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Chapter 7 
ENTROPY 

 
Entropy and the Increase of Entropy Principle 

 

7-1C  No.  The ∫ Qδ  represents the net heat transfer during a cycle, which could be positive. 

 

7-2C No.  A system may produce more (or less) work than it receives during a cycle.  A steam power plant, 
for example, produces more work than it receives during a cycle, the difference being the net work output. 

 

7-3C  The entropy change will be the same for both cases since entropy is a property and it has a fixed 
value at a fixed state. 

 

7-4C No.  In general, that integral will have a different value for different processes.  However, it will have 
the same value for all reversible processes. 

 

7-5C  Yes. 

 

7-6C  That integral should be performed along a reversible path to determine the entropy change. 

 

7-7C No.  An isothermal process can be irreversible. Example: A system that involves paddle-wheel work 
while losing an equivalent amount of heat. 

 

7-8C  The value of this integral is always larger for reversible processes. 

 

7-9C  No.  Because the entropy of the surrounding air increases even more during that process, making the 
total entropy change positive. 

 

7-10C  It is possible to create entropy, but it is not possible to destroy it. 

 

7-11C If the system undergoes a reversible process, the entropy of the system cannot change without a heat 
transfer.  Otherwise, the entropy must increase since there are no offsetting entropy changes associated 
with reservoirs exchanging heat with the system. 
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7-12C The claim that work will not change the entropy of a fluid passing through an adiabatic steady-flow 
system with a single inlet and outlet is true only if the process is also reversible.  Since no real process is 
reversible, there will be an entropy increase in the fluid during the adiabatic process in devices such as 
pumps, compressors, and turbines. 

 

7-13C Sometimes. 

 

7-14C  Never. 

 

7-15C  Always. 

 

7-16C  Increase. 

 

7-17C  Increases. 

 

7-18C  Decreases. 

 

7-19C  Sometimes. 

 

7-20C  Yes.  This will happen when the system is losing heat, and the decrease in entropy as a result of this 
heat loss is equal to the increase in entropy as a result of irreversibilities. 

 

7-21C  They are heat transfer, irreversibilities, and entropy transport with mass. 

 

7-22C  Greater than. 

 

 

 

7-23 A rigid tank contains an ideal gas that is being stirred by a paddle wheel. The temperature of the gas 
remains constant as a result of heat transfer out. The entropy change of the gas is to be determined. 

Assumptions  The gas in the tank is given to be an ideal gas.   

Analysis  The temperature and the specific volume of 
the gas remain constant during this process. 
Therefore, the initial and the final states of the gas 
are the same. Then s2 = s1 since entropy is a property.  
Therefore, 

                   0=Δ sysS  

IDEAL GAS 
40°C Heat 

 
30°C 

200 kJ
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7-24 Air is compressed steadily by a compressor. The air temperature is maintained constant by heat 
rejection to the surroundings. The rate of entropy change of air is to be determined.   

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential 
energy changes are negligible.  3 Air is an ideal gas. 4 The process involves no internal irreversibilities 
such as friction, and thus it is an isothermal, internally reversible process. 

Properties Noting that h =  h(T) for ideal gases, we have h1 = h2  since T1 = T2 = 25°C.   

Analysis  We take the compressor as the system. Noting that the enthalpy of air remains constant, the 
energy balance for this steady-flow system can be expressed in the rate form as 

     

outin

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin 0

QW

EE

EEE

&&

&&

44 344 21
&

43421
&&

=

=

=Δ=−

 

Therefore, 

              kW 12inout == WQ &&  

Noting that the process is assumed to be an 
isothermal and internally reversible process, the rate 
of entropy change of air is determined to be 

 kW/K 0.0403−=−=−=Δ
K 298

kW 12

sys

airout,
air T

Q
S

&
&  

 

 

 

7-25 Heat is transferred directly from an energy-source reservoir to an energy-sink. The entropy change of 
the two reservoirs is to be calculated and it is to be determined if the increase of entropy principle is 
satisfied. 

Assumptions  The reservoirs operate steadily.   

Analysis  The entropy change of the source and sink is given by 

 kJ/K 0.0833=+
−

=+=Δ
K 600
kJ 100

K 1200
kJ 100

L

L

H

H

T
Q

T
Q

S  

Since the entropy of everything involved in this process has increased, 
this transfer of heat is possible. 

 

AIR 
T = const. 

P2 

P1

Q
·

12 kW
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7-26 It is assumed that heat is transferred from a cold reservoir to the hot reservoir contrary to the Clausius 
statement of the second law. It is to be proven that this violates the increase in entropy principle. 

Assumptions  The reservoirs operate steadily.   

Analysis  According to the definition of the entropy, the entropy 
change of the high-temperature reservoir shown below is 

 kJ/K 08333.0
K 1200

kJ 100
===Δ

H
H T

QS  

and the entropy change of the low-temperature reservoir is 

 kJ/K 1667.0
K 600
kJ 100

−=
−

==Δ
L

L T
QS  

The total entropy change of everything involved with this system is then 

 kJ/K 0.0833−=−=Δ+Δ=Δ 1667.008333.0total LH SSS  

which violates the increase in entropy principle since the entropy is decreasing, not increasing or staying 
fixed.  

 

 

 

7-27 Heat is transferred from a hot reservoir to a cold reservoir. The entropy change of the two reservoirs is 
to be calculated and it is to be determined if the second law is satisfied. 

Assumptions  The reservoirs operate steadily.   

Analysis  The rate of entropy change of everything involved in this 
transfer of heat is given by 

 kW/K 0.00417=+
−

=+=Δ
K 300

kW 2
K 800

kW 2

L

L

H

H

T
Q

T
Q

S
&&

&  

Since this rate is positive (i.e., the entropy increases as time passes), 
this transfer of heat is possible. 

 

Q =100 kJ 

TH 

TL 

2 kW 

TH 

TL 
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7-28E A reversible air conditioner with specified reservoir temperatures is considered. The entropy change 
of two reservoirs is to be calculated and it is to be determined if this air conditioner satisfies the increase in 
entropy principle. 

Assumptions  The air conditioner operates steadily.   

Analysis  According to the thermodynamic temperature scale, 

 Btu/h 720,38
R 530
R 570Btu/h) 000,36( ===

L

H
LH T

T
QQ &&  

The rate of entropy change of the hot reservoir is then 

 RBtu/h 92.67
R 570
Btu/h 720,38

⋅−=
−

==Δ
H

H
H T

Q
S

&
&  

Similarly, the rate of entropy change of the cold reservoir is 

 RBtu/h 92.67
R 530
Btu/h 000,36

⋅===Δ
L

L
L T

Q
S

&
&  

The net rate of entropy change of everything in this system is 

 RBtu/h 0 ⋅=+−=Δ+Δ=Δ 92.6792.67total LH SSS &&&  

The net rate of entropy change is zero as it must be in order to satisfy the second law. 

 

   530 R 

  570 R 

 R 

HQ&  

LQ&  
innet,W&
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7-29 A reversible heat pump with specified reservoir temperatures is considered. The entropy change of 
two reservoirs is to be calculated and it is to be determined if this heat pump satisfies the increase in 
entropy principle. 

Assumptions  The heat pump operates steadily.   

Analysis  Since the heat pump is completely reversible, the 
combination of the coefficient of performance expression, first Law, 
and thermodynamic temperature scale gives 

 73.26
)K 294/()K 283(1

1
/1

1COP revHP, =
−

=
−

=
HL TT

 

The power required to drive this heat pump, according to the 
coefficient of performance, is then 

 kW 741.3
26.73

kW 100
COP revHP,

innet, === HQ
W

&
&  

According to the first law, the rate at which heat is removed from the low-temperature energy reservoir is 

 kW 26.96kW 741.3kW 100innet, =−=−= WQQ HL
&&&  

The rate at which the entropy of the high temperature reservoir changes, according to the definition of the 
entropy, is 

 kW/K 0.340===Δ
K 294

kW 100

H

H
H T

Q
S

&
&  

and that of the low-temperature reservoir is 

 kW/K 0.340−=
−

==Δ
K 283
kW 26.96

L

L
L T

Q
S

&
&  

The net rate of entropy change of everything in this system is 

 kW/K 0=−=Δ+Δ=Δ 340.0340.0total LH SSS &&&  

as it must be since the heat pump is completely reversible. 

 

   10°C 

  21°C 

HP 

100 kW 

LQ&  

netW&  
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7-30E Heat is transferred isothermally from the working fluid of a Carnot engine to a heat sink. The 
entropy change of the working fluid is given. The amount of heat transfer, the entropy change of the sink, 
and the total entropy change during the process are to be determined. 

Analysis (a) This is a reversible isothermal process, and the 
entropy change during such a process is given by  

ΔS
Q

T
=  

Noting that heat transferred from the working fluid is equal to 
the heat transferred to the sink, the heat transfer become   

 ( )( ) Btu 388.5.     Btu    5388Btu/R 0.7R 555 outfluid,fluidfluidfluid =→−=−=Δ= QSTQ  

(b)  The entropy change of the sink is determined from 

 Btu/R0.7 
R 555
Btu 388.5

sink

insink,
sink ===Δ

T
Q

S  

(c)  Thus the total entropy change of the process is 

 0=+−=Δ+Δ=Δ= 7.07.0sinkfluidtotalgen SSSS  

This is expected since all processes of the Carnot cycle are reversible processes, and no entropy is 
generated during a reversible process. 

 

95°F 

Carnot heat engine 

SINK
95°F 

Heat 
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7-31 R-134a enters an evaporator as a saturated liquid-vapor at a specified pressure. Heat is transferred to 
the refrigerant from the cooled space, and the liquid is vaporized. The entropy change of the refrigerant, the 
entropy change of the cooled space, and the total entropy change for this process are to be determined. 

Assumptions 1 Both the refrigerant and the cooled space involve no internal irreversibilities such as 
friction. 2 Any temperature change occurs within the wall of the tube, and thus both the refrigerant and the 
cooled space remain isothermal during this process. Thus it is an isothermal, internally reversible process. 

Analysis Noting that both the refrigerant and the cooled space undergo reversible isothermal processes, the 
entropy change for them can be determined from  

ΔS
Q

T
=  

(a) The pressure of the refrigerant is maintained constant.  Therefore, the temperature of the refrigerant 
also remains constant at the saturation value, 

 K 257.4C15.6kPa @160sat =°−== TT      (Table A-12) 

Then, 

 kJ/K 0.699===Δ
K 257.4

kJ 180

trefrigeran

int,refrigeran
trefrigeran T

Q
S  

(b)  Similarly, 

 kJ/K 0.672−=−=−=
K 268
kJ 180

space

outspace,
space T

Q
SΔ  

(c)  The total entropy change of the process is 

 kJ/K 0.027=−=Δ+Δ== 672.0699.0spacetrefrigerantotalgen SSSS  

 

R-134a 
160 kPa 

-5°C 

180 kJ 
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Entropy Changes of Pure Substances 

 

7-32C  Yes, because an internally reversible, adiabatic process involves no irreversibilities or heat transfer. 

 

7-33C According to the conservation of mass principle, 

 
in

outin

CV

m
dt
dm

mm
dt

dm

&

&&

=

−= ∑∑
 

An entropy balance adapted to this system becomes 

 0
)(

inin
surr ≥−+ sm

dt
msd

dt
dS

&  

When this is combined with the mass balance, and the constant entropies are removed from the derivatives, 
it becomes 

 0in
surr ≥−+

dt
dms

dt
dms

dt
dS

 

Multiplying by dt and integrating the result yields 

 0)( insurr ≥Δ−+Δ mssS  

or 

 mssS Δ−≥Δ )( insurr  

 

7-34C According to the conservation of mass principle, 

 
out

outin

CV

m
dt
dm

mm
dt

dm

&

&&

−=

−= ∑∑
 

An entropy balance adapted to this system becomes 

 0
)(

out
surr ≥++ sm

dt
msd

dt
dS

&  

When this is combined with the mass balance, it becomes 

 0surr ≥−+
dt
dms

dt
dms

dt
dS

 

Multiplying by dt and integrating the result yields 

 0)( 121122surr ≥−−−+Δ mmssmsmS  

Since all the entropies are same, this reduces to 

 0surr ≥ΔS  

Hence, the entropy of the surroundings can only increase or remain fixed.  
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7-35 R-134a is expanded in a turbine during which the entropy remains constant. The enthalpy difference 
is to be determined. 

Analysis The initial state is superheated vapor and thus 

 EES) (from
RBtu/lbm 23281.0

Btu/lbm 95.129
   

F175
  psia 250

1

1

1

1   
⋅=

=

⎭
⎬
⎫

°=
=

s
h

T
P

 

The entropy is constant during the process. The final state is also 
superheated vapor and the enthalpy at this state is 

 EES) (fromBtu/lbm 95.106  
RBtu/lbm 23281.0

F20
2

12

2   =
⎭
⎬
⎫

⋅==
°=

h
ss

T
 

Note that the properties at the inlet and exit states can also be determined from Table A-13E by 
interpolation but the values will not be as accurate as those by EES. The change in the enthalpy across the 
turbine is then 

 Btu/lbm 23.0−=−=−=Δ 95.12995.10612 hhh  

 

 

 

7-36E A piston-cylinder device that is filled with water is heated. The total entropy change is to be 
determined. 

Analysis The initial specific volume is  

/lbmft 25.1
lbm 2

ft 5.2 3
3

1
1 ===

m
V

v  

which is between vf and vg for 300 psia. The initial quality and the 
entropy are then (Table A-5E) 

RBtu/lbm 3334.1)RBtu/lbm 92289.0)(8075.0(RBtu/lbm 58818.0

8075.0
/lbmft )01890.05435.1(

/lbmft )01890.025.1(

11

3

3
1

1

⋅=⋅+⋅=+=

=
−

−
=

−
=

fgf

fg

f

sxss

x
v

vv

 

The final state is superheated vapor and   

     6E)-A (TableRBtu/lbm 5706.1   
  psia 300

F005
2

12

2   ⋅=
⎭
⎬
⎫

==
°=

s
PP

T
 

Hence, the change in the total entropy is 

 
Btu/R 0.4744=

⋅−=
−=Δ

RBtu/lbm )3334.15706.1)(lbm 2(
)( 12 ssmS

 

 

T

s

2 

1 

P

v 

2 1 

H2O 
300 psia 

2 lbm 
2.5 ft3
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7-37 Water is compressed in a compressor during which the entropy remains constant. The final 
temperature and enthalpy are to be determined. 

Analysis The initial state is superheated vapor and the entropy is 

 EES) (from
KkJ/kg 1531.8

kJ/kg 2800.7
   

  kPa 35
C160

1

1

1

1   
⋅=

=

⎭
⎬
⎫

=
°=

s
h

P
T

 

Note that the properties can also be determined from Table A-6 by 
interpolation but the values will not be as accurate as those by EES. 
The final state is superheated vapor and the properties are (Table A-6) 

 
   

K kJ/kg 1531.8
  kPa 300

2

2

12

2

kJ/kg 3361.0
C440.5

=
°=

⎭
⎬
⎫

⋅==
=

h
T

ss
P

 

 

 

 

7-38E R-134a is expanded isentropically in a closed system. The heat transfer and work production are to 
be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There 
are no work interactions involved other than the boundary work. 3 The thermal energy stored in the 
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.  

Analysis As there is no area under the process line shown on 
the T-s diagram and this process is reversible, 

 Btu 0=Q  

The energy balance for this system can be expressed as  

 
)(

)(

21out

12out

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

uumW
uumUW

EEE

−=
−=Δ=−

Δ=−
4342143421

 

The initial state properties are 

 13E)-A (Table
RBtu/lbm 22900.0

Btu/lbm 45.109
   

  psia 100
F100

1

1

1

1   
⋅=

=

⎭
⎬
⎫

=
°=

s
u

P
T

 

The final state properties for this isentropic process are (Table A-12E) 

     
Btu/lbm 40.90)453.87)(99784.0(135.3

99784.0
22206.0

00742.022900.0
   

 RBtu/lbm 22900.0
  psia 10

22

2
2

12

2

=+=+=

=
−

=
−

=

⎭
⎬
⎫

⋅==
=

fgf

fg

f

uxuu
s

ss
x

ss
P

 

Substituting, 

 Btu 19.05=−=−= Btu/lbm )40.9045.109)(lbm 1()( 21out uumW  

T

s

2 

1 

T

s
2 

1 

R-134a 
1 lbm 

100 psia 
100°F 
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7-39 An insulated rigid tank contains a saturated liquid-vapor mixture of water at a specified pressure. An 
electric heater inside is turned on and kept on until all the liquid vaporized. The entropy change of the 
water during this process is to be determined. 

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

 

( )( )
( )( )

KkJ/kg 6.8649
 vaporsat.

KkJ/kg 2.81680562.625.03028.1
/kgm 0.42430.0011.69410.250.001

25.0
kPa 100

2
12

11

3
11

1

1

⋅=
⎭
⎬
⎫=

⋅=+=+=
=−+=+=

⎭
⎬
⎫

=
=

s

sxss
x

x
P

fgf

fgf

vv

vvv

 

Then the entropy change of the steam becomes 

 ( ) kJ/K  8.10=⋅−=−= KkJ/kg )2.81686.8649)(kg 2(12 ssmSΔ  

 

 

 

7-40 [Also solved by EES on enclosed CD] A rigid tank is divided into two equal parts by a partition. One 
part is filled with compressed liquid water while the other side is evacuated. The partition is removed and 
water expands into the entire tank. The entropy change of the water during this process is to be determined. 

