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4-131  A cylinder is initially filled with helium gas at a specified state. Helium is compressed polytropically to a specified 
temperature and pressure. The heat transfer during the process is to be determined. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible.   3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium.  

Properties The gas constant of helium is R = 2.0769 kPa.m3/kg.K (Table A-1). Also, cv = 3.1156 kJ/kg.K (Table A-2). 

Analysis  The mass of helium and the exponent n are determined to be 
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Then the boundary work for this polytropic process can be determined from 
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We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.  Taking the 
direction of heat transfer to be to the cylinder, the energy balance for this stationary closed system can be expressed as 
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Substituting,  

 Qin = (0.123 kg)(3.1156 kJ/kg·K)(413 - 293)K - (57.2 kJ) = -11.2 kJ 

The negative sign indicates that heat is lost from the system. 
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 4-103
4-143 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average 
temperature in the room after 30 min is to be determined. 
Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy 
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some 
warm air escapes. 
Properties The gas constant of air is R = 0.287 kPa.m3/kg.K (Table A-1). Also, cp = 1.005 kJ/kg.K for air at room 
temperature (Table A-2).  
Analysis  We first take the radiator as the system. This is a closed system since no mass enters or leaves.  The energy 
balance for this closed system can be expressed as 
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10°C 
4 m × 4 m × 5 m

Using data from the steam tables (Tables A-4 through A-6), some 
properties are determined to be 
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Substituting, Qout = (0.0139 kg)( 2654.6 ─ 1748.7)kJ/kg = 12.58 kJ 
The volume and the mass of the air in the room are V = 4×4×5 = 80 m3 and 
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The amount of fan work done in 30 min is 

  kJ216s) 60kJ/s)(30 120.0(infan,infan, =×=∆= tWW &

We now take the air in the room as the system.  The energy balance for this closed system is expressed as 
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since the boundary work and ∆U combine into ∆H for a constant pressure expansion or compression process. It can also be 
expressed as 

   )()( 12avg,infan,in TTmctWQ p −=∆+ &&

Substituting,    (12.58 kJ) +  (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(T2 - 10)°C 
which yields     

T2 = 12.3°C 
Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min. 
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5-190 Water is to be heated steadily from 20°C to 55°C by an electrical resistor inside an insulated pipe.  The power rating 
of the resistance heater and the average velocity of the water are to be determined. 
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= 0
 negligible. 

&

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
. 2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 

energy changes are negligible, ∆ke pe≅ ≅ 0 . 4 The pipe is insulated and thus the heat losses are
∆ ∆m ECV CV  and  = 0

∆

Properties The density and specific heat of water at room temperature are ρ = 1000 kg/m3 and  c = 4.18 kJ/kg·°C  (Table A-
3).  

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process.  Also, there is only one inlet and one exit and thus & &m m m1 2= = . The energy balance for this steady-flow system 
can be expressed in the rate form as 
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Therefore, 

 

(b)  The average velocity of water through the pipe is determined from 
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The mass flow rate of water through the pipe is 
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5-195 The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an aftercooler is 
considered. The temperature of the air at the compressor outlet and the minimum flow rate of ambient air are to be 
determined. 

Compressor Turbine 

Aftercooler 

Exhaust 
gases 

Air 

Cold air 

Assumptions 1 All processes are steady since there is no 
change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air properties are used for exhaust gases. 4 Air is 
an ideal gas with constant specific heats. 5 The mechanical 
efficiency between the turbine and the compressor is 100%.     
6 All devices are adiabatic. 7 The local atmospheric pressure is 
100 kPa. 

Properties The constant pressure specific heats of exhaust 
gases, warm air, and cold ambient air are taken to be cp = 
1.063, 1.008, and 1.005 kJ/kg·K, respectively (Table A-2b).   

Analysis (a) An energy balance on turbine gives  

  ( ) kW 063.1350)KK)(400kJ/kg 3kg/s)(1.06 (0.02exh,2exh,1exh,exhT =−⋅=−= TTcmW p&&

This is also the power input to the compressor since the mechanical efficiency between the turbine and the compressor is 
assumed to be 100%. An energy balance on the compressor gives the air temperature at the compressor outlet 
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(b) An energy balance on the aftercooler gives the mass flow rate of cold ambient air 
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he volum  flow rate may be determined if we first calculate specific volume of cold ambient air at the inlet of aftercooler. 
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7-163 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 
water stream and the rate of entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 

Properties Noting that T < Tsat @ 200 kPa = 120.21°C, the water in all three streams exists as a compressed liquid, which can be 
approximated as a saturated liquid at the given temperature. Thus from Table A-4,  
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he system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 
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Combining the two relations gives        

ined to be 
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Analysis (a)  We take the mixing chamber as t
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Also, 

(b) Noting that the mixing chamber is adiabatic and thus there is no heat transfer to the surroundings, the entropy balance of 
the steady-flow system (the mixing chamber) can be expressed as  

Substituting, the total rate of entropy generation during this process becomes 
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neration are to be determined. 

 Air is an ideal gas with constant specific heats. 

e temperatu

 take the turbine as the system, which is a control volume since 
ass crosses the boundary. Noting that one fluid stream enters and leaves the 

7-209 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature, the work 
produced, and the entropy ge

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4

Properties The properties of air at the anticipated averag re of 400 
K are cp = 1.013 kJ/kg·°C and k = 1.395 (Table A-2b). Also, R = 0.287 
kJ/kg·K  (Table A-2a). 

Analysis  We
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turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 
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he rate of entropy generation in the turbine is determined by applying the rate form of the entropy balance on the turbine:  

Then, from the entropy change relation of an ideal gas, 
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7-215 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow 

ges are 
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rates of the extracted steam to the feedwater and entropy generation per unit mass of feedwater are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy chan
negligible. 3 Heat loss from the device to the surroundings is negligible.  

Properties The properties of steam and feedwater are (Tables A-4 through A-6) 
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Analysis (a) We take the heat exchanger as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as follows: 

2
sat. liquid

Mass balance (for each fluid stream): 

s 321outinsystemoutin fw

Energy balance (for

0)peke  ince
outin

≅∆≅∆==WQ &&(s   44223311 +=+ hmhmhmhm &&&&

0

potentia         
kinetic, internal,in  change of Rate

mass and  work,heat,by  
nsferenergy tranet  of Rate

44 344 2143421
&&

= EE &&
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Dividing by &mfw  and  substituting,   
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)  The total entropy change (or entropy generation) during this process per unit mass of feedwater can be determined from 
n the rate form as 
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 to be 
he reduction in power input and entropy generation as a result of installing a 50% efficient regenerator are 

ce there is no change with time at any point within the system and thus 
ce with constant specific  heats. 3 The kinetic and potential 

 pipe are negligible

ter is given to be ρ = 1 kg/L. The specific heat of water at mperature is 4.18 

Analysis ( pipe as the system. This is a control volume since mass crosses the system bounda ing the 
process. We observe that there is only one inlet and one exit and thus &

7-226  Water is heated from 16°C to 43°C by an electric resistance heater placed in the water pipe as it flows through a 
showerhead steadily at a rate of 10 L/min. The electric power input to the heater and the rate of entropy generation are
determined. T
also to be determined. 

Assumptions 1 This is a steady-flow process sin
∆ ∆m ECV CV  and  = =0 0 . 2 Water is an incompressible substan
energy changes are negligible, ∆ ∆ke pe≅ ≅ 0 . 4 Heat losses from the

Properties The density of wa

. 

  c =  room te
kJ/kg·°C  (Table A-3).  

a) We take the ry dur
& &m m m1 2= = . Then the energy balance for this 

steady-flow system can be expressed in the rate form as 
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 process is determined by applying the entropy balance on 
 a steady-flow process and heat transfer from the heating section is negligible, 
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Noting that water is an incompressible substance and substituting,   

 

The rate of entropy generation in the heating section during this
the heating section. Noting that this is
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(b) The energy recovered by the heat exchanger is 
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Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to 

 

Taking the cold water stream in the heat exchanger as our control volume (a steady-flow system), the temperature at which 
the cold water leaves the heat exchanger and enters the electric resistance heating section is determined from 
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K300.5C27.5outc, == oT  
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tion in this case is determined similarly to be The rate of entropy generation in the heating sec

( )( ) kJ/K   0.0350=  

 heating section is 

 ductionS&  

K 300.5
K 316

ln KkJ/kg 4.18kg/s 10/60ln 2
gen ⋅==

T
T

cmS &&

1

Thus the reduction in the rate of entropy generation within the

kW/K 0.0272=−= 0350.00622.0re
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8-31 Steam and R-134a at the same states are considered. The fluid with the higher exergy content is to be identified. 

Assumptions  Kinetic and potential energy changes are negligible.  

Analysis The properties of water at the given state and at the dead state are  

Steam 
1 kg 

800 kPa 
180°C 

4)-A (Table     
KkJ/kg 3672.0

/kgm 001003.0
kJ/kg 83.104

  
kPa 100
  C25

6)-A (Table     
KkJ/kg 7155.6

/kgm 24720.0
kJ/kg 7.2594

  
  C180

 kPa 800

C25@0

3
C25@0

C25@0

0

0

3

⋅=≅
=≅

=≅

⎭
⎬
⎫

=
°=

⋅=
=
=

⎭
⎬
⎫

°=
=

°

°

°

f

f

f

ss

uu

P
T

s

u

T
P

vv

v

 

The exergy of steam is 

[ ]

kJ 622.7=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⋅−−

⎟
⎠

⎞
⎜
⎝

⎛

⋅
−+−

=

−−−+−=Φ

KkJ/kg)3672.0K)(6.7155 298(
mkPa 1

kJ 1/kgm)001003.020kPa)(0.247 100(kJ/kg)83.1047.2594(
kg) 1(

)()(

3
3

00000 ssTPuum vv

 

For R-134a; 

11)-A (Table     
KkJ/kg 32432.0

/kgm 0008286.0
kJ/kg 85.85

  
kPa 100
  C25

13)-A (Table     
KkJ/kg 3327.1

/kgm 044554.0
kJ/kg 99.386

  
  C180

 kPa 800

C25@0

3
C25@0

C25@0

0

0

3

⋅=≅
=≅

=≅

⎭
⎬
⎫

=
°=

⋅=
=
=

⎭
⎬
⎫

°=
=

°

°

°

f

f

f

ss

uu

P
T

s

u

T
P

vv

v

 
R-134a 

1 kg 
800 kPa 
180°C 

 

[ ]

kJ 5.02=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⋅−−

⎟
⎠

⎞
⎜
⎝

⎛

⋅
−+−

=

−−−+−=Φ

KkJ/kg)32432.0K)(1.3327 298(
mkPa 1

kJ 1/kgm)0008286.0554kPa)(0.044 100(kJ/kg)85.8599.386(
kg) 1(

)()(

3
3

00000 ssTPuum vv

 

The steam can therefore has more work potential than the R-134a. 
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8-32 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant 
pressure. The exergy of the refrigerant at the initial and final states, and the exergy destroyed during this process are to be 
determined.  

Assumptions The kinetic and potential energies are negligible. 

Properties  From the refrigerant tables (Tables A-11 through A-13), 

  
KkJ/kg 0256.1

kJ/kg 01.274
kg/m 034875.0

C60
MPa 7.0

1

1

3
1

1

1

⋅=
=
=

⎭
⎬
⎫

°=
=

s
u

T
P

v

R-134a 
0.7 MPa 

P = const. Q   
KkJ/kg 31958.0=

kJ/kg 84.44=
kg/m 0008261.0=

C24
MPa 7.0

C24@2

C24@2

3
C24@2

2

2

⋅≅
≅
≅

⎭
⎬
⎫

°=
=

°

°

°

f

f

f

ss
uu

T
P

vv

  
KkJ/kg 1033.1

kJ/kg 84.251
kg/m 23718.0

C24
MPa 1.0

0

0

3
0

0

0

⋅=
=
=

⎭
⎬
⎫

°=
=

s
u

T
P

v

Analysis  (a) From the closed system exergy relation, 

 

{ }

kJ  125.1=

⎟
⎠

⎞
⎜
⎝

⎛

⋅
−

⋅−−−=

−+−−−=Φ=

}
mkPa 1

kJ 1/kgm0.23718)875kPa)(0.034 (100+

KkJ/kg 1.1033)K)(1.0256 (297kJ/kg 251.84){(274.01kg) 5(

)()()(

3
3

0100100111 vvPssTuumX

 

and 

 

{ }

kJ  208.6=

⎟
⎠

⎞
⎜
⎝

⎛

⋅
−

⋅−−=

−+−−−=Φ=

}
mkPa 1

kJ 1/kgm0.23718)8261kPa)(0.000 (100+

KkJ/kg 1.1033)K)(0.31958 (297-kJ/kg 251.84){(84.44kg) (5

)()()(

3
3

0200200222 vvPssTuumX

 

(b) The reversible work input, which represents the minimum work input Wrev,in in this case can be determined from the 
exergy balance by setting the exergy destruction equal to zero,  

kJ 5.831.1256.20812inrev,

exergyin 
Change 

system

ndestructio
Exergy   

e)(reversibl  0
destroyed

mass and  work,heat,by 
nsferexergy traNet    
outin

=−=−=

∆=−−

XXW

XXXX
43421444 3444 2143421

©

 

Noting that the process involves only boundary work, the useful work input during this process is simply the boundary 
work in excess of the work done by the surrounding air, 

 

kJ 1.102
mkPa 1

kJ 1kg)/m 0008261.0034875.0kPa)( 100-kg)(700 5(

))((
)()()(

3
3

210

21021210ininsurr,ininu,

=⎟
⎠

⎞
⎜
⎝

⎛

⋅
−=

−−=

−−−=−−=−=

vv

vvVVVV

PPm
mPPPWWWW

 

Knowing both the actual useful and reversible work inputs, the exergy destruction or irreversibility that is the difference 
between the two is determined from its definition to be 

kJ  18.6=−=−== 5.831.102inrev,inu,destroyed WWIX  
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8-41  An insulated tank contains  CO2 gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and 
the pressure and temperature of CO2 rises. The actual paddle-wheel work and the minimum paddle-wheel work by which 
this process can be accomplished are to be determined.    

Assumptions 1 At specified conditions, CO2 can be treated as an ideal gas with 
constant specific heats at the average temperature. 2 The surroundings 
temperature is 298 K. 

