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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. 

 

1-4C A car going uphill without the engine running would increase the energy of the car, and thus it would 
be a violation of the first law of thermodynamics. Therefore, this cannot happen. Using a level meter (a 
device with an air bubble between two marks of a horizontal water tube) it can shown that the road that 
looks uphill to the eye is actually downhill.  

 

Mass, Force, and Units 

 

1-5C Pound-mass lbm is the mass unit in English system whereas pound-force lbf is the force unit.  One 
pound-force is the force required to accelerate a mass of 32.174 lbm by 1 ft/s2. In other words, the weight 
of a 1-lbm mass at sea level is 1 lbf. 

 

1-6C  In this unit, the word light refers to the speed of light.  The light-year unit is then the product of a 
velocity and time.  Hence, this product forms a distance dimension and unit. 

 

1-7C There is no acceleration, thus the net force is zero in both cases.  
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1-8E The weight of a man on earth is given. His weight on the moon is to be determined. 

Analysis Applying Newton's second law to the weight force gives 

lbm 4.180
lbf 1

ft/slbm 174.32
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Mass is invariant and the man will have the same mass on the moon.  Then, his weight on the moon will be 
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1-9 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 �U = 1.16 kg/m3. 

ROOM 
AIR 

 
6X6X8 m3

Analysis The mass of the air in the room is 

  kg 334.1� �u�u� ��� )m 86)(6kg/m (1.16 33V�Um
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1-10 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. 

Sea level 

z 

0 

Analysis   The weight of a body at the elevation z can be expressed as 

  W mg m z�  �  � � � u��( . . )9 807 332 106

In our case, 

  W W mg ms s�  �  �  0 99 0 99 0 99 9 807. . . ( )( . )

Substituting, 

  m 29,539� �•�o�•�u��� �� zz)1032.381.9()81.9(99.0 6
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1-11E The mass of an object is given. Its weight is to be determined. 

Analysis Applying Newton's second law, the weight is determined to be 
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1-12 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 
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1-13  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 

 N 48.95
m/skg 1

N 1
)m/s kg)(9.79 (5
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Then the net force that acts on the rock is 

 N 101.0548.95150downupnet � ��� ��� FFF  

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

 2m/s 20.2� �¸
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N 1

m/skg 1

kg 5

N 101.05 2

m
F

a  
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1-14 EES Problem 1-13 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*g "[N]" 
m=5 [kg] 
g=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] 
g=9.79 [m/s^2] 
m=5 [kg] 
W=48.95 [N]   

 

 

 

 

1-15 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/s2 at sea level and 9.767 m/s2 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 

0.41%� �u
��

� �u
�'

� � 100
807.9

767.9807.9
100in  %Reductionin weight %Reduction

g

g
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. 
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Systems, Properties, State, and Processes  

 

1-16C This system is a region of space or open system in that mass such as air and food can cross its 
control boundary.  The system can also interact with the surroundings by exchanging heat and work across 
its control boundary.  By tracking these interactions, we can determine the energy conversion 
characteristics of this system. 

 

1-17C The system is taken as the air contained in the piston-cylinder device. This system is a closed or 
fixed mass system since no mass enters or leaves it. 

 

1-18C Carbon dioxide is generated by the combustion of fuel in the engine. Any system selected for this 
analysis must include the fuel and air while it is undergoing combustion. The volume that contains this air-
fuel mixture within piston-cylinder device can be used for this purpose. One can also place the entire 
engine in a control boundary and trace the system-surroundings interactions to determine the rate at which 
the engine generates carbon dioxide. 

 

1-19C When analyzing the control volume selected, we must account for all forms of water entering and 
leaving the control volume.  This includes all streams entering or leaving the lake, any rain falling on the 
lake, any water evaporated to the air above the lake, any seepage to the underground earth, and any springs 
that may be feeding water to the lake. 

 

1-20C Intensive properties do not depend on the size (extent) of the system but extensive properties do. 

 

1-21C The original specific weight is 

 
V
W

� 1�J  

If we were to divide the system into two halves, each half weighs W/2 and occupies a volume of V/2.  The 
specific weight of one of these halves is 

 12/
2/

�J�J � � 
V
W

 

which is the same as the original specific weight. Hence, specific weight is an intensive property. 

 

1-22C The number of moles of a substance in a system is directly proportional to the number of atomic 
particles contained in the system.  If we divide a system into smaller portions, each portion will contain 
fewer atomic particles than the original system.  The number of moles is therefore an extensive property. 

 

1-23C  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. 
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1-24C 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. 

 

1-25C 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. 

 

1-26C The state of a simple compressible system is completely specified by two independent, intensive 
properties. 

 

1-27C In order to describe the state of the air, we need to know the value of all its properties.  Pressure, 
temperature, and water content (i.e., relative humidity or dew point temperature) are commonly cited by 
weather forecasters. But, other properties like wind speed and chemical composition (i.e., pollen count and 
smog index, for example} are also important under certain circumstances.  

Assuming that the air composition and velocity do not change and that no pressure front motion 
occurs during the day, the warming process is one of constant pressure (i.e., isobaric). 

 

1-28C  A process is said to be steady-flow if it involves no changes with time anywhere within the system 
or at the system boundaries. 
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1-29 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 

 

0 5 10 15 20 25
0

0.2

0.4

0.6
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1.2

1.4

z, km  

�U,
 k

g/
m

3

 

r, km z, km �U, kg/m3

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 
6402 25 0.04008 

 

Analysis Using EES, (1) Define a trivial function rho= 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 2nd order polynomial and enter/edit 
equation. The results are:  

  �U(z) = a + bz + cz2 = 1.20252 – 0.101674z + 0.0022375z2    for the unit of kg/m3, 

  (or, �U(z) = (1.20252 – 0.101674z + 0.0022375z2)�u109   for the unit of kg/km3) 

where z is the vertical distance from the earth surface at sea level. At z = 7 km, the equation would give �U = 
0.60 kg/m3.  

(b) The mass of atmosphere can be evaluated by integration to be 
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where r0 = 6377 km is the radius of the earth, h = 25 km is the thickness of the atmosphere, and  a = 
1.20252, b = -0.101674, and c = 0.0022375 are the constants in the density function. Substituting and 
multiplying by the factor 109 for the density unity kg/km3, the mass of the atmosphere is determined to be  

     m = 5.092�u1018   kg  

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

EES Solution for final result: 

a=1.2025166;  b=-0.10167 
c=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 
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Temperature  

 

1-30C 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. 

 

1-31C They are Celsius (�qC) and kelvin (K) in the SI, and fahrenheit (�qF) and rankine (R) in the English 
system. 

 

1-32C  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. 

 

 

 

1-33 A temperature is given in �qC. It is to be expressed in K. 

Analysis The Kelvin scale is related to Celsius scale by 

 T(K] = T(�qC) + 273 

Thus, T(K] = 37�qC + 273 = 310 K 

 

 

 

1-34E A temperature is given in �qC. It is to be expressed in �qF, K, and R. 

Analysis Using the conversion relations between the various temperature scales, 

 T(K] = T(�qC) + 273 = 18�qC + 273 = 291 K 

 T(�qF] = 1.8T(�qC) + 32 = (1.8)(18) + 32 = 64.4�qF 

 T(R] = T(�qF) + 460 = 64.4 + 460 = 524.4 R 

 

 

 

1-35  A temperature change is given in �qC. It is to be expressed in K. 

Analysis This problem deals with temperature changes, which are identical in Kelvin and Celsius scales. 
Thus,  �' T(K] = �' T(�qC) = 15 K 
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1-36E The temperature of steam given in K unit is to be converted to �qF unit. 

Analysis  Using the conversion relations between the various temperature scales, 

 
F80.6�q� ��� ���q� �q

�q� ��� ��� �q

32)27)(8.1(32)C(8.1)F(

C27273300273)K()C(

TT

TT
 

 

 

 

1-37E The temperature of oil given in �qF unit is to be converted to �qC unit. 

Analysis  Using the conversion relation between the temperature scales, 

 C65.6�q� 
��

� 
���q

� �q
8.1
32150

8.1
32)F(

)C(
T

T  

 

 

 

1-38E The temperature of air given in �qC unit is to be converted to �qF unit. 

Analysis  Using the conversion relation between the temperature scales, 

 F302�q� ��� ���q� �q 32)150)(8.1(32)C(8.1)F( TT  

 

 

 

1-39E A temperature range given in �qF unit is to be converted to �qC unit and the temperature difference in 
�qF is to be expressed in K, �qC, and R. 

Analysis  The lower and upper limits of comfort range in �qC are  

 C18.3�q� 
��

� 
���q

� �q
8.1
3265

8.1
32)F(

)C(
T

T  

 C23.9�q� 
��

� 
���q

� �q
8.1
3275

8.1
32)F(

)C(
T

T  

A temperature change of 10�qF in various units are  

 

K 5.6

C5.6

R 10

� �q�'� �'

�q� � 
�q�'

� �q�'

� �q�'� �'

)C()K(
8.1

10
1.8

)F(
)C(

)F()R(

TT

T
T

TT
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Pressure, Manometer, and Barometer 

 

1-40C The pressure relative to the atmospheric pressure is called the gage pressure, and the pressure 
relative to an absolute vacuum is called absolute pressure. 

 

1-41C The blood vessels are more restricted when the arm is parallel to the body than when the arm is 
perpendicular to the body.  For a constant volume of blood to be discharged by the heart, the blood 
pressure must increase to overcome the increased resistance to flow. 

 

1-42C 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. 

 

1-43C 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. 

 

1-44C 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.   

 

 

 

1-45E The maximum pressure of a tire is given in English units. It is to be converted to SI units. 

Assumptions The listed pressure is gage pressure. 

Analysis Noting that 1 atm = 101.3 kPa = 14.7 psi, the listed maximum pressure can be expressed in SI 
units as 

          kPa  241� �¸�¸
�¹

�·
�¨�¨
�©

�§
� � 

 psi14.7
 kPa3.101

) psi35( psi35maxP   

Discussion We could also solve this problem by using the conversion factor 1 psi = 6.895 kPa.  
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1-46 The pressure in a tank is given. The tank's pressure in various units are to be determined.  

Analysis Using appropriate conversion factors, we obtain 

(a) 2kN/m 1500� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

kPa 1
kN/m 1

)kPa 1500(
2

P  

(b) 2skg/m 1,500,000 �˜� �¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

kN 1
m/skg 1000

kPa 1
kN/m 1

)kPa 1500(
22

P  

(c) 2skg/km 0001,500,000, �˜� �¸
�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

km 1
m 1000

kN 1

m/skg 1000

kPa 1
kN/m 1

)kPa 1500(
22

P  

 

 

 

1-47E The pressure given in kPa unit is to be converted to psia. 

Analysis  Using the kPa to psia units conversion factor, 

 psia 29.0� �¸
�¹

�·
�¨
�©

�§
� 

kPa 589.6

psia 1
)kPa 200(P  

 

 

 

1-48E A manometer measures a pressure difference as inches of water. This is to be expressed in psia unit. 

Properties  The density of water is taken to be 62.4 lbm/ft3 (Table A-3E).   

Analysis  Applying the hydrostatic equation, 

 

psia 1.44� � 

�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§

�˜
� 

� �'

2

2

2

2
23

lbf/in 1.44

in 144

ft 1

ft/slbm 174.32

lbf 1
ft) )(40/12ft/s )(32.174lbm/ft 4.62(

ghP �U

 

 

 

 

1-49 The pressure given in mm Hg unit is to be converted to kPa. 

Analysis  Using the mm Hg to kPa units conversion factor, 

 kPa 133.3� �¸�¸
�¹

�·
�¨�¨
�©

�§
� 

Hg mm 1
kPa 0.1333

)Hg mm 1000(P  
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1-50 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/m3, 
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) th e gh�U  terms until we reach point 2, and setting the 
result equal to Patm since the tube is open to the atmosphere gives 

atmPghghghP � ������ 3mercury2oil1water1 �U�U�U  

Solving for P1,

      3mercury2oil1wateratm1 ghghghPP �U�U�U �������  

or,  

      )( 2oil1water3mercuryatm1 hhhgPP �U�U�U ����� ��  

Noting that P1,gage = P1 - Patm and substituting, 

kPa 56.9� 

�¸
�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��

��� 

22
3

332
gage1,

N/m 1000

kPa 1

m/skg 1

N 1
m)] 3.0)(kg/m (850   

m) 2.0)(kg/m (1000m) 46.0)(kg/m )[(13,600m/s (9.81P

 

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. 

 

 

 

1-51 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/m3.  

Analysis The atmospheric pressure is determined directly from 

kPa  100.1� 

�¸
�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� 

22
23

atm

N/m 1000

kPa 1

m/skg 1

N 1
m) 750.0)(m/s 81.9)(kg/m (13,600

ghP �U
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1-52 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   

 11 ghP �U�         and    22 ghP �U�  

h1

 
1 h2

 
2 

Taking their ratio,    

 
1

2

1

2

1

2

h

h

gh

gh

P

P
� � 

�U
�U

     

Solving for P2 and substituting gives    

 kPa  84� � � kPa) 28(
m 3

m 9
1

1

2
2 P

h

h
P      

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

 

 

 

1-53 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/m3. Then density of the liquid is obtained by multiplying its specific gravity by the density of 
water,   

  33   kg/m850)kg/m 0(0.85)(100SG
2

� � �u� OH�U�U

Analysis (a) Knowing the absolute pressure, the atmospheric 
pressure can be determined from  

Patm 

 
 
h 
 

P 

     

kPa  96.0� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� 

��� 

2
23

atm

N/m 1000

kPa 1
m) )(5m/s )(9.81kg/m (1000kPa) (145

ghPP �U

 

(b)  The absolute pressure at a depth of 5 m in the other liquid is 

     

kPa  137.7� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� 

��� 

2
23

atm

N/m 1000

kPa 1
m) )(5m/s )(9.81kg/m (850kPa) (96.0

ghPP �U

 

Discussion Note that at a given depth, the pressure in the lighter fluid is lower, as expected.  
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1-54E It is to be shown that 1 kgf/cm2 = 14.223 psi . 

Analysis Noting that 1 kgf = 9.80665 N, 1 N = 0.22481 lbf, and 1 in = 2.54 cm, we have   

 lbf 20463.2
N 1

lbf 0.22481
) N 9.80665( N 9.80665 kgf 1 � �¸�¸

�¹

�·
�¨�¨
�©

�§
� �  

and 

psi 14.223� � �¸�¸
�¹

�·
�¨�¨
�©

�§
� � 2

2
222 lbf/in 223.14

in 1

cm 2.54
) lbf/cm 20463.2( lbf/cm 20463.2kgf/cm 1  

 

 

 

1-55E The pressure in chamber 3 of the two-piston cylinder shown in the figure is to be determined. 

Analysis  The area upon which pressure 1 acts is 

 2
22

1
1 in 069.7

4
in) 3(

4
� � � �S�S

D
A  

F1

F2

F3
and the area upon which pressure 2 acts is 

 2
22

2
2 in 142.3

4
in) 2(

4
� � � �S�S

D
A  

The area upon which pressure 3 acts is given by 

  2
213 in 927.3142.3069.7 � ��� ��� AAA

The force produced by pressure 1 on the piston is then 

 lbf 1060)in 069.7(
psia 1

lbf/in 1
)psia 150( 2

2

111 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§
� � APF  

while that produced by pressure 2 is  

  lbf 628)in 142.3)(psia 200( 2
221 � � � APF

According to the vertical force balance on the piston free body diagram 

  lbf 4326281060213 � ��� ��� FFF

Pressure 3 is then 

 psia 110� � � 
2

3

3
3

in 927.3

lbf 432
A

F
P  
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1-56 The pressure in chamber 2 of the two-piston cylinder shown in the figure is to be determined. 

Analysis  Summing the forces acting on the piston in the vertical direction gives 

  
1121322

132

)( APAAPAP

FFF

� ����

� ��

F1

F2

F3

which when solved for P2 gives 

 �¸�¸
�¹

�·
�¨�¨
�©

�§
����� 1

2

1
3

2

1
12 A

A
P

A

A
PP  

since the areas of the piston faces are given by  
the above equation becomes 

4/2DA �S� 

 

kPa 3625� 

�»
�»
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�«
�«
�¬

�ª
���¸
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�·
�¨
�©

�§
���¸

�¹

�·
�¨
�©

�§
� 

�»
�»

�¼

�º

�«
�«

�¬

�ª
���¸�¸

�¹

�·
�¨�¨
�©

�§
���¸�¸

�¹

�·
�¨�¨
�©

�§
� 

1
4

10
kPa) 500(

4
10

kPa) 1000(

1

22

2

2

1
3

2

2

1
12 D

D
P

D

D
PP

 

 

 

 

1-57 The pressure in chamber 1 of the two-piston cylinder shown in the figure is to be determined. 

Analysis  Summing the forces acting on the piston in the vertical direction gives 

  
1121322

132

)( APAAPAP

FFF

� ����

� ��

F1

F2

F3

which when solved for P1 gives 

 �¸�¸
�¹

�·
�¨�¨
�©

�§
����� 

1

2
3

1

2
21 1

A

A
P

A

A
PP  

since the areas of the piston faces are given by  
the above equation becomes 

4/2DA �S� 

 

kPa 908� 
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�ª
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�·
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�©
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�����¸
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�����¸�¸

�¹

�·
�¨�¨
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2
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1

2
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4
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4

kPa) 2000(

1
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D
P

D

D
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1-58 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 

   
2m 1.37� �¸

�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� � 

22

2

N/m 1000

kPa 1

m/skg 1

N 1
kPa 0.5

)m/s kg)(9.81 (70

P
mg

P
W

A

 

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.    

 

 

 

1-59 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 �U = 13,590 kg/m3. 

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

Pabs

Patm = 750 mmHg 

15 kPa 

  

kPa 0.100
N/m 1000

kPa 1

m/skg 1

N 1
m) )(0.750m/s )(9.807kg/m (13,590

22
23

atm

� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� hgP �U

 

Then the absolute pressure in the tank becomes 

 kPa 85.0� ��� ��� 15100.0vacatmabs PPP  

 

 

 

1-60E 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 �U = 848.4 lbm/ft3. 

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

Pabs 50 psi 

psia 14.29
in 144

ft 1

ft/slbm 32.2

lbf 1
ft) )(29.1/12ft/s )(32.2lbm/ft (848.4

2

2

2
23

atm

� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� hgP �U

 

Then the absolute pressure in the tank is 

 psia 64.3� ��� ��� 14.2950atmgageabs PPP  
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1-61 A pressure gage connected to a tank reads 500 kPa. The absolute pressure in the tank is to be 
determined. 

Pabs

Patm = 94 kPa 

500kPa
Analysis The absolute pressure in the tank is determined from 

 kPa 594� ��� ��� 94500atmgageabs PPP  

 

 

 

 

 

1-62 A mountain hiker records the barometric reading before and after a hiking trip. The vertical distance 
climbed is to be determined. 

h = ?

780 mbar 

930 mbar

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

Properties The density of air is given to be �U = 1.20 kg/m3. 

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 

   

bar 0.780)(0.930
N/m 100,000

bar 1

m/skg 1

N 1
))(m/s )(9.81kg/m (1.20

)(

/

22
23

topbottomair

topbottomair

��� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜

��� 

��� 

h

PPgh

PPAW

�U  

It yields   

h = 1274 m 

which is also the distance climbed. 
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1-63 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 �U = 1.18 kg/m3. The 
density of mercury is 13,600 kg/m3. 

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

kPa 100.70
N/m 1000

kPa 1

m/skg1

N1
m) )(0.755m/s )(9.807kg/m (13,600

)(

kPa 97.36
N/m 1000

kPa 1

m/skg 1

N 1
m) )(0.730m/s )(9.807kg/m (13,600

)(

22
23

bottombottom

22
23

toptop

� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� 

� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� 

hgP

hg�!P

�U
 

730 mmHg 

755 mmHg 

h 

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

 

kPa 97.36)(100.70
N/m 1000

kPa 1

m/skg 1

N 1
))(m/s )(9.807kg/m (1.18

)(

/

22
23

topbottomair

topbottomair

��� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜

��� 

��� 

h

PPgh

PPAW

�U  

It yields  h = 288.6 m 

which is also the height of the building. 
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1-64 EES Problem 1-63 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] 

 

 

 

 

1-65 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/m3. 

Analysis The density of the seawater is obtained by multiplying its 
specific gravity by the density of water which is taken to be 1000 
kg/m3: 

Patm 

 
Sea 

h 
 

P 

  33 kg/m 1030)kg/m 0(1.03)(100SG
2

� � �u� OH�U�U

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

  

kPa 404.0� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� 

��� 

2
23

atm

N/m 1000

kPa 1
m) )(30m/s )(9.807kg/m (1030kPa) (101

ghPP �U
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1-66  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 

Fspring 

Patm

P

W = mg 

  springatm FWAPPA ����� 

Thus, 

 

kPa 123.4� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�u

��
��� 

��
��� 

�� 224

2

spring
atm

N/m 1000

kPa 1

m1035

N 60)m/s kg)(9.81 (4
kPa) (95

A

Fmg
PP

 

 

 

 

1-67 EES  Problem 1-66 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]" 
 
 

0 100 200 300 400 500
100

120

140

160

180
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220

240

260

F
spring

  [N]

P
g

a
s

  
[k

P
a

]

 

Fspring [N] Pgas [kPa] 
0 106.2 

55.56 122.1 
111.1 138 
166.7 153.8 
222.2 169.7 
277.8 185.6 
333.3 201.4 
388.9 217.3 
444.4 233.2 
500 249.1 
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1-68 [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 
�Uwater = 1000 kg/m3 and be �UHg = 13,600 kg/m3. 

Analysis The gage pressure is related to the vertical 
distance h between the two fluid levels by  

 
g

P
hhgP

�U
�U gage

gage � �•�o�•�  

(a) For mercury, 

    

m600  .
kN 1

skg/m 1000

kPa 1
kN/m 1

)m/s )(9.81kg/m (13,600

kPa 80 22

23

gage

� �¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

� 
g

P
h

Hg�U
 

(b) For water, 

     m8.16 
kN 1

skg/m 1000

kPa 1
kN/m 1

)m/s )(9.81kg/m (1000

kPa 80 22

23
OH

gage

2

� �¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� � 

g

P
h

�U
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1-69 EES Problem 1-68 is reconsidered. The effect of the manometer fluid density in the range of 800 to 
13,000 kg/m3 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 H2O, 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      
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1-70 The air pressure in a tank is measured by an oil manometer. For a given oil-level difference between 
the two columns, the absolute pressure in the tank is to be determined. 

 
AIR 

 
 

Patm = 98 kPa

0.60 m 

Properties The density of oil is given to be �U = 850 kg/m3. 

Analysis The absolute pressure in the tank is determined from 

 

kPa 103� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� 

��� 

2
23

atm

N/m1000

kPa1
m) )(0.60m/s)(9.81kg/m (850kPa) (98

ghPP �U

 

 

 

 

 

 

 

1-71 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 �U = 13,600 kg/m3. 

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 

kPa  102� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��� 

��� 

22
23

atm

N/m 1000

kPa 1

m/skg 1

N 1
m) )(0.015m/s )(9.81kg/m (13,600kPa) (100

ghPP �U

 

 

 

  

1-72 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 �U = 13,600 kg/m3. 

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 

 

kPa  106� 
�¸
�¸
�¹

�·
�¨
�¨
�©
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�¸
�¸
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atm

N/m 1000

kPa 1

m/skg 1

N 1
m) )(0.045m/s )(9.81kg/m (13,600kPa) (100

ghPP �U

 

 
AIR 

 
P 

45 mm 
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1-73E 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/m3 and 13,600 kg/m3, respectively. 

Analysis Using the relation ghP �U�  for gage pressure, the high and low pressures are expressed as 

   

kPa10.7

kPa 16.0

 
N/m1000

kPa1

m/skg1

N1
m) )(0.08m/s )(9.81kg/m (13,600

N/m1000
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Noting that 1 psi = 6.895 kPa, 

   psi2.32 
kPa6.895

psi 1
Pa) 0.(16high � �¸�¸

�¹

�·
�¨�¨
�©

�§
� P        and    psi1.55 

kPa6.895
psi 1

Pa) (10.7low � �¸�¸
�¹

�·
�¨�¨
�©

�§
� P  

For a given pressure, the relation ghP �U�  can be expressed for 

mercury and water as waterwaterghP �U�  and mercurymercuryghP �U� . 

Setting these two relations equal to each other and solving for 
water height gives 

h mercury
water

mercury
watermercurymercurywaterwater       hhghghP

�U

�U
�U�U � �o� �  

Therefore, 

     

m 1.09

m 1.63

� � � 

� � � 

m) 08.0(
kg/m 1000

kg/m 600,13

m) 12.0(
kg/m 1000

kg/m 600,13

3

3

low mercury,
water

mercury
low water,

3

3

high mercury,
water

mercury
high water,

hh

hh

�U

�U

�U

�U

 

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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1-74 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. 

h
Blood 

Properties The density of blood is given to be �U = 1050 kg/m3.  

Analysis For a given gage pressure, the relation ghP �U�  can be expressed 

for mercury and blood as bloodbloodghP �U�  and mercurymercuryghP �U� . 

Setting these two relations equal to each other we get 

mercurymercurybloodblood ghghP �U�U � �  

Solving for blood height and substituting gives 

m 1.55� � � m) 12.0(
kg/m 1050

kg/m 600,13
3

3

mercury
blood

mercury
blood hh

�U

�U
 

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. 

 

 

 

1-75 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. 

hhead 

htoe 

Properties We take the density of water to be  �U =1000 kg/m3.  

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

  headatmhead ghPP �U���     and     toeatmtoe ghPP �U���  

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

   )( headtoeheadtoeheadtoe hhgghghPP ��� ��� �� �U�U�U  

Substituting, 

   kPa 17.7� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� ��

22
23

headtoe
N/m1000

kPa1

m/skg1

N1
0) - m )(1.80m/s )(9.81kg/m (1000PP  

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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1-76 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. 

ha 

hw2 

hw1 

oil Water 
Properties The density of oil is given to be �U  = 790 kg/m3. We take 
the density of water to be �U =1000 kg/m3. 

Analysis The height of water column in the left arm of the monometer 
is given to be hw1 = 0.70 m. We let the height of water and oil in the 
right arm to be hw2 and ha, respectively. Then, ha = 4hw2. Noting that 
both arms are open to the atmosphere, the pressure at the bottom of 
the U-tube can be expressed as  

  w1watmbottom ghPP �U���     and      aaw2watmbottom ghghPP �U�U �����  

Setting them equal to each other and simplifying, 

aaw2w1aaw2ww1waaw2ww1w )/(                            hhhhhhghghgh w�U�U�U�U�U�U�U�U ��� �o��� �o���  

Noting that ha = 4hw2, the water and oil column heights in the second arm are determined to be 

   m 0.168 � �o��� 222           4 (790/1000)m 0.7 www hhh  

   m 0.673 � �o��� aa hh           (790/1000)m 168.0m 0.7  

Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is 
lighter than water.    
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1-77 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 �Usea = 1035 kg/m3 and �UHg = 13,600 kg/m3. 
We take the density of water to be �U w =1000 kg/m3. 