Analysis The properties of the water are (Table A-4) 

KkJ/kg 0.8313
/kgm0.001017

C60
kPa 300

C60@1

3
C60@1

1

1

⋅==
=≅

⎭
⎬
⎫

°=
=

°

°

f

f

ssT
P vv

 

Noting that 

( )( ) /kgm 0.002034001017.022 3
12 === vv  

( )( ) KkJ/kg 0.75562522.70001018.07549.0

0001018.0
001014.002.10

001014.0002034.0

/kgm 340020.0

kPa 15

22

2
2

3
2

2

⋅=+=+=

=
−
−

=
−

=

⎪⎭

⎪
⎬
⎫

=

=

fgf

fg

f

sxss

xP
v

vv

v
 

Then the entropy change of the water becomes 

 ( ) ( )( )   kJ/K 0.114−=⋅−=−=Δ KkJ/kg 0.83130.7556kg 1.512 ssmS  

 

1.5 kg 
compressed 

liquid 
 

300 kPa 
60°C 

Vacuum 

We

H2O 
2 kg 

100 kPa 
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7-41 EES Problem 7-40 is reconsidered. The entropy generated is to be evaluated and plotted as a function 
of surroundings temperature, and the values of the surroundings temperatures that are valid for this 
problem are to be determined. The surrounding temperature is to vary from 0°C to 100°C. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Input Data" 
P[1]=300 [kPa] 
T[1]=60 [C] 
m=1.5 [kg] 
P[2]=15 [kPa] 
 
Fluid$='Steam_IAPWS' 
 
V[1]=m*spv[1] 
spv[1]=volume(Fluid$,T=T[1], P=P[1]) "specific volume of steam at state 1, m^3/kg" 
s[1]=entropy(Fluid$,T=T[1],P=P[1]) "entropy of steam at state 1, kJ/kgK" 
V[2]=2*V[1] "Steam expands to fill entire volume at state 2" 
 
"State 2 is identified by P[2] and spv[2]" 
spv[2]=V[2]/m "specific volume of steam at state 2, m^3/kg" 
s[2]=entropy(Fluid$,P=P[2],v=spv[2])  "entropy of steam at state 2, kJ/kgK" 
T[2]=temperature(Fluid$,P=P[2],v=spv[2]) 
DELTAS_sys=m*(s[2]-s[1])  "Total entopy change of steam, kJ/K" 
 
"What does the first law tell us about this problem?" 
"Conservation of Energy for the entire, closed system" 
E_in - E_out = DELTAE_sys 
"neglecting changes in KE and PE for the system:" 
DELTAE_sys=m*(intenergy(Fluid$, P=P[2], v=spv[2]) - intenergy(Fluid$,T=T[1],P=P[1])) 
E_in = 0 
 
"How do you interpert the energy leaving the system, E_out?  Recall this is a constant volume  
system." 
Q_out = E_out 
"What is the maximum value of the Surroundings temperature?" 
"The maximum possible value for the surroundings temperature occurs when we set  
S_gen = 0=Delta S_sys+sum(DeltaS_surr)" 
Q_net_surr=Q_out 
S_gen = 0 
S_gen = DELTAS_sys+Q_net_surr/Tsurr 
 
"Establish a parametric table for the variables S_gen, Q_net_surr, T_surr, and DELTAS_sys.  In  
the Parametric Table window select T_surr and insert a range of values.  Then place '{' and '}'  
about the S_gen = 0 line; press F3 to solve the table.  The results are shown in Plot Window 1.   
What values of T_surr are valid for this problem?"  
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Sgen 
[kJ/K] 

Qnet,surr 
[kJ] 

Tsurr 
[K] 

ΔSsys 
[kJ/K] 

0.02533 37.44 270 -0.1133 
0.01146 37.44 300 -0.1133 

0.0001205 37.44 330 -0.1133 
-0.009333 37.44 360 -0.1133 
-0.01733 37.44 390 -0.1133 

 

 

260 280 300 320 340 360 380 400
-0.020

-0.010

-0.000

0.010

0.020

0.030

Tsurr  [K]

S
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7-42E A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed 
at constant pressure. The entropy change of refrigerant during this process is to be determined 

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

 

RBtu/lbm 0.06039
psia 120

F05

RBtu/lbm 0.22361
F100
psia 120

F90@2
2

2

1
1

1

⋅=≅
⎭
⎬
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Then the entropy change of the refrigerant becomes 

     ( ) ( )( ) Btu/R  0.3264−=⋅−=−= RBtu/lbm0.223610.06039lbm 212 ssmSΔ  

  

 

R-134a 
120 psia 
100°F Q
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7-43 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is 
heated electrically at constant pressure. The entropy change of the water during this process is to be 
determined. 

Assumptions 1 The kinetic and potential energy changes are negligible.  2 The cylinder is well-insulated 
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium.  

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

 
KkJ/kg 1.4337

kJ/kg 467.13
/kgm 0.001053

.
kPa 150

kPa 150@1

kPa 150@1

3
kPa 150@1

1

⋅==
==
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⎭
⎬
⎫=

f

f

f

ss
hh

liquidsat
P

vv

 

Also,  

kg 4.75
/kgm 0.001053

m 0.005
3

3

1
===

v
Vm  

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 

            
)( 12ine,

outb,ine,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

hhmW
UWW

EEE

−=

Δ=−

Δ=−
4342143421

 

since ΔU + Wb = ΔH during a constant pressure quasi-equilibrium process.  Solving for h2, 

 kJ/kg 33.930
kg 4.75
kJ 220013.467ine,

12 =+=+=
m

W
hh  

Thus, 

 
( )( ) KkJ/kg 6384.27894.52081.04337.1

2081.0
0.2226

13.46733.930

kJ/kg 33.930
kPa 150
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Then the entropy change of the water becomes 

 ( ) ( )( ) kJ/K  5.72=⋅−=−= KkJ/kg1.43372.6384kg 4.7512 ssmSΔ  

H2O 
150 kPa 

Sat. liquid 2200 kJ
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7-44 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The 
refrigerant expands in a reversible manner until the pressure drops to a specified value. The final 
temperature in the cylinder and the work done by the refrigerant are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible.  2 The cylinder is well-insulated 
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
process is stated to be reversible. 

Analysis (a) This is a reversible adiabatic (i.e., isentropic) process, and thus s2 = s1.  From the refrigerant 
tables (Tables A-11 through A-13), 

 
KkJ/kg 0.91835

kJ/kg 246.79
/kgm 0.025621

 vaporsat.
MPa 0.8

MPa 0.8@1

MPa 0.8@1

3
MPa 0.8@1
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Also, 

 kg 952.1
/kgm 0.025621

m 0.05
3

3

1
===

v
Vm  

and  

 
( )( ) kJ/kg 232.91171.450.987463.62

9874.0
67929.0

24761.091835.0MPa 0.4
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C8.91°== MPa 0.4@sat2 TT  

(b) 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 adiabatic closed system can be expressed as 

            
)( 21outb,

outb,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

uumW
UW

EEE

−=

Δ=−

Δ=−
4342143421

 

Substituting, the work done during this isentropic process is determined to be 

 ( ) kJ  27.09=−=−= kJ/kg )232.91246.79)(kg 1.952(21outb, uumW  

 

R-134a 
0.8 MPa 
0.05 m3 
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7-45 EES Problem 7-44 is reconsidered. The work done by the refrigerant is to be calculated and plotted as 
a function of final pressure as the pressure varies from 0.8 MPa to 0.4 MPa. The work done for this process 
is to be compared to one for which the temperature is constant over the same pressure range. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
Procedure 
IsothermWork(P_1,x_1,m_sys,P_2:Work_out_Isotherm,Q_isotherm,DELTAE_isotherm,T_isother
m) 
T_isotherm=Temperature(R134a,P=P_1,x=x_1) 
T=T_isotherm 
u_1 = INTENERGY(R134a,P=P_1,x=x_1) 
v_1 = volume(R134a,P=P_1,x=x_1) 
s_1 = entropy(R134a,P=P_1,x=x_1) 
u_2 = INTENERGY(R134a,P=P_2,T=T) 
s_2 = entropy(R134a,P=P_2,T=T) 
 
"The process is reversible and Isothermal thus the heat transfer is determined by:"   
Q_isotherm = (T+273)*m_sys*(s_2 - s_1) 
DELTAE_isotherm = m_sys*(u_2 - u_1) 
E_in = Q_isotherm 
E_out = DELTAE_isotherm+E_in 
Work_out_isotherm=E_out  
 
END 
 
"Knowns:" 
P_1 = 800 [kPa] 
x_1 = 1.0 
V_sys = 0.05[m^3] 
"P_2 = 400 [kPa]" 
 
"Analysis: " 
 
" Treat the rigid tank as a closed system, with no heat transfer in, neglect  
changes in KE and PE of the R134a." 
"The isentropic work is determined from:" 
E_in - E_out = DELTAE_sys 
E_out = Work_out_isen 
E_in = 0 
DELTAE_sys = m_sys*(u_2 - u_1) 
u_1 = INTENERGY(R134a,P=P_1,x=x_1) 
v_1 = volume(R134a,P=P_1,x=x_1) 
s_1 = entropy(R134a,P=P_1,x=x_1) 
V_sys = m_sys*v_1 
 
"Rigid Tank:  The process is reversible and adiabatic or isentropic.   
Then P_2 and s_2 specify state 2." 
s_2 = s_1 
u_2 = INTENERGY(R134a,P=P_2,s=s_2) 
T_2_isen = temperature(R134a,P=P_2,s=s_2) 
 
Call 
IsothermWork(P_1,x_1,m_sys,P_2:Work_out_Isotherm,Q_isotherm,DELTAE_isotherm,T_is
otherm) 
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P2 

[kPa] 
Workout,isen 

[kJ] 
Workout,isotherm 

[kJ] 
Qisotherm 

[kJ] 
400 27.09 60.02 47.08 
500 18.55 43.33 33.29 
600 11.44 28.2 21.25 
700 5.347 13.93 10.3 
800 0 0 0 
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7-46 Saturated Refrigerant-134a vapor at 160 kPa is compressed steadily by an adiabatic compressor. The 
minimum power input to the compressor is to be determined. 

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

Analysis The power input to an adiabatic compressor will be a minimum when the compression process is 
reversible.  For the reversible adiabatic process we have s2 = s1.  From the refrigerant tables (Tables A-11 
through A-13), 

 

kJ/kg 277.06
kPa 009

KkJ/kg 0.9419
kJ/kg 241.11

/kgm 0.12348

 vaporsat.
kPa 160

2
12
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Also, 

 kg/s 0.27kg/min 16.20
/kgm 0.12348

/minm 2
3

3

1

1 ====
v

V&
&m  

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

 

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

&&

44 344 21
&

43421
&&

=

=Δ=−

 

                             
& & & &

& & ( )

W mh mh Q ke pe

W m h h

in

in

     (since 0)+ = ≅ ≅ ≅

= −
1 2

2 1

Δ Δ
 

 Substituting, the minimum power supplied to the compressor is determined to be 

( )( ) kW  9.71=−= kJ/kg 241.11277.06kg/s 0.27inW&  

R-134a 

2 

1
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7-47 An insulated cylinder is initially filled with superheated steam at a specified state. The steam is 
compressed in a reversible manner until the pressure drops to a specified value. The work input during this 
process is to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible.  2 The cylinder is well-insulated 
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
process is stated to be reversible.  

Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus s2 = s1.  From the steam tables 
(Tables A-4 through A-6), 

 

kJ/kg 2773.8
MPa 1

KkJ/kg 7.0792
kJ/kg 2571.0

/kgm 0.63402

C150
kPa 300
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Also, 

  kg 0.0789
/kgm 0.63402

m 0.05
3

3

1
===

v
Vm  

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 adiabatic closed system can be expressed as 

            

)( 12inb,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

uumUW

EEE

−=Δ=

Δ=−
4342143421

 

Substituting, the work input during this adiabatic process is determined to be 

 ( ) ( )( ) kJ  16.0=−=−= kJ/kg 2571.02773.8kg 0.078912inb, uumW  

 

H2O 
300 kPa 
150°C 
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7-48 EES Problem 7-47 is reconsidered. The work done on the steam is to be determined and plotted as a 
function of final pressure as the pressure varies from 300 kPa to 1 MPa. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Knowns:" 
P_1 = 300 [kPa] 
T_1 = 150 [C] 
V_sys = 0.05 [m^3] 
"P_2 = 1000 [kPa]" 
 
"Analysis: " 
Fluid$='Steam_IAPWS' 
 
" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect  
changes in KE and PE of the Steam.  The process is reversible and adiabatic thus isentropic." 
"The isentropic work is determined from:" 
E_in - E_out = DELTAE_sys 
E_out = 0 [kJ] 
E_in = Work_in  
DELTAE_sys = m_sys*(u_2 - u_1) 
u_1 = INTENERGY(Fluid$,P=P_1,T=T_1) 
v_1 = volume(Fluid$,P=P_1,T=T_1) 
s_1 = entropy(Fluid$,P=P_1,T=T_1) 
V_sys = m_sys*v_1 
 
" The process is reversible and adiabatic or isentropic.   
Then P_2 and s_2 specify state 2." 
s_2 = s_1 
u_2 = INTENERGY(Fluid$,P=P_2,s=s_2) 
T_2_isen = temperature(Fluid$,P=P_2,s=s_2) 
 
 

P2 
[kPa] 

Workin 
[kJ] 

300 0 
400 3.411 
500 6.224 
600 8.638 
700 10.76 
800 12.67 
900 14.4 

1000 16 
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7-49 A cylinder is initially filled with saturated water vapor at a specified temperature. Heat is transferred 
to the steam, and it expands in a reversible and isothermal manner until the pressure drops to a specified 
value. The heat transfer and the work output for this process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible.  2 The cylinder is well-insulated 
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
process is stated to be reversible and isothermal. 

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

 

KkJ/kg 6.8177
kJ/kg 2631.1kPa 800

KkJ/kg 6.4302
kJ/kg 2594.2

.
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The heat transfer for this reversible isothermal process can be 
determined from 

 ( ) kJ   219.9=⋅−=−== KkJ/kg)6.43026.8177)(kg 1.2)(K 473(12 ssTmSTQ Δ  

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

            
)(
)(

12inoutb,

12outb,in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     
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EEE
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Substituting, the work done during this process is determined to be 

  kJ  175.6=−−= kJ/kg )2594.22631.1)(kg 1.2(kJ 9.219outb,W  

 

H2O 
200°C 

sat. vapor 
T = const 

Q 
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7-50 EES Problem 7-49 is reconsidered. The heat transferred to the steam and the work done are to be 
determined and plotted as a function of final pressure as the pressure varies from the initial value to the 
final value of 800 kPa. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Knowns:" 
T_1 = 200 [C] 
x_1 = 1.0 
m_sys = 1.2 [kg] 
{P_2 = 800"[kPa]"} 
 
"Analysis: " 
Fluid$='Steam_IAPWS' 
 
" Treat the piston-cylinder as a closed system,  neglect changes in KE and PE of the Steam.  The 
process is reversible and isothermal ." 
T_2 = T_1 
E_in - E_out = DELTAE_sys 
E_in = Q_in 
E_out = Work_out 
DELTAE_sys = m_sys*(u_2 - u_1) 
P_1 = pressure(Fluid$,T=T_1,x=1.0) 
u_1 = INTENERGY(Fluid$,T=T_1,x=1.0) 
v_1 = volume(Fluid$,T=T_1,x=1.0) 
s_1 = entropy(Fluid$,T=T_1,x=1.0) 
V_sys = m_sys*v_1 
 
" The process is reversible and isothermal.  
Then P_2 and T_2 specify state 2." 
u_2 = INTENERGY(Fluid$,P=P_2,T=T_2) 
s_2 = entropy(Fluid$,P=P_2,T=T_2) 
Q_in= (T_1+273)*m_sys*(s_2-s_1) 
 
 

P2 
[kPa] 

Qin 
[kJ] 

Workout 
[kJ] 

800 219.9 175.7 
900 183.7 144.7 

1000 150.6 117 
1100 120 91.84 
1200 91.23 68.85 
1300 64.08 47.65 
1400 38.2 27.98 
1500 13.32 9.605 
1553 219.9 175.7 
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7-51 Water is compressed isentropically in a closed system. The work required is to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There 
are no work interactions involved other than the boundary work. 3 The thermal energy stored in the 
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.  

Analysis The energy balance for this system can be expressed as  

 

)( 12in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     
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uumUW

EEE
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The initial state properties are 

  KkJ/kg 2726.7)7488.8)(814.0(1511.0
kJ/kg 2.1952)6.2346)(814.0(020.42

11

11
⋅=+=+=

=+=+=
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Since the entropy is constant during this process, 

  6)-A (Table   kJ/kg 6.3132   
K kJ/kg 2726.7
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Substituting, 

  kJ/kg 1180.4=−=−= kJ/kg )2.19526.3132(12in uuw  

 

Water 
10°C 

x = 0.814 

T
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7-52 R-134a undergoes an isothermal process in a closed system. The work and heat transfer are to be 
determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There 
are no work interactions involved other than the boundary work. 3 The thermal energy stored in the 
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.  

Analysis The energy balance for 
this system can be expressed as  

   

)( 12outin
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The initial state properties are 
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For this isothermal process, the final state properties are (Table A-11) 

KkJ/kg 42497.0)62172.0)(20.0(30063.0
kJ/kg 29.111)16.162)(20.0(86.78
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The heat transfer is determined from 

 kJ/kg 172.4KkJ/kg )0134.142497.0)(K 293()( 120in −=⋅−=−= ssTq   

The negative sign shows that the heat is actually transferred from the system. That is, 

 kJ/kg 172.4=outq  

The work required is determined from the energy balance to be 

 kJ/kg 36.95=−+=−+= kJ/kg )74.24629.111(kJ/kg 4.172)( 12outin uuqw  

 

 

 

7-53 The total heat transfer for the process 1-3 shown in the figure is to be determined. 

Analysis For a reversible process, the area under the 
process line in T-s diagram is equal to the heat transfer 
during that process. Then, 

kJ 328=

⋅−++−
+++

=

−+−
+

=

+=

+=

∫∫

KkJ/kg)32(K) 273360(kJ/K)13(
2

K )27355()273360(

)()(
2 23212

21

3

2

2

1

3-22-13-1

SSTSS
TT

TdSTdS

QQQ

 

T

s

2
1 

T (°C)

S (kJ/K) 

2 

1 

3 
360

 55

  1       2      3 

R-134a 
240 kPa 

T1 =T2 =20°C 



 

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

7-27

 

7-54 The total heat transfer for the process 1-2 shown in the figure is to be determined. 