Properties The gas constant of CO2 is 0.1889 kJ/kg·K (Table A-1) 

Wpw

1.2 m3

2.13 kg 
CO2

100 kPa 

Analysis (a) The initial and final temperature of CO2 are 

 
K 9.357

)Kkg/mkPa kg)(0.1889 13.2(
)m kPa)(1.2 120(

K 2.298
)Kkg/mkPa kg)(0.1889 13.2(

)m kPa)(1.2 100(

3

3
22

2

3

3
11

1

=
⋅⋅

==

=
⋅⋅

==

mR
P

T

mR
P

T

V

V

 

  (Table A-2b) KkJ/kg 684.0K 3282/)9.3572.298(2/)( avg,21avg ⋅=⎯→⎯=+=+= vcTTT

The actual paddle-wheel work done is determined from the energy balance on the CO gas in the tank,   

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 

             

)( 12inpw,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

TTmcUW

EEE

−=∆=

∆=−

v

4342143421

or  

kJ 87.0=K)2.298K)(357.9kJ/kg kg)(0.684 13.2(inpw, −⋅=W  

(b)  The minimum paddle-wheel work with which this process can be accomplished is the reversible work, 

which can be determined from the exergy balance by setting the exergy destruction equal to zero,  

12inrev,

exergyin 
Change 

system

ndestructio
Exergy   

e)(reversibl  0
destroyed

mass and  work,heat,by 
nsferexergy traNet    
outin       XXWXXXX −=→∆=−−

43421444 3444 2143421
Ê  

Substituting the closed system exergy relation, the reversible work input for this process is determined to be 

   

[ ]
[ ]

[ ]
kJ  7.74=

⋅−−⋅=

−−−=

−+−−−=

K)kJ/kg (0.1253)2.298(K)2.298K)(357.9kJ/kg (0.684kg) (2.13

)()(
)()()(

12012avg,

12012012inrev,
0

ssTTTcm
PssTuumW

v

vv ©

 

since 

KkJ/kg 1253.0
K 298.2
K 357.9lnK)kJ/kg 684.0(lnln 0

1

2

1

2
avg,12 ⋅=⎟

⎠
⎞

⎜
⎝
⎛⋅=+=− ©

v

v
v R

T
T

css  
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8-49 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in 
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air and the rate of exergy 
destruction due to this heat transfer are to be determined. 

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3 
The balls are at a uniform temperature at the end of the process. 

Properties The density and specific heat of the balls are given to be ρ = 7833 kg/m3 and cp = 0.465 kJ/kg.°C. 

Analysis  (a) We take a single ball as the system. The energy balance for this closed system can be expressed as 

)(
)(

21out

12ballout

energies etc. potential,   
kinetic, internal, in Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

TTmcQ
uumUQ

EEE

p −=
−=∆=−

∆=−
4342143421

 

The amount of heat transfer from a single ball is 

 
ball)(per  kJ 0.781 = J 781C)100900)(CkJ/kg. 465.0)(kg 0021.0()(

kg 00210.0
6

m) 008.0(
)kg/m 7833(

6
21out

3
3

3

=°−°=−=

====

TTmcQ

Dm

p

ππρρV
 

Then the total rate of heat transfer from the balls to the ambient air becomes     

    W260==×== kJ/h 936)kJ/ball 781.0(balls/h) 1200(outballout QnQ &&

(b) The exergy destruction (or irreversibility) can be determined from its definition Xdestroyed = T0Sgen. The entropy generated 
during this process can be determined by applying an entropy balance on an extended system that includes the ball and its 
immediate surroundings so that the boundary temperature of the extended system is at 35°C at all times: 

 

{

system
out

gensystemgen
out

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by   
ansferentropy trNet 

outin

      S
T

Q
SSS

T
Q

SSSS

bb
∆+=→∆=+−

∆=+−
4342143421

 

where 

kJ/K  00112.0
273+900
273+100kJ/kg.K)ln 465.0)(kg 00210.0(ln)(

1

2
12system −===−=∆

T
TmcssmS p  

Substituting, 

ball)(per kJ/K    00142.0kJ/K 00112.0
K 308
kJ 0.781

system
out

gen =−=∆+= S
T

Q
S

b
  

Then the rate of entropy generation becomes   

kW/K  0.000473=kJ/h.K 1.704=balls/h) ball)(1200kJ/K 00142.0(ballgengen ⋅== nSS &&   

Finally, 

    W146/ =kW 146.0K)kW3K)(0.00047 308(gen0destroyed === STX &&
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8-61 Steam expands in a turbine from a specified state to another specified state. The actual power output of the turbine is 
given. The reversible power output and the second-law efficiency are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
The temperature of the surroundings is given to be 25°C. 

Properties From the steam tables (Tables A-4 through A-6) 

  
KkJ/kg 1693.7

kJ/kg 8.3658
C600

MPa 6

1

1

1

1

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

  
KkJ/kg 6953.7

kJ/kg 4.2682
C100

kPa 50

2

2

2

2

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

Analysis (b) There is only one inlet and one exit, and thus & &m m m1 2 &= = . We take the turbine as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 

  

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin 0

EE

EEE

&&

444 344 21
&

43421
&&

=

=∆=− Ê 80 m/s 
6 MPa 
600°C 
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50 kPa 
100°C 

140 m/s 

STEAM 
                     

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −
+−=

++=+

2

)2/()2/(
2

2
2

1
21out

2
22out

2
11

VV
hhmW

VhmWVhm

&&

&&&

 5 MW 

Substituting,  

kg/s  5.156
s/m 1000

kJ/kg 1
2

m/s) 140(m/s) 80(
4.26828.3658kJ/s 5000

22

22

=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛−
+−=

m

m

&

&
 

The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero,  

]∆pe∆ke)()[()(

0

0
2102121rev,out

2rev,out1

outin

exergy of    
change of Rate 

(steady)  0
system

ndestructio  
exergy of Rate

e)(reversibl  0
destroyed

mass and  work,heat,by   
nsferexergy tranet  of Rate

outin

Ê

ÊÊ

−−−−−=−=

+=

=

=∆=−−

ssThhmmW

mWm

XX

XXXX

&&&

&&&

&&

444 3444 21
&

444 3444 21
&

43421
&&

ψψ

ψψ

 

Substituting, 

  
kW  5808=⋅−−=

−−=

KkJ/kg )7.6953K)(7.1693 kg/s)(298 156.5(kW 5000
)( 210outoutrev, ssTmWW &&&

(b) The second-law efficiency of a turbine is the ratio of the actual work output to the reversible work, 

 86.1%===
MW 808.5

MW 5

outrev,

out
II W

W
&

&
η  

Discussion Note that 13.9% percent of the work potential of the steam is wasted as it flows through the turbine during this 
process. 
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8-64 Combustion gases expand in a turbine from a specified state to another specified state. The exergy of the gases at the 
inlet and the reversible work output of the turbine are to be determined.  

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The temperature of the surroundings is given to be 25°C. 4 The combustion gases are ideal gases with constant specific 
heats. 

Properties  The constant pressure specific heat and the specific heat ratio are given to be cp = 1.15 kJ/kg.K and k = 1.3. The 
gas constant R is determined from 

KkJ/kg 265.01/1.3)K)(1kJ/kg 15.1()/11(/ ⋅=−⋅=−=−=−= kckccccR pppp v  

Analysis (a) The exergy of the gases at the turbine inlet is simply the flow exergy, 
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400 kPa 
650°C 

800 kPa 
900°C  

0

1

2
1

010011 2
)( ©gz

V
ssThh ++−−−=ψ  

GAS 
TURBINE

where 

 

KkJ/kg 1.025
kPa 100
kPa 800K)lnkJ/kg (0.265

K 298
K 1173K)lnkJ/kg (1.15

lnln
0

1

0

1
01

⋅=

⋅−⋅=

−=−
P
P

R
T
T

css p

 

Thus, 

kJ/kg 705.8=⎟
⎠

⎞
⎜
⎝

⎛⋅−°−=
22

2

1
s/m 1000

kJ/kg 1
2
m/s) (100+K)kJ/kg K)(1.025 298(C25)00kJ/kg.K)(9 15.1(ψ  

(b) The reversible (or maximum) work output is determined from an exergy balance applied on the turbine and setting the 
exergy destruction term equal to zero,  

]∆pe∆ke)()[()(

0

0
2102121outrev,

2outrev,1

outin

exergy of    
change of Rate 

(steady)  0
system

ndestructio  
exergy of Rate

e)(reversibl  0
destroyed

mass and  work,heat,by   
nsferexergy tranet  of Rate

outin

©

©©

−−−−−=−=

+=

=

=∆=−−

ssThhmmW

mWm

XX

XXXX

&&&

&&&

&&

44 344 21
&

444 3444 21
&

43421
&&

ψψ

ψψ

 

where  

  kJ/kg 2.19
s/m 1000

kJ/kg 1
2

m/s) 100(m/s) 220(
2

ke
22

222
1

2
2 =⎟

⎠

⎞
⎜
⎝

⎛−
=

−
=∆

VV
 

and 

 

KkJ/kg 0.09196
kPa 800
kPa 400K)lnkJ/kg (0.265

K 1173
K 923K)lnkJ/kg (1.15

lnln
1

2

1

2
12

⋅−=

⋅−⋅=

−=−
P
P

R
T
T

css p

 

Then the reversible work output on a unit mass basis becomes 

kJ/kg 240.9=
−⋅−°−⋅=

∆−−+−=∆−−+−=

kJ/kg 2.19K)kJ/kg 09196.0K)( (298+C)650K)(900kJ/kg 15.1(

ke)()(ke)( 1202112021outrev, ssTTTcssThhw p
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8-79 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed to 
enter the tank. The mass of the R-134a that entered the tank and the exergy destroyed during this process are to be 
determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant.  2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified).   

Properties The properties of refrigerant are (Tables A-11 through A-13) 

KkJ/kg 0.91303=
kJ/kg 253.81=

kg/m 0.01672=

 vaporsat.
MPa 2.1

MPa 2.1@1

MPa 2.1@1

3
MPa 2.1@1

1

⋅=
=
=

⎭
⎬
⎫=

g

g

g

ss
uu

P
vv

 

Q

R-134a 
0.1 m3

1.2 MPa 
Sat. vapor 

1.6 MPa 
30°C 

R-134a

KkJ/kg 0.45315=
kJ/kg 125.94=

kg/m 0.0009166=

liquid sat.
MPa 4.1

MPa 4.1@2

MPa 4.1@2

3
MPa 4.1@2

2

⋅=
=
=

⎭
⎬
⎫=

f

f

f

ss
uu

T
vv

 

KkJ/kg 34554.0
kJ/kg 56.93

C30
MPa 6.1

⋅=
=

⎭
⎬
⎫

°=
=

i

i

i

i

s
h

T
P

 

Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy h and internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 

Mass balance:         

        12systemoutin mmmmmm i −=→∆=−  

Energy balance: 

  

)0peke  (since  1122in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by  
nsferenergy traNet      

outin

≅≅≅−=+

∆=−

WumumhmQ

EEE

ii

4342143421

 (a)  The initial and the final masses in the tank are 

 

kg 109.10
/kgm 0.0009166

m 0.1

          kg .9835
/kgm 0.01672

m 0.1

3

3

2

2
2

3

3

1

1
1

===

===

v

V

v

V

m

m

 

Then from the mass balance 

kg 103.11=−=−= 983.510.10912 mmmi  

The heat transfer during this process is determined from the energy balance to be 

  ( ) ( ) ( )(
 kJ 2573

kJ/kg 253.81kg 5.983kJ/kg 125.94)10.109(kJ/kg) 56.93(kg 103.11
 1122in

=
−+−=

−+−= umumhmQ ii

)
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition . The entropy generation Sgen0destroyed STX = gen in this case is determined from an entropy balance on an 
extended system that includes the tank and its immediate surroundings so that the boundary temperature of the extended 
system is the surroundings temperature Tsurr  at all times. It gives  

{

0

in
1122gen

tank1122tankgen
inb,

in

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin

)(=

T
Q

smsmsmS

smsmSSsm
T
Q

SSSS

ii

ii

−−−=

−∆=++

∆=+−
4342143421

Substituting, the exergy destruction 

is determined to be 

[ ]
kJ  80.3=

−×−×−×=

⎥
⎦

⎤
⎢
⎣

⎡
−−−==

K) kJ)/(318 2573(0.3455411.10391303.0983.545315.0109.10K) 318(
0

in
11220gen0destroyed T

Q
smsmsmTSTX ii
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8-86 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the mass 
flow rate of the steam and the rate of exergy destruction are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions.   

Properties Noting that T < Tsat @ 200 kPa = 120.23°C, the cold water and the exit mixture streams exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. From Tables A-4 through A-6,  

KkJ/kg .07561
kJ/kg .02335

C08
kPa 200

KkJ/kg 7.5081
kJ/kg .42870

C200
kPa 200

KkJ/kg 0.22447
kJ/kg .9862

C15
kPa 200

C80@3

C08@3

3

3

2

2

2

2

C15@1

C15@1

1

1

⋅=≅
=≅

⎭
⎬
⎫

°=
=

⋅=
=

⎭
⎬
⎫

°=
=

⋅=≅
=≅

⎭
⎬
⎫

°=
=

°

°

f

f

f

f

ss
hh

T
P

s
h

T
P

ss
hh

T
P

o

o

 

2

MIXING 
CHAMBER 

200 kPa 

15°C
4 kg/s

200°C

1

600 kJ/min

80°C 3

Analysis (a) We take the mixing chamber as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as 

Mass balance:  321
(steady)  0

systemoutin 0 mmmmmm &&&&&& =+⎯→⎯=∆=− ©

Energy balance:     

33out221

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin 0

hmQhmhm

EE

EEE

&&&&

&&

444 344 21
&

43421
&&

+=+

=

=∆=− Ê

 

Combining the two relations gives    ( ) ( ) ( 3223113212211out hhmhhmhmmhmhm )−+−=+−+= &&&&&&&Q  

Solving for  and substituting, the mass flow rate of the superheated steam is determined to be &m2

  
( ) ( )( )

( ) kg/s 0.429=
−

−−
=

−
−−

=
kJ/kg02.3352870.4

kJ/kg02.33562.98kg/s 4kJ/s) (600/60

32

311out
2 hh

hhmQ
m

&&
&  

Also,    kg/s .42940.4294213 =+=+= mmm &&&

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition  where the entropy generation Sgen0destroyed STX = gen is determined from an entropy balance on an extended 
system that includes the mixing chamber and its immediate surroundings. It gives  

{

0

out
221133gengen

surrb,

out
332211

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

    0

0

T
Q

smsmsmSS
T
Q

smsmsm

SSSS

&
&&&&&

&
&&&

43421
&&

43421
&&

+−−=→=+−−+

=∆=+− ©

 

Substituting, the exergy destruction is determined to be 

 
kW 202

 
=

+×−×−×=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−−==

kW/K)298/1022447.045081.7429.0.07561K)(4.429 298(
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T
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&
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8-88 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of exergy destruction 
within the heat exchanger are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible.  4 Fluid properties are constant.  

Properties The specific heats of water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively. 