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 gh�U  terms until we reach the sea 
water pipe (point 2), and setting the result 
equal to P2  gives 

     2seaseaairairHgHgw1 PghghghghP w � �������� �U�U�U�U  

Rearranging and neglecting the effect of air column on pressure,  

 
Fresh 
Water 

hw

hsea

hair

 
Sea 

Water 

Mercury 

Air 

hHg

 )( seaseawHgHgseaseaHgHgw21 hhhgghghghPP ww �U�U�U�U�U�U ����� ������� ��  

Substituting, 

kPa 3.39� � 

�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
����

� ��

2

2
33

32
21

kN/m 39.3

m/skg 1000

kN 1
m)] 4.0)(kg/m (1035m) 6.0)(kg/m (1000 

m) 1.0)(kg/m )[(13600m/s (9.81PP

 

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/m3 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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1-78 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 �Usea = 1035 kg/m3 and �UHg = 13,600 kg/m3. 
We take the density of water to be �U w =1000 kg/m3. 
The specific gravity of oil is given to be 0.72, and thus 
its density is 720 kg/m3. 

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 gh�U  terms until we reach the sea 
water pipe (point 2), and setting the result equal 
to P2  gives 

   2seaseaoiloilHgHgw1 PghghghghP w � �������� �U�U�U�U  

 
Fresh 
Water 

hw

hsea

hoil

 
Sea 

Water 

Mercury 

Oil 

hHg

Rearranging,  

)( seaseawoiloilHgHg

seaseaoiloilHgHgw21

hhhhg

ghghghghPP

w

w

�U�U�U�U

�U�U�U�U

������� 

��������� ��
 

Substituting, 

kPa 8.34� � 

�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��

����� ��

2

2
3

3332
21

kN/m 34.8

m/skg 1000

kN 1
m)] 4.0)(kg/m (1035               

m) 6.0)(kg/m (1000 m) 7.0)(kg/m (720m) 1.0)(kg/m )[(13600m/s (9.81PP

 

Therefore, the pressure in the fresh water pipe is 8.34 kPa higher than the pressure in the sea water pipe. 

  

 

 

1-79 The pressure indicated by a manometer is to be determined. 

Properties  The specific weights of fluid A and fluid 
B are given to be 10 kN/m3 and 8 kN/m3, 
respectively.  

hA =

= hB

Analysis  The absolute pressure P1 is determined from 

          

kPa 102.7� 

����

�¸�¸
�¹

�·
�¨�¨
�©

�§
� 

����� 

����� 

m) )(0.15kN/m (8m) )(0.05kN/m (10

Hg mm 1
kPa 0.1333

Hg) mm 758(

)()(

33

atm

atm1

BBAA

BA

hhP

ghghPP

�J�J
�U�U

 

Note that 1 kPa = 1 kN/m2. 
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1-80 The pressure indicated by a manometer is to be determined. 

Properties  The specific weights of fluid A and fluid B are given to be 100 kN/m3 and 8 kN/m3, 
respectively.  

hA =

= hB

100 kN/m3

Analysis  The absolute pressure P1 is determined from 

   

kPa 96.2� 

����� 

����� 

����� 

m) )(0.15kN/m (8m) )(0.05kN/m (100kPa 90

)()(

33

atm

atm1

BBAA

BA

hhP

ghghPP

�J�J
�U�U

Note that 1 kPa = 1 kN/m2. 

 

 

 

 

 

 

 

1-81 The pressure indicated by a manometer is to be determined. 

Properties  The specific weights of fluid A and fluid B are given to be 10 kN/m3 and 20 kN/m3, 
respectively.  

hA =

= hB

20 kN/m3

Analysis  The absolute pressure P1 is determined from 

          

kPa 102.8� 

����

�¸�¸
�¹

�·
�¨�¨
�©

�§
� 

����� 

����� 

m) )(0.15kN/m (20m) )(0.05kN/m (10

Hg mm 1
kPa 0.1333

Hg) mm 745(

)()(

33

atm

atm1

BBAA

BA

hhP

ghghPP

�J�J
�U�U

 

Note that 1 kPa = 1 kN/m2. 
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1-82 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure 
gage and a manometer. The differential height h 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 �Uw =1000 kg/m3. 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 u p) the gh�U  terms until we reach the free surface of oil where the oil 
tube is exposed to the atmosphere, and setting the result equal to Patm  gives 

     atmw PghghghP � ������ oiloilHgHgw1 �U�U�U  

Rearranging,

      wghghghPP wHgHgoiloilatm1 �U�U�U ����� ��  

or, 

      whhh
g

P
����� HgHgoiloil

w

gage,1
SGSG

�U
 

Substituting, 

      m 3.013.6m) (0.7572.0
mkPa. 1

m/skg  1000

)m/s (9.81)kg/m (1000

kPa 80
Hg2

2

23
���u���u� �¸

�¸
�¹

�·
�¨
�¨
�©

�§

�˜

�˜
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
h  

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

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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1-83 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure 
gage and a manometer. The differential height h 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 �U w =1000 kg/m3. 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 gh�U  terms until we reach the free surface of oil where the oil 
tube is exposed to the atmosphere, and setting the result equal to Patm  gives 

atmw PghghghP � ������ oiloilHgHgw1 �U�U�U  

Rearranging,

      wghghghPP wHgHgoiloilatm1 �U�U�U ����� ��  

or,       whhh
g

P
����� HgHg oiloil

w

gage,1
SGSG

�U
 

Substituting, 

  m 3.013.6m) (0.7572.0
mkPa. 1

m/skg  1000

)m/s (9.81)kg/m (1000

kPa 40
Hg2

2

23
���u���u� �¸

�¸
�¹

�·
�¨
�¨
�©

�§

�˜

�˜

�»
�»
�¼

�º

�«
�«
�¬

�ª
h  

AIR 
 
 

Water 

hoil 

40 kPa 

hHg 
hw

Solving for hHg  gives   hHg = 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. 

 

 

 

1-84 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. 

hf
hw

Fluid

Water 
Properties  We take the density of water to be �U =1000 kg/m3.  

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  

  wwatmffatmcontact ghPghPP �U�U ��� ���   

Simplifying and solving for �Uf  gives 

  3kg/m 562.5� � � �o� )kg/m 1000(
cm 80
cm 45

         3
wwff w

f

w
f h

h
ghgh �U�U�U�U  

Discussion Note that the added fluid is lighter than water as expected (a heavier fluid would sink in water). 
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1-85 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. 

Water 

Mercury 
SG=13.56 

SG=1.1 

B 
Brine 
pipe 

A 
Air 

Area, A2

Area, A1

�' hb = 5 mm 

Properties The specific gravities are 
given to be 13.56 for mercury and 1.1 
for brine. We take the standard density 
of water to be �Uw =1000 kg/m3. 

Analysis It is clear from the problem 
statement and the figure that the brine 
pressure is much higher than the air 
pressure, and when the air pressure 
drops by 0.7 kPa, the pressure 
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 gh�U  terms until we reach the brine pipe (point B), and setting the result 
equal to PB  before and after the pressure change of air give 

Before:      BwA PghghghP � ������ br,1br1 Hg,Hgw1 �U�U�U  

After:        BwA PghghghP � ������ br,2br2 Hg,Hgw2 �U�U�U  

Subtracting,  

0brbrHgHg12 � �'���'���� hghgPP AA �U�U    �o    0brbrHgHg
21 � �'���'� 

��
hSGhSG

g

PP

w

AA

�U
        (1) 

where  and  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 

Hgh�' brh�'

rightHg,2leftHg,1 hAhA �'� �'  and 

22
12 s kg/m700N/m 700 kPa7.0 �˜��� ��� ��� �� AA PP   

m 005.0br � �' h  

)/A1(/A 12br12brbrleftHg,rightHg,Hg AhAhhhhh ���'� �'���'� �'���'� �'  

Substituting, 

m 0.005)]1.1()/0.005(113.56[
)m/s  )(9.81kg/m 1000(

skg/m 700
1223

2

�u�����u� 
�˜

AA  

It gives 

 A2/A1 = 0.134 
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1-86 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 �Uw =1000 kg/m3, 
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 gh�U  terms until we 
reach point A, and setting the result equal to PA  
give 

     Aglyglywoiloilatm PghghghP w � ������ �U�U�U  

A 

90 cm 

70 cm 

30 cm 

15 cm 

Glycerin 
SG=1.26 

Oil 
SG=0.90 

Water 

20 cm 

Rearranging and using the definition of specific gravity,  

                     glyglyoiloilatmA SGSGSG ghghghPP wwwww �U�U�U ����� ��  

or 

                     )SGSGSG( glyglyoiloilgageA, hhhgP www ����� �U  

Substituting, 

kPa 0.471� � 

�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
����� 

2

2
32

gageA,

kN/m 471.0

m/skg 1000

kN 1
m)] 70.0(26.1m) 3.0(1m) 70.0(90.0)[kg/m )(1000m/s (9.81P

 

The equivalent mercury column height is 

cm 0.353  m 00353.0
kN 1

m/skg 1000

)m/s (9.81)kg/m )(1000kg/m (13,600

kN/m 0.471 2

233

2

Hg

gageA,
Hg � � �¸

�¸
�¹

�·
�¨
�¨
�©

�§ �˜
� � 

g

P
h

�U

  

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  

 

1-87C 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.     

 

 

 

1-88 EES  Determine a positive real root of the following equation using EES: 

 2x3 – 10x0.5 – 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) 

 

 

 

1-89 EES Solve the following system of 2 equations with 2 unknowns using EES: 

 x3 – y2 = 7.75 

 3xy + y = 3.5 

Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 

 x^3-y^2=7.75 

 3*x*y+y=3.5 

Answer  x=2   y=0.5 

 

 

 

1-90 EES Solve the following system of 3 equations with 3 unknowns using EES: 

 2x – y + z = 5 

 3x2 + 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*x^2+2*y=z+2 

 x*y+2*z=8 

Answer  x=1.141,  y=0.8159,  z=3.535 
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1-91 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): 

 x^2*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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1-92E 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, kJ/kg-K) 
C_p_2=C_p*Convert(kJ/kg-C, Btu/lbm-F) 
C_p_3=C_p*Convert(kJ/kg-C, Btu/lbm-R) 
C_p_4=C_p*Convert(kJ/kg-C, kCal/kg-C) 
 

FORMATTED EQUATIONS WINDOW 

 

GIVEN

Cp   =  4.18   [kJ/kg-C]

ANALYSIS

Cp,1   =  Cp  · 1  · 
kJ/kg–K

kJ/kg–C

Cp,2   =  Cp  · 0.238846  · 
Btu/lbm–F

kJ/kg–C

Cp,3   =  Cp  · 0.238846  · 
Btu/lbm–R

kJ/kg–C

Cp,4   =  Cp  · 0.238846  · 
kCal/kg–C

kJ/kg–C
 

 

SOLUTION WINDOW 

 
C_p=4.18 [kJ/kg-C] 
C_p_1=4.18 [kJ/kg-K] 
C_p_2=0.9984 [Btu/lbm-F] 
C_p_3=0.9984 [Btu/lbm-R] 
C_p_4=0.9984 [kCal/kg-C] 
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Review Problems 

 

 

1-93 The weight of a lunar exploration module on the moon is to be determined.   

Analysis Applying Newton's second law, the weight of the module on the moon can be determined from 

N 669� � � � )m/s 64.1(
m/s 8.9

N 4000 2
2moon

earth

earth
moonmoon g

g

W
mgW  

 

 

 

1-94 The deflection of the spring of the two-piston cylinder with a spring shown in the figure is to be 
determined. 

Analysis  Summing the forces acting on the piston in the vertical direction gives 

  
1121322

132

)( APAAPAPkx

FFFFs

� ������

� ����

which when solved for the deflection of the spring and 
substituting  gives 4/2DA �S� 

 

� > � @
� > � @

cm 1.72� 

� 

�����u���u
�u

� 

������� 

m 0.0172

)03.008.0(100003.0000,1008.05000
8004

)(
4

2222

2
2

2
13

2
22

2
11

�S

�S
DDPDPDP

k
x

 

F1

F2

F3Fs

We expressed the spring constant k in kN/m, the pressures in kPa (i.e., kN/m2) and the diameters in m 
units. 
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1-95 The pressure in chamber 1 of the two-piston cylinder with a spring shown in the figure is to be 
determined. 

Analysis  Summing the forces acting on the piston in the vertical direction gives 

  
)( 2132211

321

AAPAPAPkx

FFFFs

����� ��

��� ��

F1

F2

F3Fs
which when solved for the P3 and substituting  
gives 

4/2DA �S� 

 

MPa 13.9� � 

��
�»
�»
�¼

�º

�«
�«
�¬

�ª
�¸
�¹

�·
�¨
�©

�§
�����¸

�¹

�·
�¨
�©

�§
� 

��
�»
�»

�¼

�º

�«
�«

�¬

�ª

�¸�¸
�¹

�·
�¨�¨
�©

�§
�����¸�¸

�¹

�·
�¨�¨
�©

�§
� 

���¸�¸
�¹

�·
�¨�¨
�©

�§
����� 

kPa 13,880

m) 07.0(

m) kN/m)(0.05 1200(4
7
3

1kPa) 300(
7
3

kPa) 8000(

4
1

1

2

22

2
1

2

1

2
3

2

1

2
2

11

2
3

1

2
21

�S

�SD

kx
D

D
P

D

D
P

A
kx

A

A
P

A

A
PP

 

 

 

1-96E The pressure in chamber 2 of the two-piston cylinder with a spring shown in the figure is to be 
determined. 

Analysis  The areas upon which pressures act are 

 2
22

1
1 in 63.19

4

in) 5(

4
� � � �S�S

D
A  

F1

F2

F3Fs

 2
22

2
2 in 142.3

4

in) 2(

4
� � � �S�S

D
A  

  2
213 in 49.16142.363.19 � ��� ��� AAA

The forces generated by pressure 1 and 3 are 

 lbf 1963)in 63.19(
psia 1

lbf/in 1
)psia 100( 2

2

111 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§
� � APF  

  lbf 330)in 49.16)(psia 20( 2
223 � � � APF

The force exerted by the spring is  

  lbf 400)in 2)(lbf/in 200( � � � kxFs

Summing the vertical forces acting on the piston gives 

 lbf 12334003301963312 � ����� ����� sFFFF  

The pressure at 2 is then 

 psia 392� � � 
2

2

2
2

in 142.3

lbf 1233
A

F
P  
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1-97 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/m3 and 13,600 kg/m3. 

Analysis The local atmospheric pressure is determined from 

kPa 91.8� � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��� 

��� 

 kN/m 84.91
m/skg 1000

kN 1
m) )(3000m/s )(9.81kg/m (1.15kPa 58 2

2
23

planeatm ghPP �U

 

The atmospheric pressure may be expressed in mmHg as 

 mmHg 688� �¸
�¹

�·
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§
� �  

m 1
mm 1000

kPa 1
Pa 1000

)m/s )(9.81kg/m (13,600

kPa 8.91
23

atm
Hg g

P
h

�U
 

 

 

 

1-98 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 

 �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
�u��� � ��

2
26

m/skg1

N1
)m/s103.32kg)(9.807(80 zmgW  

 Sea level: (z = 0 m): W = 80�u(9.807-3.32x10-6�u0) = 80�u9.807 = 784.6 N 

 Denver:  (z = 1610 m): W = 80�u(9.807-3.32x10-6�u1610) = 80�u9.802 = 784.2 N 

 Mt. Ev.:  (z = 8848 m): W = 80�u(9.807-3.32x10-6�u8848) = 80�u9.778 = 782.2 N 
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1-99  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:  

$9.26/kg� �¸�¸
�¹

�·
�¨�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§
kg 0.45359

lbm 1
 

lbm 1
oz 16

 
oz 12

$3.15
 =Cost Unit  

320 gram steak:  

$8.75/kg� �¸�¸
�¹

�·
�¨�¨
�©

�§
�¸�¸
�¹

�·
�¨�¨
�©

�§

kg 1
g 1000

 
g 320

$2.80
 =Cost Unit  

Therefore, the steak at the international market is a better buy.  

 

 

 

1-100E 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 lbf = 4.448 N and 1 kgf = 9.81 N, the thrust 
developed can be expressed in two other units as 

Thrust in  N:  N 103.78 5�u� �¸
�¹
�·

�¨
�©
�§� 

lbf 1
N 4.448

)lbf 000,85(Thrust  

Thrust in  kgf:  kgf 103.85 4�u� �¸
�¹
�·

�¨
�©
�§�u� 

N 9.81

 kgf1
)N 108.37(Thrust 5  

 

 

 

1-101E The efficiency of a refrigerator increases by 3% per �qC rise in the minimum temperature. This 
increase is to be expressed per �qF, K, and R rise in the minimum temperature. 

Analysis The magnitudes of 1 K and 1�qC are identical, so are the magnitudes of 1 R and 1�qF.  Also, a 
change of 1 K or 1�qC in temperature corresponds to a change of 1.8 R or 1.8�qF.  Therefore, the increase in 
efficiency is 

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

 (b), (c)  3/1.8 = 1.67% for each R or �qF rise in temperature. 
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1-102E  The boiling temperature of water decreases by 3�qC for each 1000 m rise in altitude. This decrease 
in temperature is to be expressed in �qF, K, and R. 

Analysis The magnitudes of 1 K and 1�qC are identical, so are the magnitudes of 1 R and 1�qF.  Also, a 
change of 1 K or 1�qC in temperature corresponds to a change of 1.8 R or 1.8�qF.  Therefore, the decrease in 
the boiling temperature is 

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

 (b), (c)  3�u1.8 = 5.4�qF = 5.4 R for each 1000 m rise in altitude. 

 

 

 

1-103E Hyperthermia of 5�qC is considered fatal. This fatal level temperature change of body temperature is 
to be expressed in �qF, K, and R. 

Analysis The magnitudes of 1 K and 1�qC are identical, so are the magnitudes of 1 R and 1�qF.  Also, a 
change of 1 K or 1�qC in temperature corresponds to a change of 1.8 R or 1.8�qF.  Therefore, the fatal level 
of hypothermia is 

 (a)  5 K 

 (b)  5�u1.8 = 9�qF 

(c) 5�u1.8 = 9 R 

 

 

 

1-104E  A house is losing heat at a rate of 4500 kJ/h per �qC temperature difference between the indoor and 
the outdoor temperatures. The rate of heat loss is to be expressed per �qF, K, and R of temperature 
difference between the indoor and the outdoor temperatures. 

Analysis The magnitudes of 1 K and 1�qC are identical, so are the magnitudes of 1 R and 1�qF.  Also, a 
change of 1 K or 1�qC in temperature corresponds to a change of 1.8 R or 1.8�qF.  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 �qF rise in temperature. 
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1-105  The average temperature of the atmosphere is expressed as Tatm = 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 

 Tatm = 288.15 - 6.5z 

        = 288.15 - 6.5�u12 

        = 210.15 K = - 63�qC 

Discussion This is the “average” temperature. The actual temperature at different times can be different. 

 

 

 

1-106 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, 
multiplying a temperature value in K by 1.8 will give the same temperature in R. 

1000373.15 

K S

0

 The proposed temperature scale is an acceptable absolute temperature scale 
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 

 T S T K( ) ( ) . ( )�  �  
1000

373.15
2 6799 T K  

The ice point of water on the Smith scale is 

 T(S)ice = 2.6799 T(K)ice = 2.6799�u273.15 = 732.0 S 
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1-107E 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 T(�qF) = 1.8T(�qC) + 32. The first 
thought that comes to mind is to replace T(�qF) in the equation by its equivalent 1.8T(�qC) + 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 V 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, 

          T T Vequiv ambientF F( ) . [ . ( )][ . . ( / . ) . / . ]� q �  � � � � � q � �� �914 914 0 475 0 0203 1609 0 304 1609V  

 or 

         T T Vequiv ambientF F( ) . [ . ( )][ . . . ]� q �  � � � � � q � � � �914 914 0 475 0 0126 0 240V  

where V  is in km/h. Now the problem reduces to converting a temperature in �qF to a temperature in �qC, 
using the proper convection relation: 

           18 32 914 914 18 32 0 475 0 0126 0 240. ( ) . [ . ( . ( ) )][ . . . ]T Tequiv ambientC C� q � � �  � � � � � q � � � � � �V V  

which simplifies to 

          T T Vequiv ambientC( ) . ( . )( . . . )� q �  � � � � � � � �330 330 0 475 0 0126 0 240V  

where the ambient air temperature is in �qC. 
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1-108E EES Problem 1-107E 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 
[F] 

Tambient 
[F] 

V [mph] 

-52 -25 10 
-46 -20 10 
-40 -15 10 
-34 -10 10 
-27 -5 10 
-21 0 10 
-15 5 10 
-9 10 10 
-3 15 10 
3 20 10 
-75 -25 20 
-68 -20 20 
-61 -15 20 
-53 -10 20 
-46 -5 20 
-39 0 20 
-32 5 20 
-25 10 20 
-18 15 20 
-11 20 20 
-87 -25 30 
-79 -20 30 
-72 -15 30 
-64 -10 30 
-56 -5 30 
-49 0 30 
-41 5 30 
-33 10 30 
-26 15 30 
-18 20 30 
-93 -25 40 
-85 -20 40 
-77 -15 40 
-69 -10 40 
-61 -5 40 
-54 0 40 
-46 5 40 
-38 10 40 
-30 15 40 
-22 20 40 
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1-109 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 �U = 1.30 kg/m3.  
We take the density of water to be 1000 kg/m3.   

D =15 cm 

L = 20 m
FB 

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 force exerted by water. The volume of the 
underground section of the duct is   

 m  0.353=m) /4](20m) 15.0([)4/( 322 �S�S � � � LDALV  

Then the buoyancy force becomes   

       kN 3.46� �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� � 

2
323

m/skg 0001

kN 1
)m )(0.353m/s )(9.81kg/m (1000gVFB �U  

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. 
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1-110 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 �U = 1.16 kg/m3. The density of helium gas is 1/7th of this. 

Analysis The buoyancy force acting on the balloon is 

   

N 5958
m/skg 1

N 1
)m )(523.6m/s)(9.81kg/m (1.16

m 523.6/3m) �Œ(54/3r4�Œ

2
323

balloonair

333

� �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� 

� � � 

V
V

gFB

balloon

�U  

The total mass is 

 
kg 226.870286.8

kg 86.8)m (523.6kg/m
7

1.16

peopleHetotal

33
HeHe

� �u��� ��� 

� �¸
�¹

�·
�¨
�©

�§
� � 

mmm

m V�U
 

The total weight is 

 N 2225
m/skg 1

N 1
)m/s kg)(9.81 (226.8

2
2

total � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� � gmW  

Thus the net force acting on the balloon is 

 N 373322255958net � ��� ��� WFF B  

Then the acceleration becomes 

 2m/s 16.5� �¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
� � 

N 1

m/skg1 

kg 226.8

N 3733 2

total

net

m

F
a  

 

 PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission.  

 



1-47 

1-111 EES Problem 1-110 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 
 
 

1 2 3 4 5 6 7 8 9 10
-5

0
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NoPeople

a
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[m
/s

^2
]

 

Aup [m/s2] NoPeople 
28.19 1 
16.46 2 
10.26 3 
6.434 4 
3.831 5 
1.947 6 
0.5204 7 
-0.5973 8 
-1.497 9 
-2.236 10 
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1-112 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.   

Helium 
balloon 

m 

Properties The density of air is given to be �U = 1.16 kg/m3. 
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: 

 
kg 607.3

m/s 9.81

N 5958
2total � � � 

� � 

g

F
m

FmgW

B

B

 

Thus, 

 kg 520.5� ��� ��� 86.8607.3Hetotalpeople mmm  

 

 

 

1-113E The pressure in a steam boiler is given in kgf/cm2. It is to be expressed in psi, kPa, atm, and bars. 

Analysis We note that 1 atm = 1.03323 kgf/cm2, 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:    atm 89.04� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

2
2

kgf/cm 1.03323

atm 1
)kgf/cm (92P    

In psi:    psi 1309� �¸�¸
�¹

�·
�¨�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

atm 1

psi 696.41

kgf/cm 1.03323

atm 1
)kgf/cm (92

2
2P    

In kPa:    kPa 9022� �¸�¸
�¹

�·
�¨�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

atm 1

kPa 325.011

kgf/cm 1.03323

atm 1
)kgf/cm (92

2
2P    

In bars:    bar  90.22� �¸�¸
�¹

�·
�¨�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

atm 1

bar 01325.1

kgf/cm 1.03323

atm 1
)kgf/cm (92

2
2P    

Discussion Note that the units atm, kgf/cm2, and bar are almost identical to each other. 
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1-114 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 �U = 1000 kg/m3. 
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, 

  33
OH kg/m 850)kg/m 0(0.85)(100SG

2
� � �u� �U�U

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

   � > � @
  

 
N/m 1000

kPa 1
 m) )(5m/s )(9.81kg/m (1000m) )(5m/s )(9.81kg/m (850

)()(

2
2323

wateroilwateroiltotal

kPa 90.7� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� 

��� �'���'� �' ghghPPP �U�U

 

h = 10 m

Oil 
SG = 0.85 

 

Water 

 

 

 

1-115 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.   

W = mg 

Patm 

P 

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

       

�¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
�u��� 

��� 

��� 

��

kPa1

skg/m 1000
)m10kPa)(30 100(250)m/s (9.81)(
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2
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atm

atm

m

APPmg

APPAW

 

It yields     m = 45.9 kg 
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1-116 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.   

W = mg 

Patm

P

Analysis Atmospheric pressure is acting on all surfaces of the petcock, which 
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 
(�6Fy = 0) yields 

 

kg 0.0408� 

�¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜�u
� � 

� 

��

kPa 1

skg/m 1000

m/s 9.81

)m10kPa)(4 (100 2

2

26
gage

gage

g

AP
m

APW

 

 

 

 

1-117 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 �U = 1000 kg/m3. 

h 
Patm= 92 kPa  

Water 

Analysis The pressure at the bottom of the tube can be expressed as 

tubeatm )( hgPP �U���  

Solving for h, 

        

m 2.34� 
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 kPa1

N/m 1000

N 1

m/s kg1

)m/s )(9.81 kg/m(1000

 kPa92)(115 22

23

atm

g

PP
h

�U

 

 

 

 

1-118 The average atmospheric pressure is given as  where z is the 
altitude in km. The atmospheric pressures at various locations are to be determined. 