Analysis For a reversible process, the area under the process line in T-s diagram is equal to the heat transfer 
during that process. Then, 
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7-55 The heat transfer for the process 1-3 shown in the figure is to be determined. 

Analysis For a reversible process, the area under the process line in T-s diagram is equal to the heat transfer 
during that process. Then, 
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7-56E The total heat transfer for the process 1-2 shown in the figure is to be determined. 

Analysis For a reversible process, the area under the 
process line in T-s diagram is equal to the heat 
transfer during that process. Then, 

     

Btu/lbm 608=

⋅−
+++

=

−
+

=

= ∫

RBtu/lbm )2.00.1(
2

R )460100()460500(

)(
2 12

21

2

1
2-1

ss
TT

TdSQ

 

T (°C)

S (kJ/K) 

2 

1 

 500

 100

 0.2           1.0 

T (°C)

s (kJ/kg⋅K) 

2 

1 
120 
100 

 30

 0.02            1.0 

3 

T (°F)

s (Bu/lbm⋅R) 

2 

1 

500

100

 0.2           1.0 
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7-57 The change in the entropy of R-134a as it is heated at constant pressure is to be calculated using the 
relation ds = (δQ /T) int rev, and it is to be verified by using R-134a tables. 

Analysis As R-134a is converted from a saturated liquid to a saturated vapor, both the pressure and 
temperature remains constant. Then, the relation ds = (δQ /T) int rev reduces to 

T
dhds =  

When this result is integrated between the saturated liquid and 
saturated vapor states, the result is (Table A-12) 

 
KkJ/kg 0.78321 ⋅=

+−
=

=
−

=−

K )15.27309.10(
kJ/kg 03.206

kPa 200 @sat 

kPa 200@

T
h

T
hh

ss fgfg
fg

 

Finding the result directly from the R-134a tables  

 KkJ/kg 0.78316 ⋅==− kPa 200@fgfg sss  (Table A-12) 

The two results are practically identical. 

 

T

s
2 1 
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7-58 Steam is expanded in an isentropic turbine. The work produced is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic 
(i.e., reversible-adiabatic).  

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . 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
&&

=

=Δ=−

 

                          
)( 21out

out21

hhmW

Whmhm

−=

+=

&&

&&&
   

The inlet state properties are 

6)-A (Table
KkJ/kg 9938.6

kJ/kg 9.3159
   

C360
  MPa 2

1

1

1

1   
⋅=

=

⎭
⎬
⎫

°=
=

s
h

T
P

 

For this isentropic process, the final state properties are (Table A-5) 

   
kJ/kg 9.2538)5.2257)(9397.0(51.417

9397.0
0562.6

3028.19938.6
   

K kJ/kg 9938.6
  kPa 100

22

2
2

12

2

=+=+=

=
−

=
−

=

⎭
⎬
⎫

⋅==
=

fgf

fg

f

hxhh
s

ss
x

ss
P

 

Substituting, 

 kJ/kg 621.0=−=−= kJ/kg )9.25389.3159(21out hhw  

 

Turbine 

2 MPa 
360°C 

100 kPa 
T

s
2 

1 2 MPa 

100 kPa



 

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

7-30

 

7-59 R-134a is compressed in an isentropic compressor. The work required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic 
(i.e., reversible-adiabatic).  

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the compressor as the 
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as 

    

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
&&

=

=Δ=−

 

                 
)( 12in

2in1

hhmW

hmWhm

−=

=+

&&

&&&
   

The inlet state properties are 

11E)-A (Table
RBtu/lbm 22539.0

Btu/lbm 08.103
   

1
F0

1

1

1

1    
⋅=

=

⎭
⎬
⎫

=
°=

s
h

x
T

 

For this isentropic process, the final state enthalpy is 

13E)-A (Table    Btu/lbm 28.123  
 RBtu/lbm 22539.0

  psia 200
2

12

2 =
⎭
⎬
⎫

⋅==
=

h
ss

P
 

Substituting, 

 Btu/lbm 20.2=−=−= Btu/lbm )08.10328.123(12in hhw  

Compressor 

0°F 
sat. vapor 

200 psia

T

s

2 

1 

200 psia 

0°F
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7-60 Steam is expanded in an isentropic turbine. The work produced is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic 
(i.e., reversible-adiabatic).  

Analysis There is one inlet and two exits. 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
&&

=

=Δ=−

 

                          
332211out

out332211

hmhmhmW

Whmhmhm
&&&&

&&&&

−−=

++=
   

From a mass balance, 

 
kg/s 75.4)kg/s 5)(95.0(95.0

kg/s 25.0)kg/s 5)(05.0(05.0

13

12

===

===

mm

mm

&&

&&
 

Noting that the expansion process is isentropic, the 
enthalpies at three states are determined as follows: 

 6)-A (Table
KkJ/kg 6953.7

kJ/kg 4.2682
   

C100
  kPa 50

3

3

3

3   
⋅=

=

⎭
⎬
⎫

°=
=

s
h

T
P

 

6)-A (Table    kJ/kg 3.3979  
K kJ/kg 6953.7

  MPa 4
1

31

1 =
⎭
⎬
⎫

⋅==
=

h
ss

P
 

6)-A (Table     kJ/kg 1.3309  
K kJ/kg 6953.7

  kPa 700
2

32

2 =
⎭
⎬
⎫

⋅==
=

h
ss

P
 

Substituting, 

 
kW 6328=

−−=
−−=

kJ/kg) .4kg/s)(2682 75.4(kJ/kg) .1kg/s)(3309 25.0(kJ/kg) .3kg/s)(3979 5(
332211out hmhmhmW &&&&

 

T

s 

3 

1 

4 MPa 

50 kPa
0.7 MPa 

2 

Steam 
turbine 

4 MPa
5 kg/s 

50 kPa 
100°C 

700 kPa
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7-61 Heat is added to a pressure cooker that is maintained at a specified pressure. The minimum entropy 
change of the thermal-energy reservoir supplying this heat is to be determined. 

Assumptions 1 Only water vapor escapes through the pressure relief valve.  

Analysis According to the conservation of mass principle, 

 
out

outin

CV

m
dt
dm

mm
dt

dm

&

&&

−=

−= ∑∑
 

An entropy balance adapted to this system becomes 

 0
)(

out
surr ≥++ sm

dt
msd

dt
dS

&  

When this is combined with the mass balance, it becomes 

 0
)(surr ≥−+

dt
dms

dt
msd

dt
dS

 

Multiplying by dt and integrating the result yields 

 0)( 12out1122surr ≥−−−+Δ mmssmsmS  

The properties at the initial and final states are (from Table A-5 at 200 kPa) 

 

KkJ/kg 3286.4)5968.5)(50.0(5302.1

/kgm 4434.0)001061.088578.0)(50.0(001061.0

KkJ/kg 0899.2)5968.5)(10.0(5302.1

/kgm 08953.0)001061.088578.0)(10.0(001061.0

2

3
2

1

3
1

⋅=+=+=

=−+=+=

⋅=+=+=

=−+=+=

fgf

fgf

fgf

fgf

xsss

x

xsss

x

vvv

vvv

 

The initial and final masses are 

 kg 117.1
/kgm 08953.0

m 1.0
3

3

1
1 ==

+
==

fgf x
m

vv
V

v
V  

 kg 2255.0
/kgm 4434.0

m 1.0
3

3

2
2 ==

+
==

fgf x
m

vv
V

v
V  

The entropy of escaping water vapor is 

 KkJ/kg 1270.7kPa 200 @ out ⋅== gss  

Substituting, 

 
0995.4
0)117.12255.0)(1270.7()0899.2)(117.1()3286.4)(2255.0(
0)(

surr

surr

12out1122surr

≥+Δ
≥−−−+Δ
≥−−−+Δ

S
S

mmssmsmS
 

The entropy change of the thermal energy reservoir must then satisfy 

 kJ/K 4.995−≥Δ surrS  
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7-62 Heat is added to a pressure cooker that is maintained at a specified pressure. Work is also done on 
water. The minimum entropy change of the thermal-energy reservoir supplying this heat is to be 
determined. 

Assumptions 1 Only water vapor escapes through the pressure relief valve.  

Analysis According to the conservation of mass principle, 

 
out

outin

CV

m
dt
dm

mm
dt

dm

&

&&

−=

−= ∑∑
 

An entropy balance adapted to this system becomes 

 0
)(

out
surr ≥++ sm

dt
msd

dt
dS

&  

When this is combined with the mass balance, it becomes 

 0
)(surr ≥−+

dt
dms

dt
msd

dt
dS

 

Multiplying by dt and integrating the result yields 

 0)( 12out1122surr ≥−−−+Δ mmssmsmS  

The properties at the initial and final states are (from Table A-5 at 200 kPa) 

 

KkJ/kg 3286.4)5968.5)(50.0(5302.1

/kgm 4434.0)001061.088578.0)(50.0(001061.0

KkJ/kg 0899.2)5968.5)(10.0(5302.1

/kgm 08953.0)001061.088578.0)(10.0(001061.0

2

3
2

1

3
1

⋅=+=+=

=−+=+=

⋅=+=+=

=−+=+=

fgf

fgf

fgf

fgf

xsss

x

xsss

x

vvv

vvv

 

The initial and final masses are 

 kg 117.1
/kgm 08953.0

m 1.0
3

3

1
1 ==

+
==

fgf x
m

vv
V

v
V  

 kg 2255.0
/kgm 4434.0

m 1.0
3

3

2
2 ==

+
==

fgf x
m

vv
V

v
V  

The entropy of escaping water vapor is 

 KkJ/kg 1270.7kPa 200 @ out ⋅== gss  

Substituting, 

 
0995.4
0)117.12255.0)(1270.7()0899.2)(117.1()3286.4)(2255.0(
0)(

surr

surr

12out1122surr

≥+Δ
≥−−−+Δ
≥−−−+Δ

S
S

mmssmsmS
 

The entropy change of the thermal energy reservoir must then satisfy 

 kJ/K 4.995−≥Δ surrS  
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7-63 A cylinder is initially filled with saturated water vapor mixture at a specified temperature. Steam 
undergoes a reversible heat addition and an isentropic process. The processes are to be sketched and heat 
transfer for the first process and work done during the second process are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible.  2 The thermal energy stored in the 
cylinder itself is negligible. 3 Both processes are reversible. 

Analysis (b) From the steam tables (Tables A-4 through A-6), 

 

kJ/kg 2247.9
kPa 15

KkJ/kg 3542.7
kJ/kg 2506.0

kJ/kg 2675.6

1
C100

kJ/kg 4.1547)4.2256)(5.0(17.419
5.0

C100

3
23

3

2

2

2

2

2

1
1

=
⎭
⎬
⎫

=
=

⋅=
==

==

⎭
⎬
⎫

=
°=

=+=+=
⎭
⎬
⎫

=
°=

u
ss

P

s
uu

hh

x
T

xhhh
x
T

g

g

fgf

 

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

            

)( 12outb,in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

uumUWQ

EEE

−=Δ=−

Δ=−
4342143421

 

For process 1-2, it reduces to 

 kJ 5641==−= kg1547.4)kJ/-kg)(2675.6 5()( 12in12, hhmQ  

(c) For process 2-3, it reduces to 

 kJ 1291==−= kg2247.9)kJ/-kg)(2506.0 5()( 32outb,23, uumW  

 

     

0.0 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11.0
0

100

200

300

400

500

600

700

s [kJ/kg-K]

T 
[°

C
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 101.42 kPa

 15 kPa

SteamIAPWS

1 2
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H2O 

100°C 
x = 0.5 
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7-64 Steam expands in an adiabatic turbine. Steam leaves the turbine at two different pressures. The 
process is to be sketched on a T-s diagram and the work done by the steam per unit mass of the steam at the 
inlet are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible.   

Analysis (b) From the steam tables (Tables A-4 through A-6), 

831.0
kJ/kg 6.2179kPa 10

kJ/kg 3.2921
MPa 1

      
KkJ/kg 8826.6

kJ/kg 1.3423
MPa 6

C005

3

3

13

3

2
12

2

1

1

1

1

=
=

⎭
⎬
⎫

=
=

=
⎭
⎬
⎫

=
=

⋅=
=

⎭
⎬
⎫

=
°=

s

s

s

x
h

ss
P

h
ss

P
s

h
P
T

 

A mass balance on the control volume gives 

321 mmm &&& +=    where 
13

12

9.0
1.0
mm
mm
&&

&&

=
=

 

We take the turbine as the system, which is 
a control volume. The energy balance for 
this steady-flow system can be expressed in 
the rate form as 

      

3121out,11

3322out,11

outin

9.01.0 hmhmWhm

hmhmWhm

EE

s

s

&&&&

&&&&

&&

++=

++=

=

 

or  

     
kJ/kg 3.1169)6.2179)(9.0()3.2921)(1.0(1.3423

9.01.0
9.01.0

321out,

32out,1

=−−=

−−=

++=

hhhw
hhwh

s

s

 

The actual work output per unit mass of steam at the inlet is 

 kJ/kg 993.9=== )kJ/kg 3.1169)(85.0(out,out sT ww η  

 

Turbine 

P1 = 6 MPa 
T1 = 500°C 

P3 = 10 kPa 
P2 = 1 MPa 

0.0 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11.0
0

100

200

300

400

500

600

700

s [kJ/kg-K]

T 
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C
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 6000 kPa
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 10 kPa

SteamIAPWS

1

2
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7-65E An insulated rigid can initially contains R-134a at a specified state. A crack develops, and 
refrigerant escapes slowly. The final mass in the can is to be determined when the pressure inside drops to 
a specified value.   

 Assumptions 1 The can is well-insulated and thus heat transfer is negligible.  2 The refrigerant that 
remains in the can underwent a reversible adiabatic process. 

Analysis Noting that for a reversible adiabatic (i.e., isentropic) 
process, s1 = s2, the properties of the refrigerant in the can are 
(Tables A-11E through A-13E) 

( )( ) /lbmft 0.54530.011822.27720.23550.01182

2355.0
19962.0

02605.007306.0
psia 02

RBtu/lbm 0.07306
F07
psia 140

3
22

2
2

12

2

F07@1
1

1

=−+=+=

=
−

=
−

=

⎭
⎬
⎫

=
=

⋅=≅
⎭
⎬
⎫

°=
=

°

fgf

fg

f

f

x
s

ss
x

ss
P

ss
T
P

vvv

 

Thus the final mass of the refrigerant in the can is 

 lbm  2.201===
/lbmft 0.5453

ft 1.2
3

3

2v
Vm  

 

R-134 
140 psia 

70°F Leak 
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Entropy Change of Incompressible Substances 

 

7-66C  No, because entropy is not a conserved property. 

 

 

 

7-67 A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of 
the tank and the total entropy change are to be determined. 

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific 
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energies are 
negligible. 3 The tank is well-insulated and thus there is no heat transfer.  

Properties The density and specific heat of water at 25°C are ρ = 997 kg/m3 and cp = 4.18 kJ/kg.°C. The 
specific heat of copper at 27°C is  cp = 0.386 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + copper block, as the system. This is a closed 
system since no mass crosses the system boundary during the process. The energy balance for this system 
can be expressed as 

 

U

EEE

Δ=

Δ=−

0
energies etc. potential,   

kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin 4342143421
 

or, 

  0waterCu =Δ+Δ UU  

 0)]([)]([ water12Cu12 =−+− TTmcTTmc  

where          

                kg 119.6)m 0.120)(kg/m 997( 33
water === Vρm  

Using specific heat values for copper and liquid water at room temperature and substituting, 

  0C25)(C)kJ/kg kg)(4.18 (119.6C80)(C)kJ/kg kg)(0.386 (50 22 =°−°⋅+°−°⋅ TT  

    T2 = 27.0°C 

The entropy generated during this process is determined from 

 
( )( )

( )( ) kJ/K 3.344
K 298
K 300.0ln KkJ/kg 4.18kg 119.6ln

kJ/K 3.140
K  353
K 300.0ln KkJ/kg 0.386kg 50ln

1

2
avgwater

1

2
avgcopper

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

T
TmcS

T
TmcS

 

Thus, 

 kJ/K 0.204=+−=Δ+Δ=Δ 344.3140.3watercoppertotal SSS  

WATER

Copper 
50 kg 

120 L 
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7-68 Computer chips are cooled by placing them in saturated liquid R-134a. The entropy changes of the 
chips, R-134a, and the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There 
are no work interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) The energy balance for this system can be expressed as  

[ ] [ ]
[ ] [ ] 134a-R12chips21

134a-R12chips12

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

)()(

)()(0

uumuum

uumuumU

EEE

−=−

−+−=Δ=

Δ=−
4342143421

 

The heat released by the chips is 

 [ ] kJ 0.18K 40)(20K)kJ/kg kg)(0.3 010.0()( 21chips =−−⋅=−= TTmcQ  

The mass of the refrigerant vaporized during this heat exchange process is 

 kg 0008679.0
kJ/kg 207.40
kJ 18.0

C40@

134aR134aR
g,2 ===

−
=

°−

−−

fgfg u
Q

uu
Q

m  

Only a small fraction of R-134a is vaporized during the process. Therefore, the temperature of R-134a 
remains constant during the process. The change in the entropy of the R-134a is (at -40°F from Table A-
11) 

 
kJ/K 0.000841=

−−+=

−+=Δ −

)0)(005.0()0)(0008679.0005.0()96866.0)(0008679.0(
1,1,2,2,2,2,134aR ffffgg smsmsmS

 

(b) The entropy change of the chips is 

 kJ/K 0.000687−=
+
+−

⋅==Δ
273)K(20
273)K40(K)lnkJ/kg kg)(0.3 010.0(ln

1

2
chips T

T
mcS  

(c) The total entropy change is 

 kJ/K 0.000154=−+=Δ+Δ==Δ )000687.0(000841.0chips134a-Rgentotal SSSS  

The positive result for the total entropy change (i.e., entropy generation) indicates that this process is 
possible. 
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7-69 A hot iron block is dropped into water in an insulated tank. The total entropy change during this 
process is to be determined. 