Analysis We take the cold water tubes as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 
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)(

0)peke  (since   

0

12in

21in

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

TTcmQ

hmhmQ

EE

EEE

p −=

≅∆≅∆=+

=

=∆=−

&&

&&&

&&

444 344 21
&

43421
&& Ê

 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 

kW5940=C)20CC)(70kJ/kg. kg/s)(4.18 5.4()]([ waterinout  .°−°°=−= TTcmQ p&&  

Oil 
170°C 
10 kg/s

(12 tube passes) 

Water 
20°C 

4.5 kg/s

70°C

Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot water is determined 
from 

C129.1°=
°

−°=−=→−=
C)kJ/kg. kg/s)(2.3 10(

kW 5.940C170    )]([ inoutoiloutin
p

p cm
Q

TTTTcmQ
&

&
&&  

(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger:  

  

{

)()(

 0

)0  (since   0

34oil12watergen

gen4oil2water3oil1water

gen43223311

entropy of   
change of Rate

(steady) 0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

ssmssmS

Ssmsmsmsm

QSsmsmsmsm

SSSS

−+−=

=+−−+

==+−−+

∆=+−

&&&

&&&&&

&&&&&

44 344 21
&&

43421
&& ©

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 

kW/K 0.736
273+170
273+129.1ln kJ/kg.K) kg/s)(2.3 10(

273+20
273+70ln kJ/kg.K) kg/s)(4.18 5.4(

lnln
3

4
oil

1

2
watergen

=+=

+=
T
T

cm
T
T

cmS pp &&&

 

The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition ,  gen0destroyed STX =

kW 219=== )kW/K K)(0.736 298(gen0destroyed STX &&  
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8-101 Hot exhaust gases leaving an internal combustion engine is to be used to obtain saturated steam in an adiabatic heat 
exchanger. The rate at which the steam is obtained, the rate of exergy destruction, and the second-law efficiency are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air properties are 
used for exhaust gases. 4 Pressure drops in the heat exchanger are negligible. 

Properties The gas constant of air is R = 0.287 kJkg.K. The specific heat of air at the average temperature of exhaust gases 
(650 K) is cp = 1.063 kJ/kg.K (Table A-2). 

Analysis (a) We denote the inlet and exit states of exhaust gases by (1) and (2) and that of the water by (3) and (4). The 
properties of water are (Table A-4) 

Heat 
Exchanger 

Sat. vap. 
200°C 

Exh. gas 
400°C 
150 kPa 

kJ/kg.K 4302.6
kJ/kg 0.2792

1
C200

kJ/kg.K 29649.0
kJ/kg 91.83

0
C20

4

4

4

4

3

3

3

3

=
=

⎭
⎬
⎫

=
°=

=
=

⎭
⎬
⎫

=
°=

s
h

x
T

s
h

x
T

 
350°C

Water 
20°C An energy balance on the heat exchanger gives 

kg/s 0.01570=
−=°−°

−=−
+=+

w

w

wpa

wawa

m
m

hhmTTcm
hmhmhmhm

&

&

&&

&&&&

kJ/kg)91.830.2792(C)350400(C)kJ/kg 3kg/s)(1.06 8.0(

)()( 3421

4231

 

(b) The specific exergy changes of each stream as it flows in the heat exchanger is 

kJ/kg.K 08206.0
K 273)(400
K 273)(350kJ/kg.K)ln 3kg/s)(1.06 (0.8ln

1

2 −=
+
+

==∆
T
T

cs pa  

kJ/kg 106.29
kJ/kg.K) 6K)(-0.0820 273(20C400)-C)(350kJ/kg. 063.1(

)( 012

−=
+−°°=

∆−−=∆ apa sTTTcψ
 

kJ/kg 913.910
)kJ/kg.K29649.0K)(6.4302 273(20kJ/kg)91.830.2792(

)( 34034

=
−+−−=

−−−=∆ ssThhwψ
 

The exergy destruction is determined from an exergy balance on the heat exchanger to be 

 or      

kW 8.98=

−=+=∆+∆=−

dest

dest kW 98.8kJ/kg )913.910)(kg/s 01570.0(kJ/kg) 106kg/s)(-29. 8.0(

X

mmX wwaa

&

&&& ψψ

(c) The second-law efficiency for a heat exchanger may be defined as the exergy increase of the cold fluid divided by the 
exergy decrease of the hot fluid. That is, 

 0.614=
−

=
∆−
∆

=
kJ/kg) 106kg/s)(-29. 8.0(

kJ/kg) 913.910)(kg/s 01570.0(
II

aa

ww

m
m

ψ
ψη

&

&  
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9-39  An ideal Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature 
in the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are  cp  = 1.005 kJ/kg·K,  cv = 0.718 kJ/kg·K, R = 0.287 kJ/kg·K, and   
k = 1.4  (Table A-2). 

Analysis (a)  Process 1-2: isentropic compression. 

v 

P 

4

1

3 

2
Qin Qout

( )( )

( ) ( ) kPa 2338kPa 100
K 

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course  

308
K 757.9
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K 757.99.5K 

1
1

2

2

1
2

1
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2
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0.4
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=⎟⎟
⎠

⎞
⎜⎜
⎝
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vvv
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2

1
12 =⎟⎟

⎠
⎜⎜
⎝

= TT
v

Process 3-4: isentropic expansion. 

( )( ) K 1969==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−
0.4

1

3

4
43 9.5K 800

k

TT
v

v
  

Process 2-3: v = constant heat addition. 

 ( ) kPa 6072=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==⎯→⎯= kPa 2338

K 757.9
K 1969

2
2

3
23 TTT

3223 P
T

P
PP vv

 

(b) 

3

( )( )
( )( )

kg10788.6
K 308K/kgmkPa 0.287

m 0.0006kPa 100 4
3

3

1

11 −×=
⋅⋅

==
RT
P

m
V

 

( ) ( ) ( )( )( ) kJ 0.590=−⋅×=−=−= − K757.91969KkJ/kg 0.718kg106.788 4
2323in TTmcuumQ v  

(c) Process 4-1: v = constant heat rejection. 

( ) ( )( )( ) kJ 0.240K308800KkJ/kg 0.718kg106.788)( 4
1414out =−⋅×−=−=−= −TTmcuumQ v  

kJ 0.350240.0590.0outinnet =−=−= QQW   

 59.4%===
kJ 0.590
kJ 0.350
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outnet,
th Q

W
η  
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⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅

−
=

−
=

−
=
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kJ
mkPa
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kJ 0.350
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3

3
1
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r
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r

VVV

V
VV  (d) 
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9-43 A gasoline engine operates on an Otto cycle. The compression and expansion processes are modeled as polytropic. 
The temperature at the end of expansion process, the net work output, the thermal efficiency, the mean effective pressure, 
the engine speed for a given net power, and the specific fuel consumption are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 850 K are cp  = 1.110 kJ/kg·K,  cv  = 0.823 kJ/kg·K, R = 0.287 kJ/kg·K,  and   k = 1.349  
(Table A-2b). 

Analysis (a) Process 1-2: polytropic compression 

1

Qin

2

3

4

P

V

Qout
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( )( ) kPa 225811kPa 100
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⎠
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kJ/kg 3.312
1.31112 −− n

310)KK)(636.5kJ/kg (0.287)( 12 −=
−⋅

=
−

=
TTR

w  

Process 2-3: constant volume heat addition 
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kPa 2258
kPa 8000K 636.5
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3
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⎠
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⎜
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⎛=⎟⎟
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⎜⎜
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P
P

TT  

( 2323in −=−= TTcuuq v )
( )( ) kJ/kg 1332K636.52255KkJ/kg 0.823      =−⋅=

 

rocess 3-4: polytropic expansion. 

 

P
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⎠
⎞

⎜
⎝
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2
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Process 4-1: constant volume heat rejection. 

 (b) The net work output and the thermal efficiency are 

34

  kJ/kg 794=−=−= 3.31211061234outnet, www
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kJ/kg 1332
kJ/kg 794
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(c) The mean effective pressure is determined as follows 
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(d) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are 

3
3

m 00016.0
m 0016.0

11 =⎯→⎯
+

=⎯→⎯
+

= c
c

c

c

dcr V
V

V

V

VV
 

3
1 m 00176.00016.000016.0 =+=+= dc VVV  

The total mass contained in the cylinder is  

( )( )
kg 0.001978

K 310K/kgmkPa 0.287
)m 76kPa)/0.001 100(

3

3

1

11 =
⋅⋅

==
RT
P
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V

 

The engine speed for a net power output of 50 kW is 

rev/min 3820=⎟
⎠
⎞

⎜
⎝⋅

==
min 1cycle)kJ/kg kg)(794 001978.0(

rev/cycle) 2(2
net

net

wm
n

t
& ⎛ s 60kJ/s 50W&

 

n four-stroke engines.  

) The mass of fuel burned during one cycle is 

 

Note that there are two revolutions in one cycle i

(e

kg 0001164.0
kg) 001978.0(

=⎯→⎯
−

16AF =⎯→⎯==
ff

a

mm
 

−
f

f

fft m
m

mmmm
 

inally, the specific fuel consumption is 

 

F

g/kWh 267=⎟
⎠
⎞

⎜
⎝
⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==

kWh 1
kJ 3600

kg 1
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kJ/kg) kg)(794 001978.0(
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m

t
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9-53 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat 
added, and the maximum gas pressure and temperature are to be determined.  

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are  cp  = 1.005 kJ/kg·K,  cv  = 0.718 kJ/kg·K, R = 0.287 kJ/kg·K, and   
k = 1.4  (Table A-2a). 

Analysis The specific volume of the air at the start of the compression is 

v 

P

4

1

2 

3

qout

x 

qin
/kgm 051.1

kPa 80
K) 293)(K/kgmkPa 287.0( 3

3

1

1
1 =

⋅⋅
==

P
RT

v  

and the specific volume at the end of the compression is 
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The pressure at the end of the compression is 
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he temperature at the end of the compression is 
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From the definition of cutoff ratio 
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ng the first law and work expression to the heat addition processes gives 

 

The heat rejected is 
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9-65 A six-cylinder compression ignition engine operates on the ideal Diesel cycle. The maximum temperature in the cycle, 
the cutoff ratio, the net work output per cycle, the thermal efficiency, the mean effective pressure, the net power output, and 
the specific fuel consumption are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 850 K are cp  = 1.110 kJ/kg·K,  cv  = 0.823 kJ/kg·K, R = 0.287 kJ/kg·K,  and   k = 1.349  
(Table A-2b). 

Analysis (a) Process 1-2: Isentropic compression 
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The clearance volume and the total volume of the engine at the 
beginning of compression process (state 1) are 
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Process 3-4: isentropic expansion. 

( )

( ) kPa 9.302
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rocess 4-  constant voume heat rejection. 
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Note that there are two revolutions in one cycle in four-stroke engines.  
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9-94 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The effects of non-isentropic compressor and turbine on the back-work ratio is to be compared. 

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are cp  = 1.005 kJ/kg·K  and  k = 1.4  (Table A-2a). 

Analysis  For the compression process, 
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The isentropic and actual work of compressor and turbine are 
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The back work ratio for 90% efficient compressor and isentropic turbine case is 
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The two results are almost identical. 
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9-100 A gas-turbine plant operates on the simple Brayton cycle. The net power output, the back work ratio, and the thermal 
efficiency are to be determined. 
Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 
Properties The gas constant of air is R = 0.287 kJ/kg·K (Table A-1). 
Analysis (a) For this problem, we use the properties from EES software. 
Remember that for an ideal gas, enthalpy is a function of temperature 
only whereas entropy is functions of both temperature and pressure. 
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9-116 A Brayton cycle with regeneration using air as the working fluid is considered. The air temperature at the turbine 
exit, the net work output, and the thermal efficiency are to be determined. 

Assumptions 1 The air standard assumptions are applicable. 2 Air 
is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 
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Properties The properties of air are given in Table A-17. 

Analysis (a) The properties of air at various states are 
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9-129 An ideal gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work 
ratio and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal 
gas with variable specific heats. 3 Kinetic and potential energy changes are 
negligible. 
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Properties The properties of air are given in Table A-17. 

Analysis (a) The work inputs to each stage of compressor are identical, so are 
the work outputs of each stage of the turbine since this is an ideal cycle. Then, 
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(b) When a regenerator is used, rbw remains the same.  The thermal efficiency in this case becomes 
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9-141 A turbofan engine operating on an ideal cycle produces 50,000 N of thrust. The air temperature at the fan outlet 
needed to produce this thrust is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are R = 0.287 kPa⋅m3/kg⋅K, cp = 1.005 kJ/kg⋅K and k = 1.4 (Table A-
2a). 

Analysis  The total mass flow rate is 
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The mass flow rate through the fan is 
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An energy balance on the stream passing through the fan gives 
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9-142 A pure jet engine operating on an ideal cycle is considered. The velocity at the nozzle exit and the thrust produced 
are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 
Properties The properties of air at room temperature are R = 0.287 kPa⋅m3/kg⋅K, cp = 1.005 kJ/kg⋅K and k = 1.4 (Table A-
2a). 
Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V 1 = 240 m/s.  Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 ≅ 0). 

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course  

Diffuser: 

( )
( )

( )( )
( )

( ) kPa 88.64
K 260
K 288.7

kPa 45

K 7.288
/sm 1000

kJ/kg 1
KkJ/kg 1.0052

m/s 240K 260
2

2/0
2

02/2/

1.4/0.41/

1

2
12

22

22
1

12

2
112

2
1

02
2

12
2

22
2

11

outin
(steady)  0

systemoutin

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅
+=+=

−−=

−
+−=⎯→⎯+=+

=⎯→⎯∆=−

−kk

p

p

T
T

PP

c
V

TT

VTTc

VV
hhVhVh

EEEEE &&&&&

 

qin

qout
s

T

1

2 

4

3 
5

6

Compressor: 
( )( ) ( )( )

( )
( )( ) K 7.60013K 288.7

kPa 5.843kPa 64.8813

0.4/1.4
/1

2

3
23

243

 
==⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

====

− kk

p

P
P

TT

PrPP

 

 

Turbine:  

( ) ( )54235423outturb,incomp, TTcTTchhhhww pp −=−⎯→⎯−=−⎯→⎯=  

K 0.5187.2887.6008302345 =+−=+−= TTTT  or 
Nozzle: 

 

( )
( )

( ) 2/0
2

0

2/2/

K 3.359
kPa 843.5

kPa 45
K 830

2
656

022 VV − 56
56

2
66

2
5

outin
(steady)  0

systemoutin

0.4/1.4/1

4

6
46

VTTchh

VhVh

EEEEE

P
P

TT

p

kk

+−=⎯→⎯+−=

+=+

=⎯→⎯∆=−

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

−

&&&&&
 

or 

5

( )( )( ) m/s 564.8=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⋅==

kJ/kg 1
/s2m 1000

K3.359518.0KkJ/kg 1.0052
2

6 exitVV  

ine is 

 

The mass flow rate through the eng

kg/s 0.291
/kgm 658.1

m/s 240
4

m) 6.1(
4

/kgm 658.1
kPa 45

K) 260()mkPa 28.0(
==

RT 7

3

2

1

1
2

1

1

3
3

1

====

=
⋅

ππ
vv

v

VDAV
m

P

&

 

The thrust force generated is then 
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9-143 A turbojet aircraft flying at an altitude of 9150 m is operating on the ideal jet propulsion cycle. The velocity of 
exhaust gases, the propulsive power developed, and the rate of fuel consumption are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 5 The turbine work output is equal to the compressor work input. 
Properties The properties of air at room temperature are cp = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 
Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V 1 = 320 m/s.  Ideally, the air will 
leave the diffuser with a negligible velocity (V 2 ≅ 0). 
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 9-111

9-145 A turbojet aircraft that has a pressure rate of 9 is stationary on the ground. The force that must be applied on the 
brakes to hold the plane stationary is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the nozzle exit.  