256.5
atm )02256.01(325.101 zP ��� 

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

     P zatm �  � �101325 1 0 022565 256. ( . ) .

 Atlanta:  (z = 0.306 km): Patm = 101.325(1 - 0.02256�u0.306)5.256 = 97.7 kPa 

 Denver:  (z = 1.610 km): Patm = 101.325(1 - 0.02256�u1.610)5.256 = 83.4 kPa 

 M. City:  (z = 2.309 km): Patm = 101.325(1 - 0.02256�u2.309)5.256 = 76.5 kPa 

 Mt. Ev.:  (z = 8.848 km): Patm = 101.325(1 - 0.02256�u8.848)5.256 = 31.4 kPa 
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1-119 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    
�U = 0.81 kg/L = 810 kg/m3. 

Analysis The gage pressure in the duct is 
determined from 

    

Pa 636� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

� ��� 

22
23

atmabsgage

N/m 1

Pa 1

m/skg 1

N 1
m) )(0.08m/s )(9.81kg/m (810

ghPPP �U

 

The length of the differential fluid column is 

   cm 13.9� �q� � 35sin/)cm 8(sin/ �ThL  

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

 

 

 

1-120E 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.  

Properties The density of oil is given to be �Uoil = 49.3 lbm/ft3. We take 
the density of water to be �Uw  = 62.4 lbm/ft3.  

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

  wwatmaablowcontact ghPghPP �U�U ��� ���   

Noting that ha = hw and rearranging, 

        

psi 0.227� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

��� ��� 

2

2

2
23

atmblowblowgage,

in 144

ft 1

ft/slbm 32.2

lbf 1
ft)  )(30/12ft/s 2.32()lbm/ft 49.3-(62.4

)( ghPPP oilw �U�U

 

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.  
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1-121 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 
�U = 1020 kg/m3.  

Analysis (a) Noting that the IV fluid and the blood pressures 
balance each other when the bottle is 1.2 m above the arm 
level, the gage pressure of the blood in the arm is simply equal 
to the gage pressure of the IV fluid at a depth of 1.2 m, 

 

Pak  12.0� 
�¸
�¸
�¹

�·
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�¨
�©

�§
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�¨
�©

�§

�˜
� 
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22
23

bottle-armatmabsarm gage,

 kN/m1

 kPa1

m/s kg0001

kN 1
m) )(1.20m/s )(9.81 kg/m(1020

ghPPP �U

 

(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 bottle-armarm gage, ghP �U�  

to be 

  

m  2.0� �¸
�¸
�¹
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�¨
�©
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�§ �˜
� 

� 

 kPa1

 kN/m1

 kN1

m/s kg0001
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P
h

�U
 

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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1-122E A water pipe is connected to a double-U manometer 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 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 �Uw  = 62.4 lbm/ft3. 

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 

gh�U  terms until we reach the free surface of oil 
where the oil tube is exposed to the atmosphere, and 
setting the result equal to Patm  gives 

atmPghghghghP � �������� oiloilHgHgoiloilwaterwaterpipewater �U�U�U�U  

Solving for Pwater  pipe, 

     )( oiloilHgHgoiloilwaterwaterpipewater hSGhSGhSGhgPP atm ��������� �U  

Substituting, 
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�¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
�u��

������� 

2

2

2

23
pipewater 

in 144

ft 1
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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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1-123 The temperature of the atmosphere varies with altitude z as zTT �E��� 0 , while the gravitational 

acceleration varies by . Relations for the variation of pressure in atmosphere 
are to be obtained (a) by ignoring and (b) by considering the variation of g with altitude. 

2
0 )320,370,6/1/()( zgzg ��� 

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  
  gdzdP �U���     

From the ideal gas relation, the air density can be expressed as 
)( 0 zTR

P
RT
P

�E
�U

��
� � . Then,   

  gdz
zTR

P
dP

)( 0 �E��
���     

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

 
)( 000 zTR

gdz

P
dP zP

P �E��
��� �³�³  

Performing the integrations. 

 
0
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Rearranging, the desired relation for atmospheric pressure for the case of constant g becomes 
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T
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0
0 1    

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

  dz
z

g

zTR
P

dP
2

0

0 )320,370,6/1()( ����
��� 

�E
    

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

 
2

0

0
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dzg
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Performing the integrations, 
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where R = 287 J/kg�˜K = 287 m2/s2�˜K is the gas constant of air. After some manipulations, we obtain  
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where T0 = 288.15 K, �E = 0.0065 K/m, g0 = 9.807 m/s2, k = 1/6,370,320 m-1,  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 zTx �E��� 0 ,      

x
bxa

abxaabxax

dx ��
��

��
� 

���³ ln
1

)(
1

)( 22
 

Also, for z = 11,000 m, for example, the relations in (a) and (b) give 22.62 and 22.69 kPa, respectively. 
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1-124 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  is valid over the entire region considered. nCP �U� 

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

      gdzdP �U���  

Also, the relation  can be expressed as , and thus   nCP �U� nn PPC 00 // �U�U� � 

  nPP /1
00 )/(�U�U� 

Substituting,        

  dzPPgdP n/1
00 )/(�U��� 

Separating variables and integrating from z = 0 where    to z = z where P = P, nCPP 00 �U� � 

  �³�³ ��� ��
zP

P

n dzgdPPP
0

0
/1

0
0

)/( �U

Performing the integrations. 
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Solving for P, 
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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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1-125 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 = aI + 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/m3. 

Analysis For a given differential height, the pressure can be calculated from   

     hgP �'� �U  

For �' h = 28.0 mm = 0.0280 m, for example,  

 kPa75.3
 kN/m1

 kPa1

m/s kg1000

 kN1
m) )(0.0280m/s (9.81) kg/m(100056.13

22
23 � �¸

�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� P  

Repeating the calculations and tabulating, we have 

 

�' h(mm) 28.0 181.5 297.8 413.1 765.9 1027 1149 1362 1458 1536 

P(kPa) 3.73  24.14 39.61 54.95 101.9 136.6 152.8 181.2 193.9 204.3 

I (mA) 4.21 5.78 6.97 8.15 11.76 14.43 15.68 17.86 18.84 19.64 

 

A plot of P versus I 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 = 13.00I - 51.00      (kPa)    for 64.1921.4 �d�dI .  

For I = 10 mA, for example, we would get  

P = 79.0 kPa 
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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 

 

1-126 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  (c) 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" 

 

 

1-127 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/m3, the height of the building is 

(a) 17 m   (b)  20 m  (c) 170 m  (d) 204 m  (e) 252 m 

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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1-128 An apple loses 4.5 kJ of heat as it cools per �qC drop in its temperature. The amount of heat loss 
from the apple per �qF drop in its temperature is 

(a) 1.25 kJ   (b) 2.50 kJ  (c) 5.0 kJ  (d) 8.1 kJ   (e) 4.1 kJ 

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" 

 

 

1-129 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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1-130 At sea level, the weight of 1 kg mass in SI units is 9.81 N. The weight of 1 lbm  mass in English 
units is 

(a) 1 lbf (b)  9.81 lbf (c) 32.2 lbf  (d) 0.1 lbf   (e) 0.031 lbf 

Answer  (a) 1 lbf  

 

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 "lbf" 
 
"Some Wrong Solutions with Common Mistakes:" 
gSI=9.81 "m/s2" 
W1_W= m*gSI "Using wrong conversion" 
W2_W= m*g "Using wrong conversion" 
W3_W= m/gSI "Using wrong conversion" 
W4_W= m/g "Using wrong conversion" 

 

 

1-131 During a heating process, the temperature of an object rises by 20�qC. This temperature rise is 
equivalent to a temperature rise of  

(a) 20�qF  (b)  52�qF (c) 36 K  (d) 36 R  (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, converting to F " 
W3_TinK=1.8*T_inC "K, wrong conversion from C to K" 
W4_TinK=T_inC+273 "K, converting to K" 

  

 

1-132 …  1-134  Design, Essay, and Experiment Problems 

 

�K�J 
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Chapter 2 

ENERGY, ENERGY TRANSFER, AND GENERAL 
ENERGY ANALYSIS 

 
Forms of Energy 

 

2-1C Initially, the rock possesses potential energy relative to the bottom of the sea. As the rock falls, this 
potential energy is converted into kinetic energy. Part of this kinetic energy is converted to thermal energy 
as a result of frictional heating due to air resistance, which is transferred to the air and the rock. Same thing 
happens in water. Assuming the impact velocity of the rock at the sea bottom is negligible, the entire 
potential energy of the rock is converted to thermal energy in water and air. 

 

2-2C Hydrogen is also a fuel, since it can be burned, but it is not an energy source since there are no 
hydrogen reserves in the world. Hydrogen can be obtained from water by using another energy source, 
such as solar or nuclear energy, and then the hydrogen obtained can used as a fuel to power cars or 
generators. Therefore, it is more proper to view hydrogen is an energy carrier than an energy source. 

 

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

 

2-6C 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. 

 

2-7E The specific kinetic energy of a mass whose velocity is given is to be determined. 

Analysis According to the definition of the specific kinetic energy, 

 Btu/lbm 0.200� �¸�¸
�¹

�·
�¨�¨
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2-8 The specific kinetic energy of a mass whose velocity is given is to be determined. 

Analysis Substitution of the given data into the expression for the specific kinetic energy gives 

 kJ/kg 0.45� �¸
�¹

�·
�¨
�©

�§
� � 

22

22

/sm 1000

kJ/kg 1

2

)m/s 30(

2
ke

V
 

 

 

 

2-9E The total potential energy of an object that is below a reference level is to be determined. 

Analysis Substituting the given data into the potential energy expression gives 

 Btu 2.53��� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� � 

22
2

/sft 037,25

Btu/lbm 1
ft) 20)(ft/s 7.31(lbm) 100(PE mgz  

 

 

 

2-10 The specific potential energy of an object is to be determined. 

Analysis The specific potential energy is given by 

 kJ/kg 0.49� �¸
�¹

�·
�¨
�©

�§
� � 

22
2

/sm 1000

kJ/kg 1
m) 50)(m/s 8.9(pe gz  

 

 

 

2-11 The total potential energy of an object is to be determined. 

Analysis Substituting the given data into the potential energy expression gives 

 kJ 19.6� �¸
�¹

�·
�¨
�©

�§
� � 

22
2

/sm 1000

kJ/kg 1
m) 20)(m/s 8.9(kg) (100PE mgz  
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2-12 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    
�U = 1000 kg/m3. 3 m/sRiver 

90 m 

Analysis Noting that the sum of the flow energy 
and the potential energy is constant for a given 
fluid body, we can take the elevation of the 
entire river water to be the elevation of the free 
surface, and ignore the flow energy. Then the 
total mechanical energy of the river water per 
unit mass becomes    

     kJ/kg 0.887� �¸
�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� ��� ��� 

22

2
2

2

mech
/sm 1000

kJ/kg 1
2

)m/s 3(
m) 90)(m/s (9.81

2
V

ghkepee  

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

 kg/s500,000/s)m 00)(5 kg/m1000( 33 � � � V���� �Um  

MW  444� � � � � kW 000,444kJ/kg)  7kg/s)(0.88 000,500(mechmechmax emEW ������  

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.  

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. 
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2-13 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.   

120 m 

Turbine Generator

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  for a given mass flow 
rate.      

gzm��

kJ/kg 177.1
/sm 1000

kJ/kg 1
m) 120)(m/s (9.81

22
2

mech � �¸
�¹

�·
�¨
�©

�§
� � � gzpee  

Then the power generation potential becomes   

kW 1766� �¸
�¹
�·

�¨
�©
�§� � � 

 kJ/s1
 kW1

 kJ/kg)77 kg/s)(1.11500(mechmechmax emEW ������  

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

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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2-14 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.   

Properties  The density of air is given to be        
�U = 1.25 kg/m3. 

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 V2/2 per unit mass, and  for a 
given mass flow rate: 

2/2Vm��

      kJ/kg050.0
/sm 1000

 kJ/kg1
2

)m/s 10(
2 22

22

mech � �¸
�¹

�·
�¨
�©

�§� � � 
V

kee  

Wind

10 m/s
60 m 

Wind 
turbine 

      kg/s340,35
4
m) (60

m/s) 10)( kg/m25.1(
4

2
3

2

� � � � 
�S�S

�U�U
D

VVAm��  

     kW  1770� � � �  kJ/kg)50 kg/s)(0.0340,35(mechmechmax emEW ������

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.  

 

 

 

2-15 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.  

Shaft 
  

  

Nozzle  

  Vj 

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 V2/2 per unit 
mass, and  for a given mass flow rate: 2/2Vm��

 kJ/kg 8.1
/sm 1000

kJ/kg 1
2

)m/s 60(
2 22

22

mech � �¸
�¹

�·
�¨
�©

�§� � � 
V

kee  

 
kW 216� �¸

�¹

�·
�¨
�©

�§
� 

� � 

kJ/s 1
kW 1

kJ/kg) kg/s)(1.8 120(

mechmechmax emEW ������

 

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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2-16 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 �U = 1.25 
kg/m3 (it does not affect the final answer). 

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 
V2/2 per unit mass, and  for a given mass 
flow rate. Considering a unit flow area (A = 1 m

2/2Vm��
2), 

the maximum wind power and power generation 
becomes   

 kJ/kg0245.0
/sm 1000

 kJ/kg1

2

)m/s 7(

2 22

22
1

11 mech, � �¸
�¹

�·
�¨
�©

�§� � � 
V

kee  

Wind

V, m/s 

Wind 
turbine 

 kJ/kg050.0
/sm 1000

 kJ/kg1

2

)m/s 10(

2 22

22
2

22 mech, � �¸
�¹

�·
�¨
�©

�§� � � 
V

kee  

 kW0.2144 kJ/kg))(0.0245m m/s)(1 )(7 kg/m25.1( 23
111 mech,11 mech,1 max, � � � � � AkeVemEW �U������  

 kW0.625 kJ/kg))(0.050m m/s)(1 )(10 kg/m25.1( 23
222 mech,22 mech,2 max, � � � � � AkeVemEW �U������  

since 1 kW = 1 kJ/s. Then the maximum electric power generations per year become 

area) flow m(per  h/yr) kW)(30002144.0( 2
11 max,1 max,  kWh/yr 643� � �'� tWE ��  

area) flow m(per  h/yr) kW)(2000625.0( 2
22 max,2 max,  kWh/yr 1250� � �'� tWE ��  

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.   
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2-17 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 �U = 1000 kg/m3. 

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 can be converted to 
work entirely. Therefore, the power potential of water is 
its potential energy, which is gz per unit mass, and  
for a given mass flow rate.      

gzm��

        kJ/kg4905.0
/sm 1000

 kJ/kg1
m) 50)(m/s (9.81

22
2

mech � �¸
�¹

�·
�¨
�©

�§� � � gzpee  

River 

50 m 

The mass flow rate is   

 kg/s0,00024/s)m 0)(24 kg/m1000( 33 � � � V���� �Um  

Then the power generation potential becomes   

       MW 118� �¸
�¹
�·

�¨
�©
�§� � � 

 kJ/s1000
MW 1

 kJ/kg)905 kg/s)(0.4000,240(mechmechmax emEW ������  

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. 

 

 

 

2-18 A person with his suitcase goes up to the 10th 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, 

        kJ 10.3� �¸
�¹

�·
�¨
�©

�§� �'� �'� �'
22

2
suitcase

/sm 1000

 kJ/kg1
m) 35)(m/s (9.81) kg(30zmgPEE  

Therefore, the suitcase on 10th 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 

 

2-19C  Energy can cross the boundaries of a closed system in two forms: heat and work. 

 

2-20C  The form of energy that crosses the boundary of a closed system because of a temperature 
difference is heat; all other forms are work. 

 

2-21C  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. 

 

2-22C  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. 

 

2-24C (a) The car's radiator transfers heat from the hot engine cooling fluid to the cooler air.  No work 
interaction occurs in the radiator. 

 (b) The hot engine transfers heat to cooling fluid and ambient air while delivering work to the 
transmission.   

 (c) The warm tires transfer heat to the cooler air and to some degree to the cooler road while no 
work is produced.  No work is produced since there is no motion of the forces acting at the interface 
between the tire and road.   

 (d) There is minor amount of heat transfer between the tires and road.  Presuming that the tires are 
hotter than the road, the heat transfer is from the tires to the road.  There is no work exchange associated 
with the road since it cannot move. 

 (e) Heat is being added to the atmospheric air by the hotter components of the car.  Work is being 
done on the air as it passes over and through the car.   

 

2-25C When the length of the spring is changed by applying a force to it, the interaction is a work 
interaction since it involves a force acting through a displacement.  A heat interaction is required to change 
the temperature (and, hence, length) of the spring. 
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2-26C (a) From the perspective of the contents, heat must be removed in order to reduce and maintain the 
content's temperature.  Heat is also being added to the contents from the room air since the room air is 
hotter than the contents. 

(b) Considering the system formed by the refrigerator box when the doors are closed, there are 
three interactions, electrical work and two heat transfers.  There is a transfer of heat from the room air to 
the refrigerator through its walls. There is also a transfer of heat from the hot portions of the refrigerator 
(i.e., back of the compressor where condenser is placed) system to the room air.  Finally, electrical work is 
being added to the refrigerator through the refrigeration system.   

(c) Heat is transferred through the walls of the room from the warm room air to the cold winter 
air.  Electrical work is being done on the room through the electrical wiring leading into the room. 

 

2-27C (a) As one types on the keyboard, electrical signals are produced and transmitted to the processing 
unit.  Simultaneously, the temperature of the electrical parts is increased slightly.  The work done on the 
keys when they are depressed is work done on the system (i.e., keyboard).  The flow of electrical current 
(with its voltage drop) does work on the keyboard.   Since the temperature of the electrical parts of the 
keyboard is somewhat higher than that of the surrounding air, there is a transfer of heat from the keyboard 
to the surrounding air. 

 (b) The monitor is powered by the electrical current supplied to it.  This current (and voltage drop) 
is work done on the system (i.e., monitor).  The temperatures of the electrical parts of the monitor are 
higher than that of the surrounding air.  Hence there is a heat transfer to the surroundings. 

 (c) The processing unit is like the monitor in that electrical work is done on it while it transfers 
heat to the surroundings. 

 (d) The entire unit then has electrical work done on it, and mechanical work done on it to depress 
the keys.  It also transfers heat from all its electrical parts to the surroundings. 

 

 

2-28 The power produced by an electrical motor is to be expressed in different units. 

Analysis Using appropriate conversion factors, we obtain 

(a) m/sN 10 �˜� �¸
�¹

�·
�¨
�©

�§ �˜
�¸
�¹

�·
�¨
�©

�§
� 

J 1
mN 1

 W1
J/s 1

) W10(W��  

(b) 32 /smkg 10 �˜� �¸
�¸
�¹

�·
�¨
�¨
�©

�§ �˜
�¸
�¹

�·
�¨
�©

�§ �˜
�¸
�¹

�·
�¨
�©

�§
� 

N 1
m/skg 1

J 1
mN 1

 W1
J/s 1

) W10(
2

W��  

 

 

2-29E The power produced by a model aircraft engine is to be expressed in different units. 

Analysis Using appropriate conversion factors, we obtain 

(a) ft/slbf 7.38 �˜� �¸
�¹

�·
�¨
�©

�§ �˜
�¸
�¹

�·
�¨
�©

�§
� 

Btu/s 1
ft/slbf 169.778

 W056.1055
Btu/s 1

) W10(W��  

(b) hp 0.0134� �¸
�¹

�·
�¨
�©

�§
� 

 W7.745

hp 1
) W10(W��  
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Mechanical Forms of Work 

 

2-30C  The work done is the same, but the power is different. 

 

 

2-31  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, 

 kJ 309� �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜�¸
�¸

�¹

�·

�¨
�¨

�©

�§
���¸�¸

�¹

�·
�¨�¨
�©

�§
� ��� 22

2
2

1
2

2
/smkg 1000

kJ 1
0

s 3600
m 100,000

kg) (800
2
1

)(
2
1

VVmWa  

 

 

2-32E A construction crane lifting a concrete beam is considered. The amount of work is to be determined 
considering (a) the beam and (b) the crane as the system.  

Analysis (a) The work is done on the beam and it is determined from 

Btu 92.5

ftlbf 72,000

� �¸
�¹

�·
�¨
�©

�§
�˜

�˜� 

�˜� 

�¸
�¹

�·
�¨
�©

�§

�˜
�u� �'� 

ftlbf 169.778
Btu 1

ft)lbf 000,72(

)ft 18(
ft/slbm 174.32

lbf 1
)ft/s 174.32)(lbm 20002(

2
2zmgW

 

18 ft

4000 lbf 

(b) Since the crane must produce the same amount of 
work as is required to lift the beam, the work done by the 
crane is 

  Btu 92.5ftlbf 72,000 � �˜� W

 

 

2-33 A man is pushing a cart with its contents up a ramp that is inclined at an angle of 20° from the 
horizontal. The work needed to move along this ramp is to be determined considering (a) the man and (b) 
the cart and its contents as the system.  

Analysis (a) Considering the man as the system, letting l be the displacement along the ramp, and letting �T  
be the inclination angle of the ramp, 

kJ 67.0� �¸
�¹

�·
�¨
�©

�§
��� � � 

22
2

/sm 1000

kJ/kg 1
m)sin(20) 100()m/s 8.9)(kg 100100(sinsin �T�T mglFlW  

This is work that the man must do to raise the weight of the cart and contents, plus his own weight, a 
distance of lsin�T. 

 (b) Applying the same logic to the cart and its contents gives 

 kJ 33.5� �¸
�¹

�·
�¨
�©

�§
� � � 

22
2

/sm 1000

kJ/kg 1
m)sin(20) 100()m/s 8.9)(kg 100(sinsin �T�T mglFlW  
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2-34E The work required to compress a spring is to be determined. 

Analysis  Since there is no preload, F = kx.  Substituting this into the work expression gives 

� > � @

Btu 0.0107

ftlbf 8.33

� �¸
�¹

�·
�¨
�©

�§
�˜

�˜� 

�˜� �¸
�¹

�·
�¨
�©

�§
��� 

��� � � � �³�³�³

ftlbf 169.778
Btu 1

ft)lbf 33.8(

in 12
ft 1

 0)in 1(
2
lbf/in 200

)(
2

22

2
1

2
2

2

1

2

1

2

1

xx
k

xdxkkxdxFdsW

 

F 

x 

 

 

 

2-35 As a spherical ammonia vapor bubble rises in liquid ammonia, its diameter increases. The amount of 
work produced by this bubble is to be determined. 

Assumptions  1 The bubble is treated as a spherical bubble. 2 The surface tension coefficient is taken 
constant. 

Analysis  Executing the work integral for a constant surface tension coefficient gives 

� > � @

kJ 105.03 8����

��

�u� �¸
�¹

�·
�¨
�©

�§
�˜

�˜�u� 

�˜�u� 

��� 

��� ��� � �³

mN 1000
kJ 1

m)N 1003.5(

mN 1003.5

m) 005.0(m) (0.015N/m) 02.0(4

)(4)(

5

5

22

2
1

2
212

2

1

�S

�S�V�V�V rrAAdAW

 

 

 

 

2-36 The work required to stretch a steel rod in a specified length is to be determined. 

Assumptions  The Young’s modulus does not change as the rod is stretched. 

Analysis  The original volume of the rod is 

 34
22

0 m 10963.1m) 10(
4

m) 005.0(
4

���u� � � 
�S�S

L
D

V  

The work required to stretch the rod 3 cm is 

 � > � @
kJ 0.01855� �˜� 

��
�u�u

� 

��� 

��

mkN 01855.0

0m) 03.0(
2

)kN/m 10)(21m 10963.1(

)(
2

22
2434

2
1

2
2

0 �H�H
E

W
V

 

 PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 



2-12 

2-37E The work required to compress a spring is to be determined. 

Analysis  The force at any point during the deflection of the spring is given by F = F0 + kx, where F0 is the 
initial force and x is the deflection as measured from the point where the initial force occurred.  From the 
perspective of the spring, this force acts in the direction opposite to that in which the spring is deflected.  
Then, 

 � > � @

Btu 0.0214� �¸
�¹

�·
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§
�˜

�˜� 

�˜� 

������� 

������� 

��� � �³�³

in 12
ft 1

ftlbf 169.778
Btu 1

in)lbf 200(

inlbf 200

in)01(
2
lbf/in 200

0)in(1lbf) 100(

)(
2

)(

)(

222

2
1

2
2120

2

1

0

2

1

xx
k

xxF

dxkxFFdsW

 

F

x 

 

 

 

2-38 The work required to compress a spring is to be determined. 

Analysis  Since there is no preload, F = kx.  Substituting this into the work expression gives 

� > � @

kJ 0.135� �¸
�¹

�·
�¨
�©

�§
�˜

�˜� 

�˜� 

��� 

��� � � � �³�³�³

mkN 1
kJ 1

m)kN 135.0(

mkN 0.135

0)m 03.0(
2
kN/m 300

)(
2

22

2
1

2
2

2

1

2

1

2

1

xx
k

xdxkkxdxFdsW

 

F

x 
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2-39  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 

 � � � � kJ 24,525
/smkg 1000

kJ 1
m) )(200m/s kg)(9.81 (12,500

22
2

12 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� ��� zzmgWg  

At 10 km/h, it will take 

 �' t �  �  �  �  
distance
velocity

1 km
10 km /h

0.1 h 360 s 

to do this work. Thus the power needed is 

kW 68.1� � 
�'

� 
s 360

kJ 24,525

t

W
W

g
g

��  

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

 m/s 2.778
 km/h3.6
m/s 1

 km/h)10( � �¸
�¹
�·

�¨
�©
�§� V  

 2m/s 556.0
s 5

0-m/s 778.2
� � 

�'
�'

� 
t
V

a  

During acceleration, the power needed is 

� � � � kW9.6s) /(5
/sm 1000

 kJ/kg1
0m/s) 778.2(kg) (12,500

2
1

/)(
2
1

22
22

1
2

2 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� �'��� tVVmWa

��  

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

 m 1.39(0.2)s) )(5m/s (0.556
2
1

m 1000
m 200

2
1

sin
2
1 2222 � � � � atath �D  

and 

 � � � � kW 1.34s) /(5
/smkg 1000

kJ/kg 1
m) )(1.39m/s kg)(9.81 (12,500/

22
2

12 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� �'��� tzzmgWg

��  

Thus, 

  kW 43.7� ��� ��� 1.346.9total ga WWW ������
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2-40  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, 

  ga WWW ������ ��� total

(a)   since the velocity is constant. Also, the 

vertical rise is h = (100 m)(sin 30�q) = 50 m. Thus, 

��Wa � 0

 kW 98.1s) /(10
/smkg 1000

kJ 1
m) )(50m/s kg)(9.81 (2000/)(

22
2

12 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� �'��� tzzmgWg

��  

and  kW  98.1� ��� ��� 1.980total ga WWW ������

(b)  The power needed to accelerate is 

 � � � ��> �@ kW 90s) /(10
/smkg 1000

kJ 1
 0m/s 30kg) (2000

2
1

/)(
2
1

22
22

1
2

2 � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��� �'��� tVVmWa

��  

and  kW  188.1� ��� ��� 1.9890total ga WWW ������

(c)  The power needed to decelerate is  

� � � � � � � ��> �@ kW 120s) /(10
/smkg 1000

kJ 1
 m/s 35m/s 5kg) (2000

2
1

/)(
2
1

22
222

1
2

2 ��� �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��� �'��� tVVmWa

��  

and   (breaking power) kW 21.9��� ����� ��� 1.98120total ga WWW ������
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2-41  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, 

  ga WWW ������ ��� total

(a)  Zero. 