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific 
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energies are 
negligible. 3 The tank is well-insulated and thus there is no heat transfer. 4 The water that evaporates, 
condenses back. 

Properties The specific heat of water at 25°C is cp = 4.18 kJ/kg.°C. The specific heat of iron at room 
temperature is  cp = 0.45 kJ/kg.°C (Table A-3). 

Analysis We take the entire contents of the tank, water + iron block, as the system. This is a closed system 
since no mass crosses the system boundary during the process. The energy balance for this system can be 
expressed as 

 

U

EEE

Δ=

Δ=−

0
energies etc. potential,   

kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin 4342143421
 

or, 

  0wateriron =Δ+Δ UU  

 0)]([)]([ water12iron12 =−+− TTmcTTmc  

Substituting, 

 
C26.7°=

=−⋅+−⋅

2

22 0)C18)(KkJ/kg 4.18)(kg 100()C350)(KkJ/kg 0.45)(kg 25(

T

TT oo

 

The entropy generated during this process is determined from 

 

( )( )

( )( ) kJ/K 314.12
K 291
K 299.7ln KkJ/kg 4.18kg 100ln

kJ/K 232.8
K 623
K 299.7ln KkJ/kg 0.45kg 25ln

1

2
avgwater

1

2
avgiron

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

T
TmcS

T
TmcS

 

Thus, 

 kJ/K  4.08=+−=Δ+Δ=Δ= 314.12232.8waterirontotalgen SSSS  

Discussion The results can be improved somewhat by using specific heats at average temperature. 

 

WATER 
18°C

Iron 
350°C 
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7-70 An aluminum block is brought into contact with an iron block in an insulated enclosure. The final 
equilibrium temperature and the total entropy change for this process  are to be determined. 

Assumptions 1 Both the aluminum and the iron block are incompressible substances with constant specific 
heats. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The system is 
well-insulated and thus there is no heat transfer.  

Properties The specific heat of aluminum at the anticipated average temperature of 450 K is cp = 0.973 
kJ/kg.°C. The specific heat of iron at room temperature (the only value available in the tables) is  cp = 0.45 
kJ/kg.°C (Table A-3).  

Analysis We take the iron+aluminum blocks as the system, which is a closed system. The energy balance 
for this system can be expressed as 

 

U

EEE

Δ=

Δ=−

0
energies etc. potential,   

kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin 4342143421
 

or, 

0)]([)]([
0

iron12alum12

ironalum

=−+−
=Δ+Δ

TTmcTTmc
UU

 

Substituting, 

 
K 441.4

0)C200)(KkJ/kg 973.0)(kg 20()C010)(KkJ/kg 0.45)(kg 20(

2

22

==

=−⋅+−⋅

C168.4o

oo

T

TT
 

 The total entropy change for this process is determined from 

 

( )( )

( )( ) kJ/K 1.346
K 473
K 441.4ln KkJ/kg 0.973kg 20ln

kJ/K 1.515
K 373
K 441.4ln KkJ/kg 0.45kg 20ln

1

2
avgalum

1

2
avgiron

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

T
TmcS

T
TmcS

 

Thus, 

 kJ/K0.169 346.1515.1alumirontotal =−=Δ+Δ=Δ SSS  

Iron 
20 kg 
100°C 

Aluminum 
20 kg 
200°C 
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7-71 EES Problem 7-70 is reconsidered. The effect of the mass of the iron block on the final equilibrium 
temperature and the total entropy change for the process is to be studied. The mass of the iron is to vary 
from 1  to 10 kg. The equilibrium temperature and the total entropy change are to be plotted as a function 
of iron mass. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Knowns:" 
T_1_iron = 100 [C] 
{m_iron = 20 [kg]} 
T_1_al = 200 [C] 
m_al = 20 [kg] 
C_al = 0.973 [kJ/kg-K]  "FromTable A-3 
at the anticipated average temperature of 
450 K." 
C_iron= 0.45 [kJ/kg-K]  "FromTable A-3 
at room temperature, the only value 
available." 
 
"Analysis: " 
" Treat the iron plus aluminum as a 
closed system, with no heat transfer in, 
no work out, neglect changes in KE and 
PE of the system.  " 
"The final temperature is found from the 
energy balance." 
E_in - E_out = DELTAE_sys 
E_out = 0 
E_in = 0 
DELTAE_sys = m_iron*DELTAu_iron  + m_al*DELTAu_al 
DELTAu_iron = C_iron*(T_2_iron - T_1_iron) 
DELTAu_al = C_al*(T_2_al - T_1_al) 
"the iron and aluminum reach thermal equilibrium:" 
T_2_iron = T_2 
T_2_al = T_2 
DELTAS_iron = m_iron*C_iron*ln((T_2_iron+273) / (T_1_iron+273)) 
DELTAS_al = m_al*C_al*ln((T_2_al+273) / (T_1_al+273)) 
DELTAS_total = DELTAS_iron + DELTAS_al 
 
 

ΔStotal 
[kJ/kg] 

miron 
[kg] 

T2 
[C] 

0.01152 1 197.7 
0.0226 2 195.6 

0.03326 3 193.5 
0.04353 4 191.5 
0.05344 5 189.6 
0.06299 6 187.8 
0.07221 7 186.1 
0.08112 8 184.4 
0.08973 9 182.8 
0.09805 10 181.2 
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Δ
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ta
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J/
kg

]
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7-72 An iron block and a copper block are dropped into a large lake. The total amount of entropy change 
when both blocks cool to the lake temperature is to be determined. 

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific 
heats at room temperature. 2 Kinetic and potential energies are negligible.  

Properties The specific heats of iron and copper at room temperature are ciron = 0.45 kJ/kg.°C and ccopper = 
0.386 kJ/kg.°C (Table A-3). 

Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron 
and the copper blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established.  
Then the entropy changes of the blocks become 

 
( )( )

( )( ) kJ/K 1.571
K 353
K 288lnKkJ/kg 0.386kg 20ln

kJ/K 4.579
K 353
K 288lnKkJ/kg 0.45kg 50ln

1

2
avgcopper

1

2
avgiron

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Δ

T
TmcS

T
TmcS

 

We take both the iron and the copper blocks, as the 
system. This is a closed system since no mass crosses 
the system boundary during the process. The energy 
balance for this system can be expressed as 

 

copperironout

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

UUUQ

EEE

Δ+Δ=Δ=−

Δ=−
4342143421

 

or,  

  copper21iron21out )]([)]([ TTmcTTmcQ −+−=  

Substituting, 

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

kJ 1964
K288353KkJ/kg 0.386kg 20K288353KkJ/kg 0.45kg 50out

=
−⋅+−⋅=Q

 

Thus, 

 kJ/K 6.820
K 288
kJ 1964

lake

inlake,
lake ===Δ

T
Q

S  

Then the total entropy change for this process is 

 kJ/K 0.670=+−−=Δ+Δ+Δ=Δ 820.6571.1579.4lakecopperirontotal SSSS  

Iron 
50 kg 
80°C

Copper 
20 kg 
80°C 

Lake 
15°C
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7-73 An adiabatic pump is used to compress saturated liquid water in a reversible manner. The work input 
is to be determined by different approaches. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 
Heat transfer to or from the fluid is negligible.  

Analysis The properties of water at the inlet and exit of the pump are (Tables A-4 through A-6) 

 

/kgm 001004.0
kJ/kg 90.206MPa 15

/kgm 001010.0
kJ/kg 6492.0
kJ/kg 81.191

0
kPa 10

3
2

2

12

2

3
1

1

1

1

1

=
=

⎭
⎬
⎫

=
=

=
=
=

⎭
⎬
⎫

=
=

v

v

h
ss

P

s
h

x
P

 

(a) Using the entropy data from the compressed liquid water table  

kJ/kg 15.10=−=−= 81.19190.20612P hhw  

(b) Using inlet specific volume and pressure values  

 kJ/kg 15.14=−=−= kPa)100/kg)(15,00m 001010.0()( 3
121P PPw v  

 Error = 0.3% 

(b) Using average specific volume and pressure values  

 [ ] kJ/kg 15.10=−+=−= kPa)10(15,000/kgm )001004.0001010.0(2/1)( 3
12avgP PPw v  

 Error = 0% 

Discussion The results show that any of the method may be used to calculate reversible pump work. 

 

10 kPa 

15 MPa 

pump 
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Entropy Changes of Ideal Gases 

 

7-74C  For ideal gases, cp = cv + R and 
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7-75C  For an ideal gas, dh = cp dT and v = RT/P.  From the second Tds relation, 

 
P

dPR
T
dTc

T
dP

P
RT

T
dPc

T
dPv

T
dhds p

p −=−=−=  

Integrating, 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
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2
12 lnln

P
P

R
T
T

css p  

Since cp is assumed to be constant. 

 

7-76C  No.  The entropy of an ideal gas depends on the pressure as well as the temperature. 

 

7-77C  Setting Δs = 0 gives 
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T
Tcck
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R
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1
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1

2     ,Thus./   since     111   
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7-78C  The Pr and vr are called relative pressure and relative specific volume, respectively.  They are 
derived for isentropic processes of ideal gases, and thus their use is limited to isentropic processes only. 

 

7-79C  The entropy of a gas can change during an isothermal process since entropy of an ideal gas depends 
on the pressure as well as the temperature. 
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7-80C  The entropy change relations of an ideal gas simplify to 

 Δs  =  cp ln(T2/T1) for a constant pressure process 

and Δs  =  cv ln(T2/T1) for a constant volume process. 

Noting that cp  > cv, the entropy change will be larger for a constant pressure process. 

 

 

 

7-81 The entropy difference between the two states of oxygen is to be determined. 

Assumptions Oxygen is an ideal gas with constant specific heats. 

Properties The specific heat of oxygen at the average temperature of (39+337)/2=188°C=461 K is cp = 
0.960 kJ/kg⋅K (Table A-2b). 

Analysis From the entropy change relation of an ideal gas, 

KkJ/kg 0.6436 ⋅=−
+
+

⋅=−=Δ 0
273)K(39
273)K337(K)lnkJ/kg (0.960lnln

1

2

1

2
oxygen P

P
R

T
T

cs p  

since the pressure is same at the initial and final states. 

 

 

 

7-82 The entropy changes of helium and nitrogen is to be compared for the same initial and final states. 

Assumptions Helium and nitrogen are ideal gases with constant specific heats. 

Properties The properties of helium are cp = 5.1926 kJ/kg⋅K, R = 2.0769 kJ/kg⋅K (Table A-2a). The 
specific heat of nitrogen at the average temperature of (427+27)/2=227°C=500 K is cp = 1.056 kJ/kg⋅K 
(Table A-2b). The gas constant of nitrogen is R = 0.2968 kJ/kg⋅K (Table A-2a). 

Analysis From the entropy change relation of an ideal gas, 

KkJ/kg 0.3826 ⋅=

⋅−
+
+

⋅=

−=Δ

kPa 2000
kPa 200K)lnkJ/kg (2.0769

273)K(427
273)K27(K)lnkJ/kg (5.1926

lnln
1

2

1

2
He P

P
R

T
T

cs p

 

KkJ/kg 0.2113 ⋅−=

⋅−
+
+

⋅=

−=Δ

kPa 2000
kPa 200K)lnkJ/kg (0.2968

273)K(427
273)K27(

K)lnkJ/kg (1.056

lnln
1

2

1

2
N2 P

P
R

T
T

cs p

 

Hence, helium undergoes the largest change in entropy.  
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7-83E The entropy change of air during an expansion process is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat of air at the average temperature of (500+50)/2=275°F is cp = 0.243 Btu/lbm⋅R 
(Table A-2Eb). The gas constant of air is R = 0.06855 Btu/lbm⋅R (Table A-2Ea). 

Analysis From the entropy change relation of an ideal gas, 

RBtu/lbm 0.1062 ⋅−=

⋅−
+
+

⋅=

−=Δ

psia 200
psia 100R)lnBtu/lbm (0.06855

)R460(500
)R46050(R)lnBtu/lbm (0.243

lnln
1

2

1

2
air P

P
R

T
T

cs p

 

 

 

 

7-84 The final temperature of air when it is expanded isentropically is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air at an anticipated average temperature of 550 K is k = 1.381 (Table 
A-2b). 

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 

K 397=⎟
⎠
⎞

⎜
⎝
⎛+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− 381.1/381.0/)1(

1

2
12 kPa 1000

kPa 100K) 273(477
kk

P
P

TT  

Discussion The average air temperature is (750+397.4)/2=573.7 K, which is sufficiently close to the 
assumed average temperature of 550 K. 

 

 

 

7-85E The final temperature of air when it is expanded isentropically is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air at an anticipated average temperature of 300°F is k = 1.394 (Table 
A-2Eb). 

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 

R 609=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− 394.1/394.0/)1(

1

2
12 psia 100

psia 20R) 460(500
kk

P
P

TT  

Discussion The average air temperature is (960+609)/2=785 R=325°F, which is sufficiently close to the 
assumed average temperature of 300°F. 
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7-86 The final temperatures of helium and nitrogen when they are compressed isentropically are to be 
compared. 

Assumptions Helium and nitrogen are ideal gases with constant specific heats. 

Properties The specific heat ratios of helium and nitrogen at room temperature are k = 1.667 and k = 1.4, 
respectively (Table A-2a). 

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 

K 749=⎟
⎠
⎞
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⎝
⎛=⎟⎟

⎠
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TT  
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2
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kk

P
P
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Hence, the helium produces the greater temperature when it is compressed. 

 

 

 

7-87 The final temperatures of neon and air when they are expanded isentropically are to be compared. 

Assumptions Neon and air are ideal gases with constant specific heats. 

Properties The specific heat ratios of neon and air at room temperature are k = 1.667 and k = 1.4, 
respectively (Table A-2a). 

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 
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Hence, the neon produces the smaller temperature when it is expanded. 
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7-88 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder 
is turned on, and air is heated for 15 min at constant pressure. The entropy change of air during this process 
is to be determined for the cases of constant and variable specific heats.  

Assumptions At specified conditions, air can be treated as an ideal gas. 

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

Analysis  The mass of the air and the electrical work done during this process are 

 
( )( )

( )( )
( )( ) kJ 180s 6015kJ/s 0.2

kg 0.4325
K 290K/kgmkPa 0.287
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The energy balance for this stationary closed system can be expressed as 

)()( 1212ine,outb,ine,

energies etc. potential,   
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system
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since ΔU + Wb = ΔH during a constant pressure quasi-equilibrium process.  

(a) Using a constant cp value at the anticipated average temperature of 450 K, the final temperature 
becomes 

Thus, ( )( ) K 698
KkJ/kg 1.02kg 0.4325

kJ 180K 290ine,
12 =

⋅
+=+=

pmc
W

TT  

Then the entropy change becomes 
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(b)  Assuming variable specific heats, 

 ( ) kJ/kg 706.34
kg 0.4325

kJ 180kJ/kg 290.16ine,
1212ine, =+=+=⎯→⎯−=

m
W

hhhhmW  

From the air table (Table A-17, we read s2
o  = 2.5628 kJ/kg·K corresponding to this h2 value.  Then, 

     ( ) ( )( ) kJ/K0.387 KkJ/kg1.668022.5628kg 0.4325ln 12
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7-89 A cylinder contains N2 gas at a specified pressure and temperature. A gas is compressed 
polytropically until the volume is reduced by half. The entropy change of nitrogen during this process is to 
be determined.  

Assumptions 1 At specified conditions, N2 can be treated as an ideal gas. 2 Nitrogen has constant specific 
heats at room temperature. 

Properties The gas constant of nitrogen is R = 0.297 kJ/kg.K (Table A-1).  The constant volume specific 
heat of nitrogen at room temperature is cv = 0.743 kJ/kg.K (Table A-2). 

Analysis From the polytropic relation, 

 ( )( ) K 3.3692K 003 13.1
1

2

1
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1
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Then the entropy change of nitrogen becomes 
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7-90 EES Problem 7-89 is reconsidered. The effect of varying the polytropic exponent from 1 to 1.4 on the 
entropy change of the nitrogen is to be investigated, and the processes are to be shown on a common P-v 
diagram. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
Function BoundWork(P[1],V[1],P[2],V[2],n) 
"This function returns the Boundary Work for the polytropic process.  This function is required  
since the expression for boundary work depens on whether n=1 or n<>1" 
  If n<>1 then 
     BoundWork:=(P[2]*V[2]-P[1]*V[1])/(1-n)"Use Equation 3-22 when n=1" 
  else 
    BoundWork:= P[1]*V[1]*ln(V[2]/V[1]) "Use Equation 3-20 when n=1" 
  endif 
end 
 
n=1 
P[1] = 120 [kPa] 
T[1] = 27 [C] 
m = 1.2 [kg] 
V[2]=V[1]/2  
Gas$='N2' 
MM=molarmass(Gas$) 
R=R_u/MM 
R_u=8.314 [kJ/kmol-K] 
"System:  The gas enclosed in the piston-cylinder device." 
"Process: Polytropic expansion or compression, P*V^n = C" 
P[1]*V[1]=m*R*(T[1]+273)  
P[2]*V[2]^n=P[1]*V[1]^n 
W_b = BoundWork(P[1],V[1],P[2],V[2],n) 
"Find the temperature at state 2 from the pressure and specific volume." 
T[2]=temperature(gas$,P=P[2],v=V[2]/m) 
"The entropy at states 1 and 2 is:" 
s[1]=entropy(gas$,P=P[1],v=V[1]/m) 
s[2]=entropy(gas$,P=P[2],v=V[2]/m) 
DELTAS=m*(s[2] - s[1]) 
"Remove the {} to generate the P-v plot data" 
{Nsteps = 10 
VP[1]=V[1] 
PP[1]=P[1] 
Duplicate i=2,Nsteps 
      VP[i]=V[1]-i*(V[1]-V[2])/Nsteps 
      PP[i]=P[1]*(V[1]/VP[i])^n 
END  } 
 

ΔS [kJ/kg] n Wb [kJ] 
-0.2469 1 -74.06 
-0.2159 1.05 -75.36 
-0.1849 1.1 -76.69 
-0.1539 1.15 -78.05 
-0.1229 1.2 -79.44 

-0.09191 1.25 -80.86 
-0.06095 1.3 -82.32 
-0.02999 1.35 -83.82 

0.0009849 1.4 -85.34 
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7-91E A fixed mass of helium undergoes a process from one specified state to another specified state. The 
entropy change of helium is to be determined for the cases of reversible and irreversible processes.    

Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 2 Helium has constant 
specific heats at room temperature. 

Properties The gas constant of helium is R = 0.4961 Btu/lbm.R 
(Table A-1E). The constant volume specific heat of helium is       
cv = 0.753 Btu/lbm.R (Table A-2E). 

Analysis From the ideal-gas entropy change relation, 
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The entropy change will be the same for both cases. 

 

 

 

7-92 One side of a partitioned insulated rigid tank contains an ideal gas at a specified temperature and 
pressure while the other side is evacuated. The partition is removed, and the gas fills the entire tank. The 
total entropy change during this process is to be determined. 

Assumptions The gas in the tank is given to be an ideal gas, and thus ideal gas relations apply. 

Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 
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since u = u(T) for an ideal gas. Then the entropy change of the gas becomes 

 ( )( ) ( )

kJ/K28.81 

2ln KkJ/kmol 8.314kmol 5

lnlnln
1

2

1

2
0

1

2
avg,

=

⋅=

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=Δ

V
V

V
V

v uu NRR
T
TcNS

 

This also represents the total entropy change since the tank does not contain anything else, and there are 
no interactions with the surroundings.   

IDEAL 
GAS 

5 kmol 
40°C 

He 
T1 = 540 R 
T2 = 660 R 



 

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

7-53

 

7-93 Air is compressed in a piston-cylinder device in a reversible and adiabatic manner. The final 
temperature and the work are to be determined for the cases of constant and variable specific heats. 

Assumptions 1 At specified conditions, air can be treated as an ideal gas. 2 The process is given to be 
reversible and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 

Properties The gas constant of air is R = 0.287 kJ/kg.K  (Table A-1).  The specific heat ratio of air at low 
to moderately high temperatures is k = 1.4 (Table A-2). 

Analysis (a) Assuming constant specific heats, the ideal gas isentropic relations give 

 
( )

( ) K525.3 
kPa 100
kPa 800K 290

1.40.41
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2
12 =⎟⎟
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Then, 

 ( ) KkJ/kg0.727K avg,avg 407.7/2525.3290 ⋅=⎯→⎯=+= vcT  

We take the air in the cylinder as the system. The energy balance for 
this stationary closed system can be expressed as 
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Thus, 

( ) ( )( ) kJ/kg171.1 K 290525.3KkJ/kg 0.72712avg,in =−⋅=−= TTcw v  

(b)  Assuming variable specific heats, the final temperature can be determined using the relative pressure 
data (Table A-17), 

and 
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Then the work input becomes 

 ( ) kJ/kg169.25 kJ/kg 206.91376.1612in =−=−= uuw  
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7-94 EES Problem 7-93 is reconsidered. The work done and final temperature during the compression 
process are to be calculated and plotted as functions of the final pressure for the two cases as the final 
pressure varies from 100 kPa to 800 kPa. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   
 

Procedure ConstPropSol(P_1,T_1,P_2,Gas$:Work_in_ConstProp,T2_ConstProp) 
C_P=SPECHEAT(Gas$,T=27)  
MM=MOLARMASS(Gas$)  
R_u=8.314 [kJ/kmol-K] 
R=R_u/MM 
C_V = C_P - R  
k = C_P/C_V 
T2= (T_1+273)*(P_2/P_1)^((k-1)/k) 
T2_ConstProp=T2-273 "[C]" 
DELTAu = C_v*(T2-(T_1+273))  
Work_in_ConstProp = DELTAu  
End 
 
"Knowns:" 
P_1 = 100 [kPa] 
T_1 = 17 [C] 
P_2 = 800 [kPa] 
"Analysis: " 
" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect  
changes in KE and PE of the air.  The process is reversible and adiabatic thus isentropic." 
"The isentropic work is determined from:" 
e_in - e_out = DELTAe_sys 
e_out = 0 [kJ/kg] 
e_in = Work_in  
DELTAE_sys = (u_2 - u_1)  
u_1 = INTENERGY(air,T=T_1) 
v_1 = volume(air,P=P_1,T=T_1) 
s_1 = entropy(air,P=P_1,T=T_1) 
" The process is reversible and 
adiabatic or isentropic.   
Then P_2 and s_2 specify state 2." 
s_2 = s_1 
u_2 = INTENERGY(air,P=P_2,s=s_2) 
T_2_isen=temperature(air,P=P_2,s=s_2) 
Gas$ = 'air' 
Call ConstPropSol(P_1,T_1,P_2,Gas$: 
  Work_in_ConstProp,T2_ConstProp) 
 

P2 
[kPa] 

Workin 

[kJ/kg] 
Workin,ConstProp 

[kJ/kg] 
100 0 0 
200 45.63 45.6 
300 76.84 76.77 
400 101.3 101.2 
500 121.7 121.5 
600 139.4 139.1 
700 155.2 154.8 
800 169.3 168.9 
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7-95 An insulated rigid tank contains argon gas at a specified pressure and temperature. A valve is 
opened, and argon escapes until the pressure drops to a specified value. The final mass in the tank is to 
be determined. 

Assumptions 1 At specified conditions, argon can be treated as an ideal gas. 2 The process is given to be 
reversible and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 

Properties The specific heat ratio of argon is  k = 1.667 (Table A-2). 

Analysis From the ideal gas isentropic relations, 
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The final mass in the tank is determined from the ideal gas relation, 
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7-96 EES Problem 7-95 is reconsidered. The effect of the final pressure on the final mass in the tank is to 
be investigated as the pressure varies from 450 kPa to 150 kPa, and the results are to be plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Knowns:" 
C_P = 0.5203"[kJ/kg-K ]" 
C_V = 0.3122 "[kJ/kg-K ]" 
R=0.2081 "[kPa-m^3/kg-K]" 
P_1= 450"[kPa]" 
T_1 = 30"[C]" 
m_1 = 4"[kg]" 
P_2= 150"[kPa]" 
 
"Analysis: 
We assume the mass that stays in the tank undergoes an isentropic expansion  
process.  This allows us to determine the final temperature of that gas at the final  
pressure in the tank by using the isentropic relation:" 
 
k = C_P/C_V 
T_2 = ((T_1+273)*(P_2/P_1)^((k-1)/k)-273)"[C]" 
V_2 = V_1 
P_1*V_1=m_1*R*(T_1+273) 
P_2*V_2=m_2*R*(T_2+273) 
 
 

m2 
[kg] 

P2 
[kPa] 

2.069 150 
2.459 200 
2.811 250 
3.136 300 
3.44 350 
3.727 400 

4 450 
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7-97E Air is accelerated in an adiabatic nozzle. Disregarding irreversibilities, the exit velocity of air is to 
be determined. 

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is given to be reversible and 
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 2 The nozzle operates 
steadily. 

Analysis Assuming variable specific heats, the inlet and exit properties are determined to be 

and 
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We take the nozzle 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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7-98E Air is expanded in an isentropic turbine. The exit temperature of the air and the power produced are 
to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic 
(i.e., reversible-adiabatic).  3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at an anticipated average temperature of 600°F are cp = 0.250 Btu/lbm·R 
and k = 1.377 (Table A-2Eb). The gas constant of air is R = 0.3704 psia⋅ft3/lbm⋅R (Table A-1E). 

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . 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 
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The exit temperature of the air for this isentropic process is 
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The specific volume of air at the inlet and the mass flow rate are 
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Substituting into the energy balance equation gives 
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7-99 Nitrogen is compressed in an adiabatic compressor. The  minimum work input is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, 
and thus there is no heat transfer.  3 Nitrogen is an ideal gas with constant specific heats. 

Properties The properties of nitrogen at an anticipated average temperature of 400 K are cp = 1.044 
kJ/kg·K and k = 1.397 (Table A-2b).  

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the compressor as the 
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as 
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For the minimum work input to the compressor, the process 
must be reversible as well as adiabatic (i.e., isentropic). This 
being the case, the exit temperature will be 
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Substituting into the energy balance equation gives 
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7-100 Oxygen is expanded in an adiabatic nozzle. The maximum velocity at the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, 
and thus there is no heat transfer. 3 Oxygen is an ideal gas with constant specific heats. 

Properties The properties of oxygen at room temperature are cp = 0.918 kJ/kg·K and k = 1.395 (Table A-
2a). 

Analysis For the maximum velocity at the exit, the process must be reversible as well as adiabatic (i.e., 
isentropic). This being the case, the exit temperature will be 
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There is only one inlet and one exit, and thus mmm &&& == 21 . We take nozzle as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 
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Solving for the exit velocity, 
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7-101 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the 
exit are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer 
or shaft work associated with the process. 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 and k = 1.4 (Table A-2a). 

Analysis For the polytropic process of an ideal gas, Constant=nPv , and the exit temperature is given by 
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There is only one inlet and one exit, and thus mmm &&& == 21 . We take nozzle as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 
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Solving for the exit velocity, 
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7-102 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the 
exit are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer 
or shaft work associated with the process. 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 and k = 1.4 (Table A-2a). 

Analysis For the polytropic process of an ideal gas, Constant=nPv , and the exit temperature is given by 
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There is only one inlet and one exit, and thus mmm &&& == 21 . We take nozzle as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 
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Solving for the exit velocity, 
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7-103 Air is charged to an initially evacuated container from a supply line. The minimum temperature of 
the air in the container after it is filled is to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the 
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains 
constant. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential energies are negligible. 4 
There are no work interactions involved. 5 The tank is well-insulated, and thus there is no heat transfer. 

Properties The specific heat of air at room temperature is cp = 0.240 Btu/lbm·R (Table A-2Ea).  

Analysis We take the tank as the system, which is a control volume since mass crosses the 
boundary. Noting that the microscopic energies of flowing and nonflowing fluids are represented by 
enthalpy h and internal energy u, respectively, the mass and entropy balances for this uniform-flow system 
can be expressed as 
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2

12

systemoutin  

mm
mmm

mmm

i

i

=
−=

Δ=−

 

Entropy balance: 

0
0

22

1122

≥−
≥−+−

ii

iiee

smsm
smsmsmsm

 

Combining the two balances, 
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The minimum temperature will result when the equal sign applies. Noting that P2 = Pi, we have 
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7-104 A container is filled with liquid water is placed in a room and heat transfer takes place between the 
container and the air in the room until the thermal equilibrium is established. The final temperature, the 
amount of heat transfer between the water and the air, and the entropy generation are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant 
specific heats. 3 The room is well-sealed and there is no heat transfer from the room to the surroundings. 4 
Sea level atmospheric pressure is assumed. P = 101.3 kPa. 

Properties The properties of air at room temperature are R = 0.287 kPa.m3/kg.K, cp = 1.005 kJ/kg.K, cv = 
0.718 kJ/kg.K. The specific heat of water at room temperature is cw = 4.18 kJ/kg.K (Tables A-2, A-3). 

Analysis (a) The mass of the air in the room is 
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An energy balance on the system that consists of the water in the 
container and the air in the room gives the final equilibrium 
temperature 
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(b) The heat transfer to the air is 
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(c) The entropy generation associated with this heat transfer process may be obtained by calculating total 
entropy change, which is the sum of the entropy changes of water and the air. 
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7-105 Air is accelerated in an isentropic nozzle. The maximum velocity at the exit is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The nozzle operates steadily. 

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

Analysis The exit temperature is determined from ideal gas isentropic relation to be, 
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We take the nozzle 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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7-106 An ideal gas is compressed in an isentropic compressor. 10% of gas is compressed to 400 kPa and 
90% is compressed to 600 kPa. The compression process is to be sketched, and the exit temperatures at the 
two exits, and the mass flow rate into the compressor are to be determined. 

Assumptions 1 The compressor operates steadily. 2 The process is reversible-adiabatic (isentropic) 

Properties The properties of ideal gas are given to be cp = 1.1 kJ/kg.K and cv = 0.8 kJ/kg.K. 

Analysis (b) The specific heat ratio of the gas is 
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The exit temperatures are determined from ideal gas isentropic 
relations to be, 
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(c) A mass balance on the control volume gives 
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We take the compressor 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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Solving for the inlet mass flow rate, we obtain 
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7-107 Air contained in a constant-volume tank s cooled to ambient temperature. The entropy changes of 
the air and the universe due to this process are to be determined and the process is to be sketched on a T-s 
diagram. 

Assumptions 1 Air is an ideal gas with constant specific heats.  

Properties The specific heat of air at room temperature is             
cv = 0.718 kJ/kg.K (Table A-2a). 

Analysis (a) The entropy change of air is determined from  
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(b) An energy balance on the system gives 
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Reversible Steady-Flow Work 

 

7-108C  The work associated with steady-flow devices is proportional to the specific volume of the gas. 
Cooling a gas during compression will reduce its specific volume, and thus the power consumed by the 
compressor.  

 

7-109C  Cooling the steam as it expands in a turbine will reduce its specific volume, and thus the work 
output of the turbine.  Therefore, this is not a good proposal. 

 

7-110C  We would not support this proposal since the steady-flow work input to the pump is proportional 
to the specific volume of the liquid, and cooling will not affect the specific volume of a liquid significantly. 

 

 

 

7-111 Air is compressed isothermally in a reversible steady-flow device. The work required is to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer 
associated with the process. 3 Kinetic and potential energy changes are negligible. 4 Air is an ideal gas 
with constant specific heats. 

Properties The gas constant of air is R = 0.06855 Btu/lbm·R (Table A-1E). 

Analysis Substituting the ideal gas equation of state into the reversible 
steady-flow work expression gives 
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7-112 Saturated water vapor is compressed in a reversible steady-flow device. The work required is to be 
determined. 

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

Analysis The properties of water at the inlet state are 
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Noting that the specific volume remains constant, the reversible steady-
flow work expression gives 
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7-113 The work produced for the process 1-3 shown in the figure is to be determined. 

Assumptions  Kinetic and potential energy 
changes are negligible.  

Analysis The work integral represents the 
area to the left of the reversible process 
line. Then, 
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7-114 The work produced for the process 1-2 shown in the figure is to be determined. 

Assumptions  Kinetic and potential energy changes are negligible.  

Analysis The work integral represents the area to the 
left of the reversible process line. Then, 
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7-115  Liquid water is to be pumped  by a 25-kW pump at a specified rate. The highest pressure the water 
can be pumped to is to be determined. 

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are 
negligible. 3 The process is assumed to be reversible since we will determine the limiting case.  

Properties The specific volume of liquid water is given to be v1 = 0.001 m3/kg. 

Analysis The highest pressure the liquid can have at the pump exit can be determined from the reversible 
steady-flow work relation for a liquid, 

Thus, 
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It yields   
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7-116 A steam power plant operates between the pressure limits of 10 MPa and 20 kPa. The ratio of the 
turbine work to the pump work is to be determined.  

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are 
negligible. 3 The process is reversible. 4 The pump and the turbine are adiabatic. 

Properties The specific volume of saturated liquid water at 20 kPa is v1 = vf @ 20 kPa = 0.001017 m3/kg 
(Table A-5). 

Analysis  Both the compression and expansion processes are reversible and adiabatic, and thus isentropic, 

s1 = s2 and s3 = s4.  Then the properties of the steam are 
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Also, v1 = vf @ 20 kPa = 0.001017 m3/kg. 

The work output to this isentropic turbine is determined 
from the steady-flow energy balance to be 
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Substituting, 

kJ/kg 2098.39.26082.470743outturb, =−=−= hhw  

The pump work input is determined from the steady-flow work relation to be 

 

( )

kJ/kg 10.15
mkPa 1

kJ 1 kPa)2010,000)(/kgm 0.001017( 3
3

121
002 

1 
inpump,

=

⎟
⎠
⎞

⎜
⎝
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⋅
−=

−=Δ+Δ+= ∫ PPpekedPw vv

 

Thus, 

 206.7==
10.15
2098.3

inpump,

outturb,

w
w
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7-117 EES Problem 7-116 is reconsidered. The effect of the quality of the steam at the turbine exit on the 
net work output is to be investigated as the quality is varied from 0.5 to 1.0, and the net work output us to 
be plotted as a function of this quality. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 

"System: control volume for the pump and turbine" 
"Property relation: Steam functions" 
"Process: For Pump and Turbine: Steady state, steady flow, adiabatic, reversible or 
isentropic" 
"Since we don't know the mass, we write the conservation of energy per unit mass." 
"Conservation of mass: m_dot[1]= m_dot[2]" 
 
"Knowns:" 
WorkFluid$ = 'Steam_IAPWS' 
P[1] = 20  [kPa] 
x[1] = 0 
P[2] = 10000 [kPa] 
x[4] = 1.0 
 
"Pump Analysis:" 
T[1]=temperature(WorkFluid$,P=P[1],x=0) 
v[1]=volume(workFluid$,P=P[1],x=0) 
h[1]=enthalpy(WorkFluid$,P=P[1],x=0) 
s[1]=entropy(WorkFluid$,P=P[1],x=0) 
s[2] = s[1] 
h[2]=enthalpy(WorkFluid$,P=P[2],s=s[2]) 
T[2]=temperature(WorkFluid$,P=P[2],s=s[2]) 
 
"The Volume function has the same form for an ideal gas as for a real fluid." 
v[2]=volume(WorkFluid$,T=T[2],p=P[2]) 
"Conservation of Energy - SSSF energy balance for pump" 
"       -- neglect the change in potential energy, no  heat transfer:" 
h[1]+W_pump = h[2] 
"Also the work of pump can be obtained from the incompressible fluid, steady-flow result:" 
W_pump_incomp = v[1]*(P[2] - P[1]) 
 
"Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential 
energy, no  heat transfer:" 
P[4] = P[1] 
P[3] = P[2] 
h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 
s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 
T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 
s[3] = s[4] 
h[3]=enthalpy(WorkFluid$,P=P[3],s=s[3]) 
T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) 
h[3] = h[4] + W_turb 
W_net_out  = W_turb - W_pump 
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Wnet,out 
[kJ/kg] 

Wpump 
[kJ/kg] 

Wpump,incomp 
[kJ/kg] 

Wturb 
[kJ/kg] 

x4 

557.1 10.13 10.15 567.3 0.5 
734.7 10.13 10.15 744.8 0.6 
913.6 10.13 10.15 923.7 0.7 
1146 10.13 10.15 1156 0.8 
1516 10.13 10.15 1527 0.9 
2088 10.13 10.15 2098 1 
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7-118 Liquid water is pumped  by a 70-kW pump to a specified pressure at a specified level. The highest 
possible mass flow rate of water is to be determined. 