Properties The properties of air are given in Table A-17. 

Analysis (a) Using variable specific heats for air,  
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9-154 The total exergy destruction associated with the Brayton cycle described in Prob. 9-116 and the exergy at the exhaust 
gases at the turbine exit are to be determined. 

Properties  The gas constant of air is R = 0.287 kJ/kg·K (Table A-1). 

Analysis  From Prob. 9-116, qin = 480.82, qout = 372.73 kJ/kg, and  
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and, from an energy balance on the heat exchanger, 
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9-179 A gas-turbine plant operates on the regenerative Brayton cycle with reheating and intercooling. The back work ratio, 
the net work output, the thermal efficiency, the second-law efficiency, and the exergies at the exits of the combustion 
chamber and the regenerator are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 

Properties The gas constant of air is R = 0.287 kJ/kg·K. 

Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. 

Optimum intercooling and reheating pressure is  

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course  

kPa 4.346)1200)(100(412 === PPP  

Process 1-2, 3-4: Compression 

KkJ/kg 7054.5
kPa 100
K 300

kJ/kg 43.300K 300

1
1

1

11

⋅=
⎭
⎬
⎫

=
=

=⎯→⎯=

s
P
T

hT
 

=
⎭
⎬
⎫

==
=

sh
ss

P
 kJ/kg 79.428

kJ/kg.K 7054.5
kPa 4.346

2
12

2

kJ/kg 88.460
43.300

43.30079.42880.0 2
212

12
C =⎯→⎯

−
−

=⎯→⎯
−
−

= h
hhh

hh sη  

s 

T

3

4

1

5 
qin

8 6 

7 

10 

9 

2

8s 6s 

4s 2s

KkJ/kg 5040.5
kPa 4.346

K 350
kJ/kg 78.350K 350

3
3

3

33

⋅=
⎭
⎬
⎫

=
=

=⎯→⎯=

s
P
T

hT
 

4
3

=
⎭
⎬
⎫

== sh
ss

 kJ/kg 42.500
kJ/kg.K 5040.5

kPa 12004 =P

4

kJ/kg 83.537
78.350

78.35042.50080.0 4
434

34
C =⎯→⎯

−
−

=⎯→⎯
−
−

= h
hhh

hh sη  

Process 6-7, 8-9: Expansion 

=
⎭
⎬
⎫

==
=

sh
ss

P
 

KkJ/kg 6514.6
kPa 1200
K 1400

kJ/kg 9.1514K 1400

6
6

6

66

⋅=
⎭
⎬
⎫

=
=

=⎯→⎯=

s
P
T

hT
 

kJ/kg 9.1083
kJ/kg.K 6514.6

kPa 4.346
7

67

7

kJ/kg 1.1170
9.10839.1514

9.1514
80.0 7

7

76
T =

h
η 76 =⎯→⎯

−
−

=⎯→⎯
−
−

h
h

h
hh

s
 

8

88

⋅=
⎭
⎬
⎫

=
=

=⎯→⎯=

s
P
T

hT
 

96
kPa 100

9
9 =

⎭
⎬
⎫=

sh
P

 

KkJ/kg 9196.6
kPa 4.346

K 1300
kJ/kg 6.1395K 1300

8
8

kJ/kg 00.996
kJ/kg.K 91.689 == ss

preparation.  If you are a student using this Manual, you are using it without permission. 



 9-152
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temperature. That is, 

786.0
K 1400
K 30011

6

1
max =−=−=

T
T

η  

and  

0.704===
786.0
553.0

maxη
η

η th
II  

(d) The exergies at the combustion chamber exit and the regenerator exit are 

kJ/kg 930.7=
−−−=

−−−=
kJ/kg.K)7054.56514.6)(K 300(kJ/kg)43.3009.1514(

)( 060066 ssThhx
 

kJ/kg 128.8=
−−−=

−−−=
kJ/kg.K)7054.55157.6)(K 300(kJ/kg)43.30036.672(

)( 010001010 ssThhx
 

PROPRIETARY MATERIAL
preparation.  If you are a student using this Manual, you are using it without permission. 

. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course  
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10-26 A 120-MW coal-fired steam power plant operates on a simple ideal Rankine cycle between the specified pressure 
limits. The overall plant efficiency and the required rate of the coal supply are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a)  From the steam tables (Tables A-4, A-5, and A-6), 
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10-41 A steam power plant that operates on a reheat Rankine cycle is considered. The condenser pressure, the net power 
output, and the thermal efficiency are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 
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The pressure at state 6 may be determined by a trial-error approach from the steam tables or by using EES from the above 
three equations: 

 P6 = 9.73 kPa,   h6 = 2463.3 kJ/kg,   
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 10-41

10-52  A steam power plant operates on an ideal regenerative Rankine cycle with two open feedwater heaters. The net 
power output of the power plant and the thermal efficiency of the cycle are to be determined.  

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis  
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(a)  From the steam tables (Tables A-4, A-5, and A-6), 
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3
3

565in,

3
MPa 6.0 @5

MPa 6.0 @55
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kJ/kg 8.2821
MPa 6.0

KkJ/kg 9045.6
kJ/kg 8.3625

C600
MPa 10

kJ/kg 73.68035.1038.670

8
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7
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h
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s
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( )( ) kJ/kg 7.26186.22019602.071.504

9602.0
5968.5

5302.19045.6
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( )( ) kJ/kg 0.21050.24238119.075.137

8119.0
9176.7

4762.09045.6
kPa 5

1010

10
10

710

10

=+=+=

=
−

=
−

=

⎭
⎬
⎫

=
=

fgf

fg

f

hxhh

s
ss

x

ss
P

 

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that , 0∆pe∆ke ≅≅≅≅WQ &&

FWH-2:     

( ) ( 548554488

outin

(steady) 0
outin

11

0

hhyyhhmhmhmhmhm

EE

EEE

eeii

system

=−+⎯→⎯=+⎯→⎯=

=

=∆=−

∑∑ &&&&&

&&

&&&

)
 

where y is the fraction of steam extracted from the turbine ( = & / &m m8 5 ).  Solving for y, 

 07133.0
13.5058.2821
13.50538.670

48

45 =
−
−

=
−
−

=
hh
hhy  

FWH-1:     

( ) ( ) 329332299 11 hyhzyzhhmhmhmhmhm eeii −=−−+⎯→⎯=+⎯→⎯=∑∑ &&&&&  

where z is the fraction of steam extracted from the turbine ( = & / &m m9 5 ) at the second stage. Solving for z, 

 ( ) ( ) 1373.007136.01
95.1377.2618
95.13771.5041

29

23 =−
−
−

=−
−
−

= y
hh
hh

z  

Then, 

  ( )( ) ( )( )
kJ/kg 2.13888.15560.2945

kJ/kg  1556.8137.752105.01373.007133.011
kJ/kg 0.294573.6808.3625

outinnet

110out

67in

=−=−=
=−−−=−−−=

=−=−=

qqw
hhzyq

hhq

and 

  ( )( ) MW 30.5≅=== kW 540,30kJ/kg 1388.2kg/s 22netnet wmW &&

(b) The thermal efficiency is 

 47.1%=−=−=
kJ/kg  2945.0
kJ/kg  1556.8

11
in

out
th q

q
η  
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10-53 An ideal regenerative Rankine cycle with a closed feedwater heater is considered. The work produced by the turbine, 
the work consumed by the pumps, and the heat added in the boiler are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis  From the steam tables (Tables A-4, A-5, and A-6), 

     

kJ/kg 45.25403.342.251
kJ/kg 03.3 mkPa 1

kJ 1 kPa)203000)(/kgm 001017.0(
)(

/kgm 001017.0

kJ/kg 42.251

inp,12

3
3

121inp,

3
kPa 20 @1

kPa 20 @1
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⎠
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⎜
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⎛
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kJ/kg 7.2221)5.2357)(8357.0(42.251

8357.0
0752.7

8320.07450.6
    

kPa 20

kJ/kg 9.2851    
kPa 1000

KkJ/kg 7450.6
kJ/kg 1.3116

    
C350
kPa 3000
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6
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5 

 Condenser

1
2 3

4 
Turbine 

Boiler

Closed 
fwh 

8 7 

Pump 

6 

For an ideal closed feedwater heater, the feedwater is heated to the 
exit temperature of the extracted steam, which ideally leaves the 
heater as a saturated liquid at the extraction pressure. 

1

qin

2

6 

1-y 
5 

 3 MPa 

20 kPa 

qout

y 3 1 MPa 
7

8

4 

s 

T 

  

kJ/kg 53.763    
C9.209

kPa 3000
kJ/kg 51.762

C9.179
kJ/kg 51.762

    
0

kPa 1000

3
73

3

78

7

7

7

7

=
⎭
⎬
⎫

°==
=

==

°=
=

⎭
⎬
⎫

=
=

h
TT

P
hh

T
h

x
P

An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine ( ) for closed 
feedwater heater:  

45 / mm &&=

  

7325

77332255

11 yhhhyh
hmhmhmhm

hmhm eeii

+=+
+=+

=∑∑
&&&&

&&

Rearranging, 

 2437.0
51.7629.2851
45.25453.763

75

23 =
−
−

=
−
−

=
hh
hh

y  

Then, 

          
kJ/kg 2353

kJ/kg 3.03
kJ/kg 740.9

=−=−=

=

=−−+−=−−+−=

53.7631.3116

)7.22219.2851)(2437.01(9.28511.3116))(1(

34in

inP,

6554outT,

hhq
w

hhyhhw

 

Also, kJ/kg 8.73703.39.740inP,outT,net =−=−= www  

3136.0
2353

8.737

in

net
th ===

q
w

η  
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10-100  An 150-MW steam power plant operating on a regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.  

Analysis  

 T 

y 

P II P I 

Open 
fwh 

Condenser

Boiler 

4 

3 
2 

1 

6 

Turbine 

7 

1-y 

5 

1

qin

2

7s 7

5 

6s 

10 MPa 

10 kPa 

0.5 MPa 

1-y 

4

y 3

qout

6

s 

 

 

 

 

 

 

 

 

 

(a)  From the steam tables (Tables A-4, A-5, and A-6), 

( )
( )( ) ( )

/kgm  001093.0
kJ/kg 09.640

liquidsat.
MPa 5.0

kJ/kg 33.19252.081.191
kJ/kg 0.52

95.0/
mkPa 1

kJ 1kPa 10500/kgm  0.00101

/

/kgm  00101.0
kJ/kg 81.191

3
MPa 5.0 @ 3
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kJ/kg 02.65193.1009.640
kJ/kg 10.93

95.0/
mkPa 1

kJ 1kPa 50010,000/kgm  0.001093

/
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( )(
kJ/kg 1.2654     

0.21089554.009.640
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8604.15995.6
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KkJ/kg 5995.6
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( )(

kJ/kg 3.2798
1.26541.337580.01.3375

6556
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( )(
kJ/kg 7.2089     

1.23927934.081.191

7934.0
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The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that , & &Q W ke pe≅ ≅ ≅ ≅∆ ∆ 0

  

( ) ( 326332266

outin

(steady) 0
systemoutin

11

0

hhyyhhmhmhmhmhm

EE

EEE

eeii =−+⎯→⎯=+⎯→⎯=

=

=∆=−

∑∑ &&&&&

&&

&&&

where y is the fraction of steam extracted from the turbine ( = & / &m m6 3 ).  Solving for y, 

 1718.0
33.1923.2798
33.19209.640

26

23 =
−
−

=
−
−

=
hh
hh

y  

Then,  
( )( ) ( )( )

kJ/kg 4.9397.17841.2724
kJ/kg 7.178481.1918.23461718.011

kJ/kg 1.272402.6511.3375

outinnet

17out

45in

=−=−=
=−−=−−=

=−=−=

qqw
hhyq

hhq

and 

 skg 7159 /.
kJ/kg 939.4

kJ/s 150,000

net

net ===
w
W

m
&

&  

(b)  The thermal efficiency is determined from 

 34.5%=−=−=
kJ/kg 2724.1
kJ/kg 1784.7

11
in

out
th q

q
η  

Also, 

  
KkJ/kg 6492.0

KkJ/kg 8604.1

KkJ/kg 9453.6
kJ/kg 3.2798

MPa 5.0

kPa 10 @ 12

MPa 5.0 @ 3
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Then the irreversibility (or exergy destruction) associated with this regeneration process is 
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11-26 A vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The rate of 
cooling, the power input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle 
operated on the ideal vapor-compression refrigeration cycle between the same pressure limits.   
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.  
Analysis (a) From the refrigerant-134a tables (Tables A-11 through A-13) 

  

kJ/kg 39.120

kJ/kg 39.120
C484.44.52

kPa 1400

C4.52

kJ/kg 90.295
kPa 1400

KkJ/kg 9698.0
kJ/kg 05.253

C01.101.10
kPa 200
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  kW 3.317=−=−= )39.12005.253kg/s)( 025.0()( 41 hhmQL &&

  kW 4.534=−=−= )39.12074.301kg/s)( 025.0()( 32 hhmQH &&

   kW 1.217=−=−= )05.25374.301kg/s)( 025.0()( 12in hhmW &&

 2.725===
kW 217.1
kW 317.3COP

inW
QL
&

&
 

(b) Ideal vapor-compression refrigeration cycle solution 
From the refrigerant-134a tables (Tables A-11 through A-13) T
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200 kPa
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4
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·
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·

·4s

  

kJ/kg 22.127

kJ/kg 22.127
0

kPa 1400

kJ/kg 08.285
kPa 1400

KkJ/kg 9377.0
kJ/kg 46.244

1
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  kW 3.931=−=−= )22.12746.244kg/s)( 025.0()( 41 hhmQL &&

  kW 3.947=−=−= )22.12708kg/s)(285. 025.0()( 32 hhmQH &&

   kW 1.016=−=−= )46.24408.kg/s)(285 025.0()( 12in hhmW &&

 2.886===
kW 016.1
kW 931.3COP

inW
QL
&

&
 

Discussion The cooling load increases by 18.5% while the COP increases by 5.9% when the cycle operates on the ideal 
vapor-compression cycle. 
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11-35 An ideal vapor-compression refrigeration cycle is used to keep a space at a low temperature. The cooling load, the 
COP, the exergy destruction in each component, the total exergy destruction, and the second-law efficiency are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.  