(b)  . Thus, ��Wa � 0

   
kW 81.7� �¸

�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

� � 
�'
�'

� �'��� � 

(0.5)
/sm 1000

kJ/kg 1

s 3600

m 50,000
)1m/skg)(9.8 (1200

30sin/)(

22
2

12total
�$���� mgVmgV

t
z

mgtzzmgWW zg

 

(c) . Thus, ��Wg � 0

     kW 31.3� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¸

�¹

�·

�¨
�¨

�©

�§
���¸�¸

�¹

�·
�¨�¨
�©

�§
� �'��� � s) /(12

/sm 1000

kJ/kg 1
0

s 3600
m 90,000

kg) (1200
2
1

/)(
2
1

22

2
2

1
2

2total tVVmWW a
����  
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The First Law of Thermodynamics 

 

2-42C  No. This is the case for adiabatic systems only. 

 

2-43C  Warmer. Because energy is added to the room air in the form of electrical work. 

 

2-44C  Energy can be transferred to or from a control volume as heat, various forms of work, and by mass 
transport. 

 

 

 

2-45 The high rolling resistance tires of a car are replaced by low rolling resistance ones. For a specified 
unit fuel cost, the money saved by switching to low resistance tires is to be determined.  

Assumptions 1The low rolling resistance tires deliver 2 mpg over all velocities. 2 The car is driven 15,000 
miles per year. 

Analysis The annual amount of fuel consumed by this car on high- and low-rolling resistance tires are 

          gal/year 600
miles/gal 25

miles/year 15,000
gallon per Miles
 per yeardriven Miles

nConsumptio Fuel Annual High � � �    

          gal/year 5.555
miles/gal 27

miles/year 15,000
gallon per Miles
 per yeardriven Miles

nConsumptio Fuel Annual Low � � �    

Then the fuel and money saved per year become 

          
gal/year 44.5gal/year 555.5-gal/year 600

nConsumptio Fuel AnnualnConsumptio Fuel AnnualSavings Fuel LowHigh

� � 

��� 
   

          $97.9/year� � � $2.20/gal)gal/year)( 5.44()fuel ofcost Unit )(savings Fuel(savingsCost  

Discussion A typical tire lasts about 3 years, and thus the low rolling resistance tires have the potential to 
save about $300 to the car owner over the life of the tires, which is comparable to the installation cost of 
the tires.  

 

 

 

2-46 The specific energy change of a system which is accelerated is to be determined.  

Analysis Since the only property that changes for this system is the velocity, only the kinetic energy will 
change. The change in the specific energy is 

 kJ/kg 0.45� �¸
�¹

�·
�¨
�©

�§��
� 

��
� �'

22

222
1

2
2

/sm 1000

kJ/kg 1
2

)m/s 0()m/s 30(
2

ke
VV
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2-47 The specific energy change of a system which is raised is to be determined.  

Analysis Since the only property that changes for this system is the elevation, only the potential energy will 
change. The change in the specific energy is then 

 kJ/kg 0.98� �¸
�¹

�·
�¨
�©

�§
��� ��� �'

22
2

12
/sm 1000

kJ/kg 1
m )0100)(m/s 8.9()(pe zzg  

 

 

 

2-48E A water pump increases water pressure. The power input is to be determined. 

Analysis The power input is determined from 

hp 12.6� 

�¸
�¹

�·
�¨
�©

�§
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��� 

��� 

Btu/s 0.7068

hp 1

ftpsia 5.404

Btu 1
psia)1050)(/sft 2.1(

)(

3
3

12 PPW V����

 
Water 
10 psia 

50 psia 

The water temperature at the inlet does not have any significant effect on the required power.  

 

 

 

2-49 An automobile moving at a given velocity is considered. The power required to move the car and the 
area of the effective flow channel behind the car are to be determined.  

Analysis The absolute pressure of the air is 

   kPa 98.99
Hg mm 1
kPa 0.1333

Hg) mm 750( � �¸�¸
�¹

�·
�¨�¨
�©

�§
� P  

and the specific volume of the air is 

 /kgm 8698.0
kPa 99.98

K) K)(303/kgmkPa 287.0( 3
3

� 
�˜�˜

� � 
P

RT
v   

The mass flow rate through the control volume is 

 kg/s 23.86
/kgm 0.8698

m/s) )(90/3.6m 3(
3

2
11 � � � 

v
VA

m��  

The power requirement is 

 kW 4.578� �¸
�¹

�·
�¨
�©

�§��
� 

��
� 

22

222
2

2
1

/sm 1000

kJ/kg 1
2

)m/s 6.3/82()m/s 6.3/90(
kg/s) 23.86(

2

VV
mW ����  

The outlet area is 

 2m 3.29� � � �•�o�•� 
m/s (82/3.6)

/kg)m 8698.0kg/s)( 23.86( 3

2
2

22

V
m

A
VA

m
v

v
��

��  
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2-50 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 

  � � � � � � � �Q Q Q Qcooling lights people heat gain�  � � � �

Room 
 

40 people 
10 bulbs 

Qcool
·15,000 kJ/h

where  

  

��

��

��

Q

Q

Q

lights

people

heat gain

10 100 W 1 kW

40 360 kJ / h 4 kW

15,000 kJ / h 4.17 kW

�  � u �  

�  � u �  

�  �  

Substituting, 

  �� .Qcooling 9.17 kW�  � � � � �  1 4 417

Thus the number of air-conditioning units required is 

 units 2�•�o�•� 1.83
kW/unit 5

kW 9.17
 

 

 

2-51 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 9�u365 = 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 kWh/year  

 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 

 months) (2.3 
year/378$

72$
savings cost Annual

cost tionImplementa 
 =eriod  payback pSimple   year0.19� �  

Therefore, the motion sensor will pay for itself in about 2 months.  
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2-52  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 

kW 528264264

kW 264264,000= W)1106(400=lamps) of (No.lamp)per  consumed(Power 

kW 264264,000= W)11012(200=lamps) of (No.lamp)per  consumed(Power 

offices lighting,classroom lighting, totallighting,

offices lighting,

classroom lighting,

� ��� ��� 

� �u�u�u� 

� �u�u�u� 

EEE

E

E

������

��

��

 

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 

$41,564/yr� � � 

� � � 

.082/kWh)kWh/yr)($0 506,880(energy) ofcost nit savings)(U(Energy savingsCost 

kWh 506,880h/yr) kW)(960 (528hours) Unoccupied)((savingsEnergy  totallighting,E��
 

Discussion Note that simple conservation measures can result in significant energy and cost savings. 

 

 

 

 

2-53 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    

�������
�	�������
�	
����

energies etc. otential,         p
 kinetic,internal, in change of Rate

system

massand   work, heat, by
 transferenergy  netof Rate

/ dtdEEE outin � ��      �o     inEdtdE ��� /room

since no energy is leaving the room in any form, and thus . Also,  0� outE�� ROOM 

Electricity

- Lights 
- TV 
- Refrig 
- Iron 
 

  

W 1410

W 1000200110100
ironrefrigTVlightsin

� 

������� 

������� EEEEE ����������

Substituting, the rate of increase in the energy content of the 
room becomes 

 W1410� � inroom / EdtdE ��  

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. 
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2-54 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 �U = 1.18 kg/m3. 

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/

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

� � ��
����� � � ������ � � 
�	�������
�	

���� �©dtdEEE outin      �o     outin EE ���� � 

2
ke

2
out

airoutairin sh,
V

mmW ������ � �    

where 

 kg/s72.4/s)m )(4 kg/m18.1( 33
air � � � V���� �Um  

Substituting, the minimum power input required is determined to be 

  W236� � �¸
�¹

�·
�¨
�©

�§� � J/s 236
/sm 1

J/kg 1
2
m/s) 10(

 kg/s)4.72(
2 22

22
out

airin sh,
V

mW ����  

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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2-55E 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 �U = 0.075 lbm/ft3. 

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/

energies etc. otential,         p
 kinetic,internal, in change of Rate

(steady)  0
system

massand   work, heat, by
 transferenergy  netof Rate

� � ��
����� � � ������ � � 
�	�������
�	

���� �©dtdEEE outin      �o     outin EE ���� � 

2
ke

2
out

airoutairin elect,
V

mmW ������ � �    

where 

      lbm/s 85.14ft/s) )(22ft 3)(3lbm/ft 075.0( 23
air � �u� � VAm �U��

Substituting, the minimum power input required is determined to be 

  W151� � �¸�¸
�¹

�·
�¨�¨
�©

�§
� � Btu/s 1435.0

/sft 25,037

Btu/lbm 1
2

ft/s) 22(
lbm/s) 4.851(

2 22

22
out

airin
V

mW ����  

since 1 Btu = 1.055 kJ 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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2-56 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  

      �o     0/

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin � � ��
����� � � ������ � � 
�	�������
�	

���� �©dtdEEE outin EE ���� � 

PUMP

Pump 
inlet 

5.2 kW 

Motor 

       �o        21in )()( vv PmPmW ������ � �� PPPmW �'� ���  Vv ������ )( 12in

since 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  

/vV���� � m

 /sm 1.04 3� �¸�¸
�¹

�·
�¨�¨
�©

�§ �˜
� 

�'
� 

 kJ1
m kPa1

 kPa5
 kJ/s2.5

P

3
in

max
W��

��V  

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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2-57 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 

  �q� �q� m/s)sin45 8.0(45sinvert VV

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  

0/

energies etc. potential,         
kinetic, internal,in  change of Rate

system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin � � ��
�������
 �	�������
�	

���� dtdEEE      �o    
t

E
dtdEE

�'

�'
�#� sys

sysin /��  

             vertin mgV
t

zmg
t

PE
W � 

�'
�'

� 
�'

�'
� ��  

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  

 kW 12.5� � �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�q� � kJ/s 5.12

/sm 1000

kJ/kg 1
m/s)sin45 )(0.8m/s kg)(9.81 (2250

22
2

vertin mgVW��  

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

 kW 25.0� � �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�q� � kJ/s 0.25

/sm 1000

kJ/kg 1
m/s)sin45 )(1.6m/s kg)(9.81 (2250

22
2

vertin mgVW��  

Discussion Note that the power needed to drive an escalator is proportional to the escalator velocity.  
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Energy Conversion Efficiencies 

 

2-58C 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.  

 

2-59C 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, 

inelect,

pump

inelect,

fluidmech,

inelect,

inmech,outmech,
motorpumpmotor-pump

W

W

W

E

W

EE
��

��

��

��

��

����
� 

�'
� 

��
� � �K�K�K  

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. 

 

2-60C The turbine efficiency, generator efficiency, and combined turbine-generator efficiency are defined 
as follows: 

||fluid  thefromextracted  energy Mechanical
output energy  Mechanical

fluidmech,

outshaft,
turbine

E

W
��

��

�'
� � �K  

inshaft,

outelect,
generator input power Mechanical

output  power  Electrical

W

W
��

��
� � �K  

|| fluidmech,

outelect,

outmech,inmech,

outelect,
generatorturbinegen-turbine E

W

EE

W
��

��

����

��

�'
� 

��
� � �K�K�K  

 

2-61C No, the combined pump-motor efficiency cannot be greater that either of the pump efficiency of the 
motor efficiency. This is because motorpumpmotor-pump �K�K�K � , and both pump�K  and motor�K  are less than one, 

and a number gets smaller when multiplied by a number smaller than one. 

 PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 



2-25 

2-62 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 

 %73

 %38

electric

gas

� 

� 

�K

�K
 

      kW 2.19= kW)(0.73)(3=y)(Efficiencinput) Energy(utilized �u� Q��

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

$0.096/kWh=
0.73

kWh/07.0$
Efficiency

inputenergy  ofCost 
energy utilized ofCost � �  

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 

 Btu/h) 19,660(= 
0.38

kW 19.2
Efficiency

utilized
gas input,  kW 5.76� � � 

Q
Q

��
��  

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  

 $0.108/kWh=
0.38

kWh) 3.29/(20.1$

Efficiency

inputenergy  ofCost 
energy utilized ofCost � �  

 

 

 

2-63 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 fload = 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, 

  
 W58,648= W)/0.95474675(/

 W61,484= W)/0.9174675(/

motorshaftefficient electric, in,

motorshaftstandard electric, in,

�u� � 

�u� � 

�K

�K

WW

WW

����

����

Then the reduction in heat generation becomes  

      W2836=58,64861,484efficient electric, in,standard electric, in,reduction ��� ��� WWQ ������
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2-64 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, 

       
kW  6.64=hp 90.89090.98

hp 98.90=hp)/0.91 90(/

outshaft electric in,generation

motorshaftelectric in,

� ��� ��� 

� � 

WWQ

WW

������

���� �K

since 1 hp = 0.746 kW. 

Discussion Note that the electrical energy not converted to mechanical 
power is converted to heat. 

 

 

2-65 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 

]/1/factor)[1 adrating)(LoPower (

savingsPower 

/factor) adrating)(LoPower (/

/factor) adrating)(LoPower (/

efficientstandard

efficient in, electricstandard in, electric

efficientefficientshaftefficient in, electric

standardstandardshaftstandard in, electric

�K�K

�K�K

�K�K

��� 

��� 

� � 

� � 

WW

WW

WW

����

����

����

 

where �Kstandard is the efficiency of the standard motor, and �Kefficient is 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/�Kstandard- 1/�Kefficient) 

%4.95

%0.91

new

old

� 

� 

�K
�K

  = (75 hp)(0.746 kW/hp)(4,368 hours/year)(0.75)(1/0.91 - 1/0.954) 

  = 9,290 kWh/year  

Cost Savings = (Energy savings)(Unit cost of energy) 

    = (9,290 kWh/year)($0.08/kWh) 

    = $743/year  

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  

 months) 1.1(or 
year/743$

71$
savings cost Annual

cost tionImplementa 
 =eriod  payback pSimple   year0.096� �  

Therefore, the high-efficiency motor will pay for its cost differential in about one month. 
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2-66E 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        furnaceinout �KQQ ���� � 

The current rate of heat input to the boiler is given to be .  Btu/h 106.3 6
current in, �u� Q��

Then the rate of useful heat output of the boiler becomes 

Boiler  
70% 

3.6�u106 

    Btu/h 10522.)Btu/h)(0.7 106.3()( 66
currentfurnaceinout �u� �u� � �KQQ ����

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   

Btu/h 1045.0103.15106.3

Btu/h 103.15Btu/h)/0.8 102.52(/
666

new in,current in,saved in,

66
new furnace,outnew in,

�u� �u���u� ��� 

�u� �u� � 

QQQ

QQ

������

���� �K
 

Then the  annual energy and cost savings associated with tuning up the boiler become 

 Energy Savings   = (Operation hours) saved in,Q��

     = (0.45�u106 Btu/h)(1500 h/year) = 675�u106 Btu/yr  

 Cost Savings = (Energy Savings)(Unit cost of energy)  

        = (675�u106 Btu/yr)($4.35 per 106 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.  
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2-67E EES Problem 2-66E 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 
[dollars/year] 

EnergySavings 
[Btu/year] 

�Kboiler,new

-4500 -9.000E+08 0.6 
0 0 0.7 
3375 6.750E+08 0.8 
6000 1.200E+09 0.9 
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2-68 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 

 W6782=1.0/0.770.70 W)7465.2(4

/)motors of No.( motorusageloadmotormotors

�u�u�u�u� 

�u�u�u� �KffWQ ����
 

 The heat gain from 14 people is 

  �� ( ) �� (Q Qpeople personNo. of people  W)  W�  � u �  � u �  14 525 7350

Then the total rate of heat gain of the exercise room during peak 
period becomes 

   W14,132� ��� ��� 73506782peoplemotorstotal QQQ ������

 

 

 

2-69 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, 

    

 W5600 W)100(56)people of No.(

 W792=8) W)(1.1)(1(40=

lamps) of (No.lamp)per  consumedEnergy (

personpeople

lighting

� �u� �u� 

�u� 

QQ

Q

����

��

Then the total rate of heat gain (or the internal heat load) of the 
classroom from the lights and people become  

   W6392� ��� ��� 5600792peoplelightingtotal QQQ ������
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2-70 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 fload = 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, 

      
 W345= hp0.463= hp)/0.5425.0(

/ motorshaftelectric in,generation internal

� 

� � �KWWQ ������

since 1 hp = 746 W.  
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2-71 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 (z2 = 0), and thus the potential energy at points 1 and 2 are pe1 = 
gz1 and pe2 = 0. The flow energy P/�U at both points is zero since both 1 and 2 are open to the atmosphere 
(P1 = P2 = Patm). Further, the kinetic energy at both points is zero (ke1 = ke2 = 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   

  kJ/kg 687.0
/sm 1000

kJ/kg 1
m) 70)(m/s (9.81

22
2

11 � �¸
�¹

�·
�¨
�©

�§
� � gzpe  

Then the rate at which the mechanical energy of 
the fluid is supplied to the turbine become 

kW 1031

kJ/kg) 7kg/s)(0.68 1500(      

)0()(

1

1outmech,inmech,fluidmech,

� 

� 

� 

��� ��� �'

pem

pemeemE

��

������

 

The combined turbine-generator and the turbine 
efficiency are determined from their definitions, 

       72.7%or       0.727
kW 1031
kW 750

|| fluidmech,

outelect,
gen-turbine � � 

�'
� 

E

W
��

��
�K  

70 m 

Turbine Generator 

750 kW 

1

2 

       77.6% or      0.776
 kW1031
 kW800

|| fluidmech,

outshaft,
turbine � � 

�'
� 

E

W
��

��
�K  

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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2-72 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.   

Properties  The density of air is given to be          
�U = 1.25 kg/m3. 

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 V2/2 per unit mass, and  for a 
given mass flow rate: 

2/2Vm��

        kJ/kg 072.0
/sm 1000

kJ/kg 1
2

)m/s 12(
2 22

22

mech � �¸
�¹

�·
�¨
�©

�§� � � 
V

kee  

Wind

12 m/s
50 m 

Wind 
turbine 

          kg/s 450,29
4
m) (50

m/s) 12)(kg/m 25.1(
4

2
3

2

� � � � 
�S�S

�U�U
D

VVAm��  

        kW  2121� � � � kJ/kg) 2kg/s)(0.07  450,29(mechmechmax emEW ������

The actual electric power generation is determined by multiplying the power generation potential by the 
efficiency,  

         kW 636� � � kW) 2121)(30.0(max turbinewindelect WW ���� �K

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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2-73 EES Problem 2-72 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/m^3] 
m1_dot=rho*V*(pi*D1^2/4); W1_Elect=Eta*m1_dot*(V^2/2)/1000 "kW" 
m2_dot=rho*V*(pi*D2^2/4); W2_Elect=Eta*m2_dot*(V^2/2)/1000 "kW" 
m3_dot=rho*V*(pi*D3^2/4); W3_Elect=Eta*m3_dot*(V^2/2)/1000 "kW" 
m4_dot=rho*V*(pi*D4^2/4); W4_Elect=Eta*m4_dot*(V^2/2)/1000 "kW" 
 

D, m V, m/s m, kg/s Welect, kW 
20  5 

10 
15 
20 

1,963 
3,927 
5,890 
7,854 

7 
59 
199 
471 

40 5 
10 
15 
20 

7,854 
15,708 
23,562 
31,416 

29 
236 
795 
1885 

60 5 
10 
15 
20 

 17,671 
35,343 
53,014 
70,686 

66 
530 
1789 
4241 

80 5 
10 
15 
20 

31,416 
62,832 
94,248 
125,664 

118 
942 
3181 
7540 
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2-74 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/m3.  

Analysis (a) The blade diameter and the blade span area are 

m 42.88

s 60
min 1

L/min) 15(

km/h 3.6
m/s 1

km/h) 250(
tip � 

�¸
�¹

�·
�¨
�©

�§

�¸
�¹

�·
�¨
�©

�§

� � 
�S�Sn

V
D

��
 

2
22

m 6140
4

m) 42.88(
4

� � � 
�S�SD

A  

Then the average velocity of air through the wind turbine becomes 

 m/s 5.23� � � 
)m )(6140 kg/m31.1(

 kg/s000,42
23A

m
V

�U
��

 

(b) The kinetic energy of the air flowing through the turbine is  

  kW3.574m/s) 3 kg/s)(5.2000,42(
2
1

V
2
1

EK 22 � � � m����  

Then the conversion efficiency of the turbine becomes 

 31.3%0.313 � � � � 
 kW3.574

 kW180

EK��

��W
�K  

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.   
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2-75 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 �U = 1000 kg/m3. 

20 m 
Pump 

Storage 
tank 

2 

1

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 (z1 = 0), and thus the potential energy at points 1 
and 2 are pe1 = 0 and  pe2 = gz2. The flow energy at 
both points is zero since both 1 and 2 are open to the 
atmosphere (P1 = P2 = Patm). Further, the kinetic energy 
at both points is zero (ke1 = ke2 = 0) since the water at 
both locations is essentially stationary. The mass flow 
rate of water and its potential energy at point 2 are   

            kg/s70/s)m 070.0)( kg/m1000( 33 � � � V���� �Um

         kJ/kg196.0
/sm 1000

 kJ/kg1
m) 20)(m/s (9.81

22
2

22 � �¸
�¹

�·
�¨
�©

�§� � gzpe  

Then the rate of increase of the mechanical energy of water becomes 

kW 13.7kJ/kg) 6kg/s)(0.19 70()0()( 22inmech,outmech,fluidmech, � � � ��� ��� �' pempemeemE ��������  

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

       67.2%or       0.672
 kW20.4
 kW7.13

inelect,

fluidmech,
motor-pump � � 

�'
� 

W

E
��

��
�K  

(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: 

P
PP

meemE �'� 
��

� ��� �' V��������
�U

12
inmech,outmech,fluidmech, )(  

Solving for �' P and substituting, 

kPa 196� �¸�¸
�¹

�·
�¨�¨
�©

�§ �˜
� 

�'
� �'

 kJ1
m kPa1

/sm 0.070

 kJ/s13.7 3

3
fluidmech,

V��

��E
P  

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.   

 

 PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 



2-36 

2-76 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 turbine is independent of the wind 
speed.   Wind

8 m/s 
100 m

Wind 
turbine 

Properties  The density of air is given to be        
�U = 1.25 kg/m3. 

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 V2/2 per unit mass, and  for a 
given mass flow rate: 

2/2Vm��

         kJ/kg032.0
/sm 1000

 kJ/kg1
2

)m/s 8(
2 22
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mech � �¸
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           kg/s540,78
4
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m/s) 8)( kg/m25.1(
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D

VVAm��  

         kW2513 kJ/kg)032  kg/s)(0.540,78(mechmechmax � � � � emEW ������

The actual electric power generation is determined from  

         kW 804.2� � �  kW)2513)(32.0(maxnewind turbielect WW ���� �K

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.    
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2-77E 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 
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   

hp 2.51  Btu/s 1.776
ftpsi 5.404

Btu 1
psi) /s)(1.2ft 8( )(

)(])()[()(

3
3

12

1212inmech,outmech,fluidmech,

� � �¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� ��� 

��� ��� ��� �'

PP

PPmPPmeemE

V

vvv

��

��������

 

PUMP 

Pump 
inlet 

3 hp 

�' P = 1.2 psi

since 1 hp = 0.7068 Btu/s, , and there is no change in kinetic and potential energies of the 
fluid. Then the mechanical efficiency of the pump becomes   

vVV /������ � � �Um

       83.8%or       0.838
 hp3

 hp51.2

shaft pump,

fluidmech,
pump � � 

�'
� 

W

E
��

��
�K  

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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2-78 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.   

45 m 
Pump

Reservoir 

Reservoir

1

2 
Properties  We take the density of water to be           
�U = 1000 kg/m3. 

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 change in its potential energy, which is 
gz per unit mass, and  for a given mass flow 
rate. That is,   

gzm��

 kW2.13
m/sN 1000

 kW1

m/s kg1

N 1
m) )(45m/s /s)(9.81m )(0.03 kg/m1000(

2
233

mechmech

� �¸
�¹
�·

�¨
�©
�§

�˜�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� 

�'� �'� �'� �'� �' zgzgmpememE V���������� �U

     

Then the mechanical power lost because of frictional effects becomes  

kW 6.8 � ��� �'���  kW2.1320mechin pump,frict EWW ������

 
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.  

 

 

 

2-79 The mass flow rate of water through the hydraulic turbines of a dam is to be determined.  

Analysis The mass flow rate is determined from 

 kg/s 49,500� 

�¸
�¹

�·
�¨
�©

�§
��

� 
��

� �•�o�•��� 

22
212

12

/sm 1000

kJ/kg 1
m )0206)(m/s 8.9(

kJ/s 000,100
)(

)(
zzg

W
mzzgmW
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������  
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2-80 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 �U = 860 kg/m3. 

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 . 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   

2/2
mech VPvghe ����� 

�¸
�¸
�¹

�·
�¨
�¨
�©

�§ ��
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since , and there is no change in the potential 
energy of the fluid. Also,  
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Substituting, the useful pumping power is determined to be 

 

 kW3.26             

m/s kN1
 kW1

m/s kg1000

 kN1
2

m/s) (19.9)m/s 84.8( 
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PUMP

Pump 
inlet 

35 kW

Motor 

2

1

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

kW 5.31kW) 35)(90.0(electricmotorshaftpump, � � � WW ���� �K  

83.6%� � � � 836.0
 kW31.5
 kW3.26

shaft pump,

 upump,
pump

W

W
��

��
�K  

Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor 
efficiencies, which is 0.9�u0.836 = 0.75. 
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2-81E 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 �U = 62.4 lbm/ft3. 

Analysis  The useful mechanical pumping power delivered to water is  

 hp76.8 hp)12)(73.0(pumppumpupump, � � � WW ���� �K
 

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 change 
in its potential energy, which is gz per unit mass, 
and  for a given mass flow rate. That is,   gzm��

      zgzgmpememE �'� �'� �'� �'� �' V���������� �Umechmech

Pool 

Lake 
Pump 

35 ft 

1

2

Substituting, the rate of change of mechanical energy of water becomes 

 hp76.4
ft/slbf 550

 hp1

ft/slbm 32.2

lbf 1
)ft 35)(ft/s /s)(32.2ft )(1.2lbm/ft (62.4
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Then the mechanical power lost in piping because of frictional effects becomes  

hp 4.0 � ��� �'���  hp76.476.8mech upump,frict EWW ������

 
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 

 

2-82C 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.   