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic 
energy changes are negligible, but potential energy changes may be 
significant. 3 The process is assumed to be reversible since we will 
determine the limiting case.  

Properties The specific volume of liquid water is given to be                  
v1 = 0.001 m3/kg. 

Analysis The highest mass flow rate will be realized when the entire 
process is reversible.  Thus it is determined from the reversible steady-
flow work relation for a liquid, 

 Thus, 
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It yields 

 kg/s 1.41=m&  

 

PUMP 

P2 = 5 MPa 

Water 
P1 = 120 kPa
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7-119E Helium gas is compressed from a specified state to a specified pressure at a specified rate. The 
power input to the compressor is to be determined for the cases of isentropic, polytropic, isothermal, and 
two-stage compression. 

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The process is reversible. 3 Kinetic 
and potential energy changes are negligible.  

Properties The gas constant of helium is R = 2.6805 psia.ft3/lbm.R 
= 0.4961 Btu/lbm.R. The specific heat ratio of helium is k = 1.667 
(Table A-2E). 

Analysis  The mass flow rate of helium is 

 
( )( )

( )( )
lbm/s 0.0493

R 530R/lbmftpsia 2.6805
/sft 5psia 14

3

3

1

11 =
⋅⋅

==
RT
P

m
V&

&  

(a)  Isentropic compression with k = 1.667: 
( )

( ) ( )( )( )

Btu/s  0.7068  =  hp  1  since      
Btu/s 44.11

1
psia 14
psia 120

11.667
R 530RBtu/lbm 0.49611.667lbm/s 0.0493

1
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(b)  Polytropic compression with n = 1.2: 
( )

( ) ( )( )( )

Btu/s  0.7068  =  hp  1  since 
Btu/s 33.47

1
psia 14
psia 120

11.2
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(c)  Isothermal compression: 

     ( )( )( ) hp39.4 Btu/s 27.83
psia 14
psia 120lnR 530RBtu/lbm 0.4961lbm/s 0.0493ln

1

2
incomp, ==⋅==

P
PRTmW &&  

(d) Ideal two-stage compression with intercooling (n = 1.2):  In this case, the pressure ratio across each 
stage is the same, and its value is determined from 

 ( )( ) psia 41.0psia 120psia 1421 === PPPx  

The compressor work across each stage is also the same, thus total compressor work is twice the 
compression work for a single stage: 
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7-120E EES Problem 7-119E is reconsidered. The work of compression and entropy change of the helium 
is to be evaluated and plotted as functions of the polytropic exponent as it varies from 1 to 1.667.   

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
Procedure FuncPoly(m_dot,k, R, 
T1,P2,P1,n:W_dot_comp_polytropic,W_dot_comp_2stagePoly,Q_dot_Out_polytropic,Q_dot_Out
_2stagePoly) 
 
If n =1 then 
T2=T1 
W_dot_comp_polytropic= m_dot*R*(T1+460)*ln(P2/P1)*convert(Btu/s,hp) "[hp]" 
W_dot_comp_2stagePoly = W_dot_comp_polytropic "[hp]" 
Q_dot_Out_polytropic=W_dot_comp_polytropic*convert(hp,Btu/s) "[Btu/s]" 
Q_dot_Out_2stagePoly = Q_dot_Out_polytropic*convert(hp,Btu/s) "[Btu/s]" 
 
Else 
C_P = k*R/(k-1) "[Btu/lbm-R]" 
T2=(T1+460)*((P2/P1)^((n+1)/n)-460)"[F]" 
W_dot_comp_polytropic = m_dot*n*R*(T1+460)/(n-1)*((P2/P1)^((n-1)/n) - 
1)*convert(Btu/s,hp)"[hp]" 
Q_dot_Out_polytropic=W_dot_comp_polytropic*convert(hp,Btu/s)+m_dot*C_P*(T1-T2)"[Btu/s]" 
 
Px=(P1*P2)^0.5 
T2x=(T1+460)*((Px/P1)^((n+1)/n)-460)"[F]" 
W_dot_comp_2stagePoly = 2*m_dot*n*R*(T1+460)/(n-1)*((Px/P1)^((n-1)/n) - 
1)*convert(Btu/s,hp)"[hp]" 
Q_dot_Out_2stagePoly=W_dot_comp_2stagePoly*convert(hp,Btu/s)+2*m_dot*C_P*(T1-
T2x)"[Btu/s]" 
 
endif 
END  
 
R=0.4961[Btu/lbm-R] 
k=1.667 
n=1.2 
P1=14 [psia] 
T1=70 [F] 
P2=120 [psia] 
V_dot = 5 [ft^3/s] 
P1*V_dot=m_dot*R*(T1+460)*convert(Btu,psia-ft^3) 
 
W_dot_comp_isentropic = m_dot*k*R*(T1+460)/(k-1)*((P2/P1)^((k-1)/k) - 
1)*convert(Btu/s,hp)"[hp]" 
Q_dot_Out_isentropic = 0"[Btu/s]" 
Call FuncPoly(m_dot,k, R, 
T1,P2,P1,n:W_dot_comp_polytropic,W_dot_comp_2stagePoly,Q_dot_Out_polytropic,Q_dot_Out
_2stagePoly) 
 
W_dot_comp_isothermal= m_dot*R*(T1+460)*ln(P2/P1)*convert(Btu/s,hp)"[hp]" 
Q_dot_Out_isothermal = W_dot_comp_isothermal*convert(hp,Btu/s)"[Btu/s]" 
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n Wcomp2StagePoly 

[hp] 
Wcompisentropic 

[hp] 
Wcompisothermal 

[hp] 
Wcomppolytropic 

[hp] 
1 39.37 62.4 39.37 39.37 

1.1 41.36 62.4 39.37 43.48 
1.2 43.12 62.4 39.37 47.35 
1.3 44.68 62.4 39.37 50.97 
1.4 46.09 62.4 39.37 54.36 
1.5 47.35 62.4 39.37 57.54 

1.667 49.19 62.4 39.37 62.4 
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7-121 Water mist is to be sprayed into the air stream in the compressor to cool the air as the water 
evaporates and to reduce the compression power. The reduction in the exit temperature of the compressed 
air and the compressor power saved are to be determined.  

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is reversible. 3 Kinetic and 
potential energy changes are negligible. 3 Air is compressed isentropically. 4 Water vaporizes completely 
before leaving the compressor.  4 Air properties can be used for the air-vapor mixture. 

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The specific heat ratio of air is k = 1.4. 
The inlet enthalpies of water and air are (Tables A-4 and A-17) 

 hw1 = hf@20°C = 83.29 kJ/kg , hfg@20°C = 2453.9 kJ/kg and ha1 = h@300 K =300.19 kJ/kg 

Analysis  In the case of isentropic operation (thus no cooling or water spray), the exit temperature and the 
power input to the compressor are 

K 610.2=
kPa 100
kPa 1200K) 300(     
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/1
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−
−

= − kkPP
k
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When water is sprayed, we first need to check the accuracy of 
the assumption that the water vaporizes completely in the 
compressor. In the limiting case, the compression will be 
isothermal at the compressor inlet temperature, and the water 
will be a saturated vapor. To avoid the complexity of dealing 
with two fluid streams and a gas mixture, we disregard water 
in the air stream (other than the mass flow rate), and assume 
air is cooled by an amount equal to the enthalpy change of 
water. 

The rate of heat absorption of water as it evaporates 
at the inlet temperature completely is 

 kW 490.8=kJ/kg) .9kg/s)(2453 2.0(C20@maxcooling, == °fgwhmQ &&  

The minimum power input to the compressor is 

 kW  3.449
kPa 100
kPa 1200ln K) K)(300kJ/kg 7kg/s)(0.28 1.2(ln

1

2
minin,comp, =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅==

P
PRTmW &&  

This corresponds to maximum cooling from the air since, at constant temperature, Δh = 0 and thus 
kW 3.449inout ==WQ && , which is close to 490.8 kW. Therefore, the assumption that all the water vaporizes 

is approximately valid. Then the reduction in required power input due to water spray becomes 

  kW  205=−=−=Δ 3.4493.654isothermal comp,isentropic comp,incomp, WWW &&&  

Discussion (can be ignored): At constant temperature, Δh = 0 and thus kW 3.449== inout WQ &&  corresponds 
to maximum cooling from the air, which is less than 490.8 kW. Therefore, the assumption that all the water 
vaporizes is only roughly valid. As an alternative, we can assume the compression process to be polytropic 
and the water to be a saturated vapor at the compressor exit temperature, and disregard the remaining 
liquid. But in this case there is not a unique solution, and we will have to select either the amount of water 
or the exit temperature or the polytropic exponent to obtain a solution. Of course we can also tabulate the 
results for different cases, and then make a selection. 
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Sample Analysis: We take the compressor exit temperature to be T2 = 200°C = 473 K. Then,   

 hw2 = hg@200°C = 2792.0 kJ/kg and ha2 = h@473 K = 475.3 kJ/kg 

Then,   
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Energy balance: 

               
kW 0.202300.19)3kg/s)(475. 1.2(kW 7.569                                                           

)(   )( 12incomp,out12outincomp,

=−−=

−−=→−=− hhmWQhhmQW &&&&&&
 

Noting that this heat is absorbed by water, the rate at which water evaporates in the compressor becomes 

 kg/s 0746.0
kJ/kg )29.830.2792(

kJ/s 0.202     )(
12

waterin,
12waterin,airout, =

−
=

−
=⎯→⎯−==

ww
wwww hh

Q
mhhmQQ

&
&&&&  

Then the reductions in the exit temperature and compressor power input become 

Δ

Δ

T T T

W W Wcomp in comp comp

2 2 2 610 2 473

654 3 570

= − = − = °

= − = − =

, ,

, , ,

.
& & & .

isentropic water cooled

isentropic water cooled

137.2 C

84.3 kW
 

Note that selecting a different compressor exit temperature T2 will result in different values. 

 

 

 

7-122 A water-injected compressor is used in a gas turbine power plant. It is claimed that the power output 
of a gas turbine will increase when water is injected into the compressor because of the increase in the 
mass flow rate of the gas (air + water vapor) through the turbine. This, however, is not necessarily right 
since the compressed air in this case enters the combustor at a low temperature, and thus it absorbs much 
more heat. In fact, the cooling effect will most likely dominate and cause the cyclic efficiency to drop. 
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Isentropic Efficiencies of Steady-Flow Devices 

 

7-123C  The ideal process for all three devices is the reversible adiabatic (i.e., isentropic) process.  The 
adiabatic efficiencies of these devices are defined as 

   
energy kineticexit  cinsentropi

energykineticexit  actual and ,
inputwork  actual

inputwork  cinsentropi ,
outputwork  cinsentropi

outputwork  actual
===

NCT
ηηη  

 

7-124C  No, because the isentropic process is not the model or ideal process for compressors that are 
cooled intentionally. 

 

7-125C  Yes.  Because the entropy of the fluid must increase during an actual adiabatic process as a result 
of irreversibilities.  Therefore, the actual exit state has to be on the right-hand side of the isentropic exit 
state 

 

 

 

7-126 Saturated steam is compressed in an adiabatic process with an isentropic efficiency of 0.90. The 
work required is to be determined.  

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat 
transfer is negligible. 

Analysis  We take the steam 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 
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From the steam tables (Tables A-5 and A-6), 

 

kJ/kg 0.2903
MPa 1

KkJ/kg 3589.7
kJ/kg 2505.6
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The work input during the isentropic process is 

 kJ 39,740kg2505.6)kJ/kg)(2903.0 100()( 12in, =−=−= uumW ss  

The actual work input is then 

 kJ 44,160===
90.0

kJ 740,39in,
in,
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7-127E R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.95. The final volume 
is to be determined.  

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat 
transfer is negligible. 

Analysis  We take the R-134a 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 

)( 12out

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

uumUW

EEE

−=Δ=−

Δ=−
4342143421

 

From the R-134a tables (Tables A-11E through A-13E), 
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The actual work input is 

 Btu/lbm 14.28Btu/lbm)448.9348.108)(95.0()( 21out,out, =−=−== sTsTa uuww ηη  

The actual internal energy at the end of the expansion process is 

 Btu/lbm 20.9428.1448.108)( out,1221out, =−=−=⎯→⎯−= aaaa wuuuuw  

The specific volume at the final state is (Table A-12E) 
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The final volume is then 

 3ft 22.75=== /lbm)ft 5lbm)(2.274 10( 3
22 vV m  
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7-128 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.92. The power output of 
the turbine is to be determined.  

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

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the actual 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 
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From the steam tables (Tables A-4 through A-6), 
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The actual power output may be determined by multiplying the isentropic power output with the isentropic 
efficiency. Then, 
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Steam 
turbine 
ηT =92% 

P1 = 3 MPa 
T1 = 400°C 

P2 = 30 kPa
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7-129 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.90. The power output of 
the turbine is to be determined.  

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

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the actual 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 
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From the steam tables (Tables A-4 through A-6), 
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The actual power output may be determined by multiplying the isentropic power output with the isentropic 
efficiency. Then, 

 

kW 1613=
−=

−=

=

kJ/kg)7.23357.3231(kg/s) 2)(90.0(
)( 21

out,out,

sT

sTa

hhm
WW
&

&&

η

η

 

 

Steam 
turbine 
ηT =90% 

P1 = 3 MPa 
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P2 = 30 kPa
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7-130 Argon gas is compressed by an adiabatic compressor. The isentropic efficiency of the compressor is 
to be determined. 

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

Properties The specific heat ratio of argon is k = 1.667 (Table A-2). 

Analysis The isentropic exit temperature is  

 K 8.753
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kPa 2000
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From the isentropic efficiency relation, 
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7-131 R-134a is compressed by an adiabatic compressor. The isentropic efficiency of the compressor is to 
be determined. 

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

Analysis From the R-134a tables (Tables A-11 through A-13), 
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From the isentropic efficiency relation, 
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Argon 
compressor 

P1 = 200 kPa 
T1 = 27°C 

P2 = 2 MPa 
T2 = 550°C 

R-134a 
compressor 

0°C 
sat. vapor 

600 kPa
50°C 
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7-132 Steam enters an adiabatic turbine at a specified state, and leaves at a specified state. The mass flow 
rate of the steam and the isentropic efficiency are to be determined.  

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

Analysis (a)  From the steam tables (Tables A-4 and A-6), 
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There is only one inlet and one exit, and thus & & &m m m1 2= = . We take the actual 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 
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Substituting, the mass flow rate of the steam is determined to be  
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(b)  The isentropic exit enthalpy of the steam and the power output of the isentropic turbine are 
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Then the isentropic efficiency of the turbine becomes 

 73.4%==== 0.734
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7-133 Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at a 
specified pressure. The isentropic efficiency of the turbine is to be determined.  

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

Properties The specific heat ratio of argon is k = 1.667. The constant pressure specific heat of argon is cp = 
0.5203 kJ/kg.K (Table A-2). 

Analysis There is only one inlet and one exit, and thus & & &m m m1 2= = . We take the isentropic 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 
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From the isentropic relations, 
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Then the power output of the isentropic turbine becomes 

( ) ( )( )( ) kW 14124791073KkJ/kg 0.5203kg/min 80/6021outs, .=−⋅=−= sp TTcmW &&  

Then the isentropic efficiency of the turbine is determined from 
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7-134E Combustion gases enter an adiabatic gas turbine with an isentropic efficiency of 82% at a specified 
state, and leave at a specified pressure. The work output of the turbine is to be determined.  

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential 
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Combustion 
gases can be treated as air that is an ideal gas with variable specific heats. 

Analysis  From the air table and isentropic relations, 
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There is only one inlet and one exit, and thus & & &m m m1 2= = . We take the 
actual 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 
as 
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Noting that wa = ηTws, the work output of the turbine per unit mass  is determined from  

 ( )( ) Btu/lbm 71.7=−= Btu/lbm417.3504.710.82aw  
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7-135 [Also solved by EES on enclosed CD] Refrigerant-134a enters an adiabatic compressor with an 
isentropic efficiency of 0.80 at a specified state with a specified volume flow rate, and leaves at a specified 
pressure. The compressor exit temperature and power input to the compressor are to be determined.  

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

Analysis (a) From the refrigerant tables (Tables A-11E through A-13E), 
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From the isentropic efficiency relation, 
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(b)  The mass flow rate of the refrigerant is determined from 

 kg/s 0.0308
/kgm 0.16212
/sm 0.3/60
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There is only one inlet and one exit, and thus & & &m m m1 2= = . We take the actual compressor as the system, 
which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system 
can be expressed as 
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Substituting, the power input to the compressor becomes, 

 ( )( ) kW 1.70=−= kJ/kg236.97292.26kg/s 0.0308ina,W&  
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7-136 EES Problem 7-135 is reconsidered. The problem is to be solved by considering the kinetic energy 
and by assuming an inlet-to-exit area ratio of 1.5 for the compressor when the compressor exit pipe inside 
diameter is 2 cm. 