Analysis (a) The properties of R-134a are (Tables A-11 through A-13) 

  

KkJ/kg 5251.0
kJ/kg 93.135

C10
kJ/kg 93.135
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             0
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The energy interactions in the components and the COP are 

  kJ/kg 108.6=−=−= 93.13551.24441 hhqL

  kJ/kg 151.993.13585.28732 =−=−= hhqH

  kJ/kg 43.3351.24485.28712in =−=−= hhw

 2.506===
kJ/kg 33.43
kJ/kg 6.108COP

inw
qL  

(b) The exergy destruction in each component of the cycle is determined as follows 

Compressor: 

  0122gen,1 =−=− sss

   0== 2-gen,102-dest,1 sTEx

Condenser: 

 KkJ/kg 05124.0
K 298

kJ/kg 9.151KkJ/kg )9377.04791.0(233gen,2 ⋅=+⋅−=+−=−
H

H

T
q

sss  

 kJ/kg 15.27=⋅== K)kJ/kg K)(0.05124 (2983-gen,203-dest,2 sTEx  

Expansion valve: 

 KkJ/kg 04595.04791.05251.0344gen,3 ⋅=−=−=− sss  

 kJ/kg 13.69=⋅== K)kJ/kg K)(0.04595 (2984-gen,304-dest,3 sTEx   

Evaporator: 

 KkJ/kg 02201.0
K 278

kJ/kg 6.108KkJ/kg )5251.09377.0(411gen,4 ⋅=−⋅−=−−=−
L

L

T
q

sss  

 kJ/kg 6.56=⋅== K)kJ/kg K)(0.02201 (2981-gen,401-dest,4 sTEx  

The total exergy destruction can be determined by adding exergy destructions in each component: 

  
kJ/kg 35.52=+++=

+++=

56.669.1327.150
1-dest,44-dest,33-dest,22-dest,1totaldest, xExExExExE &&&&&
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(c) The exergy of the heat transferred from the low-temperature medium is 

  kJ/kg 812.7
278
2981kJ/kg) 6.108(1 0 =⎟

⎠
⎞

⎜
⎝
⎛ −−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−=

L
Lq T

T
qEx

L
 

The second-law efficiency of the cycle is 

 18.0%==== 0.1803
33.43

812.7

in
II w

Ex
Lqη  

The total exergy destruction in the cycle can also be determined from 

 kJ/kg 35.52812.733.43intotaldest, =−=−=
LqExwEx  

The result is identical as expected. 

The second-law efficiency of the compressor is determined from 
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η  

since the compression through the compressor is isentropic (s2 = s1), the second-law efficiency is  

 100%==1CompII,η  

The second-law efficiency of the evaporator is determined from 

[ ] 14

1-dest,4

14014
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Evap II, 1
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XX
X

ssThhm
TTTQ

X
X LLL
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==η  

where 

  
kJ/kg 37.14

KkJ/kg )9377.05251.0)(K 298(kJ/kg )51.24493.135(
)( 1401414

=
⋅−−−=

−−−=− ssThhxx

Substituting, 

 54.4%==−=
−

−= 544.0
kJ/kg 14.37
kJ/kg 56.611

14

1-dest,4
Evap II, xx

x
η  
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11-64 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-compression cycle 
with upper cycle using water and lower cycle using refrigerant-134a as the working fluids. The mass flow rate of R-134a 
and water in their respective cycles and the overall COP of this system are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The heat 
exchanger is adiabatic. 

Analysis From the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13), 

)throttling(   kJ/kg 94.63
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 vapor  sat.

C5

78

kPa 040 @ 7
7

6
56

6

C40 @ 5

C40 @ 55

34

MPa 6.1 @ 3
3

2
12

2

C5 @ 1

C5 @ 11

=≅

==
⎭
⎬
⎫=

=
⎭
⎬
⎫

=
=

⋅==
==

⎭
⎬
⎫°−=

=≅

==
⎭
⎬
⎫=

=
⎭
⎬
⎫

=
=

⋅==
==

⎭
⎬
⎫°=

°−

°−

°

°

hh

hh
P

h
ss

P

ss
hhT

hh

hh
P

h
ss

P

ss
hhT

f

g

g

f

g

g

 

QL
-40°C 5 

6 3

8 ·

4 400 kPa 
5°C 

7
1 

1.6 MPa
2 

s 

T

The mass flow rate of R-134a is determined from 

 kg/s 0.1235=
−

=
−

=⎯→⎯−=
kJ/kg )94.63(225.86

kJ/s 20)(
85

85 hh
Q

mhhmQ L
RRL

&
&&&  

An energy balance on the heat exchanger gives the mass flow rate of water 

kg/s 0.01523=
−
−

=
−
−

=⎯→⎯

−=−

44.8581.2510
94.6359.267kg/s) 1235.0(

)()(

41

76

4176

hh
hh

mm

hhmhhm

Rw

wR

&&

&&

 

The total power input to the compressors is 

  
kJ/s 35.44

kJ/kg )1.2510.4kg/s)(5083 01523.0(kJ/kg )86.22559kg/s)(267. 1235.0(
)()( 1256in

=
−+−=

−+−= hhmhhmW wR &&&

The COP of this refrigeration system is determined from its definition, 

 0.451===
kJ/s 44.35

kJ/s 20COP
in

R W
QL
&

&
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11-65 A two-stage vapor-compression refrigeration system with refrigerant-134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined.  

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.  

Analysis  From Prob. 11-55 and the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13), 

K 303C30
K 303C30
K 243C30

kJ/kg 0.4225
kJ/kg 92.161

kg/s 01523.0
kg/s 1235.0

KkJ/kg 27423.0
KkJ/kg 24757.0

KkJ/kg 96866.0
KkJ/kg 0869.3
KkJ/kg 3435.2

KkJ/kg 0249.9

0

32

85

8

7

65

4

3

21

=°=
=°=
=°−=

=−=
=−=

=
=

⋅=
⋅=

⋅==
⋅=
⋅=
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T
T
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hhq
hhq

m
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s
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The exergy destruction during a process of a stream from an inlet state to exit state is given by  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−−==

sink

out

source

in
0gen0dest T

q
T

q
ssTsTx ie  

Application of this equation for each process of the cycle gives 

[ ]
[ ] kJ/s 417.0)96866.024757.0)(1235.0()0869.30249.9)(01523.0()303(

)()(

kJ/s 05.1
243

92.16127423.096866.0)303)(1235.0(

kJ/s 996.0)24757.027423.0)(303)(1235.0()(

kJ/s 43.3)3435.20869.3)(303)(01523.0()(

kJ/s 52.33
303

0.42250249.93435.2)K 303)(01523.0(

67R41w0exchheat  destroyed,

850R85 destroyed,

780R78 destroyed,

340w34 destroyed,

23023 destroyed,

=−+−=

−+−=

=⎟
⎠
⎞

⎜
⎝
⎛ −−=

⎟⎟
⎠

⎞
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⎝
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−−=

=−=−=
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⎛ +−=
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⎝
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ssmssmTX
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ssTmX

ssTmX

ssTmX
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q

ssTmX
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H
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&&&

&&

&&

&&

&&

 

For isentropic processes, the exergy destruction is zero: 

  
0

0

56 destroyed,

12 destroyed,

=

=

X

X
&

&

Note that heat is absorbed from a reservoir at -30°C (243 K) and rejected to a reservoir at 30°C (303 K), which is also taken 
as the dead state temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and 
perform the calculations accordingly. The greatest exergy destruction occurs in the condenser.  
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11-116 An air conditioner operates on the vapor-compression refrigeration cycle. The rate of cooling provided to the space, 
the COP, the isentropic efficiency and the exergetic efficiency of the compressor, the exergy destruction in each component 
of the cycle, the total exergy destruction, the minimum power input, and the second-law efficiency of the cycle are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.  

Analysis (a) The properties of R-134a are (Tables A-11 through A-13) 

  

KkJ/kg 4228.0
kJ/kg 26.108

kPa 180
kJ/kg 26.108

KkJ/kg 3948.0
kJ/kg 26.108

C403.63.46
kPa 1200

C3.46
KkJ/kg 9614.0

kJ/kg 64.289
C60

kPa 1200

kJ/kg 32.285
kPa 1200

KkJ/kg 9483.0
kJ/kg 14.245

C107.27.12
kPa 180

C7.12

4
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3
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 1.2 MPa

 

2 

Win
·

·

·

The cooling load and the COP are  

 
Btu/h 28,020=⎟

⎠
⎞

⎜
⎝
⎛=

=−=−=

kW 1
Btu/h 3412kW) (8.213

kW 8.213kJ/kg)26.10814.245kg/s)( 06.0()( 41 hhmQL &&

 

 

  

kW 88.10kJ/kg)26.10864.289kg/s)( 06.0()( 32 =−=−= hhmQH &&

kW 670.2kJ/kg)14.24564kg/s)(289. 06.0()( 12in =−=−= hhmW &&

 3.076===
kW 670.2
kW 213.8COP

inW
QL
&

&
 

(b) The isentropic efficiency of the compressor is 

 90.3%==
−
−

=
−
−

= 9029.0
14.24564.289
14.24532.285

12

12

hh
hh s

Cη  

The reversible power and the exergy efficiency for the compressor are 

  
[ ]

[ ]
kW 428.2

KkJ/kg)9483.0K)(0.9614 310(kJ/kg)14.245(289.64kg/s) 06.0(
)()( 12012

=
⋅−−−=

−−−= ssThhmWrev &&

 90.9%==== 90910
kW 670.2
kW 428.2

in

rev
, .

W
W

Cex &

&
η  

(c) The exergy destruction in each component of the cycle is determined as follows 

Compressor: 

  kW/K 0007827.0KkJ/kg )9483.09614.0kg/s)( 06.0()( 122gen,1 =⋅−=−=− ssmS &&

   kW 0.2426=== kW/K) 0007827.0(K) 310(2-gen,102-dest,1 STxE &&
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Condenser: 

 kW/K 001114.0
K 310
kW 88.10KkJ/kg )9614.03948.0(kg/s) 06.0()( 233gen,2 =+⋅−=+−=−

H

H

T
Q

ssmS
&

&&  

  kW 0.3452=⋅== K)kJ/kg 4K)(0.00111 (3103-gen,203-dest,2 STxE &&

Expansion valve: 

  kW/K 001678.0KkJ/kg )3948.004228.0kg/s)( 06.0()( 344gen,3 =⋅−=−=− ssmS &&

   kJ/kg 0.5203=⋅== K)kJ/kg 8K)(0.00167 (3104-gen,304-dest,3 STxE &&

Evaporator: 

 kW/K 003597.0
K 294
kW 213.8KkJ/kg )4228.09483.0(kg/s) 06.0()( 411gen,4 =−⋅−=−−=−

L

L

T
Q

ssmS
&

&&  

  kW 1.115=⋅== K)kJ/kg 7K)(0.00359 (3101-gen,401-dest,4 STxE &&

The total exergy destruction can be determined by adding exergy destructions in each component: 

  
kW 2.223=

+++=

+++=

115.15203.03452.02426.0
1-dest,44-dest,33-dest,22-dest,1totaldest, xExExExExE &&&&&

(d) The exergy of the heat transferred from the low-temperature medium is 

  kW 4470.0
294
3101kW) 213.8(1 0 =⎟

⎠
⎞

⎜
⎝
⎛ −−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−=

L
LQ T

T
QxE

L

&&
&  

This is the minimum power input to the cycle: 

  kW 0.4470==
LQxEW &

&&
minin,

The second-law efficiency of the cycle is 

 16.7%==== 0.1674
670.2

4470.0

in

minin,
II W

W
&

&
η  

The total exergy destruction in the cycle can also be determined from 

  kW 223.24470.0670.2intotaldest, =−=−=
LQExWxE &

&&

The result is the same as expected.   
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13-31 The partial pressures of a gas mixture are given. The mole fractions, the mass fractions, the mixture molar mass, the 
apparent gas constant, the constant-volume specific heat, and the specific heat ratio are to be determined.  

Properties The molar masses of CO2, O2 and N2 are 44.0, 32.0, and 28.0 kg/kmol, respectively (Table A-1). The constant-
volume specific heats of these gases at 300 K are 0.657, 0.658, and 0.743 kJ/kg⋅K, respectively (Table A-2a).   

Analysis The total pressure is 

 kPa 100505.375.12N2O2CO2total =++=++= PPPP  

Partial 
pressures 

CO2, 12.5 kPa 
O2, 37.5 kPa 
N2, 50 kPa 

The volume fractions are equal to the pressure fractions. Then, 

 

0.50

0.375

0.125

===

===

===

100
50
100

5.37
100

5.12

total

N2
N2

total

O2
O2

total

CO2
CO2

P
P

y

P
P

y

P
P

y

 

We consider 100 kmol of this mixture. Then the mass of each component are 

 
kg 1400kg/kmol) kmol)(28 50(

kg 1200kg/kmol) kmol)(32 5.37(
kg 550kg/kmol) kmol)(44 5.12(

N2N2N2

O2O2O2

CO2CO2CO2

===
===
===

MNm
MNm
MNm

 

The total mass is 

 kg 315014001200550ArO2N2 =++=++= mmmmm  

Then the mass fractions are 

 

0.4444

0.3810

0.1746

===

===

===

kg 3150
kg 1400

mf

kg 3150
kg 1200

mf

kg 3150
kg 550

mf

N2
N2

O2
O2

CO2
CO2

m

m

m

m
m
m
m
m

m

 

The apparent molecular weight of the mixture is 

 kg/kmol 31.50===
kmol 100

kg 3150

m

m
m N

m
M  

The constant-volume specific heat of the mixture is determined from 

KkJ/kg 0.6956 ⋅=
×+×+×=

++=

743.04444.0658.03810.0657.01746.0
mfmfmf N2,N2O2,O2CO2,Co2 vvvv cccc

 

The apparent gas constant of the mixture is 

 KkJ/kg 0.2639 ⋅=
⋅

==
kg/kmol 31.50

KkJ/kmol 8.314

m

u

M
R

R  

The constant-pressure specific heat of the mixture and the specific heat ratio are 

 KkJ/kg 0.9595 ⋅=+=+= 2639.06956.0Rcc vp  

 1.379=
⋅
⋅

==
KkJ/kg 0.6956
KkJ/kg 0.9595

v

p

c
c

k  
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13-34 The masses, temperatures, and pressures of two gases contained in two tanks connected to each other are given. The 
valve connecting the tanks is opened and the final temperature is measured. The volume of each tank and the final pressure 
are to be determined.  