 

2-83C 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 (O3), 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.   

 

2-84C Fossil fuels include small amounts of sulfur. The sulfur in the fuel reacts with oxygen to form sulfur 
dioxide (SO2), 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.   

 

2-85C Carbon dioxide (CO2), 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 CO2 by 
consuming less energy (for example, by buying energy efficient cars and appliances) and planting trees. 

 

2-86C 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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2-87E A person trades in his Ford Taurus for a Ford Explorer. The extra amount of  CO2 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 CO2 produced  = (Extra gallons of gasoline used)(CO2 emission per gallon)  

         = (1125 gal)(19.7 lbm/gal) 

         = 22,163 lbm CO 2

Discussion Note that the car we choose to drive has a significant effect on the amount of greenhouse gases 
produced.    

 

 

 

2-88 A power plant that burns natural gas produces 0.59 kg of carbon dioxide (CO2) per kWh. The amount 
of CO2 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 CO2 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 CO2 produced is 

         

ton/year CO  82,600 2� 

�u� 

� 

� 

kg/year CO  1026.8

kg/kWh) (0.59household)kWh/year  (700household) (200,000

kWh)per  CO ofAmount consumed)(y electricit ofAmount (produced CO ofAmount 

2
7

22

Therefore, the refrigerators in this city are responsible for the production of 82,600 tons of CO2.   

 

 

 

 PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 



2-43 

2-89 A power plant that burns coal, produces 1.1 kg of carbon dioxide (CO2) per kWh. The amount of CO2 
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 CO2 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 CO2 produced is  

         

ton/year CO  154,000 2� 

�u� 

� 

� 

 kg/yearCO  104.15

 kg/kWh)hold)(1.1 kWh/house)(700 household(200,000

 per kWh)CO of Amountconsumed)( yelectricit of Amount( producedCO of Amount

2
7

22

Therefore, the refrigerators in this city are responsible for the production of 154,000 tons of CO2.   

 

 

 

2-90E 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 CO2 production this household is responsible for is to 
be determined.    

Properties The amount of CO2  produced is 1.54 lbm per kWh and 26.4 lbm 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 CO2 production this household is responsible for is  

          

lbm/year CO  540,56

lbm/gal)  .4gal/yr)(26 (1500lbm/kWh) 54kWh/yr)(1. (11,000

gallon)per  CO ofAmount consumed)( oil fuel ofAmount (

kWh)per  CO ofAmount consumed)(y electricit ofAmount (produced CO ofAmount 

2

2

22

� 

��� 

��

� 

Then reducing the electricity and fuel oil usage by 15% will reduce 
the annual amount of CO2 production  by this household by 

lbm/year CO  8481 2� 

� 

� 

kg/year) CO  540,56)(15.0(

)production CO ofamount Current )(15.0(produced COin Reduction 

2

22

 

Therefore, any measure that saves energy also reduces the amount of 
pollution emitted to the environment. 
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2-91 A household has 2 cars, a natural gas furnace for heating, and uses electricity for other energy needs. 
The annual amount of NOx emission to the atmosphere this household is responsible for is to be 
determined.    

Properties The amount of NOx  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 NOx production 
this household is responsible for is  

     

kg/year NO  91.06 x� 

��

��� 

��

��

� 

 kg/therm))(0.0043 therms/yr(1200                    

 kg/kWh).0071 kWh/yr)(0(9000 kg/car)cars)(11 (2

gallon) per NO of Amountconsumed)( gas of Amount(

 per kWh)NO of Amountconsumed)( yelectricit of Amount(

car)per  produced NO of ntcars)(Amou of No.( producedNO of Amount

x

x

xx

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 

 

2-92C  The three mechanisms of heat transfer are conduction, convection, and radiation. 

 

2-93C  No. It is purely by radiation. 

 

2-94C  Diamond has a higher thermal conductivity than silver, and thus diamond is a better conductor of 
heat. 

 

2-95C  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. 

 

2-96C 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. 

 

2-97C 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. 

 

 

 

2-98 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�˜�qC.  

Analysis Under steady conditions, the rate of heat transfer 
through the wall is 

   W 1035� 
�q��

�u�q�˜� 
�'

� 
m 0.3

C5)(20
)m 6C)(5W/m (0.69 2

cond L
T

kAQ��  
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2-99 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 k = 0.78 W/m�˜�qC.  

Analysis Under steady conditions, the rate of heat transfer through the 
glass by conduction is 

Glass 

3�qC 10�qC

0.5 cm 

   W 4368
m 0.005
C3)(10

)m 2C)(2W/m (0.78 2
cond � 

�q��
�u�q�˜� 

�'
� 

L
T

kAQ��  

Then the amount of heat transferred over a period of 5 h becomes 

    kJ 78,600� �u� �'� s)3600kJ/s)(5 (4.368cond tQQ ��

If the thickness of the glass is doubled to 1 cm, then the amount of 
heat transferred will go down by half to 39,300 kJ. 
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2-100 EES Reconsider Prob. 2-99. 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$='Glass' 
T_in=10 [C] 
T_out=3 [C] 
k=0.78 [W/m-C] 
t=5 [hr] 
thickness=0.5 [cm]} 
k=klookup(material$) "[W/m-K]" 
A=L*W"[m^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]" 
 
 
 

Qloss,total 
[kJ] 

Thickness 
[cm] 

196560 0.2 
98280 0.4 
65520 0.6 
49140 0.8 
39312 1 
32760 1.2 
28080 1.4 
24570 1.6 
21840 1.8 
19656 2 
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2-101 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 k = 237 W/m�˜�qC.  

Analysis The heat transfer surface area is 

 A = �S r² = �S(0.1 m)² = 0.0314 m² 

105�qC 

500 W 0.4 cm 

Under steady conditions, the rate of heat transfer through the 
bottom of the pan by conduction is 

 ��Q kA
T
L

kA
T T

L
�  �  

���' 2 1  

Substituting, 500 W (237 W / m C)(0.0314 m )
105 C

0.004 m
2 2�  � ˜

���$
�$T

 

which gives  T2  =  105.3�qC 

 

 

 

2-102 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 = �SDL = �S(0.3 m)(1.70 m) = 1.60 m² 

Under steady conditions, the rate of heat transfer by convection is 

  W 336� �q���q�˜� �'� C20))(34m C)(1.60W/m (15 22
conv ThAQ��

Ts =34�qC 

Q��
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2-103 A spherical ball whose surface is maintained at a temperature of 70°C is suspended in the middle of 
a room 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.  

D = 5 cm 

Air 
20�qC 

70�qC

. 
Q 

Properties The emissivity of the ball surface is given to be �H = 0.8.  

Analysis The heat transfer surface area is 

 A = �SD² = 3.14x(0.05 m)² = 0.007854 m² 

Under steady conditions, the rates of convection and radiation heat 
transfer are 

  
W 2.31]K) (293K) )[(343KW/m10)(5.67m 540.8(0.0078)(

W 5.89C20))(70m 4C)(0.00785W/m (15
44428244

rad

22
conv

� ���˜�u� ��� 

� ���˜� �'� 
��

os TTAQ

ThAQ

�H�V��

�� �$�$

Therefore,  

W 8.20� ��� ��� 2.315.89radconvtotal QQQ ������  
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2-104 EES Reconsider Prob. 2-103. 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/m2.°C to 30 W/m2.°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

[W/m2-K] 
Qtotal

[W] 
5 2.252 

10 4.215 
15 6.179 
20 8.142 
25 10.11 
30 12.07 

 

 

           

5 10 15 20 25 30
1

3

5

7

9

11

13

15

hc  [W/m^2-K]

Q
to

ta
l 

 [W
] �H  =  1.0

�H  =  0.1
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2-105  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 radiation is not considered. 3 The convection heat 
transfer coefficient is constant and uniform over the surface. 80�qC 

Air 

30�qC 

Analysis Under steady conditions, the rate of heat transfer by 
convection is 

kW  22W 22,000 � � 

���u�q�˜� 

�'� 

C30))(80m 4C)(2W/m (55 22

conv

�$

�� ThAQ

 

 

 

 

2-106 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 
thermal properties of the iron base and the convection heat 
transfer coefficient are constant and uniform. 3 The 
temperature of the surrounding surfaces is the same as the 
temperature of the surrounding air. 

Iron 
1000 W 

Air  
20�qC 

Properties The emissivity of the base surface is given to be      
�H = 0.6.  

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, 

  � � � � � �Q Q Qtotal conv rad 1000 W�  � � �  

where   WK) 293(0.7K) 293()m K)(0.02 W/m(35 22
conv ��� ���˜� �'� ss TTThAQ��

and 

�� ( )

[

Q A T T

T

s o

s

rad
2 8 2 4

s
4 4

8 4

0.6(0.02 m )(5.67 10 W /m K )[T (293 K) ]

0.06804 10 (293 K) ] W

�  � � �  � u � ˜ � �

�  � u � �

��

��

�H�V 4 4

4
 

Substituting,  ]K) (293[1006804.0)K 293(7.0 W1000 448 ���u����� ��
ss TT

Solving by trial and error gives C674K 947 �q� � sT  

Discussion We note that the iron will dissipate all the energy it receives by convection and radiation when 
its surface temperature reaches 947 K. 
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2-107  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 �D = 0.6. 

700 W/m2

�D = 0.6 
25�qC 

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 

   

)25(C)W/m(50W/m7006.0

)(
22

solar

convabsorbedsolar

���˜� �u�u

��� 

� 

s

os

TAA

TThAQ

QQ

�$

��

����

�D

Canceling the surface area A and solving for Ts gives 

    C33.4�$� sT
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2-108 EES Reconsider Prob. 2-107. 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/m2.°C to 90 W/m2.°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/m^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

[W/m2-K] 
Tplate

[C] 
10 67 
20 46 
30 39 
40 35.5 
50 33.4 
60 32 
70 31 
80 30.25 
90 29.67 

10 20 30 40 50 60 70 80 90
25

30

35

40
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55
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65
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h
c
  [W/m^2]

T
p

la
te

  
[C

]
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2-109 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/ m2.°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 transfer coefficient is constant and 
uniform over the surface. D = 5 cm 

80�qC 

L = 10 m 
Q Air,  5�qC 

Analysis The heat transfer surface area is 

   A = (�SD)L = 3.14x(0.05 m)(10 m) = 1.571 m² 

Under steady conditions, the rate of heat transfer by convection is 

    kW 2.95W 2945 � � �q���q�˜� �'� C5))(80m C)(1.571W/m (25 22
conv ThAQ��

 

 

 

2-110 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.  

1000 W/m2

�D = 0.3 
�H = 0.8 

Analysis When the heat loss from the outer surface of the 
spacecraft by radiation equals the solar radiation absorbed, the 
surface temperature can be determined from 

    

]K) (0)[KW/m 10(5.670.8)W/m 1000(3.0

)(
44

s
4282

4
space

4
solar

radabsorbedsolar

���˜�u�u�u� �u�u

��� 

� 

�� TAA

TTAQ

QQ

s�H�V�D��

����

Canceling the surface area A and solving for Ts gives 

  K 285� sT
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2-111 EES Reconsider Prob. 2-110. 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/m^2] 
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) 
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�H Tspacecraft 
[C] 

0.1 218.7 
0.2 150 
0.3 117.2 
0.4 97.2 
0.5 83.41 
0.6 73.25 
0.7 65.4 
0.8 59.13 
0.9 54 
1 49.71 
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2-112  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�˜�qC (Table 2-3). The heat of fusion of water is 
at 1 atm is 333.7 kJ/kg. 

0.4 cm 

5�qC 

Iced 
water 
0�qC 

Analysis This spherical shell can be approximated as a plate of 
thickness 0.4 cm and surface area 

 A = �SD² = 3.14×(0.2 m)² = 0.126 m² 

Then the rate of heat transfer through the shell by conduction is 

  W 12,632� 
�q��

�˜� 
�'

� 
m 0.004
C0)(5

)m C)(0.126W/m (80.2 2
cond

�$��
L
T

kAQ  

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 

 kg/s 0.038� � � 
kJ/kg 333.7
kJ/s 12.632

ice
ifh

Q
m

��
��  

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. 

 

 

 

2-113 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.�qC (Table 2-3).  

Q ·

1cm 

6�qC 18�qC 
Air 

Analysis Under steady conditions, the rate of heat 
transfer through the window by conduction is 

 

kW 0.125W 125 � � 

��
�u�˜� 

�'
� 

m 0.01
C6)(18

)m 2C)(2W/m (0.026 2
cond

�$
�$��

L
T

kAQ
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2-114 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 
the specified values. 2 Heat transfer through the plate is 
one-dimensional. 3 Thermal properties of the plate are 
constant. 

Analysis The thermal conductivity is determined 
directly from the steady one-dimensional heat 
conduction relation to be   

C  W/m.0.1 �q� 
�q

� 
��

� 

��
� 

C0)-(100
m) 02.0)( W/m500()/(

    

2

21

21

TT
LAQ

k

L
TT

kAQ

��

��

 

0�qC 100�qC 

Plate 
2 cm 

500 W/m2
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Review Problems 

 

2-115 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 value of the heating load of the 
house is 

Gas Heater 
�K1 = 82% 
�K2 = 95% 

           Cost of useful heat = (55%)(Current annual heating cost)  

= 0.55�u($1200/yr)=$660/yr 

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 

  years10� � � 
yr/110$

1100$
savings cost Annaul

cost initial Excess
eriod payback pSimple  

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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2-116 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  �U = 1.20 kg/m3. 

Analysis (a) The blade span area and the mass flow rate of 
air through the turbine are 

 

 kg/s50,270=m/s) )(8.333m )(5027 kg/m2.1(

m/s 333.8
s 3600

 h1
 km1

m 1000
 km/h)30(

m 50274/m) 80(4/

23

222

� � 

� �¸
�¹
�·

�¨
�©
�§

�¸
�¹
�·

�¨
�©
�§� 

� � � 

AVm

V

DA

�U

�S�S

��

 

Noting that the kinetic energy of a unit mass is V2/2 and the wind 
turbine captures 35% of this energy, the power generated by this wind 
turbine becomes 

 kW  610.9� �¸
�¹

�·
�¨
�©

�§� �¸
�¹
�·

�¨
�©
�§� 

22
22

/sm 1000

 kJ/kg1
)m/s 333.8)( kg/s50,270(

2
1

)35.0(
2
1

VmW ���� �K  

(b) Noting that the tip of blade travels a distance of �SD per revolution, the tip velocity of the turbine blade 
for an rpm of  becomes ��n

km/h  302� � � � m/s 83.8=m/min 5027min)/20(m) 80(tip �S�S nDV ��  

(c) The amount of electricity produced and the revenue generated per year are 

ear$321,100/y� 

�u� � 

�u

�u� �'� 

)($0.06/kWh kWh/year)10(5.351 price)(Unit produced)yElectricit(generated Revenue

 kWh/year105.351=

 h/year)24kW)(3659610( producedyElectricit

6

6

 .tW��
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2-117 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 �U = 1.20 kg/m3. 

Analysis (a) The blade span area and the mass flow rate of air 
through the turbine are 

 

kg/s 41,891=m/s) )(6.944m )(5027kg/m 2.1(

m/s 944.6
s 3600

h 1
km 1

m 1000
km/h) 25(

m 50274/m) 80(4/

23

222

� � 

� �¸
�¹

�·
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§
� 

� � � 

AVm

V

DA

�U

�S�S

��

 

Noting that the kinetic energy of a unit mass is V2/2 and the 
wind turbine captures 35% of this energy, the power generated 
by this wind turbine becomes 

  kW 353.5� �¸
�¹

�·
�¨
�©

�§
� �¸

�¹

�·
�¨
�©

�§
� 

22
22

/sm 1000

kJ/kg 1
)m/s 944.6)(kg/s 891,41(

2
1

)35.0(
2
1

VmW ���� �K  

(b) Noting that the tip of blade travels a distance of �SD per revolution, the tip velocity of the turbine blade 
for an rpm of  becomes ��n

km/h 302� � � � m/s 83.8=m/min 5027min)/20(m) 80(tip �S�S nDV ��  

(c) The amount of electricity produced and the revenue generated per year are 

ear$185,800/y� 

� � 

�u� �'� 

$0.06/kWh)kWh/year)( (3,096,660price)Unit produced)(y Electricit(generated Revenue

kWh/year 3,096,660=

h/year) 24kW)(3655.353(producedy Electricit  tW��
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2-118E 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 useful energy
Unit cost of energy supplied

Conversion efficiency
�  

Substituting,  

Natural gas heater: Btu/103.21$
Btu 1025

ft 1
0.55

$0.012/ft
energy useful ofcost Unit 6

33
���u� �¸

�¸
�¹

�·
�¨
�¨
�©

�§
�  

Heating by oil heater: Btu/101.15$
Btu 138,700

gal 1
0.55

$1.15/gal
energy useful ofcost Unit 6���u� �¸�¸

�¹

�·
�¨�¨
�©

�§
�  

Electric heater:  Btu/104.27$
Btu 3412

kWh 1
0.90

)$0.084/kWh
energy useful ofcost Unit 6���u� �¸

�¹

�·
�¨
�©

�§
�  

Therefore, the lowest cost energy source for hot water heaters in this case is oil.   

 

 

 

2-119 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 useful energy
Unit cost of energy supplied

Conversion efficiency
�  

Substituting,  

Natural gas heater: kJ/105.13$
kJ 105,500

 therm1
0.87

m$1.24/ther
energy useful ofcost Unit 6���u� �¸�¸

�¹

�·
�¨�¨
�©

�§
�  

Heating oil heater: kJ/104.10$
kJ 138,500

gal 1
0.87

$1.25/gal
energy useful ofcost Unit 6���u� �¸�¸

�¹

�·
�¨�¨
�©

�§
�  

Electric heater:  kJ/100.25$
kJ 3600

kWh 1
1.0

$0.09/kWh)
energy useful ofcost Unit 6���u� �¸

�¹

�·
�¨
�©

�§
�  

Therefore, the system with the lowest energy cost for heating the house is the heating oil heater.   
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2-120 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  It 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 insulation is given to be $200.   

 

Heat loss 

House 

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 

 yr1.2=
$166/yr

$200
=

saved Money
Cost

=riodPayback pe  

Therefore, the proposed measure will pay for itself in less than one and a half year. 

 

 

 

2-121 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  It 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 

 yr0.45=
$110/yr

$50
=

saved Money
Cost

=riodPayback pe  

Therefore, the proposed measure will pay for itself in less than half a year. 

 

 

 

2-122 The work required to compress a spring is to be determined. 

Analysis (a) With the preload, F = F0 + kx. Substituting this into the work integral gives 
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2-123 The work required to compress a gas in a gas spring is to be determined. 

Assumptions All forces except that generated by the gas spring will be neglected. 

Analysis When the expression given in the problem statement is substituted into the work integral relation, 
and advantage is taken of the fact that the force and displacement vectors are collinear, the result is 

� > � @
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2-124E A man pushes a block along a horizontal plane. The work required to move the block is to be 
determined considering (a) the man and (b) the block as the system.  

Analysis The work applied to the block to overcome the friction is found by using the work integral, 
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�·
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The man must then produce the amount of work 

  Btu 2.57� W

 

 

 

2-125E The power required to pump a specified rate of water to a specified elevation is to be determined.  

Properties The density of water is taken to be 62.4 lbm/ft3 (Table A-3E). 

Analysis The required power is determined from 
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2-126 The power that could be produced by a water wheel is to be determined.  

Properties The density of water is taken to be 1000 m3/kg (Table A-3). 

Analysis The power production is determined from 

 
kW 0.654� �¸
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2-127 The flow of air through a flow channel is considered. The diameter of the wind channel downstream 
from the rotor and the power produced by the windmill are to be determined.  

Analysis The specific volume of the air is 

   /kgm 8409.0
kPa 100

K) K)(293/kgmkPa 287.0( 3
3

� 
�˜�˜

� � 
P
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v  

The diameter of the wind channel downstream from 
the rotor is 
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The mass flow rate through the wind mill is 

 kg/s 7.457
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The power produced is then 
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2-128 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        
�U = 1000 kg/m3 = 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 can be converted to work entirely. 
Therefore, the power potential of water is its 
potential energy, which is gz per unit mass, and 

 for a given mass flow rate.      gzm��

        kJ/kg177.1
/sm 1000

 kJ/kg1
m) 120)(m/s (9.81 22

2
mech � �¸
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kg/s ,000100/s)m 0)(10kg/m 1000( 33 � � � V���� �Um  

Then the maximum and actual electric power generation become 
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kJ/s 1000
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kJ/kg) 7kg/s)(1.17 000,100(mechmechmax � �¸

�¹

�·
�¨
�©

�§
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  MW 94.2� � � MW) 7.117(80.0maxoverallelectric WW ���� �K

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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2-129 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 �U = 1000 kg/m3. 

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 free surface of the lower 
reservoir. Therefore, the power potential of 
water is its potential energy, which is gz per 
unit mass, and  for a given mass flow rate. 
This also represents the minimum power 
required to pump water from the lower 
reservoir to the higher reservoir.  
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The actual pump and turbine electric powers are 

 kW1046
0.75

 kW8.784

motor-pump

ideal
elect pump, � � � 

�K
W
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��

��

 

  kW6.588 kW)8.784(75.0idealgen-turbineturbine � � � WW ���� �K   

Then the power consumption cost of the pump, the revenue generated by the turbine, and the net income 
(revenue minus cost) per year become 

ear$114,500/y0.03/kWh) h/year)($10 kW)(3651046( priceUnitCost elect pump, � �u� �u�'� tW��   

ear$171,900/y0.08/kWh) h/year)($10 kW)(3656.588( priceUnitReveue turbine � �u� �u�'� tW��   

  Net income = Revenue – Cost = 171,900 –114,500 = $57,400/year 

Discussion It 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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2-130 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 

 fuel/h kg  67.18 
fuel) air/kg kg 18(

air/h) kg (336
 

AF
air

fuel � � � 
m

m
��

��  

kg/h  0.014� �u� �u�   kg/h))(18.6710(750 )10(750 -6
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-6
Sulfur mm ����  

The rate of sulfurous acid given off to the environment is 

 kg/h 0.036� 
�u�����u

� �  kg/h) (0.014
32

1633212
 Sulfur

Sulfur

H2SO3
H2SO3 m

M

M
m ����  

Discussion This problem shows why the sulfur percentage in diesel fuel must be below certain value to 
satisfy regulations.   

 

 

 

2-131  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 

  

kg/year 788� 

�u�u� 
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�u� � 
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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 

 

2-132 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" 

 

 

2-133 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 kJ/s    (c)  0.574 kJ/s    (d) 0.373 kJ/s  (e) 0.242 kJ/s   

Answer  (c)  0.574 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). 

 

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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2-134 A fan is to accelerate quiescent air to a velocity to 12 m/s at a rate of 3 m3/min. If the density of air is 
1.15 kg/m3, 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"  

 

 

2-135 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) 1.7 kW    (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 "kW" 
 
"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" 
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2-136 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" 
 

 

2-137 Electric power is to be generated in a hydroelectric power plant that receives water at a rate of 70 
m3/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/10^6 "Dividing by efficiency" 
W3_We=rho*Vdot*g*z/10^6 "Not using efficiency" 
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2-138 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” 

 

 

2-139 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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2-140 A 2-kW pump is used to pump kerosene (�U = 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) 8.3 L/s   (b) 7.2 L/s    (c) 6.8 L/s    (d) 12.1 L/s (e) 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" 

 

 

2-141 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 

 

2-142 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�qC. 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/m2.�qC and radiation heat transfer is negligible, the average surface 
temperature of the chips is 

(a) 80�qC (b) 54�qC (c) 41�qC (d) 72�qC  (e) 60�qC  

Answer  (a) 80�qC 

 

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" 
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2-143 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�qC when a wattmeter indicates the electric power consumption to be 4.1 kW. Then the 
heat transfer coefficient is 

(a) 43,500 W/m2.�qC   (b) 137 W/m2.�qC (c) 68,330 W/m2.�qC   (d) 10,038 W/m2.�qC  

(e) 37,540 W/m2.�qC  

Answer  (a) 43,500 W/m2.�qC 

 

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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2-144 A 3-m2 hot black surface at 80�qC is losing heat to the surrounding air at 25�qC by convection with a 
convection heat transfer coefficient of 12 W/m2.�qC, and by radiation to the surrounding surfaces at 15�qC. 
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_Ql=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" 
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2-145 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�qC to 5�qC. The average thermal conductivity 
of the wall is 

(a) 0.001 W/m.�qC (b)  0.5 W/m.�qC (c)  1.0 W/m.�qC (d)  2.0 W/m.�qC (e) 5.0 W/m.�qC 

Answer  (c) 1.0 W/m.�qC 

 

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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2-146 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.�qC. During a certain winter night, the 
temperatures of the inner and outer surfaces of the roof are measured to be 15�qC and 4�qC, respectively. The 
average rate of heat loss through the roof that night was 

(a) 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" 

 

 

 

2-147 … 2-153  Design and Essay Problems  

 

 

 

�K�J 
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Chapter 3 

PROPERTIES OF PURE SUBSTANCES 

 
Pure Substances, Phase Change Processes, Property Diagrams 

 

3-1C Yes, since the chemical composition throughout the tank remain the same. 

 

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 The temperature will also increase since the boiling or saturation temperature of a pure substance 
depends on pressure. 

 

3-6C Because one cannot be varied while holding the other constant.  In other words, when one changes, 
so does the other one. 

 

3-7C 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. 

 

3-8C Yes. 

 

3-9C 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. 

 

3-10C 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 

 

3-11C 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. 
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3-12C The molar mass of gasoline (C8H18) 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 

 

3-13C  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.  

 

3-14C Yes.  Otherwise we can create energy by alternately vaporizing and condensing a substance.    

 

3-15C No.  Because in the thermodynamic analysis we deal with the changes in properties; and the changes 
are independent of the selected reference state. 

 

3-16C The term hfg 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 hfg = hg - hf . 

 

3-17C Yes; the higher the temperature the lower the hfg value. 

 

3-18C Quality is the fraction of vapor in a saturated liquid-vapor mixture.  It has no meaning in the 
superheated vapor region. 

 

3-19C Completely vaporizing 1 kg of saturated liquid at 1 atm pressure since the higher the pressure, the 
lower the hfg . 

 

3-20C Yes.  It decreases with increasing pressure and becomes zero at the critical pressure. 

 

3-21C No.  Quality is a mass ratio, and it is not identical to the volume ratio. 