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

 
"Input Data from diagram window" 
{P[1] = 120 "kPa" 
P[2] = 1000 "kPa" 
Vol_dot_1 = 0.3 "m^3/min" 
Eta_c = 0.80 "Compressor adiabatic efficiency" 
A_ratio = 1.5 
d_2 = 2/100 "m"} 
 
"System: Control volume containing the compressor, see the diagram window. 
Property Relation:  Use the real fluid properties for R134a. 
Process: Steady-state, steady-flow, adiabatic process." 
Fluid$='R134a' 
"Property Data for state 1" 
T[1]=temperature(Fluid$,P=P[1],x=1)"Real fluid equ. at the sat. vapor state" 
h[1]=enthalpy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
s[1]=entropy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
v[1]=volume(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
 
"Property Data for state 2" 
s_s[1]=s[1]; T_s[1]=T[1] "needed for plot" 
s_s[2]=s[1] "for the ideal, isentropic process across the compressor" 
h_s[2]=ENTHALPY(Fluid$, P=P[2], s=s_s[2])"Enthalpy 2 at the isentropic state 2s and 
pressure P[2]" 
T_s[2]=Temperature(Fluid$, P=P[2], s=s_s[2])"Temperature of ideal state - needed only for 
plot." 
"Steady-state, steady-flow conservation of mass" 
 m_dot_1 = m_dot_2 
m_dot_1 = Vol_dot_1/(v[1]*60) 
Vol_dot_1/v[1]=Vol_dot_2/v[2] 
Vel[2]=Vol_dot_2/(A[2]*60) 
A[2] = pi*(d_2)^2/4 
A_ratio*Vel[1]/v[1] = Vel[2]/v[2] "Mass flow rate: = A*Vel/v, A_ratio = A[1]/A[2]" 
A_ratio=A[1]/A[2] 
 
"Steady-state, steady-flow conservation of energy, adiabatic compressor, see diagram 
window" 
m_dot_1*(h[1]+(Vel[1])^2/(2*1000)) + W_dot_c= m_dot_2*(h[2]+(Vel[2])^2/(2*1000)) 
 
"Definition of the compressor adiabatic efficiency, Eta_c=W_isen/W_act" 
Eta_c = (h_s[2]-h[1])/(h[2]-h[1]) 
 
"Knowing h[2], the other properties at state 2 can be found." 
v[2]=volume(Fluid$, P=P[2], h=h[2])"v[2] is found at the actual state 2, knowing P and h." 
T[2]=temperature(Fluid$, P=P[2],h=h[2])"Real fluid equ. for T at the known outlet h and P." 
s[2]=entropy(Fluid$, P=P[2], h=h[2])   "Real fluid equ. at the known outlet h and P." 
T_exit=T[2] 
"Neglecting the kinetic energies, the work is:" 
m_dot_1*h[1] + W_dot_c_noke= m_dot_2*h[2] 
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SOLUTION 
 
A[1]=0.0004712 [m^2] 
A[2]=0.0003142 [m^2] 
A_ratio=1.5  
d_2=0.02 [m] 
Eta_c=0.8  
Fluid$='R134a' 
h[1]=237 [kJ/kg] 
h[2]=292.3 [kJ/kg] 
h_s[2]=281.2 [kJ/kg] 
m_dot_1=0.03084 [kg/s] 
m_dot_2=0.03084 [kg/s] 
P[1]=120.0 [kPa] 
P[2]=1000.0 [kPa] 
s[1]=0.9478 [kJ/kg-K] 
s[2]=0.9816 [kJ/kg-K] 

s_s[1]=0.9478 [kJ/kg-K] 
s_s[2]=0.9478 [kJ/kg-K] 
T[1]=-22.32 [C] 
T[2]=58.94 [C] 
T_exit=58.94 [C] 
T_s[1]=-22.32 [C] 
T_s[2]=48.58 [C] 
Vol_dot_1=0.3 [m^3 /min] 
Vol_dot_2=0.04244 [m^3 /min] 
v[1]=0.1621 [m^3/kg] 
v[2]=0.02294 [m^3/kg] 
Vel[1]=10.61 [m/s] 
Vel[2]=2.252 [m/s] 
W_dot_c=1.704 [kW] 
W_dot_c_noke=1.706 [kW] 
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7-137 Air enters an adiabatic compressor with an isentropic efficiency of 84% at a specified state, and 
leaves at a specified temperature. The exit pressure of air and the power input to the compressor are to be 
determined. 

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

Properties The gas constant of air is R = 0.287 kPa.m3/kg.K (Table A-1) 

Analysis  (a) From the air table (Table A-17), 
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( )
( )( ) 951.7kJ/kg 495.0290.16533.980.84290.16

2

1212

=⎯→⎯=−+=

−+=

r

as

P

hhhh
C

η
 

Then from the isentropic relation , 

 ( ) kPa646 kPa 100
1.2311
7.951

12
1

2

1

2

1

2 =⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=⎯→⎯= P

P
P

P
P
P

P
P

r

r

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

&&

44 344 21
&

43421
&&

=

=Δ=−

 

           
)(

0)ΔpeΔke  (since     

12ina,

21ina,

hhmW

QhmhmW

−=

≅≅≅=+

&&

&&&&
 

where  

kg/s 884.2
)K 290)(K/kgmkPa 0.287(

)/sm 2.4)(kPa 100(
3

3

1

11 =
⋅⋅

==
RT
P

m
V&

&  

Then the power input to the compressor is determined to be 

 kW 703=−= kJ/kg )290.16533.98)(kg/s 2.884(ina,W&  

 

AIR 
ηC = 84% 

2 

1
2.4 m3/s 
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7-138 Air is compressed by an adiabatic compressor from a specified state to another specified state. The 
isentropic efficiency of the compressor and the exit temperature of air for the isentropic case are to be 
determined.  

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

Analysis  (a) From the air table (Table A-17), 

 
T h P

T h

r

a

1 1

2 2

1
1 386= ⎯ →⎯ = =

= ⎯ →⎯ =

300 K 300.19 kJ / kg,

550 K 554.74 kJ / kg

.
 

From the isentropic relation, 

   ( ) kJ/kg 508.728.7541.386
kPa 95
kPa 600

2
1

2
12

=⎯→⎯=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= srr hP

P
PP  

Then the isentropic efficiency becomes 

 η
C

h h
h h

s

a
=

−
−

=
−
−

= =2 1

2 1

508 72 30019
554 74 30019

0 819. .
. .

. 81.9%  

(b)  If the process were isentropic, the exit temperature would be 

 h Ts s2 2= ⎯ →⎯ =508.72 kJ / kg 505.5 K  

 

AIR 

2 

1
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7-139E Argon enters an adiabatic compressor with an isentropic efficiency of 80% at a specified state, and 
leaves at a specified pressure. The exit temperature of argon and the work input to the compressor are to be 
determined.  

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes 
are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with 
constant specific heats. 

Properties The specific heat ratio of argon is             
k = 1.667. The constant pressure specific heat of 
argon is cp = 0.1253 Btu/lbm.R (Table A-2E). 

Analysis (a) The isentropic exit temperature T2s is determined from 

 
( )

( ) R 1381.9
psia 20
psia 200R 550

70.667/1.66/1

1

2
12 =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− kk
s

s P
PTT  

The actual kinetic energy change during this process is 

 
( ) ( )

 Btu/lbm 1.08
/sft 25,037

Btu/lbm 1
2

ft/s 60ft/s 240
2 22

222
1

2
2 =⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛−
=

−
=Δ

VV
kea  

The effect of kinetic energy on isentropic efficiency is very small. Therefore, we can take the kinetic 
energy changes for the actual and isentropic cases to be same in efficiency calculations. From the 
isentropic efficiency relation, including the effect of kinetic energy, 

 
( )
( )

( )
( ) 08.15501253.0

08.15509.13811253.08.0
)(
)(

212

12

12

12

+−
+−

=⎯→⎯
Δ+−

Δ+−
=

Δ+−
Δ+−

==
aaap

ssp

a

s

a

s

TkeTTc
keTTc

kehh
kehh

w
w

C
η  

It yields   

T2a  =  1592 R 

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

&&

44 344 21
&

43421
&&

=
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0)pe  (since   /2)+()2/(

12ina,

2
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2
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2
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2
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⎜
⎜
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+−=
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hhwhhmW

QVhmVhmW

VV
&&

&&&&

  

Substituting, the work input to the compressor is determined to be 

 ( )( ) Btu/lbm131.6 Btu/lbm 1.08R5501592RBtu/lbm 0.1253ina, =+−⋅=w  

Ar 
ηC = 80% 

2 

1
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7-140E Air is accelerated in a 90% efficient adiabatic nozzle from low velocity to a specified velocity. The 
exit temperature and pressure of the air are to be determined.  

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes 
are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 

Analysis From the air table (Table A-17E), 

 T h Pr1 1 1
53 04= ⎯ →⎯ = =1480 R 363.89 Btu / lbm, .  

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

&&

44 344 21
&

43421
&&

=

=Δ=−
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0)pe  (since   /2)+()2/(
02

1
2

2
12

2
22

2
11

VVhh

QWVhmVhm

−
−=

≅Δ≅==+ &&&&

 

Substituting, the exit temperature of air is determined to be 

 ( ) Btu/lbm 351.11
/sft 25,037

Btu/lbm 1
2

0ft/s 800kJ/kg 363.89 22

2

2 =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛−
−=h  

From the air table we read   

T2a  =  1431.3 R 

From the isentropic efficiency relation   

⎯→⎯
−
−

=
12

12

hh
hh

s

a
N

η  

  ( ) ( ) ( ) 04.46Btu/lbm 349.690.90/363.89351.11363.89/
21212 =⎯→⎯=−+=−+= ras Phhhh

N
η  

Then the exit pressure is determined from the isentropic relation to be 

 ( ) psia  52.1=⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=⎯→⎯= psia 60

53.04
46.04

12
1

2

1

2

1

2 P
P
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P
P
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P
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r

r

r

r  

AIR 
ηN = 90% 

1 2 
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7-141E EES Problem 7-140E is reconsidered. The effect of varying the nozzle isentropic efficiency from 
0.8 to 1.0 on the exit temperature and pressure of the air is to be investigated, and the results are to be 
plotted. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Knowns:" 
WorkFluid$ = 'Air' 
P[1] = 60  [psia] 
T[1] = 1020 [F] 
Vel[2] = 800 [ft/s] 
Vel[1] = 0 [ft/s] 
eta_nozzle = 0.9 
 
"Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential 
energy, no  heat transfer:" 
h[1]=enthalpy(WorkFluid$,T=T[1]) 
s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 
T_s[1] = T[1] 
s[2] =s[1] 
s_s[2] = s[1] 
h_s[2]=enthalpy(WorkFluid$,T=T_s[2]) 
T_s[2]=temperature(WorkFluid$,P=P[2],s=s_s[2]) 
eta_nozzle = ke[2]/ke_s[2] 
ke[1] = Vel[1]^2/2 
ke[2]=Vel[2]^2/2  
h[1]+ke[1]*convert(ft^2/s^2,Btu/lbm) = h[2] + ke[2]*convert(ft^2/s^2,Btu/lbm) 
h[1] +ke[1]*convert(ft^2/s^2,Btu/lbm) = h_s[2] + ke_s[2]*convert(ft^2/s^2,Btu/lbm) 
T[2]=temperature(WorkFluid$,h=h[2]) 
P_2_answer = P[2] 
T_2_answer = T[2] 
 
 
ηnozzle P2 

[psia 
T2 
[F 

Ts,2 
[F] 

0.8 51.09 971.4 959.2 
0.85 51.58 971.4 962.8 
0.9 52.03 971.4 966 

0.95 52.42 971.4 968.8 
1 52.79 971.4 971.4 

 

 

 

 

 

 

 

 
0.8 0.84 0.88 0.92 0.96 1

950

960

970

980

ηnozzle

T s
[2

]

T2
Ts[2]
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7-142 Air is expanded in an adiabatic nozzle with an isentropic efficiency of 0.96. The air velocity at the 
exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer 
or shaft work associated with the process. 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 and k = 1.4 (Table A-2a). 

Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 

 K 331.0
kPa 300
kPa 100K) 273(180

4.1/4.0/)1(

1

2
12 =⎟

⎠
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⎛+=⎟⎟
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⎜⎜
⎝

⎛
=

− kk

s P
P

TT  

There is only one inlet and one exit, and thus mmm &&& == 21 . We take nozzle as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 

 

outin
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kinetic, internal,in  change of Rate
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V
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The kinetic energy change for the isentropic case is 

 kJ/kg 122.6)K331K)(453kJ/kg 005.1()(ke 21 =−⋅=−=Δ sps TTc  

The kinetic energy change for the actual process is 

 kJ/kg 117.7kJ/kg) 6.122)(96.0(keke ==Δ=Δ sNa η  

Substituting into the energy balance and solving for the exit velocity gives 

 m/s 485=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=Δ=

5.022
5.0

2 kJ/kg 1
/sm 1000kJ/kg) 2(117.7)ke2( aV  

  Air 
300 kPa 
180°C 
0 m/s

100 kPa 
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7-143E Air is decelerated in an adiabatic diffuser with an isentropic efficiency of 0.82. The air velocity at 
the exit is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer 
or shaft work associated with the process. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are cp = 0.240 Btu/lbm·R and k = 1.4 (Table A-2Ea). 

Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 

 R 2.554
psia 13
psia 20R) 460(30

4.1/4.0/)1(

1

2
12 =⎟⎟

⎠
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⎜⎜
⎝

⎛
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− kk

s P
P

TT  

There is only one inlet and one exit, and thus mmm &&& == 21 . We take nozzle as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 

 

outin
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The kinetic energy change for the isentropic case is 

 Btu/lbm 15.41)R490R)(554.2Btu/lbm 240.0()(ke 12 =−⋅=−=Δ TTc sps  

The kinetic energy change for the actual process is 

 Btu/lbm 12.63Btu/lbm) 41.15)(82.0(keke ==Δ=Δ sNa η  

Substituting into the energy balance and solving for the exit velocity gives 

 ft/s 606=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=Δ−=

5.022
25.02

12 Btu/lbm 1
/sft 25,037Btu/lbm) (12.632ft/s) (1000)ke2( aVV  

 

  Air 13 psia 
30°F 

1000 ft/s
20 psia 
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Entropy Balance 

 

7-144 Heat is lost from Refrigerant-134a as it is throttled. The exit temperature of the refrigerant and the 
entropy generation are to be determined. 

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

Analysis The properties of the refrigerant at the inlet of the device are (Table A-13) 

 
kJ/kg 37135.0

kJ/kg 86.100
C35
kPa 090

1

1

1

1

=
=

⎭
⎬
⎫

°=
=

s
h

T
P

 

The enthalpy of the refrigerant at the exit 
of the device is 

 kJ/kg 06.1008.086.100out12 =−=−= qhh  

Now, the properties at the exit state may be obtained from the R-134a tables 

 
kJ/kg.K 38884.0kJ/kg 06.100

kPa 020

2

2

2

2

=
°−=

⎭
⎬
⎫

=
=

s
T

h
P C10.09

 

The entropy generation associated with this process may be obtained by adding the entropy change of R-
134a as it flows in the device and the entropy change of the surroundings. 

 kJ/kg.K 01749.037135.038884.012134a-R =−=−=Δ sss  

 kJ/kg.K 002685.0
K 273)(25

kJ/kg 8.0

surr

out
surr =

+
==Δ

T
q

s  

kJ/kg.K 0.0202=+=Δ+Δ=Δ= − 002685.001749.0surr134aRtotalgen ssss  

 

R-134a 
900 kPa 

35°C 
200 kPa 
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7-145 Liquid water is withdrawn from a rigid tank that initially contains saturated water mixture until no 
liquid is left in the tank. The quality of steam in the tank at the initial state, the amount of mass that has 
escaped, and the entropy generation during this process are to be determined. 
Assumptions 1 Kinetic and potential energy changes are zero. 2 There are no work interactions. 
Analysis (a) The properties of the steam in the tank at the final state and the properties of exiting steam are 
(Tables A-4 through A-6) 

 

kJ/kg.K 7765.1
kJ/kg 66.604

liq.)  (sat. 0
kPa 400

kJ/kg.K 8955.6
/kgm 46242.0

kJ/kg 1.2553

  vap.)(sat. 1
kPa 400

2

2
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The relations for the volume of the tank and the final mass in the tank are 

13
1

2
2

111

219.16
/kgm 0.46242

kg) 5.7(
kg) 5.7(

v
v

v
V

vvV

===

==

m

m
 

The mass, energy, and entropy balances may be written as 

21 mmme −=  

1122in umumhmQ ee −=−  

1122
source

in smsmSsm
T

Q
genee −=+−  

Substituting, 
 1219.165.7 v−=em        (1) 

111 5.7)1.2553(219.16)66.604)(219.165.7(5 u−=−− vv    (2) 

11gen1 5.7)8955.6(219.16)7765.1)(219.165.7(
273500

5 sS −=+−−
+

vv   (3) 

Eq. (2) may be solved by a trial-error approach by trying different qualities at the inlet state. Or, we can use 
EES to solve the equations to find 
 x1 = 0.8666 
Other properties at the initial state are 

 
kJ/kg.K 2129.6

/kgm 40089.0
kJ/kg 2.2293
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kPa 400
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Substituting into Eqs (1) and (3), 
(b) kg 0.998=−= )40089.0(219.165.7em   

(c)  

[ ]
kJ/K 0.00553=

−=+−−
+

gen

gen )2129.6(5.7)8955.6)(40089.0(219.16)7765.1()40089.0(219.165.7
273500

5

S

S
 

Water mixture 
7.5 kg 

400 kPa 

Q
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7-146 Each member of a family of four take a 5-min shower every day. The amount of entropy generated 
by this family per year is to be determined.    

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible.  3 
Heat losses from the pipes and the mixing section are negligible and thus & .Q ≅ 0  4 Showers operate at 
maximum flow conditions during the entire shower. 5 Each member of the household takes a 5-min shower 
every day. 6 Water is an incompressible substance with constant properties at room temperature. 7 The 
efficiency of the electric water heater is 100%. 

Properties  The density and specific heat of water at room temperature are ρ = 1 kg/L = 1000 kg/3  and c = 
4.18 kJ/kg.°C (Table A-3).  