Assumptions Under specified conditions both N2 and O2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture 

Properties The molar masses of N2 and O2 are 28.0 and 32.0 kg/kmol, respectively. The gas constants of N2 and O2 are 
0.2968 and 0.2598 kPa·m3/kg·K, respectively (Table A-1).  

Analysis The volumes of the tanks are 

 
3

3

m  2.065

m  0.322

=
⋅⋅

=⎟
⎠
⎞

⎜
⎝
⎛=

=
⋅⋅

=⎟
⎠
⎞

⎜
⎝
⎛=

kPa 150
K) K)(298/kgmkPa kg)(0.2598 (4

kPa 550
K) K)(298/kgmkPa kg)(0.2968 (2

3

O
O

3

N
N

2

2

2

2

P
mRT

P
mRT

V

V

 
4 kg O2

25°C 
150 kPa 

2 kg N2

25°C 
550 kPa 

333
ONtotal m .3862m 065.2m 322.0

22
=+=+= VVV  

Also, 

 
kmol 0.125

kg/kmol 32
kg 4

kmol 0.07143
kg/kmol 28

kg 2

2

2

2

2

2

2

O

O
O

N

N
N

===

===

M
m

N

M
m

N

 

 kmol 0.1964kmol 0.125kmol 07143.0
22 ON =+=+= NNNm  

Thus, 

 kPa 204=
⋅⋅

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 3

3

m 2.386
K) K)(298/kmolmkPa 4kmol)(8.31 (0.1964

m

u
m

TNR
P

V
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13-55 The volume fractions of components of a gas mixture are given. This mixture is expanded isentropically to a 
specified pressure. The work produced per unit mass of the mixture is to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats.  

Properties The molar masses of H2, He, and N2 are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-1). The constant-
pressure specific heats of these gases at room temperature are 14.307, 5.1926, and 1.039 kJ/kg⋅K, respectively (Table A-
2a).   

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 

 
kg 840kg/kmol) kmol)(28 30(

kg 016kg/kmol) kmol)(4 40(
kg 06kg/kmol) kmol)(2 30(

N2N2N2

HeHeHe

H2H2H2

===
===
===

MNm
MNm
MNm

 30% H2
40% He 
30% N2 

 (by volume) 
5 MPa, 600°C 

The total mass is 

 kg 106084016060N2HeH2 =++=++= mmmmm  

Then the mass fractions are 

 

0.7925
kg 1060
kg 840mf

0.1509
kg 1060
kg 160mf

0.05660
kg 1060

kg 60
mf

N2
N2

He
He

H2
H2

===

===

===

m

m

m

m
m
m
m
m
m

 

The apparent molecular weight of the mixture is 

 kg/kmol 10.60
kmol 100

kg 1060
===

m

m
m N

m
M  

The constant-pressure specific heat of the mixture is determined from 

KkJ/kg 417.2
039.17925.01926.51509.0307.1405660.0

mfmfmf N2,N2He,HeH2,H2

⋅=
×+×+×=

++= pppp cccc

 

The apparent gas constant of the mixture is 

 KkJ/kg 0.7843
kg/kmol 10.60

KkJ/kmol 8.314
⋅=

⋅
==

m

u

M
R

R  

Then the constant-volume specific heat is 

 KkJ/kg 633.17843.0417.2 ⋅=−=−= Rcc pv  

The specific heat ratio is 

 480.1
633.1
417.2

===
vc

c
k p  

The temperature at the end of the expansion is 

 K 307
kPa 5000
kPa 200)K 873(

0.48/1.48/)1(

1

2
12 =⎟

⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− kk

P
P

TT  

An energy balance on the adiabatic expansion process gives 

 kJ/kg 1368=−⋅=−= K )307873)(KkJ/kg 417.2()( 21out TTcw p  
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13-56 The mass fractions of components of a gas mixture are given. This mixture is enclosed in a rigid, well-insulated 
vessel, and a paddle wheel in the vessel is turned until specified amount of work have been done on the mixture. The 
mixture’s final pressure and temperature are to be determined. 

Assumptions All gases will be modeled as ideal gases with constant specific heats.  

Properties The molar masses of N2, He, CH4, and C2H6 are 28.0, 4.0, 16.0, and 30.0 kg/kmol, respectively (Table A-1). The 
constant-pressure specific heats of these gases at room temperature are 1.039, 5.1926, 2.2537, and 1.7662 kJ/kg⋅K, 
respectively (Table A-2a). 

Analysis We consider 100 kg of this mixture. The mole numbers of each component are 

 

kmol 6667.0
kg/kmol 30

kg 20

kmol 75.3
kg/kmol 16

kg 60

kmol 25.1
kg/kmol 4

kg 5

kmol 5357.0
kg/kmol 28

kg 15

C2H6

C2H6
C2H6

CH4

CH4
CH4

He

He
He

N2

N2
N2

===

===

===

===

M
m

N

M
m

N

M
m

N

M
m

N

 

15% N2
5% He 

60% CH4
20% C2H6
(by mass) 

10 m3

200 kPa 
20°C 

Wsh

The mole number of the mixture is 

kmol 2024.66667.075.325.15357.0C2H6CH4HeN2 =+++=+++= NNNNN m  

The apparent molecular weight of the mixture is 

 kg/kmol 16.12
kmol 6.2024
kg 100

===
m

m
m N

m
M  

The constant-pressure specific heat of the mixture is determined from 

KkJ/kg 2.121
7662.120.02537.260.01926.505.0039.115.0

mfmfmfmf C2H6,C2H6CH4,CH4He,HeN2,N2

⋅=
×+×+×+×=

+++= ppppp ccccc

 

The apparent gas constant of the mixture is 

 KkJ/kg 0.5158
kg/kmol 16.12

KkJ/kmol 8.134
⋅=

⋅
==

m

u

M
R

R  

Then the constant-volume specific heat is 

 KkJ/kg 1.6055158.0121.2 ⋅=−=−= Rcc pv  

The mass in the container is 

 kg 13.23
K) K)(293/kgmkPa (0.5158

)m kPa)(10 (200
3

3

1

1 =
⋅⋅

==
RT

P
m m

m
V

 

An energy balance on the system gives 

 K 297.7=
⋅

+=+=⎯→⎯−=
K)kJ/kg 605.1(kg) 23.13(

kJ 100K) 293()( insh,
1212insh,

v
v cm

W
TTTTcmW

m
m  

Since the volume remains constant and this is an ideal gas, 

 kPa 203.2===
K 293
K 7.297kPa) 200(

1

2
12 T

T
PP  

PROPRIETARY MATERIAL
preparation.  If you are a student using this Manual, you are using it without permission. 

. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course  



 13-44

13-67 A mixture of hydrogen and oxygen is considered. The entropy change of this mixture between the two specified 
states is to be determined.  

Assumptions Hydrogen and oxygen are ideal gases.  

Properties The gas constants of hydrogen and oxygen are 4.124 and 0.2598 kJ/kg⋅K, respectively (Table A-1).  

Analysis The effective gas constant of this mixture is 

KkJ/kg 5350.1)2598.0)(67.0()1240.4)(33.0(mfmf O2O2H2H2 ⋅=+=+= RRR Since the temperature of the two 
states is the same, the entropy change is determined from 

KkJ/kg 2.470 ⋅=⋅−=−=−
kPa 750
kPa 150ln)KkJ/kg 5350.1(ln

1

2
12 P

P
Rss  

 

 

 

13-68 A piston-cylinder device contains a gas mixture at a given state. Heat is transferred to the mixture. The amount of 
heat transfer and the entropy change of the mixture are to be determined. 
Assumptions 1 Under specified conditions both H2 and N2 can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 Kinetic and potential energy changes are negligible. 
Properties The constant pressure specific heats of H2 and N2 at 450 K are 14.501 kJ/kg.K and 1.049 kJ/kg.K, respectively. 
(Table A-2b).  
Analysis (a) Noting that P2 = P1 and V2 = 2V1, 

0.5 kg H2
1.6 kg N2
100 kPa 
300 K  

 ( )( ) K 600K 30022
2

11
1

1
2

1

11

2

22 ====⎯→⎯= TTT
T

P
T

P
V

VVV
 

From the closed system energy balance relation, 

E E E

Q W U Q Hb

in out system

in out in      

− =

− = → =

∆

∆ ∆,
 

Q

since Wb and ∆U combine into ∆H for quasi-equilibrium constant pressure processes. 

 

( )[ ] ( )[ ]
( )( )( ) ( )( )( )

kJ 2679=
−⋅+−⋅=

−+−=∆+∆=∆=

K300600KkJ/kg 1.049kg 1.6K300600KkJ/kg 14.501kg 0.5
2222 N12avg,H12avg,NHin TTmcTTmcHHHQ pp

 

(b) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
the mixture during this process is 
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14-73 Saturated humid air at a specified state is heated to a specified temperature. The relative humidity at the exit and the 
rate of heat transfer are to be determined.  

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

)( 21 aaa mmm &&& ==

Analysis The amount of moisture in the air remains constant (ω 1 = ω 2) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be  

airdry  kJ/kg 60.28kJ/kg) (2528.3(0.005350)+C)C)(15kJ/kg 005.1(

air dry  O/kgH kg 0.005350
kPa )7057.1(200

kPa) 7057.1(622.0 622.0

airdry  kg/m 4168.0

kPa 29.198
K) K)(288kg/mkPa 287.0(

kPa 29.1987057.1200

kJ/kg 3.2528
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1111

2
11

1
1

3

3

1

1
1

111

C15@ 1

C15@sat 1111

=°°⋅=+=

=
−

=
−

=

=

⋅⋅
=

=

=−=−=

==

====

°

°

gp

v

v

a

a

va

gg

gv

hTch

PP
P

P
TR

PPP

hh

PPP

ω

ω

φφ

v

 

Heating
coils 

  

15°C 
100% RH
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Then, 
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From the energy balance on air in the heating section, 

  kW 0.918=−=−= kJ/kg)60.2882.kg/s)(43 06029.0()( 12in hhmQ a&
&
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14-78 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of 
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

( & & & )m m ma a a1 2= =

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 

airdry  /kgm 809.0

)(air dry  O/kgH kg 0053.0
airdry  kJ/kg 5.23

3
1

221

1

=

==
=

v

ωω
h

 

10°C 
70% 
35 m3/min 

AIR 

1 atm 

Heating 
coils

1 2 

20°C
60% 

Sat. vapor 
100°C 

Humidifier

3

air dry  O/kgH kg 0087.0
airdry  kJ/kg 3.42

23

3

=
=

ω
h

 

Analysis (a) The amount of moisture in the air remains 
constant it flows through the heating section (ω 1 = ω 2), 
but increases in the humidifying section (ω 3 > ω 2). The 
mass flow rate of dry air is 

 kg/min 3.43
kg/m 809.0

min/m 35
3

3

1

1 ===
v
V&

& am  

Noting that Q = W =0, the energy balance on the humidifying section can be expressed as 

  

& & &

& &

& & & & &

( )

E E E

E E

m h m h m h m h m h

h h h
i i e e w w a a

w

in out system
 (steady)

in out

− = =

=

∑ = ∑ ⎯ →⎯ + =

− + =

∆ 0

2 2 3

3 2 2

0

ω ω 3

Solving for h2, 

 airdry  kJ/kg 2.33)6.2675)(0053.00087.0(3.42)( C100@2332 =−−=−−= °ghhh ωω  

Thus at the exit of the heating section we have ω2 = 0.0053 kg H2O dry air and h2 = 33.2 kJ/kg dry air, which completely 
fixes the state.  Then from the psychrometric chart we read 

  
37.8%

C19.5

2 =
°=

φ
2T

(b) The rate of heat transfer to the air in the heating section is 

  kJ/min 420=−=−= kJ/kg )5.23.2kg/min)(33 3.43()( 12in hhmQ a&
&

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation 
of water in the humidifying section, 

 kg/min 0.15=−=−= )0053.00087.0kg/min)( 3.43()( 23 ωωaw mm &&  
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14-82 Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the rate of 
cooling are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

)( 21 aaa mmm &&& ==

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 

airdry  /kgm 881.0

airdry  O/kgH kg 0202.0
airdry  kJ/kg 6.79
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ω
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12
Condensate 

Condensate 
removal 20°C
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T
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5°dp1=2
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φ 2 =100%

air dry  O/kgH kg 0130.0
airdry  kJ/kg 0.51

0.1

22

2

2

=
=
=

ω

φ
h  

Also, 

kJ/kg 915.83C20@ =≅ °fw hh     (Table A-4) 

Analysis  The amount of moisture in the air decreases due to dehumidification (ω 2 < ω 1). The mass flow rate of air is 

 kg/s 153.3
airdry  kg/m 881.0

s/m )3600/000,10(
3

3

1

1
1 ===

v

V&
& am  

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 

Water Mass Balance:   

waaewiw mmmmm &&&&& +=⎯→⎯∑=∑ 2211,, ωω  

 kg/s 0.0227=−=−= )0130.00202.0kg/s)( 153.3()( 21 ωωaw mm &&  

Energy Balance: 
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14-90 Atmospheric air enters the evaporator of an automobile air conditioner at a specified pressure, temperature, and 
relative humidity. The dew point and wet bulb temperatures at the inlet to the evaporator section, the required heat transfer 
rate from the atmospheric air to the evaporator fluid, and the rate of condensation of water vapor in the evaporator section 
are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process . 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

( & & & )m m ma a a1 2= =

Analysis The inlet and exit states of the air are completely specified, and the total pressure is 1 atm.  The properties of the 
air at the inlet and exit states may be determined from the psychrometric chart (Fig. A-31) or using EES psychrometric 
functions to be (we used EES)  

1 atm   

Cooling coils 

1 2
Condensate 

Condensate 
removal

airdry  O/kgH kg 00686.0
airdry  kJ/kg 35.27

airdry  kg/m 8655.0

airdry  O/kgH kg 01115.0
airdry  kJ/kg 60.55
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21
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ω

ω

h

h
T

T

v

C19.5
     C15.7

 
T1 =27°C
φ 1 = 50%

T2 =10°C
φ 2 = 90%

10°C
The mass flow rate of dry air is 

kg/min 55.11
m 0.8655

n)changes/mi /change)(5m 2(ACH
3

3

1

car

1

1 ====
v

V

v

V&
& am  

The mass flow rates of vapor at the inlet and exit are 

 kg/min 0.1288kg/min) 55.11)(01115.0(11 === av mm && ω  

 kg/min 0.07926kg/min) 55.11)(00686.0(22 === av mm && ω  

An energy balance on the control volume gives 

  22out1 wwaa hmhmQhm &&&& ++=

where the the enthalpy of condensate water is     

4)-A (Table     kJ/kg 02.42C10 @2 == °fw hh  

and the rate of condensation of water vapor is 

 kg/min 0.0495=−=−= 07926.01288.021 vvw mmm &&&  

Substituting,  

kW 5.41==

++=

++=

kJ/min 4.324

kJ/kg) .02kg/min)(42 0495.0(kJ/kg) .35kg/min)(27 55.11(kJ/kg) .60kg/min)(55 55.11(
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Discussion We we could not show the process line between the states  1 and 2 because we do not know the process path. 
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14-110 Two airstreams are mixed steadily. The temperature and the relative humidity of the mixture are to be determined. 