 

3-22C The compressed liquid can be approximated as a saturated liquid at the given temperature. Thus 
. TfPT @, vv �#
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3-23 [Also solved by EES on enclosed CD] Complete the following table for H2 O: 

 

T,  �qC P,  kPa v,  m3 / 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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3-24 EES Problem 3-23 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$='Quality' then 
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  x=value2 
  p=Pressure(Fluid$,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$='Enthalpy, kJ/kg' then 
  h=value2 
  T=Temperature(Fluid$,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) 
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  v=volume(Fluid$,p=p,x=x) 
  u=IntEnergy(Fluid$,p=p,x=x) 
 endif 
Endif 
If Prop1$='Enthalpy, kJ/kg' Then 
 h=Value1 
 If Prop2$='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 
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If Prop1$='Entropy, kJ/kg-K' Then 
 s=Value1 
 If Prop2$='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$='Enthalpy, kJ/kg' then 
  h=value2 
  p=Pressure(Fluid$,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.' 
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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[1]=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." 
ARRAYS TABLE 

h 
KJ/kg 

P 
kPa 

s 
kJ/kgK 

T 
C 

u 
KJ/kg 

v 
m3/kg 

x 

2964.5 400 7.3804 250 2726.4 0.5952 100 
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3-25E  Complete the following table for H2 O: 

T,  �qF 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 

 

 

 

3-26E EES Problem 3-25E 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, ºF 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 
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3-27  Complete the following table for H2 O: 

 

T,  �qC 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 

 

 

 

3-28  Complete the following table for Refrigerant-134a: 

 

T,  �qC P,  kPa v,  m3 / 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 

 

 

 

3-29  Complete the following table for Refrigerant-134a: 

 

T,  �qC 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 
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3-30E  Complete the following table for Refrigerant-134a: 

 

T,  �qF 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 

 

 

 

 

3-31 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 

kPa 90.4� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
��� ��� � 

22

2

2atm12
kg.m/s 1000

kN 1

/4m) (0.25

)m/s kg)(9.81 (12
kPa 88

/4 �S�SD

gm
PPP

p
 

(b) The specific volume and enthalpy of R-134a at the initial state of 90.4 kPa and -10�qC and at the final 
state of 90.4 kPa and 15�qC are (from EES) 

 v1 = 0.2302 m3/kg h1 = 247.76 kJ/kg     

R-134a 
0.85 kg 
-10�qC 

 Q

 v 2 = 0.2544 m3/kg h2 = 268.16 kJ/kg     

The initial and the final volumes and the volume change are  

3m 0.0205� ��� �'

� � � 

� � � 

1957.02162.0

m 2162.0/kg)m kg)(0.2544 85.0(

m 1957.0/kg)m kg)(0.2302 85.0(
33

22

33
11

V

vV

vV

m

m

 

(c) The total enthalpy change is determined from  

kJ/kg 17.4� ��� ��� �' kJ/kg 247.76)6kg)(268.1 85.0()( 12 hhmH  
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3-32E A rigid container that is filled with water is cooled. The initial temperature and final pressure are to 
be determined. 

Analysis The initial state is superheated vapor. The temperature is determined to be 
H2O 

250 psia 
1 lbm 

2.29ft3

  6E)-A (Table   
  /lbmft 29.2

psia 025
13

1

1      F550�q� 
�¿
�¾
�½

� 

� 
T

P

v

This is a constant volume cooling process (v = V /m = 
constant). The final state is saturated mixture and thus the 
pressure is the saturation pressure at the final temperature: 

P

v 

2 

1 

4E)-A (Table  
  /lbmft 29.2

F100
F100 @sat 23

12

2   psia 0.9505� � 
�¿
�¾
�½

� � 

�q� 
�qPP

T

vv
 

 

 

 

 

 

3-33 A piston-cylinder device that is filled with R-134a is heated. The final volume is to be determined.  

R-134a 
��26.4°C 

1 kg 
0.14 m3

Analysis The initial specific volume is  

/kgm 14.0
kg 1
m 14.0 3

3
1

1 � � � 
m

V
v  

This is a constant-pressure process. The initial state is determined 
to be a mixture, and thus the pressure is the saturation pressure at 
the given temperature 

  12)-A (Table kPa 100C26.4- @sat 21  � � � �qPPP P

v 

21 

The final state is superheated vapor and the specific volume is 

13)-A (Table/kgm 30138.0  
  C100

kPa 100 3
2

2

2   � 
�¿
�¾
�½

�q� 

� 
v

T

P
 

The final volume is then 

  3m 0.30138� � � /kg)m 30138.0)(kg 1( 3
22 vV m
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3-34 Left chamber of a partitioned system contains water at a specified state while the right chamber is 
evacuated. The partition is now ruptured and heat is transferred from the water. The pressure at the final 
state is to be determined. 

Analysis The initial specific volume is  

Water 
200 kPa 

1 kg 
1.1989m3

Evacuated 
 

/kgm 1989.1
kg 1

m 1989.1 3
3

1
1 � � � 

m

V
v  

At the final state, the water occupies three 
times the initial volume. Then, 

  /kgm 5967.3)/kgm 1989.1(33 33
12 � � � vv

Based on this specific volume and the final temperature, the final state is a saturated mixture and the 
pressure is 

  4)-A (Table C3 @sat 2  kPa 0.768� � �qPP

 

 

 

3-35E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the 
water are to be determined. 

H2O 
400°F 
1 lbm 

2.3615ft3

Analysis The initial specific volume is  

/lbmft 3615.2
lbm 1

ft 3615.2 3
3

1
1 � � � 

m

V
v  

This is a constant-pressure process. The initial state is determined 
to be superheated vapor and thus the pressure is determined to be 

  6E)-A (Table   
  /lbmft 3615.2

F400
213

1

1   psia 200� � 
�¿
�¾
�½

� 

�q� 
PP

T

v P

v 

2 1 
The saturation temperature at 200 psia is 381.8°F. Since the 
final temperature is less than this temperature, the final state is 
compressed liquid. Using the incompressible liquid 
approximation, 

4E)-A (Table   /lbmft 01613.0 3
F100 @ 2 � � �qfvv  

The final volume is then 

  3ft 0.01613� � � /lbm)ft 01613.0)(lbm 1( 3
22 vV m
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3-36 A piston-cylinder device that is filled with R-134a is heated. The final volume is to be determined.  

Analysis This is a constant pressure process. The initial specific volume is  

R-134a 
-26.4°C 
10 kg 

1.595m3

/kgm 1595.0
kg 10
m 595.1 3

3

1 � � � 
m
V

v  

The initial state is determined to be a mixture, and thus the pressure is 
the saturation pressure at the given temperature 

  12)-A (Table kPa 100C26.4- @sat 1  � � �qPP

The final state is superheated vapor and the specific volume is P

v 

2 1 13)-A (Table/kgm 30138.0  
  C100

kPa 100 3
2

2

2   � 
�¿
�¾
�½

�q� 

� 
v

T

P
 

The final volume is then 

  3m 3.0138� � � /kg)m 30138.0)(kg 10( 3
22 vV m

 

 

 

3-37 The internal energy of water at a specified state is to be determined.  

Analysis The state of water is superheated vapor. From the steam tables, 

6)-A (Table  
  C200

kPa 50
  kJ/kg 2660.0� 

�¿
�¾
�½

�q� 

� 
u

T

P
 

 

 

 

3-38 The specific volume of water at a specified state is to be determined using the incompressible liquid 
approximation and it is to be compared to the more accurate value. 

Analysis The state of water is compressed liquid. From the steam tables,  

7)-A (Table  
  C100

MPa 5
  /kgm 0.001041 3� 

�¿
�¾
�½

�q� 

� 
v

T

P
 

Based upon the incompressible liquid approximation,  

4)-A (Table   
  C100

MPa 2
C100 @   /kgm 0.001043 3� �#

�¿
�¾
�½

�q� 

� 
�qfT

P
vv  

The error involved is 

 0.19%� �u
��

� 100
001041.0

001041.0001043.0
ErrorPercent  

which is quite acceptable in most engineering calculations. 
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3-39E The total internal energy and enthalpy of water in a container are to be determined.  

Analysis The specific volume is  

/lbmft 2
lbm 1
ft 2 3

3

� � � 
m
V

v  
Water 

100 psia 
2 ft3At this specific volume and the given pressure, the state is a saturated 

mixture. The quality, internal energy, and enthalpy at this state are 
(Table A-5E) 

 
Btu/lbm 7.697)99.888)(4490.0(51.298
Btu/lbm 7.660)29.807)(4490.0(19.298

4490.0
/lbmft )01774.04327.4(

/lbmft )01774.02(
3

3

� ��� ��� 
� ��� ��� 

� 
��

��
� 

��
� 

fgf

fgf

fg

f

xhhh
xuuu

x
v

vv

 

The total internal energy and enthalpy are then  

 
Btu 697.7

Btu 660.7

� � � 

� � � 

)Btu/lbm 7.697)(lbm 1(

)Btu/lbm 7.660)(lbm 1(

mhH

muU
 

 

 

 

3-40 The volume of a container that contains water at a specified state is to be determined.  

Analysis The specific volume is determined from steam tables by interpolation to be  

6)-A (Table/kgm 9172.2  
  C360

kPa 100 3   � 
�¿
�¾
�½

�q� 

� 
v

T

P
 Water 

3 kg 
100 kPa 
360�qC 

The volume of the container is then 

  3m 8.752� � � /kg)m 9172.2)(kg 3( 3vV m

 

PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 

 



 3-17

3-41 A rigid container that is filled with R-134a is heated. The temperature and total enthalpy are to be 
determined at the initial and final states. 

Analysis This is a constant volume process. The specific volume is  R-134a 
300 kPa 
10 kg 
14 L

/kgm 0014.0
kg 10
m 014.0 3

3

21 � � � � 
m
V

vv  

The initial state is determined to be a mixture, and thus the 
temperature is the saturation temperature at the given pressure. 
From Table A-12 by interpolation 

P

v 

2 

1

  C0.61�q� � kPa 300 @sat 1 TT

and 

 
kJ/kg 52.54)13.198)(009321.0(67.52

009321.0
/kgm )0007736.0067978.0(

/kgm )0007736.00014.0(

11

3

3
1

1

� ��� ��� 

� 
��

��
� 

��
� 

fgf

fg

f

hxhh

x
v

vv

 

The total enthalpy is then  

 kJ 545.2� � � )kJ/kg 52.54)(kg 10(11 mhH  

The final state is also saturated mixture. Repeating the calculations at this state, 

  C21.55�q� � kPa 600 @sat 2 TT

 
kJ/kg 64.84)90.180)(01733.0(51.81

01733.0
/kgm )0008199.0034295.0(

/kgm )0008199.00014.0(

22

3

3
2

2

� ��� ��� 

� 
��

��
� 

��
� 

fgf

fg

f

hxhh

x
v

vv

 

 kJ 846.4� � � )kJ/kg 64.84)(kg 10(22 mhH  
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3-42 A piston-cylinder device that is filled with R-134a is cooled at constant pressure. The final 
temperature and the change of total internal energy are to be determined.  

R-134a 
200 kPa 
100 kg 

12.322m3

Analysis The initial specific volume is  

/kgm 12322.0
kg 100
m 322.12 3

3

1 � � � 
m
V

v  

The initial state is superheated and the internal energy at this state 
is 

  13)-A (TablekJ/kg 08.263  
 /kgm 12322.0

kPa 200
13

1

1   � 
�¿
�¾
�½

� 

� 
u

P

v
P

v 

2 1 

The final specific volume is 

/kgm 06161.0
2

/m 12322.0
2

3
3

1
2 � � � 

kgv
v  

This is a constant pressure process. The final state is determined to 
be saturated mixture whose temperature is 

  12)-A (Table kPa 200 @sat 2  C10.09�q��� � TT

The internal energy at the final state is (Table A-12) 

 
kJ/kg 61.152)21.186)(6140.0(28.38

6140.0
/kgm )0007533.0099867.0(

/kgm )0007533.006161.0(

22

3

3
2

2

� ��� ��� 

� 
��

��
� 

��
� 

fgf

fg

f

uxuu

x
v

vv

 

Hence, the change in the internal energy is   

 kJ/kg 110.47��� ��� ��� �' 08.26361.15212 uuu  
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3-43 A spring-loaded piston-cylinder device is filled with water. The water now undergoes a process until 
its volume is one-half of the original volume. The final temperature and the entropy are to be determined.  

Analysis From the steam tables, 

  6)-A (Table/kgm 07343.0  
C400

MPa 4 3
1

1

1   � 
�¿
�¾
�½

�q� 

� 
v

T

P

The process experienced by this system is a linear P-v process. The equation for this line is 

  )( 11 vv ��� �� cPP

where P1 is the system pressure when its specific volume is v1. The spring equation may be written as 

  )()()( 121212
11,

1 vvVV ��� ��� ��� 
��

� 
��

� ��
A

km

A

k
xx

A

kA
A

xx
k

A

FF
PP ss  

Constant c is hence 

 5
4242

2

2
kg/mkN 595,45

m) 2.0(

kg) kN/m)(0.5 90)(16(4
�˜� � � � 

�S�S D

km

A

km
c  

The final pressure is then 

 

kPa 2326)/kgm 07343.0(
2

kg/mkN 595,45
kPa 4000

22
)(

3
5

111
1

11212

� 
�˜

��� 

��� �¸�¸
�¹

�·
�¨�¨
�©

�§
����� ����� vv

v
vv

c
PcPcPP

 

and 

 /kgm 03672.0
2

/m 07343.0
2

3
3

1
2 � � � 

kgv
v  P

v 
2

1 The final state is a mixture and the temperature is 

  5)-A (Table kPa 2326 @sat 2  C220�q�#� TT

The quality and the entropy at the final state are 

 
kJ/kg 1720.9� ��� ��� 

� 
��

��
� 

��
� 

)4.1857)(4185.0(55.943

4185.0
/kgm )001190.0086094.0(

/kgm )001190.003672.0(

22

3

3
2

2

fgf

fg

f

hxhh

x
v

vv
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3-44E 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�qF 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 

 psia 0.147
inHg 1

psia 0.491
inHg) 3.0( � �¸�¸

�¹

�·
�¨�¨
�©

�§
� �' P  

P �r 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�qF to be 

 F/psia 783.3
psia )538.11709.14(

F)200212(
�q� 

��

�q��
� 

P
T

�'
�'

 

Then the change in saturation (boiling) temperature corresponding to a change of  0.147 psia becomes 

  F0.56�q�q� �'�q� �' =psia) 147F/psia)(0. 783.3(F/psia) 783.3(boiling PT

which is very small. Therefore, the effect of variation of atmospheric pressure on the boiling temperature is 
negligible.  

 

 

 

3-45 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�qC 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 = PatmA  

or, 

P 

Patm = 1 atm 

2.3392 kPa 
 

)N/m 1 = Pa 1 (since   =Pam 6997=

Pa )2.2339325,101(
4

m) 3.0(

))(4/()(

22

2

2

N 6997

��� 

��� ��� 

�S

�S PPDPPAF atmatm

 

The weight of the pan and its contents is   

  N  78.5=)m/s kg)(9.81 8( 2� � mgW

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.  
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3-46 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 Tsat = 100�qC are hfg = 
2256.5 kJ/kg and vf  = 0.001043 m3/kg (Table A-4). 

Analysis The rate of evaporation of water is  

H2O 
1 atm 

 

kg/s 001742.0
s 6045

kg 704.4

kg 704.4
0.001043

m) 0.10](4/m) 0.25([)4/(

evap
evap

22
evap

evap

� 
�u

� 
�'

� 

� � � � 

t

m
m

LD
m

ff

��

�S�S
vv

V

 

Then the rate of heat transfer to water becomes 

  kW 3.93� � � kJ/kg) .5kg/s)(2256 001742.0(evap fghmQ ����

 

 

 

3-47  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 Tsat = 93.3�qC, hfg = 2273.9 kJ/kg and vf  = 0.001038 
m3/kg (Table A-5). 

Analysis The rate of evaporation of water is 
H2O 

79.5 kPa 

 

kg/s 001751.0
s 6045

kg 727.4

kg 727.4
0.001038

m) 0.10](4/m) 0.25([)4/(

evap
evap

22
evap

evap

� 
�u

� 
�'

� 

� � � � 

t

m
m

LD
m

ff

��

�S�S
vv

V

 

Then the rate of heat transfer to water becomes 

  kW 3.98� � � kJ/kg) .9kg/s)(2273 001751.0(evap fghmQ ����
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3-48 Saturated steam at Tsat = 30�qC 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�qC. 

Properties The properties of water at the saturation temperature of 30�qC are hfg = 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�qC condenses, the rate of heat 
transfer from the steam to the cooling water in the tube is 
determined directly from 

kW 30.4=

kJ/h 341,109kJ/kg) .8kg/h)(2429 45(
evap

� � 

� fghmQ ����

 

 

 

 

3-49  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 
�U = 1000 kg/m3.   

Analysis The pressure at the bottom of the 5-cm pan is 
the saturation pressure corresponding to the boiling 
temperature of 98�qC: 

  (Table A-4) kPa 94.39
Csat@98

� � �$PP

40 cm 
5 cm 

D = 3 cm 
L = 35 m

30�qC 

The pressure difference between the bottoms of two pans is 

    kPa 3.43
skg/m 1000

kPa 1
m) )(0.35m/s )(9.807kg/m (1000

2
23 � �¸

�¸
�¹

�·
�¨
�¨
�©

�§

�˜
� � hgP �U�'   

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 

  (Table A-5) C99.0�q� � kPa  sat@97.82boiling TT
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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 = PatmA + W 

W = mg

Patm 

P 

or, 

 

kPa 119.61
skg/m 1000

kPa 1

m 0.01

)m/s kg)(9.81 (20
kPa) (100 22

2
atm

� 
�¸
�¸
�¹

�·
�¨
�¨
�©

�§

�˜
��� 

��� 
A

mg
PP

 

The boiling temperature is the saturation temperature corresponding to this pressure, 

  (Table A-5) C104.7�q� � kPa 119.61@satTT

 

 

 

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 T-v diagram is to be drawn. 

Analysis This is a constant volume process (v = V /m = constant), 

H2O 
75�qC 

and the specific volume is determined to be 

 /kgm 0.1667
kg 15

m 2.5 3
3

� � � 
m
V

v  

When the liquid is completely vaporized the tank 
will contain saturated vapor only.  Thus, 

T

v 

2 

1 

  /kgm 0.1667 3
2 � � gvv

The temperature at this point is the temperature that 
corresponds to this vg value, 

   (Table A-4) C187.0�q� � 
� /kgm 0.1667@sat 3

gvTT
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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). 

R-134a 
2 kg 

800 kPa 
120�qC 

   
/kgm 0.037625

kJ/kg .87327
C012
kPa 008

3� 
� 

�¿
�¾
�½

� 
� 

v
u

T
P

�$

Analysis The total volume and internal energy are determined from 

  
kJ 655.7

m  0.0753 3

� � � 

� � � 

kJ/kg) kg)(327.87 (2

/kg)m 25kg)(0.0376 (2 3

muU

mvV

 

 

 

3-53  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 

R-134a 
10 kg 
-20�qC 

 /kgm 0.05
kg 10

m 0.5 3
3

� � � 
m
V

v  

At -20°C, vf = 0.0007362 m3/kg and vg = 0.14729 m3/kg (Table A-11). 
Thus the tank contains saturated liquid-vapor mixture since vf < v < vg , 
and the pressure must be the saturation pressure at the specified 
temperature, 

  kPa 132.82� � 
�� C20@sat �$PP

(b) The quality of the refrigerant-134a and its total internal energy are determined from 

 

kJ  904.2� � � 

� �u��� ��� 

� 
��

��
� 

��
� 

kJ/kg) kg)(90.42 (10

kJ/kg .429045.1930.336125.39

0.3361
0.00073620.14729

0.00073620.05

muU

xuuu

x

fgf

fg

f

v

vv

 

(c) The mass of the liquid phase and its volume are determined from 

 
3m  0.00489� � � 

� �u��� ��� 

/kg)m 362kg)(0.0007 (6.639

kg 6.639100.3361)(1)1(
3

fff

tf

m

mxm

vV
 

PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 

 



 3-25

3-54 [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-
v diagram is to be drawn. 

Analysis (a) 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, 

  C170.41�q� � kPa 800@satTT

(b) The total mass in this case can easily be determined by adding the mass of each phase, 

 

kg 93.45� ��� ��� 

� � � 

� � � 

745.3704.89

kg 3.745
/kgm 0.24035

m 0.9

kg 89.704
/kgm 0.001115

m 0.1

3

3

3

3

gft

g

g
g

f

f
f

mmm

m

m

v

V

v

V

 

P

v 

21 

(c) At the final state water is superheated vapor, and its specific volume is 

  (Table A-6) /kgm 0.35442
C350
kPa 800 3

2
2

2 � 
�¿
�¾
�½

� 
� 

v�$T
P

Then, 

  3m 33.12� � � /kg)m 2kg)(0.3544 (93.45 3
22 vV tm
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3-55 EES Problem 3-54 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] 
 

10-3 10-2 10-1 100 101 102
100

101

102

103

104

105

v [m 3/kg]

P
 [

kP
a

]

 350 C 

Steam

1 2
P=800 kPa

 

mtot [kg] P1 [kPa] 
96.39 100 
95.31 200 
94.67 300 
94.24 400 
93.93 500 
93.71 600 
93.56 700 
93.45 800 
93.38 900 
93.34 1000 
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3-56E  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 = V/m = constant), and the initial specific volume is 
determined to be 

  (Table A-6E) /lbmft 3.0433
F500

psia 180 3
1

1

1 � 
�¿
�¾
�½

� 
� 

v�$T
P

H2O 
180 psia 
500�qF 

At 250°F, vf = 0.01700 ft3/lbm and vg = 13.816 ft3/lbm. Thus at the 
final state, the tank will contain saturated liquid-vapor mixture since vf 
< v < vg , and the final pressure must be the saturation pressure at the 
final temperature, 

  psia  29.84� � 
F250@sat �$PP T

v 

2 

1 

(b) The quality at the final state is determined from 

 0.219� 
��
��

� 
��

� 
01700.0816.13
01700.00433.32

2
fg

f
x

v

vv
 

(c) The enthalpy at the final state is determined from 

 Btu/lbm  426.0� �u��� ��� 41.945219.063.218fgf xhhh  
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3-57E EES Problem 3-56E 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]) 
 
 

10-2 10-1 100 101 102 103 104
0

200

400

600

800

1000

1200

1400

v [ft 3/lb
m

]

T
 [

°F
]

 1600 psia 

 780 psia 

 180 psia 

 29.82 psia 

 0.05  0.1  0.2  0.5 

 1.2  1.3  1.4  1.5 Btu/lbm-R 

Steam

1

2

 

P1 [psia] x2

100 0.4037 
122.2 0.3283 
144.4 0.2761 
166.7 0.2378 
188.9 0.2084 
211.1 0.1853 
233.3 0.1665 
255.6 0.1510 
277.8 0.1379 
300 0.1268 
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3-58  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 = 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, 

   (last row of Table A-4) /kgm 0.003106 3
21 � � � crvvv

The total mass is 

T

v 

CP 

vcr

 kg .6096
/kgm 0.003106

m 0.3
3

3

� � � 
v
V

m  
H2O 

150�qC At 150°C, vf = 0.001091 m3/kg and vg = 0.39248 
m3/kg (Table A-4). Then the quality of water at 
the initial state is 

 0.005149
0.0010910.39248
0.0010910.0031061

1 � 
��
��

� 
��

� 
fg

f
x

v

vv
 

Then the mass of the liquid phase and its volume at the initial state are determined from 

 
3m 0.105

kg  96.10

� � � 

� ��� ��� 

/kg)m 91kg)(0.0010 (96.10

96.60)0.005149)((1)1(
3

1

fff

tf

m

mxm

vV
 

 

 

 

3-59 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   �Ÿ  

error) (2.61%     kJ/kg 419.17
error) (1.02%kJ/kg 60.419
error) (0.72%  /kgm 0.001043

C100@

C100@

3
C100@

� �#
� �#
� �#

�q

�q

�q

f

f

f

hh
uu
vv

From compressed liquid table (Table A-7), 

  
kJ/kg 430.39
kJ/kg 414.85

/kgm 0.001036

C100
MPa 15

3

� 
� 
� 

�¿
�¾
�½

�q� 
� 

h
u

T
P

v

The percent errors involved in the saturated liquid approximation are listed above in parentheses. 
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3-60 EES Problem 3-59 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(Fluid$,T=T,x=0)  
u_app = INTENERGY(Fluid$,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] 
 

 

 

3-61 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, 

H2O 
300�qC 
1 MPa 

  (Table A-5) C179.88�q� � MPa sat@1TT

(c) The quality at the final state is specified to be x2 = 0.5. 
The specific volumes at the initial and the final states are 

      (Table A-6) /kgm 0.25799
C300

MPa 1.0 3
1

1

1 � 
�¿
�¾
�½

� 
� 

v�$T
P T

v 

2

1

      

/kgm .097750

)001127.019436.0(5.0001127.0
5.0

MPa 1.0

3

22
2

2

� 

���u��� 
��� 

�¿
�¾
�½

� 
� 

fgf x
x
P

vvv

Thus, 

      3m 20.128��� ��� ��� /kgm0.25799)5kg)(0.0977 (0.8)(�û 3
12 vvV m
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3-62  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 = V /m = constant), and the initial specific volume is equal to 
the final specific volume that is 

T

v 

2 

1
25

15

�qC/kgm 48392.0 3
C150@21 � � � �qgvvv   (Table A-4) 

since the vapor starts condensing at 
150�qC. Then from Table A-6, H2O 

T1= 250�qC 

P1 = ?       MPa 0.60� 
�¿
�¾
�½

� 

�q� 
13

1

1

/kgm 0.39248

C025
P

T

v

 

 

 

 

3-63 Heat is supplied to a piston-cylinder device 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�qC are: vf = 0.001157 m3/kg and uf = 850.46 
kJ/kg (Table A-4).  

Analysis (a) The cylinder initially contains saturated liquid water. The volume of the cylinder at the initial 
state is 

33
11 m 001619.0/kg)m 001157.0kg)( 4.1( � � � vV m  

The volume at the final state is 

  3m 0.006476� � )001619.0(4V
Water 

1.4 kg, 200°C 
sat. liq. 

