr

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

W_in=680*3.6 "MJ"
COP_R=1.4
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QL=W_in*COP_R "MJ"

"Some Wrong Solutions with Common Mistakes:"
W1_QL=W_in*COP_R/3.6 "Not using the conversion factor"
W2_QL=W_in "Ignoring COP"

W3_QL=W_in/COP_R "Dividing by COP instead of multiplying"

6-167 A window air conditioner that consumes 1 kW of electricity when running and has a coefficient of
performance of 4 is placed in the middle of a room, and is plugged in. The rate of cooling or heating this
air conditioner will provide to the air in the room when running is

(a) 4 kJ/s, cooling (b) 1 KJ/s, cooling  (c) 0.25 kl/s, heating (d) 1 kJ/s, heating

(e) 4 kJ/s, heating

Answer (d) 1 kl/s, heating

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

W_in=1 "kW"

COP=4

"From energy balance, heat supplied to the room is equal to electricity consumed,"
E_supplied=W_in "kJ/s, heating"

"Some Wrong Solutions with Common Mistakes:"
W1_E=-W_in "kJ/s, cooling"

W2_E=-COP*W_in "kJ/s, cooling"
W3_E=W_in/COP "kJ/s, heating"
W4_E=COP*W_in "kJ/s, heating"

6-168 --- 6-172 Design and Essay Problems
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