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be 

airdry  /kgm 914.0

airdry  O/kgH kg 0187.0
airdry  kJ/kg 5.88

3
1

21

1

=

=
=

v

ω
h

    

P = 1 atm 
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Analysis The mass flow rate of dry air in each stream is 

kg/s 001208.0
airdry  kg/m 828.0

s/m 001.0
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From the conservation of mass, 

kg/s 00449.0kg/s )001208.0003282.0(213 =+=+= aaa mmm &&&  

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 

 

5.88
7.36

0187.0
0085.0

001208.0
003282.0

3

3

3

3

13

32

13

32

2

1

−
−

=
−

−
=

−
−

=
−
−

=

h
h

hh
hh

m
m

a

a

ω
ω

ωω
ωω

&

&

 

which yields 

  
airdry  kJ/kg 6.74

airdry  O/kgH kg 0.0160

3

23

=
=

h
ω

These two properties fix the state of the mixture.  Other properties of the mixture are determined from the psychrometric 
chart: 
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14-111 Two airstreams are mixed steadily. The rate of exergy destruction is to be determined.  

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be 

airdry  /kgm 914.0

airdry  O/kgH kg 0187.0
airdry  kJ/kg 5.88
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airdry  /kgm 828.0

airdry  O/kgH kg 0085.0
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The entropies of water vapor in the air streams are 

KkJ/kg 7803.8

KkJ/kg 2556.8
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Analysis The mass flow rate of dry air in each stream is 

kg/s 001208.0
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From the conservation of mass, 

kg/s 00449.0kg/s )001208.0003282.0(213 =+=+= aaa mmm &&&  

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 
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which yields 

  
airdry  kJ/kg 6.74

airdry  O/kgH kg 0.0160

3

23

=
=

h
ω

These two properties fix the state of the mixture.  Other properties of the mixture are determined from the psychrometric 
chart: 

  
0.493

C33.4

3

3

=
°=

φ
T

The entropy of water vapor in the mixture is 

KkJ/kg 3833.8C4.33@ 3 ⋅== °gg ss  

An entropy balance on the mixing chamber for the water gives 
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kW/K 10426.5
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The partial pressures of water vapor and dry air for all three air streams are 
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An entropy balance on the mixing chamber for the dry air gives 
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The rate of entropy generation is 

kW/K 1039.1010426.510964.4 666
gen

−−− ×=×+×=∆+∆= wa SSS &&&  

Finally, the rate of exergy destruction is 

  kW 0.0031=×== − kW/K) 1039.10K)( 298( 6
gen0dest STX &&
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14-115 Water is cooled by air in a cooling tower. The relative humidity of the air at the exit and the water’s exit 
temperature are to be determined. 
Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 
Analysis The mass flow rate of dry air through the tower remains constant )( 21 aaa mmm &&& == , but the mass flow rate of 
liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.  
The water lost through evaporation must be made up later in the cycle to maintain steady operation.  Applying the mass and 
energy balances yields 
Dry Air Mass Balance: 

aaaeaia mmmmm &&&&& ==⎯→⎯∑=∑ 21,,  

Water Mass Balance: 

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course 

makeup1243

224113,,

)( mmmm
mmmmmm

a

aaewiw

&&&&

&&&&&&

=−=−

+=+→∑=∑

ωω

ωω  

Energy Balance:  

334makeup312

33114422

outin

(steady) 0
systemoutin

)()(0
0
0

)0== (since     

0

hmhmmhhm
hmhmhmhm

hmhm
WQhmhm

EE

EEE

a

aa

iiee

eeii

&&&&

&&&&

&&

&&&&

&&

&&&

−−+−=
−−+=

∑−∑=
∑=∑

=

=∆=−

 

1

2 

4

20°C 
ω=0.014

WARM 
WATER 

32°C 
4 kg/s

COOL 
WATER

1 atm 
 15°C 
20% 
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AIR 
EXIT 

Solving for h4, 
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Makeup water From the psychrometric chart (Fig. A-31), 

  

airdry  /kgm 819.0

airdry  O/kgH kg 00211.0
airdry  kJ/kg 4.20
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and 
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=
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airdry  kJ/kg 7.55

2

2

φ
h

From Table A-4, 

  OH kJ/kg 1.134 2C32@3 =≅ °fhh

Also, kg/s .0500)00211.04kg/s)(0.01 2.4()( 12makeup =−=−= ωωamm &&  

Substituting, 

 OH kJ/kg 31.98
050.04
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2
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The exit temperature of the water is then (Table A-4) 
  

 

C23.4°== = kJ/kg 31.98@sat4 fhTT
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15-18 n-Octane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water in the 
products and the mass fraction of each reactant are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, H2O, O2, and N2 only.  

Properties The molar masses of C, H2, O2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 

Analysis The reaction equation for 100% theoretical air is 

Products
C4H10

Air

100% 
theoretical 

Combustion 
chamber 

[ ] 22222th188 N OH CO 3.76NOHC EDBa ++⎯→⎯++  

where ath is the stoichiometric coefficient for air. The coefficient ath 
and other coefficients are to be determined from the mass balances 

Carbon balance:  B = 8 
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=×=⎯→⎯=× EEa  

Substituting, the balanced reaction equation is 

 N 47OH 9CO 83.76NO5.12HC ++⎯→⎯++  

ass of each product and the total mass are 

 

=++=++=
===
===
==

mmmm
MNm

MNm
 

hen the mass fractions are 

Hydrogen balance: D 9182 =⎯→⎯= D

Oxygen balance:   5.12)982(5.022 thth =+×=⎯→⎯+= aDBa

Nitrogen balance:  4776.35.1276.3th

[ ] 22222188

The m

kg 18301316162352
kg 1316kg/kmol) kmol)(28 47(
kg 162kg/kmol) kmol)(18 9(
kg 352kg/kmol) kmol)(44 8(

H2ON2CO2total

N2N2N2

H2OH2OH2O

CO2CO2CO2 = MNm

T

0.0885===
kg 162mf H2O

H2O
m

  

0.7191===
kg 1830

mf
total

N2
N2 m

0.1923===

kg 1316
kg 1830

kg 1830
kg 352mf

total

total

CO2
CO2

m
m

m
m

ass of water per unit mass of fuel burned is 

 

The m

1882 HC O/kgH kg 1.421=
×
×

=
kg )114(1
kg )18(9

C8H18

H2O

m
m

 

ass of each reactant and the total mass are 

 

The m

kg 5.18395.1725114
kg 5.1725kg/kmol) kmol)(29 76.45.12(

kg 114kg/kmol) kmol)(114 1(

airC8H18total

airairair

C8H18C8H18C8H18

=+=+=
=×==

===

mmm
MNm

MNm
 

Then the mass fractions of reactants are 

 
0.9380

0.0620

===

===

kg 1839.5
kg 1725.5mf

kg 1839.5
kg 114mf

total

air
air

total

C8H18
C8H18

m
m
m

m
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15-27 Butane C4H10 is burned with 200 percent theoretical air. The kmol of water that needs to be sprayed into the 
combustion chamber per kmol of fuel is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, H2O, O2, and N2 only.  

Properties The molar masses of C, H2, O2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 

Analysis The reaction equation for 200% theoretical air without the additional water is 

 [ ] 222222th104 N O OH CO 3.76NO2HC FEDBa +++⎯→⎯++  

where ath is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2a  instead of ath

Carbon balance:  B = 4 
th for air. The coefficient ath and other coefficients are to be determined from the mass balances 
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Hydrogen balance:  5102 =⎯→⎯= DD

Oxygen balance:  EDBa 2222 th ++=×  

    

bove equations, we find the coefficients (E = 6.5, F = 48.88, and ath = 6.5) and write the balanced reaction 
n as 

ith the a itional water sprayed into the combustion chamber, the balanced reaction equation is 

N 88.48O +  

he partial pressure of water in the satu  product mixture at the dew point is 

 

he vapor mole fraction is  

 

Products 
C4H10

Air

200%
theoretical

Ea =th

Nitrogen balance:  Fa =× 76.32 th  

Solving the a
equatio

 [ ] 222222104 N 88.48O 5.6OH 5CO 43.76NO13HC +++⎯→⎯++  

W dd

 [ ] 22222104 5.6OH )5(CO 4OH 3.76NO13HC +++⎯→⎯+++ vv NN 22

T rated

 Csat@60prod, == °PPv kPa 95.19

T

1995.0
kPa 100
kPa 95.19prod,Pv

prod
===

P
yv  

The amount of water that needs to be sprayed into the combustion chamber can be determined from 

kmol 9.796=⎯→⎯
++++

+
=⎯→⎯= v

v

v
v N

N
N

N
N

y
88.485.654

5
1995.0

producttotal,

water  
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15-51 The higher and lower heating values of liquid propane are to be determined and compared to the listed values. 

Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, H2O, and N2. 3 Combustion gases are 
ideal gases. 

Properties The molar masses of C, O2, H2, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1). 

Analysis  The combustion reaction with stoichiometric air is 

( ) 2222283 N8.18OH4CO33.76NO5)(HC ++⎯→⎯++l  

Air 
theoretical 

Products
C3H8

Combustion 
chamber 

Both the reactants and the products are taken to be at the standard 
reference state of 25°C and 1 atm for the calculation of heating values. 
The heat transfer for this process is equal to enthalpy of combustion. 
Note that N2 and O2 are stable elements, and thus their enthalpy of 
formation is zero. Then, 

 ( ) ( ) ( )
C3H8H2OCO2,,

ooooo
fffRfRPfPRPC hNhNhNhNhNHHhq −+=−=−== ∑∑  

The h f
o  of liquid propane is obtained by adding hfg  of propane at 25°C to h f

o  of gas propane (103,850 + 44.097 × 335
118,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then,  

 = 

propane kJ/kmol ,260205,2
)kJ/kmol 620,118)(kmol 1()kJ/kmol 285,830)(kmol 4(kJ/kmol) 393,520)(kmol 3(

−=
−−−+−=Ch

 

The HHV of the liquid propane is  
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 83HC kJ/kg 50,010===
83

83

HC kg/kmol 44.097
HHV

m

C

M
 

− HC kJ/kmol 2,205,260h

The listed value from Table A-27 is 50,330 kJ/kg. For the LHV, the water in the products is taken to be vapor. Then,  

l
)kJ/kmol 620,118)(kmol 1()kJ/kmol 241,820)(kmol 4(kJ/kmol) 393,520)(kmol 3( −−−+−=h

 

HV of the propane is then 

kJ/kmo ,220029,2−=
C

propane 

The L

 83HC kJ/kg 46,020==
− HC kJ/kmol 2,029,220h

=
83

83

HC kg/kmol 44.097
LHV

m

C

M
 

The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical. 
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15-66 A mixture of propane and methane is burned with theoretical air. The balanced chemical reaction is to be written, and 
the amount of water vapor condensed and the the required air flow rate for a given heat transfer rate are to be determined. 
Assumptions 1 Combustion is complete. 2 The combustion products contain 
CO2, CO, H2O, O2, and N2 only.  
Properties The molar masses of C, H2, O2, N2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 
Analysis (a) The balanced reaction equation for stoichiometric air is 

[ ] 2th2222th483 N 76.3OH 8.2CO 1.83.76NOCH 6.0HC 0.4 ×++⎯→⎯+++ aa  

The stoicihiometric coefficient ath is determined from an O2 balance: 
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=+=a  CO2, H2O, 
N2

C3H8, CH4

Air

100% theoretical

Combustion 
chamber 

2.34.18.1th

 
Substituting, 

[ ] 22222483 N 032.12OH 8.2CO 1.83.76NO2.3CH 6.0HC 0.4 ++⎯→⎯+++  

(b) The partial pressure of water vapor is 

kPa 84.16kPa) 100(
kmol 632.16

kPa) 100(
032.128.28.1total

total

H2O ==
++

== P
N

Pv  kmol 8.28.2N

The dew point temperature of the pro e saturation temperature of water at this pressure: 

s

) The heat transfer for this combustion process is determined from the energy balance  applied on 

duct gases is th
C56.2kPa 16.84 sat@ °==TTdp   (Table A-5) 

Since the temperature of the product gases are at 398 K (125°C), there will be no conden ation of water vapor.  

systemoutin EEE ∆=−(c
the combustion chamber with W = 0. It reduces to 

 ( ) ( )∑ ∑ −+−−+=− hhhNhhhN oooo  
RfRPfPout

ducts are at 125 oC, and the ent

Q

The pro halpy of products can be expressed as 

( ) Tch h p∆=− o  

re hen, using the values given in the table, 

−−−−
×+

whe . TK 100C10025125 =°=−=∆T

)850,74)(6.0()850,103)(4.0(
)10027.290)(032.12()10028.34820,241)(8.2()10016.41520,393)(8.1(out +−+×+−=−Q +×

 
fuel kmolkJ 760,246,1 /−=

 

r  /=Q  

00 kJ/h, the molar flow rate of fuel is 

o fuel kmolkJ 760,246,1out

For a heat transfer rate of 97,0

fuel/h kmol 07780.0
fuel kJ/kmol 760,246,1

kJ/h 000,97

out

ou
fuel =

Q
N

&
& t ==

Q
 

he molar mass of the fuel mixture is 
=  

he mass flow rate of fuel is 

 

The air-fuel ratio is 

 

T
 166.0444.0fuel ×+×=M kg/kmol 2.27

T

kg/h 116.2kg/kmol) 2.27)(kmol/h 07780.0(fuelfuelfuel === MNm &&  

fuel air/kg kg 16.24
kg )160.644(0.4

kg )2976.4(3.2AF
fuel

air =
×+×

××
==

m
m

 

The mass flow rate of air is then 
 kg/h 34.4=== )24.16)kg/h 116.2(AFfuelair mm &&  
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15-73 A high efficiency gas furnace burns gaseous propane C3H8 with 140 percent theoretical air. The volume flow rate of 
water condensed from the product gases is to be determined. 
Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, H2O, O2, and N2 only.  
Properties The molar masses of C, H2, O2 and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 
Analysis The reaction equation for 40% excess air (140% theoretical air) is 