Q (b) The final state properties are 

 kg/m 004626.0
kg 1.4

m 0.006476 3
3

2 � � � 
m
V

v  

kJ/kg 5.2201
1

kg/m 004626.0

2

2

2

2

3
2

� 

� 

�q� 

�°�¿

�°
�¾
�½

� 

� 

u

P

T

x
kPa 21,367

C371.3
v

      (Table A-4 or A-5 or EES) 

(c) The total internal energy change is determined from  

kJ 1892� � ��� �' kJ/kg 850.46)-kg)(2201.5 4.1()( 12 uumU  
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3-64 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 

 Tsat@3.5 MPa  = 242.6�qC  (Table A-5) 

Steam 
3.5 MPa Q

Then, the initial temperature becomes 

 T1  = 242.6+5 = 247.6�qC  

Also,    (Table A-6)  kJ/kg 1.2821
C6.247

MPa 5.3
1

1

1 � 
�¿
�¾
�½

�q� 

� 
h

T

P

(b) The properties of steam when the piston first hits the stops are  

     (Table A-5) 
/kgm 001235.0

kJ/kg 7.1049

0

MPa 5.3
3

2

2

2

12

� 

� 

�¿
�¾
�½

� 

� � 

v
h

x

PP

Then, the enthalpy change of steam becomes 

 kJ/kg -1771� ��� ��� �' 2821.17.104912 hhh  

(c) At the final state 

    (Table A-4 or EES) 
0.0006

kPa 1555

� 

� 

�°�¿

�°
�¾
�½

�q� 

� � 

3

3

3

3
23

C200

/kgm 001235.0
x

P

T

vv

The cylinder contains saturated liquid-vapor mixture with a small mass of vapor at the final state. 

 

 

 

3-65E The error involved in using the enthalpy of water by the incompressible liquid approximation is to 
be determined. 

Analysis The state of water is compressed liquid. From the steam tables, 

  7E)-A (Table  Btu/lbm 51.376 
  F400

psia 1500
 � 

�¿
�¾
�½

�q� 

� 
h

T

P

Based upon the incompressible liquid approximation,  

4E)-A (TableBtu/lbm 04.375   
  F400

psia 1500
F400 @   � �#

�¿
�¾
�½

�q� 

� 
�qfhh

T

P
 

The error involved is 

 0.39%� �u
��

� 100
51.376

04.37551.376
ErrorPercent  

which is quite acceptable in most engineering calculations. 
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3-66 The errors involved in using the specific volume and enthalpy of water by the incompressible liquid 
approximation are to be determined.  

Analysis The state of water is compressed liquid. From the steam tables, 

  7)-A (Table  
kJ/kg 62.426

/kgm 0010385.0
  

  C100

MPa 10 3

   
� 

� 

�¿
�¾
�½

�q� 

� 

hT

P v

Based upon the incompressible liquid approximation,  

4)-A (Table
kJ/kg 17.419 

/kgm 001043.0 
  

  C100

MPa 10

C100 @ 

3
C100 @    

� �#

� �#

�¿
�¾
�½

�q� 

� 

�q

�q

f

f

hhT

P vv
 

The errors involved are 

 

1.75%

0.43%

� �u
��

� 

� �u
��

� 

100
62.426

17.41962.426
(enthalpy)Error Percent 

100
0010385.0

0010385.0001043.0
 volume)(specificError Percent 

 

which are quite acceptable in most engineering calculations. 

 

 

 

3-67 The specific volume and internal energy of R-134a at a specified state are to be determined.  

Analysis The state of R-134a is compressed liquid. Based upon the incompressible liquid approximation,  

  11)-A (Table
kJ/kg 86.78 

/kgm 0008161.0 
  

  C20

kPa 700

C20 @ 

3
C20 @    

� �#

� �#

�¿
�¾
�½

�q� 

� 

�q

�q

f

f

uuT

P vv
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3-68 A piston-cylinder device that is filled with R-134a is heated. The volume change is to be determined.  

Analysis The initial specific volume is  

R-134a 
60 kPa 
-20�qC 
100 g 

  13)-A (Table/kgm 33608.0  
 C20

kPa 60 3
1

1

1   � 
�¿
�¾
�½

�q��� 

� 
v

T

P

and the initial volume is 

  33
11 m 0.033608/kg)m 8kg)(0.3360 100.0( � � � vV m

At the final state, we have 

P

v 

2 1 

  13)-A (Table/kgm 0.50410  
  C100

kPa 60 3
2

2

2   � 
�¿
�¾
�½

�q� 

� 
v

T

P

  33
22 m 0.050410/kg)m 0kg)(0.5041 100.0( � � � vV m

The volume change is then 

  3m 0.0168� ��� ��� �' 0336080050410012 ..VVV

 

 

 

3-69 EES The Pessure-Enthalpy diagram of R-134a showing some constant-temperature and constant-
entropy lines are obtained using Property Plot feature of EES. 
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Ideal Gas  

 

3-70C  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. 

 

3-71C  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. 

 

3-72C  Ru 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 = Ru / M, where M is the 
molar mass of the gas. 

 

3-73C  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. 

 

 

 

3-74E The specific volume of oxygen at a specified state is to be determined. 

Assumptions   At specified conditions, oxygen behaves as an ideal gas.   

Properties  The gas constant of oxygen is R = 0.3353 psia�f̃t3/lbm�R̃ (Table A-1E).  

Analysis According to the ideal gas equation of state, 

 /lbmft 7.242 3� 
���˜�˜

� � 
psia 25

R) 460R)(80/lbmftpsia (0.3353 3

P
RT

v  

 

 

 

3-75 The pressure in a container that is filled with air is to be determined. 

Assumptions   At specified conditions, air behaves as an ideal gas.   

Properties  The gas constant of air is R = 0.287 kJ/kg�K̃ (Table A-1).  

Analysis The definition of the specific volume gives 

 /kgm 100.0
kg 1

m 0.100 3
3

� � � 
m
V

v  

Using the ideal gas equation of state, the pressure is 

 kPa 861� 
���˜�˜

� � 
/kgm 0.100

K) 273K)(27/kgmkPa (0.287
3

3

v
RT

P  
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3-76E The volume of a tank that is filled with argon at a specified state is to be determined. 

Assumptions   At specified conditions, argon behaves as an ideal gas.   

Properties  The gas constant of argon is R = 0.2686 psia�f̃t3/lbm�R̃ (Table A-1E)  

Analysis According to the ideal gas equation of state, 

 3ft 0.7521� 
���˜�˜

� � 
psia 200

R) 460R)(100/lbmftpsia 6lbm)(0.268 (1 3

P
mRT

V  

 

 

 

3-77  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 Ru = 8.314 kPa.m3/kmol.K. The molar mass of helium is 4.0 
kg/kmol (Table A-1).  

Analysis The volume of the sphere is 

 333 m 113.1m) (3
3
4

3
4

� � � �S�SrV  

He 
D = 6 m 

20�qC 
200 kPa 

Assuming ideal gas behavior, the mole numbers of He is determined from 

 kmol  9.28� 
�˜�˜

� � 
K) K)(293/kmolmkPa (8.314

)m kPa)(113.1 (200
3

3

TR
P

N
u

V
 

Then the mass of He can be determined from 

 kg  37.15� � � kg/kmol) kmol)(4.0 (9.28NMm  
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3-78 EES Problem 3-77 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 
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3-79  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.m3/kg.K  (Table A-1).  

Analysis Initially, the absolute pressure in the tire is 
Tire 

25�qC 
  kPa310100210atm1 � ��� ��� PPP g

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 

 kPa 336kPa) (310
K 298
K 323

1
1

2
2

2

22

1

11 � � � �•�o�•� P
T
T

P
T

P
T

P VV
 

Thus the pressure rise is 

  �' P P P�  � � �  � � �  2 1 336 310 26 kPa

The amount of air that needs to be bled off to restore pressure to its original value is 

kg 0.0070� ��� ��� �'

� 
�˜�˜

� � 

� 
�˜�˜

� � 

0.08360.0906

kg 0.0836
K) K)(323/kgmkPa (0.287

)m kPa)(0.025 (310

kg 0.0906
K) K)(298/kgmkPa (0.287

)m kPa)(0.025 (310

21

3

3

2

1
2

3

3

1

1
1

mmm

RT
P

m

RT
P

m

V

V
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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.m3/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 

 

kg 5.846
K) K)(298/kgmkPa (0.287

)m kPa)(1.0 (500

 
kPa 200

K) K)(308/kgmkPa kg)(0.287 (5

3

3

1

1

3

1

11

� 
�˜�˜

� �¸�¸
�¹

�·
�¨�¨
�©

�§
� 

� 
�˜�˜

� �¸�¸
�¹

�·
�¨�¨
�©

�§
� 

A
A

B
B

RT
P

m

P
RTm

V

V 3m2.21

 

Air 
V = 1 m3

T = 25�qC 
P = 500 kPa

Air 
m = 5 kg 
T = 35�qC 

P = 200 kPa

�u

A                                     B Thus, 

 

  
kg 10.8465.05.846

m 3.212.211.0 3

� ��� ��� 

� ��� ��� 

BA

BA

mmm

VVV

Then the final equilibrium pressure becomes 

 kPa284.1 
m 3.21

K) K)(293/kgmkPa kg)(0.287 (10.846
3

3
2

2 � 
�˜�˜

� � 
V

mRT
P  

 

 

 

3-81E The validity of a statement that tires lose roughly 1 psi of pressure for every 10�qF drop in outside 
temperature is to be investigated.  

Assumptions 1The air in the tire is an ideal gas. 2 The volume of air in the tire is constant. 3 The tire is in 
thermal equilibrium with the outside air. 4 The atmospheric conditions are 70�qF and 1 atm = 14.7 psia. 

Analysis The pressure in a tire should be checked at least once a month when a vehicle has sat for at least 
one hour to ensure that the tires are cool. The recommended gage pressure in cool tires is typically above 
30 psi. Taking the initial gage pressure to be 32 psi, the gage pressure after the outside temperature drops 
by 10�qF is determined from the ideal gas relation to be  

          
2

2

1

1

T

VP

T

VP
�     �o      (gage) psig 31.1psia 8.45)psia 7.1432(

R )46070(

R )46060(
1

1

2
2 � � ��

��

��
� � P

T

T
P    

Then the drop in pressure corresponding to a drop of 10�qF in temperature becomes 

             psi 0.9� ��� ��� �' 1.310.3221 PPP

which is sufficiently close to 1 psi. Therefore, the statement is valid.  

Discussion Note that we used absolute temperatures and pressures in ideal gas calculations. Using gage 
pressures would result in pressure drop of 0.6 psi, which is considerably lower than 1 psi. Therefore, it is 
important to use absolute temperatures and pressures in the ideal gas relation.  
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3-82 A piston-cylinder device containing oxygen is cooled. The change of the volume is to be determined. 

Assumptions   At specified conditions, oxygen behaves as an ideal gas.   

Properties  The gas constant of oxygen is R = 0.2598 kJ/kg�K̃ (Table A-1).  

Analysis According to the ideal gas equation of state, the initial volume of the oxygen is 

  3
3

1

1
1 m 04845.0

kPa 20

K) 273K)(100/kgmkPa kg)(0.2598 (0.010
� 

���˜�˜
� � 

P

mRT
V  

Oxygen  
10 g 

20 kPa 
100�qC 

Similarly, the final volume is 

  3
3

2

2
2 m 03546.0

kPa 20

K) 273K)(0/kgmkPa kg)(0.2598 (0.010
� 

���˜�˜
� � 

P

mRT
V  

The change of volume is then 

  3m 0.013��� ��� ��� �' 04845.003546.012 VVV

 

 

 

3-83 A rigid vessel containing helium is heated. The temperature chang is to be determined. 

Assumptions   At specified conditions, helium behaves as an ideal gas.   

Properties  The gas constant of helium is R = 2.0769 kJ/kg�K̃ (Table A-1).  

Analysis According to the ideal gas equation of state, the initial temperature is Helium 
0.1 kg 
0.2 m3

350 kPa 
 K 337

K)/kgmkPa kg)(2.0769 (0.1

)m kPa)(0.2 (350
3

3
1

1 � 
�˜�˜

� � 
mR

P
T

V
 

Since the specific volume remains constant, the ideal gas equation gives 

 K 674
kPa 350
kPa 700

)K 337(
1

2
12

2

2
2

1

1
1 � � � �•�o�•� � � 

P

P
TT

P

RT

P

RT
vv  

The temperature change is then 

  K 337� ��� ��� �' 33767412 TTT
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3-84 A piston-cylinder device containing argon undergoes an isothermal process. The final pressure is to 
be determined. 

Assumptions   At specified conditions, argon behaves as an ideal gas.   

Argon  
0.2 kg 

0.05 m3

400 kPa 

Properties  The gas constant of argon is R = 0.2081 kJ/kg�K̃ (Table A-1).  

Analysis Since the temperature remains constant, the ideal gas equation gives 

 2211
2211 VV

VV
PP

RT

P

RT

P
m � �•�o�•� �  

which when solved for final pressure becomes 

 kPa 200� � � � � )kPa 400(5.05.0
2 1

1

1
1

2

1
12 PPPP

V
V

V
V
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Compressibility Factor  

 

3-85C  It represent the deviation from ideal gas behavior.  The further away it is from 1, the more the gas 
deviates from ideal gas behavior. 

 

3-86C  All gases have the same compressibility factor Z at the same reduced temperature and pressure. 

 

3-87C  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. 

 

 

 

3-88  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·m3/kg·K,  Tcr = 647.1 K,  Pcr = 22.06 MPa 

Analysis (a) From the ideal gas equation of state, 

 error) (17.6%/kgm  0.03106 3� 
�˜�˜

� � 
kPa) (10,000

K) K)(673/kgmkPa (0.4615 3

P
RT

v  

(b) From the compressibility chart (Fig. A-15), 

H2O 

10 MPa 

400�qC 
 84.0

1.04
K 647.1

K 673

0.453
MPa 22.06

MPa 10

� 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

Z

T
T

T

P
P

P

cr
R

cr
R

 

Thus, 

  error) (1.2%/kgm  0.02609 3� � � /kg)m 3106(0.84)(0.0 3
idealvv Z

(c) From the superheated steam table (Table A-6), 

 �` /kgm  0.02644 3� �q� 
� v   C400

MPa 10
T
P  
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3-89 EES Problem 3-88 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  "Ideal 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(, %) 
 

Errorcomp [%] Errorideal gas [%] TCelcius [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 
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3-90  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·m3/kg·K,  Tcr = 374.2 K,  Pcr = 4.059 MPa 

Analysis (a) From the ideal gas equation of state, 

 )(
kPa 900

K) K)(343/kgmkPa (0.08149 3

error 13.3%/kgm 0.03105 3� 
�˜�˜

� � 
P

RT
v  

(b) From the compressibility chart (Fig. A-15), 

R-134a 

0.9 MPa 

70�qC 
 894.0

.9170
K 374.2

K 343

0.222
MPa 4.059

MPa 0.9

� 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

Z

T
T

T

P
P

P

cr
R

cr
R

 

Thus, 

  error)(1.3%/kgm 0.02776 3� � � /kg)m 03105(0.894)(0. 3
idealvv Z

(c) From the superheated refrigerant table (Table A-13), 

 �` /kgm 0.027413 3� �q� 
� vC07

MPa .90
T
P  

 

 

 

3-91  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·m3/kg·K,  Tcr = 126.2 K,  Pcr = 3.39 MPa 

Analysis (a) From the ideal gas equation of state, 

 )error %4.86( 
kPa 10,000

K) K)(150/kgmkPa (0.2968 3

/kgm0.004452 3� 
�˜�˜

� � 
P

RT
v  

(b) From the compressibility chart (Fig. A-15), 

N2

10 MPa 

150 K 
 54.0

1.19
K 126.2

K 150

2.95
MPa 3.39

MPa 10

� 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

Z

T
T

T

P
P

P

cr
R

cr
R

 

Thus, 

  error)  (0.7% /kg)m 04452(0.54)(0.0 3
ideal /kgm0.002404 3� � � vv Z
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3-92  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·m3/kg·K,  Tcr = 647.1 K,  Pcr = 22.06 MPa 

Analysis (a) From the ideal gas equation of state, 

 error) (3.7%/kgm 0.09533 3� 
�˜�˜

� � 
kPa 3500

K) K)(723/kgmkPa (0.4615 3

P
RT

v  

(b) From the compressibility chart (Fig. A-15), 

H2O 

3.5 MPa 

450�qC 
 961.0

.121
K 647.1

K 723

0.159
MPa 22.06

MPa 3.5

� 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

Z

T
T

T

P
P

P

cr
R

cr
R

 

Thus, 

  error) (0.4%/kgm 0.09161 3� � � /kg)m 09533(0.961)(0. 3
idealvv Z

(c) From the superheated steam table (Table A-6), 

 �` /kgm 0.09196 3� �q� 
� v  C450

MPa .53
T
P  
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3-93E Ethane in a rigid vessel is heated. The final pressure is to be determined using the compressibility 
chart.   

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-
1E, 

  R = 0.3574 psia·ft3/lbm·R,  Tcr = 549.8 R,  Pcr = 708 psia 

Analysis From the compressibility chart at the initial state (Fig. A-15), 

 977.0  Z

  0706.0
psia 708

psia 50

1.019
R 549.8

R 560

1

cr

1
1

cr

1
1

� 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

P

P
P

T

T
T

R

R

 
Ethane 

50 psia 

100�qF 

Q 

The specific volume does not change during the process. Then, 

 /lbmft 911.3
psia 50

R) R)(560/lbmftpsia 3574(0.977)(0. 3
3

1

11
21 � 

�˜�˜
� � � 

P

RTZ
vv  

At the final state, 

 0.1  

  09.14
psia) R)/(708 R)(549.8/lbmftpsia (0.3574

/lbmft3.911

1.928
R 549.8
R 1060

2

3

3

crcr

actual2,
2

cr

2
2

� 

�°
�°

�¿

�°
�°

�¾

�½

� 
�˜�˜

� � 

� � � 

Z

/PRT

T

T
T

R

R

v
v

 

 

Thus, 

 psia 96.9� 
�˜�˜

� � 
/lbmft 3.911

R) R)(1060/lbmftpsia 74(1.0)(0.35
3

3

2

22
2 v

RTZ
P  
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3-94 Ethylene is heated at constant pressure. The specific volume change of ethylene is to be determined 
using the compressibility chart.   

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-
1, 

  R = 0.2964 kPa·m3/kg·K,  Tcr = 282.4 K,  Pcr = 5.12 MPa 

Analysis From the compressibility chart at the initial and final states (Fig. A-15), 

 56.0  Z

  977.0
MPa 5.12

MPa 5

1.038
K 282.4

K 293

1

cr

1
1

cr

1
1

� 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

P

P
P

T

T
T

R

R

 

Ethylene  
5 MPa 
20�qC 

Q 

 961.0  Z

  977.0

  1.675
KR 282.4
K 473

1

12

cr

2
2 � 

�°
�¿

�°
�¾

�½

� � 

� � � 

RR

R

PP

T

T
T

 

The specific volume change is 

� > � @

/kgm 0.0172 3� 

��
�˜�˜

� 

��� �'

K) 293)(56.0(K) 473)(961.0(
kPa 5000

K/kgmkPa 0.2964

)(

3

1122 TZTZ
P
R

v
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3-95 Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas 
equation, the compressibility charts, and the steam tables.  

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1, 

 R = 0.4615 kPa·m3/kg·K,  Tcr = 647.1 K,  Pcr = 22.06 MPa 

Analysis (a) From the ideal gas equation, 

 K 1246� ��� � )2)(K 273350(
1

2
12 v

v
TT  

Water  
350�qC 

sat. vapor 

Q 

(b) The pressure of the steam is 

kPa 529,16Csat@35021 � � � �qPPP  

From the compressibility chart at the initial state (Fig. A-15), 

 75.0  ,593.0  Z

  749.0
MPa 22.06
MPa 16.529

963.0
KR 647.1
K 623

11

cr

1
1

cr

1
1

� � 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

R

R

R

P

P
P

T

T
T

v  

At the final state, 

  88.0  
  50.1)75.0(22

  749.0
2

12

12 � 
�¿
�¾
�½

� � � 

� � 
Z

PP

RR

RR

vv

Thus, 

 K 826� � � � 
kPa 22,060

K) .1(1.50)(647

0.88
kPa 16,529

cr

cr2

2

2

2

22
2 P

T

Z

P

RZ

P
T Rvv

 

(c) From the superheated steam table, 

  (Table A-4) /kgm 008806.0  
  1

  C350 3
1

1

1 � 
�¿
�¾
�½

� 

�q� 
v

x

T

  (from Table A-6 or EES) K 750� �q� 
�¿
�¾
�½

� � 

� 
C477  

/kgm 01761.02

  kPa 529,16
23

12

2 T
P

vv
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3-96E Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas 
equation, the compressibility charts, and the steam tables.  

Properties The critical pressure and the critical temperature of water are, from Table A-1E, 

 R = 0.5956 psia·ft3/lbm·R,  Tcr = 1164.8 R,  Pcr = 3200 psia 

Analysis (a) From the ideal gas equation, 

 R 1720� ��� � )2)(R 460400(
1

2
12 v

v
TT  

Water  
400�qF 

sat. vapor 

Q 
(b) The properties of steam are (Table A-4E) 

/lbmft 7278.32

/lbmft 8639.1

psia 26.247

3
12

3
Fg@4001

Fsat@40021

� � 

� � 

� � � 

�q

�q

vv

vv

PPP

 

At the final state, from the compressibility chart (Fig. A-15), 

 985.0  

  19.17
psia) R)/(3200 R)(1164.8/lbmftpsia (0.5956

/lbmft 3.7278

0773.0
psia 3200

psia 247.26

2

3

3

crcr

actual2,
2

cr

2
2

� 

�°
�°

�¿

�°
�°

�¾

�½

� 
�˜�˜

� � 

� � � 

Z

/PRT

P

P
P

R

R

v
v

 

Thus, 

 R 1571� 
�˜�˜

� � 
R)/lbmftpsia 5956(0.985)(0.

/lbm)ft 78psia)(3.72 (247.26
3

3

2

22
2 RZ

P
T

v
 

(c) From the superheated steam table, 

  (from Table A-6E or EES) R 1560� �q� 
�¿
�¾
�½

� 

� 
F1100  

 /lbmft 7278.3

  psia 26.247
23

2

2 T
P

v
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3-97 Methane is heated at constant pressure. The final temperature is to be determined using ideal gas 
equation and the compressibility charts.  

Properties The gas constant, the critical pressure, and the critical temperature of methane are, from Table 
A-1, 

 R = 0.5182 kPa·m3/kg·K,  Tcr = 191.1 K,  Pcr = 4.64 MPa 

Analysis  From the ideal gas equation, 

 K 450� � � )5.1)(K 300(
1

2
12 v

v
TT  

Methane  
8 MPa 
300 K 

Q 

From the compressibility chart at the initial state (Fig. A-15), 

 80.0  ,88.0  Z

  724.1
MPa 4.64

MPa 8

570.1
K 191.1

K 300

11

cr

1
1

cr

1
1

� � 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

R

R

R

P

P
P

T

T
T

v  

At the final state, 

  975.0  
  2.1)80.0(5.15.1

  724.1
2

12

12 � 
�¿
�¾
�½

� � � 

� � 
Z

PP

RR

RR

vv

Thus, 

 K 406� � � � 
kPa 4640

K) 1(1.2)(191.

0.975
kPa 8000

cr

cr2

2

2

2

22
2 P

T

Z

P

RZ

P
T Rvv

 

Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may 
be read.  Accepting the error associated with reading charts, the second temperature is the more accurate. 

 

 

 

3-98  The percent error involved in treating CO2 at a specified state as an ideal gas is to be determined.   

Properties The critical pressure, and the critical temperature of CO2 are, from Table A-1, 

  MPa7.39andK304.2 crcr � � PT

Analysis From the compressibility chart (Fig. A-15), 

 80.0
0.93

K 304.2
K 283

0.406
MPa 7.39

MPa 3

cr

cr � 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

Z

T
T

T

P
P

P

R

R

 CO2

3 MPa 

10�qC 

Then the error involved in treating CO2 as an ideal gas is 

 25.0%or  0.25
0.80

1
1

1
1Error ideal ��� ��� ��� 

��
� 

Zv
vv
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3-99 CO2 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 
2 kg/s 

CO2 450 K 
 

 

 

Properties The gas constant, the critical pressure, and the critical temperature of CO2 are (Table A-1) 

 R = 0.1889 kPa·m3/kg·K,  Tcr = 304.2 K,  Pcr = 7.39 MPa 

Analysis (a) From the ideal gas equation of state, 

 error) (2.1%/kgm 0.06297 3� 
�˜�˜

� � 
kPa) (3000

K) K)(500/kgmkPa 89kg/s)(0.18 (2 3

1

1
1 P

RTm����V  

 error) (2.1%mkg/ 31.76 3� 
�˜�˜

� � 
K) K)(500/kgmkPa (0.1889

kPa) (3000
3

1

1
1 RT

P
�U  

error) (3.6%/kgm 0.05667 3� 
�˜�˜

� � 
kPa) (3000

K) K)(450/kgmkPa 89kg/s)(0.18 (2 3

2

2
2 P

RTm����V  

(b) From the compressibility chart (EES function for compressibility factor is used) 

9791.0
1.64

K 304.2
K 500

0.407
MPa 7.39

MPa 3

1
1

1,

1
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�°
�°
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�°
�°
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� � � 

� � � 

Z

T
T

T

P
P

P

cr
R
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R

    

9656.0
1.48

K 304.2
K 450

0.407
MPa 7.39

MPa 3

2
2

2,

2
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�°
�¿

�°
�°
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� � � 

Z

T
T

T

P
P

P
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R
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Thus, /kgm 0.06165 3� 
�˜�˜

� � 
kPa) (3000

K) K)(500/kgmkPa 89kg/s)(0.18 (0.9791)(2 3

1

11
1 P

RTmZ ����V  

 3mkg/ 32.44� 
�˜�˜

� � 
K) K)(500/kgmkPa .1889(0.9791)(0

kPa) (3000
3

11

1
1 RTZ

P
�U  

 /kgm 0.05472 3� 
�˜�˜

� � 
kPa) (3000

K) K)(450/kgmkPa 89kg/s)(0.18 (0.9656)(2 3

2

22
2 P

RTmZ ����V  
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Other Equations of State  

 

3-100C  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. 

 

 

 

3-101E Carbon dioxide is heated in a constant pressure apparatus. The final volume of the carbon dioxide 
is to be determined using the ideal gas equation and the Benedict-Webb-Rubin equation of state.  

Properties The gas constant and molar mass of CO2 are (Table A-1E) 

 R = 0.2438 psia·ft3/lbm·R,  M = 44.01 lbm/lbmol    

CO2  
1000 psia 

200�qF 

Q 

Analysis (a) From the ideal gas equation of state, 

    3ft 0.3072� 
�˜�˜

� � 
psia 1000

R) R)(1260/lbmftpsia 8lbm)(0.243 (1 3
2

2 P

mRT
V  

(b) Using the coefficients of Table 3-4 for carbon dioxide and the given 
data in SI units, the Benedict-Webb-Rubin equation of state for state 2 
is 

 

)/00539.0exp(
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The solution of this equation by an equation solver such as EES gives 

 /kmolm 8477.0 3
2 � v  

Then, 

 

3ft 0.3087� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
� 

� � � 

� � � 

3

3
3

33
22

3
3

2
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m 1

ft 35.315
)m (0.008741

m 0.008741/kg)m 01927.0kg)( 2046.2/1(
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3-102 Methane is heated in a rigid container. The final pressure of the methane is to be determined using 
the ideal gas equation and the Benedict-Webb-Rubin equation of state.  