  [ ] 222222th83 N O OH CO 3.76NO4.1HC FEDBa +++⎯→⎯++

where ath is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the 
factor 1.4ath instead of ath for air. The coefficient ath and other coefficients are to be determined from the mass balances 

Carbon balance:  B = 3 
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Products

 

C3H8

25°C

Air

40% excess

Q 

Combustion 
chamber 

Hydrogen balance: D 482 =⎯→⎯= D
Oxygen balance:  EDBa 224.12 th ++=×  

    4. Ea =th0  

Nitrogen balance:  Fa =× 76.34.1 th  
Solving the above equations, we find the coefficients (E = 2,               

 = 26.32, nd a  = 5) and write the balanced reaction equation as F  a th

he partial pressure of water in the saturated product mixture at the dew point is 
 

he vapor mole fraction is  

 

 [ ] 22222283 N 32.26O 2OH 4CO 33.76NO 7HC +++⎯→⎯++  
T
 Csat@40prod, == °PPv kPa 3851.7

T

07385.0
kPa 100

kPa 3851.7prod,Pv

prod
===

P
yv  

The kmoles of water condensed is determined from 

kmol 503.1
32.26243

407385.0 w
w

w

producttotal,

waterN
=⎯→⎯

++−+
−

=⎯→⎯= N
N

N
N

y  

ady-flow energy balance is expressed as 

 &&& +=  

where 

v

The ste

PR HNQHN fuelfuelfuel

kJ/h 969,32
0.96

kJ/h 650,31

furnace

out
fuel ===

η
QQ
&

&  

kJ/kmol 847,10326.7(0)kJ/kmol) 847,103( ++−= 32(0)

32.267 CN2@25CO2@25Cfuel@25

−=

++= °°°
hhhH o

fR  

kJ/kmol 10577.2

kJ/kmol) 830,285(503.1)0(32.26)0(2kJ/kmol) (-241,8204kJ/kmol) 520,393(3

)(32.26243

6

H2O(liq)wCN2@25CO2@25CH2O@25CCO2@25

+−=

°°°P

×−=

−+++

++++= °
o
fhNhhhhH

 

tion, 

 

The molar and mass flow rates of the liquid water are 

The volume flow rate of liquid water is 
 

Substituting into the energy balance equa
&&

kmol/h 01333.0)kJ/kmol 10577.2(kJ/h 969,32)kJ/kmol 847,103( fuel
6

fuelfuel

fuelfuelfuel

=⎯→⎯×−+=−

+=

NNN

HNQHN PR

&&&

&

kmol/h  0.02003fuel/h) kmol  333fuel)(0.01 kmol/kmol  503.1(fuelww === NNN &&  

kg/h  0.3608kg/kmol)  kmol/h)(18  02003.0(www === MNm &&  

L/day  8.7==== ° /hm  0.0003619kg/h)  8/kg)(0.360m  001003.0()( 33
wC@25 w mf && vV  
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15-80 Propane is burned with stoichiometric and 50 percent excess air. The adiabatic flame temperature is to be determined 
for both cases. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.  

Analysis Under steady-flow conditions the energy balance systemoutin EEE ∆=−  applied on the combustion chamber with 
Q = W = 0 reduces to  

( ) ( ) ( ) ooooooo
RfRPfPRfRPfP hNhhhNhhhNhhhN ,∑ ∑∑ ∑ =−+⎯→⎯−+=−+  
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Products

TP

C3H8

25°C 

Air 

100% 
theoretical air 

Combustion 
chamber 

since all the reactants are at the standard reference temperature of 25°C. Then, for the stoicihiometric air 

here ath is the stoichio etric coefficient and is determined from the O2 balance, 

Thus,   

)N 76.3O( 5HC ++⎯→⎯++  

Fr s, 

 

Thus, 

2th2222th83 N 76.3OH 4CO 3)N 76.3O(HC ×++⎯→⎯++ aa  

w m

523th =+=a   

2222283 N 8.18OH 4CO 3

om the table

 

e Substanc

o
fh  

kJ/kmol 

K298h  

ol 

H8 (g) 3,850 

kJ/km

C3 -10 --- 

O2 0 8682 

N2 0 8669 

H2O (g) -241,820 9904 

-393,520 9364 CO2

 

( ) ( ) ( ) ( ) 00850,103)1(86690)8.18(9904820,241)4(9364520,393)3( N2H2OCO2 ++−=−++−+−+−+− hhh  

It yields  kJ 680,274,28.1843 N2H2OCO2 =++ hhh  

The adiabatic flame temperature is obtained from a trial and error solution.  A first guess is obtained by dividing the right-
e equation by the total number of moles, which yields 2,274,680/(3 + 4 + 18.8) = 88,166 kJ/kmol. This 

e corresponds to about 2650 K for N2. Noting that the majority of the moles are N2, TP will be close to 2650 K, 
but somewhat under it because of the higher specific heat of H2O. 

At 2500 K: 

hand side of th
enthalpy valu

kJ) 2,274,680an (Higher th  kJ 380,389,2
981,828.18868,1084290,13138.1843 CO2h N2H2O

=
×+×+×=++ hh  

At 2450 K: 

kJ) 2,274,680an (Higher th  kJ 990,334,2
149,818.18183,1064219,12838.1843 N2H2OCO2

=
×+×+×=++ hhh      

At 2400 K: 

     
kJ) 2,274,680an (Higher th  kJ 704,280,2

320,798.18508,1034152,12538.1843 N2H2OCO2

=
×+×+×=++ hhh  
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At 2350 K: 

kJ) 2,274,680n (Lower tha  kJ 580,226,2
496,778.18846,1004091,12238.1843 N2H2OCO2h     

=

Products

TP

C3H8

25°C 

Air 

50% excess air 
25°C 

Combustion
chamber 

×+×+×=++ hh  

By inter   

TP  =  2394 K = 2121°C 

When propane is burned with 50% excess air, the reaction equation may be written as 

N76.3×× a  

here ath is the stoichiometric coefficient and is determined from the O2 balance, 

 

  N2.28O5.2OH43CO)N76.3O(5.7HC +++⎯→⎯++  

he values in the table, 

polation of the two results, 

 

2th2222th83 5.1O5.0OH43CO)N76.3O(5.1HC +×++⎯→⎯+×+ aa 2th

w

50.5231.5 ththth =⎯→⎯++= aaa   

Thus,  

   22222283

 

Using t

( ) ( ) ( ) ( ) ( )
86820)5.2(9904820,241)4(9364520,393)3 −++−+−+−+− hhh

( ) 00850,103186690)2.28( N2

O2H2OCO2

++−=−++ h
 

It yields  

(

kJ 870,377,22.285.243 N2O2H2OCO2 =+++ hhhh  

The adiabati
hand side of th

c flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-
e equation by the total number of moles, which yields 2,377,870/(3+4+2.5+28.2) = 63,073 kJ/kmol.  This 

enthalpy v e corresponds to about 1960 K for N2. Noting that the majority of the moles are N2, TP will be close to 1960 K, 
under it because of the higher specific heat of H2O. 

At 1800 K: 

alu
but somewhat 

kJ) 2,377,870n (Lower tha  kJ 160,333,2
651,572.28371,605.2513,724806,8832.285.243 N2O2H2OCO2

=
×+×+×+×=+++ hhhh  

At 1840 K: 

kJ) 2,377,870an (Higher th  kJ 190,392,2
075,592.28866,615.2506,744196,9132.285.243 N2O2H2OCO2

=
×+×+×+×=+++ hhhh  

By interpolation,   

TP  =  1830 K = 1557°C 
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15-89 Ethylene gas is burned steadily with 20 percent excess air. The temperature of products, the entropy generation, and 
the exergy destruction (or irreversibility) are to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible.  

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO2, H2O, N2, and 
some free O2.  Considering 1 kmol of C2H4, the combustion equation can be written as 

( ) ( ) ( )( ) 2th2th2222th42 N3.761.2O0.2O2H2CO3.76NO1.2gHC aaa +++⎯→⎯++  

 be determined from the steady-flow energy equation, which reduces 
 

 

where ath is the stoichiometric coefficient and is determined from the O2 balance, 

  1.2 2 1 0.2 3th th tha a a= + + ⎯→⎯ =

Products 

TP

C2H4

25°C 

Air 

20% excess air 
25°C 

Combustion
chamber 

Thus,  

  ( ) ( ) 22222242 13.54N0.6OO2H2CO3.76NO3.6HC +++⎯→⎯++g  

Under steady-flow conditions, the exit temperature of the product gases 
can
to

( ) ( )
42HC, fRfRPfP

oooo hNhNhhhN ==−+ ∑∑  

nce all the reactants are at the standard reference state, and  for O2 and N2.  From the tables, 

 

Substance 

si

 hf
o  

kJ/kmol 

h298 K  

mol 

H4 (g) ,280 

kJ/k

C2 52 --- 

O2 0 8682 

N2 0 8669 

H2O (g) 

CO2 -393,520 9364 

ubstitutin , 

-241,820 9904 

 

S g

 
( )( ) ( )( )

( )( ) ( )( ) ( )( )280,5218669054.13868206.0            
9904820,24129364520,93

22

22

NO

OHCO

=−++−++

−+−+−+

hh
hh

 

or, 

32 −

 kJ 083,484,154.136.022
2CO +h

222 NOOH =++ hhh  

T 2269.6 K 

By trial and error,     

P  =  

(b)  The entropy generation during this adiabatic process is determined from 

 S S S N s N sP R P P R Rgen = − = −∑ ∑  

The C
in ir an

2H4 is at 25°C and 1 atm, and thus its absolute entropy is 219.83 kJ/kmol·K (Table A-26).  The entropy values listed 
 the ideal gas tables are for 1 atm pressure.  Both the a d the product gases are at a total pressure of 1 atm, but the 

entropies are to be calculated at the partial pressure of the components which is equal to Pi = yi Ptotal, where yi is the mole 
fraction of component i .  Also, 

 ( ) ( ) ( )( )miuiiiiii PyRPTsNPTsNS ln,, 0 −== o  

PROPRIETARY MATERIAL
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The entropy calculations can be presented in tabular form as 
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  Ni yi  ( )atm1T,si
o  ( )miu PylnR  N si i  

C2H4 1 1.00 219.83 --- 219.83 

O2 3.6 0.21 205.14 -12.98 784.87 

N2 13.54 0.79 191.61 -1.96 2620.94 

SR  =  3625.64 kJ/K 

CO2 2 0.1103 316.881 -18.329 670.42 

H2O 2 0.1103 271.134 -18.329 578.93 

O2 0.6 0.0331 273.467 -28.336 181.08 

N2 13.54 0.7464 256.541 -2.432 3506.49 

SP  =  4936.92 kJ/K 

 

Thus, 

 Kkmol/kJ 28.1311 ⋅=−=−= 64.362592.4936gen RP SSS  

and  

(c) ( )( ) ( )4242gen0destroyed HC kmolper HCK kJ/kmol 1311.28K 298 kJ   760,390=⋅== STX  
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15-95 Methyl alcohol is burned steadily with 200 percent excess air in an automobile engine. The maximum amount of 
work that can be produced by this engine is to be determined. 

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible.  

Analysis  The fuel is burned completely with the excess air, and thus the products will contain only CO2, H2O, N2, and some 
free O2. Considering 1 kmol CH3OH the combustion equation can be written as 

( ) 2th2th2222th3 N76.33O2OH2CO3.76NO3OHCH ×+++⎯→⎯++ aaa  
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22 16O3OH2 +++

y-flow conditions the energy balance 

where ath is the stoichiometric coefficient and is determined 
from the O2 balance, 

  1.521130.5 ththth =⎯→⎯++=+ aaa

Thus, 

( ) 22223 NCO3.76NO5.4OHCH ⎯→⎯++  

Under stead

Products 

77°C 

CH3OH 

25°C 

200% excess air 

25°C 

Combustion 
Chamber 

 

1 atm 

Qout

92.

systemoutin EEE ∆=−  applied on the combustion chamber with W = 0 
duces tore  

( ) ( )∑ ∑ −+−−+=−
RfRPfP hhhNhhhNQ oooo

out   

Assuming the air and the combustion products to be ideal gases, we have h = h(T).  From the tables, 

 

e 

 

Substanc

o
fh  

kJ/kmol 

K298h  

kJ/kmol 

Kh350  

kJ/kmol 

3OH 0,670 CH -20 --- --- 

O2 0 8682 10,213 

N2 0 8669 10,180 

H2O (g) 

CO2 -393,520 9364 11,351 

hus, 

-241,820 9904 11,652 

T

( )( ) ( )( )
( )( ) ( )( ) ( )( )

fuel of kJ/kmol 550,663
670,20018669180,10092.168682213,1003

9904652,11820,24129364351,11520,3931out −+−+−=−Q

−=
−−−++−++
−+

  

The entropy generation during this process is determined from 

 
surr

outout
gen T

QsNsN
T
QSSS RRPPRP +−=+−= ∑∑

surr
 

ntropy values listed in the ideal gas tables are for 1 atm pressure.  Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to Pi  =  yi 
Ptotal, where yi is the mole fraction of component i.  Then, 

 

The e

( ) ( ) ( )( )miuiiiiii PyRPTsNPTsNS ln,, 0 −== o  
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The entropy calculations can be presented in tabular form as 

 

 Ni  yi  ( )atm1T,si
o  ( )miu PylnR  ii sN  

CH3OH 1 --- 239.70 --- 239.70 

O2 4.5 0.21 205.04 -12.98 981.09 

N2 16.92 0.79 191.61 -1.960 3275.20 

SR  =  4496 kJ/K 

CO2 1 0.0436 219.831 -26.05 245.88 

H2O (g) 2 0.0873 194.125 -20.27 428.79 

O2 3 0.1309 209.765 -16.91 680.03 

N2 16.92 0.7382 196.173 -2.52 3361.89 

SP  =  4717 kJ/K 

 

Thus, 

 ( )fuel kmolper kJ/K 2448
298surr

gen TRP
550,66344964717out =+−=+−=

Q
SSS  

The maximum work is equal to the exergy destruction 

( )fuel kmolper kJ/K  400,729kJ/K) 2448)(298(gen0demax st === ST  

a , 

= XW

Per unit m ss basis

  fuel kJ/kg 22,794=
⋅

=
kg/kmol 32

kmolkJ/K 400,729
maxW  

 

PROPRIETARY MATERIAL
preparation.  If you are a student using this Manual, you are using it without permission. 

. © 2011 The McGraw-Hill Companies, Inc.  Limited distribution permitted only to teachers and educators for course  