Analysis (a) From the ideal gas equation of state, 

Methane 

100 kPa 

20�qC 

Q 
kPa 229.7� � � 

K 293
K 673

kPa) 100(
1

2
12 T

T
PP  

The specific molar volume of the methane is 

 /kmolm 36.24
kPa 100

K) K)(293/kmolmkPa (8.314 3
3

1

1
21 � 

�˜�˜
� � � 

P

TRuvv  

(b) The specific molar volume of the methane is 

 /kmolm 36.24
kPa 100

K) K)(293/kmolmkPa (8.314 3
3

1

1
21 � 

�˜�˜
� � � 

P

TRuvv  

Using the coefficients of Table 3-4 for methane and the given data, the Benedict-Webb-Rubin equation of 
state for state 2 gives 
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3-103E Carbon monoxide is heated in a rigid container. The final pressure of the CO is to be determined 
using the ideal gas equation and the Benedict-Webb-Rubin equation of state.  

Properties The gas constant and molar mass of CO are (Table A-1) 

 R = 0.2968 kPa·m3/kg·K,  M = 28.011 kg/kmol    
CO 

14.7 psia 

70�qF 

Q 
Analysis (a) From the ideal gas equation of state, 

psia 34.95� � � 
R 530
R 1260

psia) 7.14(
1

2
12 T

T
PP  

The specific molar volume of the CO in SI units is 

 /kmolm 20.24
kPa 101
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1
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(b) The specific molar volume of the CO in SI units is 
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kPa 101
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3

1

1
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P
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Using the coefficients of Table 3-4 for CO and the given data, the Benedict-Webb-Rubin equation of state 
for state 2 gives 
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The pressure in English unit is 

 psia 34.92� �¸
�¹

�·
�¨
�©

�§
� 

kPa 6.8948
psia 1

kPa) 8.240(2P  
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3-104 Carbon dioxide is compressed in a piston-cylinder device in a polytropic process. The final 
temperature is to be determined using the ideal gas and van der Waals equations.  

Properties The gas constant, molar mass, critical pressure, and critical temperature of carbon dioxide are 
(Table A-1) 

 R = 0.1889 kPa·m3/kg·K,   M = 44.01 kg/kmol, Tcr = 304.2 K, Pcr = 7.39 MPa 

Analysis (a) The specific volume at the initial state is 

CO2  
1 MPa 
200�qC 

 /kgm 0.08935
kPa 1000

K) K)(473/kgmkPa (0.1889 3
3
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1
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RT
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According to process specification, 
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The final temperature is then 

 K 568� 
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� � 
K/kgmkPa 0.1889

/kg)m 77kPa)(0.035 (3000
3

3
22
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P
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(b) The van der Waals constants for carbon dioxide are determined from 

 

/kgm 0.0009720
kPa 73908
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Applying the van der Waals equation to the initial state,  
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Solving this equation by trial-error or by EES gives 

  /kgm 0.08821 3
1 � v
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Applying the van der Waals equation to the final state,  
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Solving for the final temperature gives 

  K 573� 2T

PROPRIETARY MATERIAL . © 2008 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and 
educators for course preparation.  If you are a student using this Manual, you are using it without permission. 

 



 3-56

3-105E 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·ft3/lbm·R,   Tcr = 673.6 R,  Pcr = 588. 7 psia 

Analysis (a) From the ideal gas equation of state, 

 R 513.5� 
�˜�˜

� � 
R/lbmftpsia 0.1052

/lbm)ft 022psia)(0.54 (100
3

3

R
P

T
v

 

(b) The van der Waals constants for the refrigerant are determined from 

 

/lbmft 0.0150
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8

psia/lbmft 3.591
psia) (64)(588.7

R) (673.6R)/lbmftpsia 2(27)(0.105
64

27

3
3

26
22322

� 
�u

�˜�˜
� � 

�˜� 
�˜�˜

� � 

cr

cr

cr

cr

P

RT
b

P

TR
a

 

Then, � � � � � � � �R 560.7� ���¸�¸
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(c) From the superheated refrigerant table (Table A-13E), 

  R)(580
/lbmft 0.54022

psia 100
3   F120�q� 
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�¾
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T
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v
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3-106 [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·m3/kg·K  and   M = 28.013 kg/kmol 
N2

0.041884 m3/kg 

150 K 

Analysis (a) From the ideal gas equation of state, 

 )error .3%6( 
/kgm 0.041884
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(b) The constants in the Beattie-Bridgeman equation are 
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since  /kmolm  1.1733/kg)m  .041884kg/kmol)(0  (28.013 33 � � � vv M .   

Substituting, 
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3-107 EES Problem 3-106 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 < T < 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" 
Ao=136.2315; aa=0.02617; Bo=0.05046; bb=-0.00691; cc=4.20*1E4 
B=Bo*(1-bb/v_bar) 
A=Ao*(1-aa/v_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  "Ideal gas equation" 
P_BB=BeattBridg(T_BB,v,M,R_u) "Beattie-Bridgeman equation of state Function" 
 
PBB [kPa] Ptable [kPa] Pidealgas [kPa] v [m3/kg] TBB [K] Tideal gas [K] Ttable [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 
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Special Topic:  Vapor Pressure and Phase Equilibrium  

 

3-108 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�qC, and 1.706 kPa at 15�qC (Table A-4).  

Analysis The vapor pressure at the water surface is the saturation pressure of 
water at the water temperature,  

H2O 
15�qC 

 kPa  1.706� � � �qCsat@15@satsurface water , water
PPP Tv  

Noting that the air in the room is not saturated, the vapor pressure in the 
room far from the glass is  

 kPa  1.404� � � � �q kPa) 339.2)(6.0(Csat@20@satair , air
PPP Tv �I�I  

 

 

 

3-109 The vapor pressure in the air at the beach when the air temperature is 30�qC is claimed to be 5.2 kPa. 
The validity of this claim is to be evaluated. 

Properties   The saturation pressure of water at 30�qC is 4.247 kPa 
(Table A-4).  30�qC 

WATER  
Analysis The maximum vapor pressure in the air is the saturation pressure of 
water at the given temperature, which is   

  kPa  4.247� � � �qCsat@30@satmax , air
PPP Tv

which is less than the claimed value of 5.2 kPa. Therefore, the claim is false.   
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3-110 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�qC is 2.339 kPa (Table A-4).  

Analysis The vapor pressure of air over the swimming pool is  
Patm,   20�qC 

POOL  

 kPa0.9357kPa) 339.2)(4.0(Csat@20@satair , air
 � � � � �qPPP Tv �I�I  

Phase equilibrium will be established when the vapor pressure at the 
water surface equals the vapor pressure of air far from the surface. 
Therefore,  

  kPa0.9357air ,surface water ,  � � vv PP

and  C6.0�q� � � kPa  9357.0@sat@satwater v
TTT P  

Discussion Note that the water temperature drops to 6.0�qC in an environment at 20�qC when phase 
equilibrium is established. 

 

 

 

3-111 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�qC, and 4.247 kPa at 30�qC (Table A-4).  

Analysis The vapor pressures in the two rooms are  

Room 1:  kPa  1.699� � � � �q kPa) 247.4)(4.0(Csat@301@sat11 1
PPP Tv �I�I  

Room 2:  kPa  1.637� � � � �q kPa) 339.2)(7.0(Csat@202@sat22 2
PPP Tv �I�I  

Therefore, room 1 at 30�qC and 40% relative humidity contains more moisture.   
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3-112E 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�qF is 0.3633 psia (Table A-4E).  

Analysis The vapor pressure of air in the room is  

Thermos 
bottle 

70�qF 

35% 

  psia 0.1272psia)  3633.0)(35.0(Fsat@70@satair , air
 � � � � �qPPP Tv �I�I  

Phase equilibrium will be established when the vapor pressure at the 
water surface equals the vapor pressure of air far from the surface. 
Therefore,  

  psia0.1272air ,surface water ,  � � vv PP

and  

 F41.1�q� � � psia  1272.0@sat@satwater v
TTT P  

Discussion Note that the water temperature drops to 41�qF in an environment at 70�qF when phase 
equilibrium is established. 

 

 

 

3-113 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�qC is to be evaluated. 

Properties  The saturation pressure of water at 35�qC is 5.629 kPa (Table A-4).  

35�qC 

70% 

Analysis The vapor pressure of air is  

 kPa940.3kPa) 629.5)(7.0(Csat@35@satair , air
 � � � � �qPPP Tv �I�I  

The saturation temperature corresponding to this pressure (called the 
dew-point temperature) is 

  C28.7�q� � � kPa  sat@3.940@satsat v
TTT P

That is, the vapor in the air will condense at temperatures below 28.7�qC. Noting that no condensation is 
observed on the can, the claim that the drink is at 10�qC is false. 
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Review Problems  

 

3-114 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 
the air properties. 2 Air is an ideal gas. 

Analysis The final pressure may be determined from the ideal 
gas relation 

 kPa 3916� �¸
�¹

�·
�¨
�©

�§
��
��

� � kPa) 1800(
K 273450
K 2731300

1
1

2
2 P

T
T

P   

 

 

 

3-115 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 

Combustion 
chamber 
1.8 MPa 
450�qC 

Ideal gas 
300 kPa 
600 K 

 � � � � K 400� �¸
�¹

�·
�¨
�©

�§� � K) 600(
kPa 300
kPa 100

21
1

2

2

1
2 T

P

P

m

m
T  

(b) The second case is a constant volume and constant mass process. 
The ideal gas relation for this case yields 

 kPa 200� �¸
�¹

�·
�¨
�©

�§� � kPa) 300(
K 600
K 400

1
1

2
2 P

T

T
P   
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3-116 Carbon dioxide flows through a pipe at a given state. The volume and mass flow rates and the 
density of CO2 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 
rates may be determined from ideal gas 
relation as 

3 MPa 
500 K 

0.4 kmol/s 
CO2 450 K 

  

/sm 0.5543 3� � � 
kPa 3000

K) 00/kmol.K)(5kPa.m 314kmol/s)(8. 4.0( 3
1

1 P

TRN u
��

��V  

kg/s 17.60� � � 
K) /kg.K)(500kPa.m (0.1889

)/m 3kPa)(0.554 (3000
3

3

1

11
1

s
RT
P

m
V��

��   

The density is 

3kg/m 31.76� � � 
/s)m 5543.0(

kg/s) (17.60
3

1

1
1

V��
��m

�U  

(b) The volume flow rate at the exit is 

 /sm 0.4988 3� � � 
kPa 3000

K) 50/kmol.K)(4kPa.m 314kmol/s)(8. 4.0( 3
2

2 P

TRN u
��

��V  

 

 

 

3-117 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. 

Combustion 
chamber 
950 K 
75 cm3

Analysis The ratio of the initial to the final mass is 

 
23
22

122
22

1AF
AF

2

1 � 
��

� 
��

� 
m
m

 

The final temperature may be determined from ideal gas relation 

 K 1817� �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§
� � K) 950(

cm 75

cm 150
23
22

3

3

1
1

2

2

1
2 T

m

m
T

V
V
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3-118 A rigid container that is filled with R-13a is heated. The initial pressure and the final temperature are 
to be determined. 

R-134a 
-40°C 
1 kg 

0.1450m3

Analysis The initial specific volume is 0.1450 m3/kg. Using this 
with the initial temperature reveals that the initial state is a mixture. 
The initial pressure is then the saturation pressure, 

   11)-A (Table  
   /kgm 1450.0

C40
C40- @sat 13

1

1   kPa 51.25� � 
�¿
�¾
�½

� 

�q��� 
�qPP

T

v P

v 

1 

2 This is a constant volume cooling process (v = V /m = 
constant). The final state is superheated vapor and the final 
temperature is then 

      13)-A (Table  
  /kgm 1450.0

kPa 200
23

12

2   C90�q� 
�¿
�¾
�½

� � 

� 
T

P

vv

 

 

 

3-119E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the 
water are to be determined. 

H2O 
400°F 
1 lbm 

2.649ft3

Analysis The initial specific volume is  

/lbmft 649.2
lbm 1

ft 649.2 3
3

1
1 � � � 

m

V
v  

This is a constant-pressure process. The initial state is determined 
to be superheated vapor and thus the pressure is determined to be 

  6E)-A (Table   
  /lbmft 649.2

F400
213

1

1   psia 180� � 
�¿
�¾
�½

� 

�q� 
PP

T

v P

v 

2 1 The saturation temperature at 180 psia is 373.1°F. Since the final 
temperature is less than this temperature, the final state is compressed 
liquid. Using the incompressible liquid approximation, 

4E)-A (Table   /lbmft 01613.0 3
F100 @ 2 � � �qfvv  

The final volume is then 

  3ft 0.01613� � � /lbm)ft 01613.0)(lbm 1( 3
22 vV m
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3-120 The volume of chamber 1 of the two-piston cylinder shown in the figure is to be determined. 

Assumptions   At specified conditions, helium behaves as an ideal gas.   

Properties  The gas constant of helium is R = 2.0769 kJ/kg�K̃ (Table A-1).  
P2A2

P1A1

Analysis  Since the water vapor in chamber 2 is condensing, 
the pressure in this chamber is the saturation pressure, 

    (Table A-4) kPa 1555C200 @sat 2 � � �qPP

Summing the forces acting on the piston in the vertical direction gives 

 kPa 8.248
10
4

kPa) 1555(
22

1

2
2

1

2
21 � �¸

�¹

�·
�¨
�©

�§
� �¸�¸

�¹

�·
�¨�¨
�©

�§
� � 

D

D
P

A

A
PP  

According to the ideal gas equation of state, 

  3m 3.95� 
���˜�˜

� � 
kPa 248.8

K) 273K)(200/kgmkPa kg)(2.0769 (1 3

1
1 P

mRT
V  
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3-121E The volume of chamber 1 of the two-piston cylinder shown in the figure is to be determined. 

Assumptions   At specified conditions, air behaves as an ideal gas.   

Properties  The gas constant of air is R = 0.3704 psia�f̃t3/lbm�R̃ (Table A-1E).  

Analysis  Since R-134a in chamber 2 is condensing, the pressure in this chamber is the saturation pressure, 

    (Table A-11E) psia 0.186F120 @sat 2 � � �qPP

Summing the forces acting on the piston in the vertical direction gives 

  
1121322

132

)( APAAPAP

FFF

� ����

� ��

F1

F2

F3

which when solved for P1 gives 

 �¸�¸
�¹

�·
�¨�¨
�©

�§
����� 

1

2
3

1

2
21 1

A

A
P

A

A
PP  

since the areas of the piston faces are given by  
the above equation becomes 

4/2DA �S� 

 

psia 33.99

3
2

1psia) 30(
3
2

psia) 0.186(

1

22

2

1

2
3

2

1

2
21

� 

�»
�»
�¼

�º

�«
�«
�¬

�ª
�¸
�¹

�·
�¨
�©

�§
�����¸

�¹

�·
�¨
�©

�§
� 

�»
�»

�¼

�º

�«
�«

�¬

�ª

�¸�¸
�¹

�·
�¨�¨
�©

�§
�����¸�¸

�¹

�·
�¨�¨
�©

�§
� 

D

D
P

D

D
PP

 

According to the ideal gas equation of state, 

  3ft 1.08� 
���˜�˜

� � 
psia 99.33

R) 460R)(120/lbmftpsia 4lbm)(0.370 (0.5 3

1
1 P

mRT
V  
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3-122E The difference in the volume of chamber 1 for two cases of pressure in chamber 3 is to be 
determined.  

Assumptions   At specified conditions, air behaves as an ideal gas.   

Properties  The gas constant of air is R = 0.3704 psia�f̃t3/lbm�R̃ (Table A-1).  

Analysis  Since R-134a in chamber 2 is condensing, the pressure in this chamber is the saturation pressure, 

    (Table A-11E) psia 0.186F120 @sat 2 � � �qPP

Summing the forces acting on the piston in the vertical direction gives 

  
1121322

132

)( APAAPAP

FFF

� ����

� ��

F1

F2

F3

which when solved for P1 gives 

 �¸�¸
�¹

�·
�¨�¨
�©

�§
����� 

1

2
3

1

2
21 1

A

A
P

A

A
PP  

since the areas of the piston faces are given by  
the above equation becomes 

4/2DA �S� 

 

psia 2.138

3
2

1kPa) 100(
3
2

psia) 0.186(

1

22

2

1

2
3

2

1

2
21

� 

�»
�»
�¼

�º

�«
�«
�¬

�ª
�¸
�¹

�·
�¨
�©

�§
�����¸

�¹

�·
�¨
�©

�§
� 

�»
�»

�¼

�º

�«
�«

�¬

�ª

�¸�¸
�¹

�·
�¨�¨
�©

�§
�����¸�¸

�¹

�·
�¨�¨
�©

�§
� 

D

D
P

D

D
PP

 

According to the ideal gas equation of state, 

  3
3

1
1 ft 0.777

psia 138.2
R) 460R)(120/lbmftpsia 4lbm)(0.370 (0.5

� 
���˜�˜

� � 
P

mRT
V  

For a chamber 3 pressure of 30 psia, the volume of chamber 1 was determined to be 1.08 ft3. Then the 
change in the volume of chamber 1 is 

  3ft 0.303� ��� ��� �' 777.008.112 VVV
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3-123 Ethane is heated at constant pressure. The final temperature is to be determined using ideal gas 
equation and the compressibility charts.  

Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-
1, 

 R = 0.2765 kPa·m3/kg·K,  Tcr = 305.5 K,  Pcr = 4.48 MPa 

Analysis  From the ideal gas equation, 

 K 596.8� � � )6.1)(K 373(
1

2
12 v

v
TT  

Ethane  
10 MPa 
100�qC 

Q 

From the compressibility chart at the initial state (Fig. A-15), 

 35.0  ,61.0  Z
  232.2

MPa 4.48
MPa 10

221.1
K 305.5

K 373

11

cr

1
1

cr

1
1

� � 

�°
�°
�¿

�°
�°
�¾

�½

� � � 

� � � 

R

R

R

P

P
P

T

T
T

v  

At the final state, 

  83.0  
  56.0)35.0(6.16.1

  232.2
2

12

12 � 
�¿
�¾
�½

� � � 

� � 
Z

PP

RR

RR

vv

Thus, 

 K 460� � � � 
kPa 4480

K) .5(0.56)(305
0.83

kPa 10,000

cr

cr2

2

2

2

22
2 P

T

Z

P

RZ

P
T Rvv

 

Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may 
be read.  Accepting the error associated with reading charts, the second temperature is the more accurate. 
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3-124 

 

(a) On the P-v diagram, the constant temperature process through the state P= 300 kPa, v = 0.525 m3/kg as 
pressure changes from P1 = 200 kPa to P2 = 400 kPa is to be sketched. The value of the temperature on the 
process curve on the P-v diagram is to be placed. 

 

          
10-4 10-3 10-2 10-1 100 101 102

100

101

102

103

104

105

106106

v [m3/kg]

P
 [k

P
a]

133.5°C

SteamIAPWS

300

0.525

200

400
1

2

 

 

 

(b) On the T-v diagram the constant specific vol-ume process through the state T = 120°C, v =  0.7163 
m3/kg from P1= 100 kPa to P2 = 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. 

 

          

10-3 10-2 10-1 100 101 102
0

100
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T
 [°

C
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 198.7 kPa
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1
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3-125  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 
200 kPa 
0.035 m3

Analysis The absolute pressures in the tire before and after the trip are  

  
P P P

P P P
1

2

200 90 290

220 90 310

�  � � �  � � �  

�  � � �  � � �  
gage,1 atm

gage,2 atm

 kPa

 kPa

Noting that air is an ideal gas and the volume is constant, the ratio of 
absolute temperatures after and before the trip are 

    1.069=
kPa 290
kPa 310

=    
1

2

1

2

2

22

1

11

P

P

T

T

T

P

T

P
� �o� 

VV
 

Therefore, the absolute temperature of air in the tire will increase by 6.9% during this trip. 

 

 

 

3-126  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 = V /m = constant), and thus the final specific volume will be 
equal to the initial specific volume, 

  12 vv � 
H2O 

V = 4 L 
m = 2 kg 
T = 50�qC 

The critical specific volume of water is 0.003106 m3/kg. Thus if the 
final specific volume is smaller than this value, the water will exist as a 
liquid, otherwise as a vapor. 

 cr
3

3

/kgm 0.002
kg 2

m 0.004
4 v

V
vV ��� � � �•�o�•� 

m
L  Thus, liquid . 

 ./kgm 0.2
kg 2
m 0.4

400 cr
3

3

v
V

vV �!� � � �•�o�•� 
m

L  Thus, vapor. 
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3-127 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·m3/kg·K (Table A-1). 

Analysis Let's call the first and the second tanks A and B. Treating H2 as an ideal gas, the total volume and 
the total mass of H2 are 

kg0.3080.0600.248

kg 0.060
K) K)(303/kgmkPa (4.124

)m kPa)(0.5 (150

kg 0.248
K) K)(293/kgmkPa (4.124

)m kPa)(0.5 (600

m 1.00.50.5

3

3

1

1

3

3

1

1

3

� ��� ��� 

� 
�˜�˜

� �¸�¸
�¹

�·
�¨�¨
�©

�§
� 

� 
�˜�˜

� �¸�¸
�¹

�·
�¨�¨
�©

�§
� 

� ��� ��� 

BA

B
B

A
A

BA

mmm

RT

P
m

RT

P
m

V

V

VVV

 

H2

V = 0.5 m3

T=20�qC 
P=600 kPa

H2

V = 0.5 m3

T=30�qC 
P=150 kPa

�u 

A                               B 

Then the final pressure can be determined from 

 kPa365.8 
m 1.0

K) K)(288/kgmkPa kg)(4.124 (0.308
3

3
2 � 

�˜�˜
� � 

V
mRT

P  
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3-128 EES Problem 3-127 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" 
V_A=0.5 [m^3] 
T_A=20 [C] 
P_A=600 [kPa] 
V_B=0.5 [m^3] 
T_B=30 [C] 
P_B=150 [kPa] 
{T_2=15 [C]} 
 
"Solution" 
R=R_u/MOLARMASS(H2)  
R_u=8.314 [kJ/kmol-K] 
V_total=V_A+V_B 
m_total=m_A+m_B 
P_A*V_A=m_A*R*(T_A+273) 
P_B*V_B=m_B*R*(T_B+273) 
P_2*V_total=m_total*R*(T_2+273) 
 
 
 

P2 [kPa] T2 [C] 
334.4 -10 
340.7 -5 
347.1 0 
353.5 5 
359.8 10 
366.2 15 
372.5 20 
378.9 25 
385.2 30 

-10 -5 0 5 10 15 20 25 30
330

340

350

360

370
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T
2
  [C]

P
2
  

[k
P

a
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3-129 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·m3/kg·K (Table A-1). 

Analysis Treating N2 as an ideal gas, the initial and the final masses in the tank are determined to be 

 

kg 0.92
K) K)(293/kgmkPa (0.2968

)m kPa)(20 (400

kg 136.6
K) K)(296/kgmkPa(0.2968

)m kPa)(20 (600

3

3

2

2
2

3

3

1

1
1

� 
�˜�˜

� � 

� 
�˜�˜

� � 

RT

P
m

RT

P
m

V

V

 

N2

600 kPa 
23�qC 
20 m3

Thus the amount of N2 that escaped is 

kg 44.6� ��� ��� 0.92136.621 mmm�'  

 

 

 

3-130  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, 

  MPa 22.06      K, 647.1     ,K/kgmkPa 0.4615 crcr
3 � � �˜�˜� PTR

Analysis (a) From the ideal gas equation of state, 

 kPa 15,529� 
�˜�˜

� � 
/kgm 0.02

K) K)(673/kgmkPa (0.4615
3

3

v
RT

P  H2O 

0.02 m3/kg 

400�qC (b) From the compressibility chart (Fig. A-15a), 

 57.0

1.48
K) K)(647.1/kgmkPa (0.4615

kPa) 0/kg)(22,06m (0.02
/

040.1
K 647.1

K 673

3

3

crcr

actual

cr
� 

�°
�°

�¿

�°
�°

�¾

�½

� 
�˜�˜

� � 

� � � 

R

R

R

P

PRT

T
T

T

v
v

 

Thus,  kPa 12,574� �u� � 060,2257.0crPPP R

(c) From the superheated steam table, 

        (from EES) kPa 12,576� 
�¿
�¾
�½

� 
�q� PT

/kgm 0.02
C400

3v
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3-131  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 

 kg 11.82
/kgm 0.0008458

m 0.01
3

3

1

1 � � � 
v
V

m  

R-134a 

P=0.8 MPa

V =0.01 m3

Evacuated 
since  

/kgm 0.0008458 3
MPa0.8@1 � � fvv  

At the final state (Table A-13), 

 �` /kgm 0.05421  C20
kPa 004 3

2
2
2 � �q� 

� vT
P  

Thus,  3m 0.641� � � � /kg)m 1kg)(0.0542 (11.82 3
22tank vVV m
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3-132 EES Problem 3-131 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 
 
 

P1 [kPa] Vol2 [m
3] 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 

 

          

500 700 900 1100 1300 1500
0.58

0.6

0.62

0.64

0.66

0.68

P1  [kPa]

V
ol

2 
 [m

3 ]
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3-133 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 Tsat = -42.1�qC, , and h�U� 581 kg /m3
fg = 427.8 kJ/kg 

(Table A-3). 

Analysis The temperature of propane when the pressure drops to 1 atm is simply the saturation pressure at 
that temperature, 

Propane 

5 L 

20�qC 

Leak 

 T T� � � � � qsat @ atm1 42.1 C 

The  initial mass of liquid propane is  

  kg 2.905)m )(0.005kg/m (581 33 � � � V�Um

The amount of heat absorbed is simply the total heat 
of vaporization, 

Q mhfgabsorbed (2.905 kg)(427.8 kJ / kg)�  �  � 1243 kJ 

 

 

 

3-134 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 Tsat = -11.7�qC, , and h�U� 593 8.  kg /m3
fg = 367.1 kJ/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� � � � � qsat @ atm1 11.7 C 

Isobutane 

5 L 

20�qC 

Leak 

The  initial mass of liquid isobutane is  

  kg2.969)m )(0.005kg/m (593.8 33 � � � V�Um

The amount of heat absorbed is simply the total heat 
of vaporization, 

 Q mhfgabsorbed (2.969 kg)(367.1 kJ / kg)�  �  � 1090 kJ 
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