Analysis The mass flow rate of water at the shower head is  

kg/min 12=L/min) kg/L)(12 (1== V&& ρm  

The mass balance for the mixing chamber can be 
expressed in the rate form as  

    

   0

321outin

(steady)  0
systemoutin

mmmmm

mmm

&&&&&

&&&

=+⎯→⎯=

=Δ=−
 

where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture. 

The rate of entropy generation during this process can be determined by applying the rate form of 
the entropy balance on a system that includes the electric water heater and the mixing chamber (the T-
elbow). Noting that there is no entropy transfer associated with work transfer (electricity) and there is no 
heat transfer,   the entropy balance for this steady-flow system can be expressed as 

 

{

221133gen

gen332211

entropy of   
change of Rate

(steady) 0
system
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entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

free)entropy  is work and 0  (since    0

smsmsmS

QSsmsmsm

SSSS

&&&&

&&&&

44 344 21
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Noting from mass balance that & & &m m m1 2 3+ =  and  s2 = s1 since hot water enters the system at the same 
temperature as the cold water, the rate of entropy generation is determined to be 

kJ/min.K 495.4
273+15
273+42kJ/kg.K)ln 18kg/min)(4. 12(

ln)()(
1

3
313312133gen

==

=−=+−=
T
TcmssmsmmsmS p&&&&&&

 

Noting that 4 people take a 5-min shower every day, the amount of entropy generated per year is 

year)(per  =
days/year) 65persons)(3 day)(4min/person 5kJ/min.K)( 495.4(

days) of .people)(No of No.()( gengen

  kJ/K 32,814
⋅=

Δ= tSS &

 

Discussion The value above represents the entropy generated within the water heater and the T-elbow in 
the absence of any heat losses. It does not include the entropy generated as the shower water at 42°C is 
discarded  or cooled to the outdoor temperature. Also, an entropy balance on the mixing chamber alone 
(hot water entering at 55°C instead of 15°C) will exclude the entropy generated within the water heater. 

Cold 
water 

1

Hot 
water 

2 

Mixture 
3 
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7-147  Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of 
steam and the rate of entropy generation 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 enthalpy and entropy of vaporization of water at 60°C are hfg =2357.7 kJ/kg and sfg = 
7.0769 kJ/kg.K  (Table A-4). The specific heat of water at room temperature is  cp = 4.18 kJ/kg.°C (Table 
A-3).   

Analysis (a) 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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Then  the heat transfer rate to the cooling water in the 
condenser becomes 

kJ/s 2822=C)18CC)(27kJ/kg. kg/s)(4.18 (75

)]([  watercoolinginout

°−°°=

−= TTcmQ p&&
    

 The rate of condensation of steam is determined to be  

 kg/s  1.20===⎯→⎯=
kJ/kg 7.2357
kJ/s 2822)( steamsteam

fg
fg h

QmhmQ
&

&&&  

 (b) The rate of entropy generation within the condenser during this process can be determined by applying 
the rate form of the entropy balance on the entire condenser. Noting that the condenser is well-insulated 
and thus heat transfer is negligible, the entropy balance for this steady-flow system can be expressed as  
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Noting that water is an incompressible substance and steam changes from saturated vapor to saturated 
liquid, the rate of entropy generation is determined to be 

kW/K 1.06=

−=

−=−+=

kJ/kg.K) 69kg/s)(7.07 20.1(
273+18
273+27kJ/kg.K)ln kg/s)(4.18 75(

ln)(ln steam
1

2
watersteam

1

2
watergen fgpgfp sm

T
Tcmssm

T
TcmS &&&&&

 

Steam 
60°C

18°C 
 
Water 

60°C 

27°C
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7-148 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of 
entropy generation 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 cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively. 

Analysis We take the cold water tubes as the system, which is a 
control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 
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(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

TTcmQ

hmhmQ

EE

EEE

p −=

≅Δ≅Δ=+

=

=Δ=−

&&

&&&

&&

44 344 21
&

43421
&&

 

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

 kW 31.35=C)15CC)(45kJ/kg. kg/s)(4.18 25.0()]([  watercoldinoutin °−°°=−= TTcmQ p&&  

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

 C97.5
C)kJ/kg. kg/s)(4.19 3(

kW 35.31C100)]([ inouthot wateroutin °=
°

−°=−=⎯→⎯−=
p

p cm
QTTTTcmQ
&

&
&&  

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

K/kW  0.0190=

+=

+=

273+100
273+97.5kJ/kg.K)ln kg/s)(4.19 3(

273+15
273+45kJ/kg.K)ln kg/s)(4.18 25.0(

lnln
3

4
hot

1

2
coldgen T

Tcm
T
TcmS pp &&&

 

Hot water

100°C
3 kg/s

Cold water 
15°C 

0.25 kg/s 

45°C 
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7-149 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer, the 
outlet temperature of the air, and the rate of entropy generation are to be determined. 

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

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, 
respectively. The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 

Analysis We take the exhaust pipes as the system, which 
is a control volume. The energy balance for this steady-
flow system can be expressed in the rate form as 

   

)(

0)peke (since   

0

21out

2out1

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

TTcmQ

hmQhm

EE

EEE

p −=

≅Δ≅Δ+=

=

=Δ=−

&&

&&&

&&

44 344 21
&

43421
&&

 

Then the rate of heat transfer from the exhaust gases becomes 

kW  205.7=C)95CC)(180kJ/kg. kg/s)(1.1 2.2()]([ gas.outin °−°°=−= TTcmQ p&&  

The mass flow rate of air is 

kg/s 808.1
K) 293(/kg.K)kPa.m 287.0(

/s)m kPa)(1.6 (95
3

3
=

×
==

RT
Pm V&

&  

Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the 
air becomes 

[ ]  C133.2°=
°

+°=+=⎯→⎯−=
C)kJ/kg. 5kg/s)(1.00 808.1(

kW 7.205C20  )( inoutairinout
p
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&

&
&&  

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:  
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Then the rate of entropy generation is determined to be 

K/kW  0.091=

+=

+=
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Air 
95 kPa 
20°C 

1.6 m3/s

Exhaust gases 
2.2 kg/s,  95°C 
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7-150 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of 
entropy generation 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 (a) 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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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&&  

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

C129.1°=
°

−°=−=→−=
C)kJ/kg. kg/s)(2.3 10(
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p
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&
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(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:  
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Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is 
determined to be 

K/kW 0.736=
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Oil 
170°C 
10 kg/s 

Water 
20°C 

4.5 kg/s

70°C
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7-151E Refrigerant-134a is expanded adiabatically from a specified state to another. The entropy 
generation is to be determined. 

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

Analysis The rate of entropy generation within the expansion device during this process can be determined 
by applying the rate form of the entropy balance on the system. Noting that the system is adiabatic and thus 
there is no heat transfer, the entropy balance for this steady-flow system can be expressed as  

{

12gen

12gen

gen2211

entropy of   
change of Rate

(steady) 0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

)(

0

sss

ssmS

Ssmsm

SSSS

−=

−=

=+−

Δ=+−

&&

&&&

44 344 21
&&

43421
&&

 

The properties of the refrigerant at the inlet and exit states are (Tables A-11E through A-13E) 

 RBtu/lbm 22900.0  
F100
psia 010

1
1

1 ⋅=
⎭
⎬
⎫

°=
=

s
T
P

 

 RBtu/lbm 22948.0  
1

psia 01
2

2

2 ⋅=
⎭
⎬
⎫

=
=

s
x
P

 

Substituting, 

 RBtu/lbm 0.00048 ⋅=−=−= 22900.022948.012gen sss  

 

R-134a 
100 psia 
100°F 

10 psia 
sat. vapor
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7-152 In an ice-making plant, water is frozen by evaporating saturated R-134a liquid. The rate of entropy 
generation is to be determined. 

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

Analysis We take the control volume formed by the R-134a evaporator with a single inlet and single exit as 
the system. The rate of entropy generation within this evaporator during this process can be determined by 
applying the rate form of the entropy balance on the system. The entropy balance for this steady-flow 
system can be expressed as  
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The properties of the refrigerant are (Table A-11) 

 
KkJ/kg 78263.0

kJ/kg 96.205

C10 @ 

C10 @ 

⋅=

=

°−

°−

fg

fg

s

h
 

The rate of that must be removed from the water in order to freeze it at a rate of 4000 kg/h is 

 kW 8.370kJ/kg) 7kg/s)(333. 3600/4000(in === ifwhmQ &&  

where the heat of fusion of water at 1 atm is 333.7 kJ/kg. The mass flow rate of R-134a is 

  kg/s 800.1
kJ/kg 205.96
kJ/s 8.370in ===

fg
R h

Q
m

&
&  

Substituting, 

 kW/K 0.0505=−⋅=−=
K 273
kW 370.8K)kJ/kg 263kg/s)(0.78 800.1(in

gen
w

fgR T
Q

smS
&
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R-134a
−10°C 

−10°C 
sat. vapor
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7-153 Air is heated by steam in a heat exchanger. The rate of entropy generation associated with this 
process is to be determined. 

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

Properties The specific heat of air at room temperature is 
cp = 1.005 kJ/kg⋅°C (Table A-2). 

Analysis  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:  
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The properties of the steam at the inlet and exit states are 

 
KkJ/kg 3517.8

kJ/kg 6.2564
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  (Table A-4) 

 
KkJ/kg 4641.0
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 (Table A-4) 

From an energy balance, the heat given up by steam is equal to the heat picked up by the air. Then, 

 kW 6751kJ/kg 134.10).6kg/s)(2564 3600/000,10()( 21water =−=−= hhmQ &&   
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Substituting into the entropy balance relation, 
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Note that the pressure of air remains unchanged as it flows in the heat exchanger. This is why the 
pressure term is not included in the entropy change expression of air.  

Air 
20°C 

Steam 
35°C 

sat. vap. 
10,000 kg/h

32°C

 

30°C 
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7-154 Oxygen is cooled as it flows in an insulated pipe. The rate of entropy generation in the pipe is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The pipe is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies are negligible.  4 Oxygen is an 
ideal gas with constant specific heats. 

Properties The properties of oxygen at room temperature are R = 0.2598 kJ/kg⋅K,  cp = 0.918 kJ/kg⋅K 
(Table A-2a). 

Analysis  The rate of entropy generation in the pipe is determined by applying the rate form of the entropy 
balance on the pipe:  
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The specific volume of oxygen at the inlet and the mass flow rate are 

 /kgm 3172.0
kPa 240

K) K)(293/kgmkPa 2598.0( 3
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Substituting into the entropy balance relation, 
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Oxygen 
240 kPa 

20°C 
70 m/s

200 kPa 
18°C 
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7-155 Nitrogen is compressed by an adiabatic compressor. The entropy generation for this process is to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 The compressor is well-insulated so that heat loss to 
the surroundings is negligible. 3 Changes in the kinetic and potential energies are negligible.  4 Nitrogen is 
an ideal gas with constant specific heats. 

Properties The specific heat of nitrogen at the average temperature of (17+227)/2=122°C = 395 K is cp = 
1.044 kJ/kg⋅K (Table A-2b). 

Analysis  The rate of entropy generation in the pipe is determined by applying the rate form of the entropy 
balance on the compressor:  
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Substituting per unit mass of the oxygen, 

 

KkJ/kg 0.0369 ⋅=

⋅−
+
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Compressor 

Air 
100 kPa 
17°C 

600 kPa 
227°C 
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7-156E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of 
entropy generation 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 heat of water is 1.0 Btu/lbm.°F (Table 
A-3E). The enthalpy and entropy of vaporization of water at 
120°F are 1025.2 Btu/lbm and sfg = 1.7686 Btu/lbm.R  (Table 
A-4E). 

Analysis We take the tube-side of the heat exchanger where 
cold water is flowing as the system, which is a control volume. 
The energy balance for this steady-flow system can be 
expressed in the rate form as 
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Then the rate of heat transfer to the cold water in this heat exchanger becomes 

  Btu/s  1196=F)60FF)(73Btu/lbm.  lbm/s)(1.0 92()]([ waterinout °−°°=−= TTcmQ p&&  

Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of 
condensation of the steam in the heat exchanger is determined from 

lbm/s  1.167
Btu/lbm 2.1025
Btu/s 1196)( steamsteam ===⎯→⎯==

fg
fg h

QmhmQ
&

&&&  

 (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

34steam12watergen

gen4steam2water3steam1water

gen44223311

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

−+−=

=+−−+

==+−−+

Δ=+−

&&&

&&&&&

&&&&&

44 344 21
&&

43421
&&

 

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated 
liquid, the rate of entropy generation is determined to be 

Btu/s.R 0.209=

−=

−=−+=

Btu/lbm.R) 86lbm/s)(176 167.1(
460+60
460+73ln Btu/lbm.R) lbm/s)(1.0 92(

ln)(ln steam
1

2
watersteam

1

2
watergen fgpgfp sm

T
Tcmssm

T
TcmS &&&&&

 

Steam 
120°F 

60°F 
 
Water 

73°F

120°
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7-157 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of 
fuel and money such a generator will save per year and the annual reduction in the rate of entropy 
generation are to be determined. 
Assumptions 1 Steady operating conditions exist. 2  
The properties of the milk are constant. 
Properties The average density and specific heat of 
milk can be taken to be ρmilk ≅ =ρwater 1 kg/L  and     
cp, milk= 3.79 kJ/kg.°C  (Table A-3). 
Analysis  The mass flow rate of the milk is 

kg/h 43,200=kg/s 12L/s) kg/L)(12 1(
milkmilk

==
= V&& ρm  

Taking the pasteurizing section as the system, the 
energy balance for this steady-flow system can be 
expressed in the rate form as 

   

)(

0)peke (since   

      0

12milkin

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

EEEEE

p −=

≅Δ≅Δ=+

=→=Δ=−

&&

&&&

&&
44 344 21

&
43421
&&

 

Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a 
rate of 

    kJ/s 3093C4)C)(72kJ/kg. kg/s)(3.79 (12)]([ milkionrefrigerationpasturizatpcurrent =°−°=−= TTcmQ &&  

The proposed regenerator has an effectiveness of ε = 0.82, and thus it will save 82 percent of this energy. 
Therefore, 

& & ( . )(Q Qsaved current  kJ / s) = 2536 kJ / s= =ε 0 82 3093  
Noting that the boiler has an efficiency of ηboiler = 0.82, the energy savings above correspond to fuel 
savings of 

Fuel Saved (2536 kJ / s)
(0.82)

(1therm)
(105,500 kJ)

0.02931therm / ssaved

boiler
= = =
&Q

η
 

Noting that 1 year = 365×24=8760 h and unit cost of natural gas is $0.52/therm, the annual fuel and money 
savings will be 
       Fuel Saved = (0.02931 therms/s)(8760×3600 s) = 924,450 therms/yr 

r$961,400/y=rm)($1.04/the therm/yr)(924,450=fuel) ofcost t saved)(Uni (Fuel= savedMoney  
The rate of entropy generation during this process is determined by applying the rate form of the entropy 
balance on an extended system that includes the regenerator and the immediate surroundings so that the 
boundary temperature is the surroundings temperature, which we take to be the cold water temperature of 
18°C.:  

{ inoutgen

entropy of   
change of Rate

(steady) 0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin       SSSSSSS &&&
44 344 21

&&
43421
&& −=→Δ=+−  

Disregarding entropy transfer associated with fuel flow, the only significant difference between the two 
cases is the reduction is the entropy transfer to water due to the reduction in heat transfer to water, and is 
determined to be 

kW/K 715.8
273+18
kJ/s 2536

surr

saved

surr

reductionout,
reduction ,reduction , =====

T
Q

T
Q

SS outgen

&&
&&  

year)(per  =s/year) 360060kJ/s.K)(87 715.8(reduction gen,reduction gen, kJ/K 102.75 8××=Δ= tSS &  

 
Hot milk
72°C

4°C 
 
Cold milk

 

Q&  
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7-158 Stainless steel ball bearings leaving the oven at a uniform temperature of 900°C at a rate of 1400 
/min are exposed to air and are cooled to 850°C before they are dropped into the water for quenching. The 
rate of heat transfer from the ball to the air and the rate of entropy generation due to this heat transfer are to 
be determined. 
Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy 
changes of the balls are negligible. 3 The balls are at a uniform temperature at the end of the process 

Properties The density and specific heat of the ball bearings are given to be ρ = 8085 kg/m3 and cp = 0.480 
kJ/kg.°C. 

Analysis  (a) We take a single bearing 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

−=
−=Δ=−

Δ=−
4342143421

 

The total amount of heat transfer from a ball is 

 
kJ/ball 1756.0C)850900(C)kJ/kg. 480.0)(kg 007315.0()(

kg 007315.0
6

m) 012.0()kg/m 8085(
6

21out

3
3

3

=°−°=−=

====

TTmcQ

Dm ππρρV  

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

  kW 4.10kJ/min 245.8 ==×== )kJ/ball 1756.0(balls/min) 1400(ball)(per out balltotal QnQ &&   

Therefore, heat is lost to the air at a rate of 4.10 kW. 

(b) We again take a single bearing ball as the system. 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 30°C at all times: 

 

{

system
out

gensystemgen
out

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by   
ansferentropy trNet 

outin

      S
T

QSSS
T

Q

SSSS

bb
Δ+=→Δ=+−

Δ=+−
4342143421

 

where 

     kJ/K 0001530.0
273+900
273+850kJ/kg.K)ln 480.0)(kg 007315.0(ln)(

1

2
avg12system −===−=Δ

T
TmcssmS  

Substituting, 

       ball)(per kJ/K    0004265.0kJ/K 0001530.0
K 303

kJ 0.1756
system

out
gen =−=Δ+= S

T
QS

b
  

Then the rate of entropy generation becomes   

      kW/K 0.00995=kJ/min.K 0.597=balls/min) ball)(1400kJ/K 0004265.0(ballgengen ⋅== nSS &&   

Steel balls, 900°C 

Furnace
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7-159 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked 
and the amount of entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The egg is spherical in shape with a radius of r0 = 2.75 cm.  2 The thermal properties of the 
egg are constant. 3 Energy absorption or release associated with any chemical and/or phase changes within 
the egg is negligible. 4 There are no changes in kinetic and potential energies. 

Properties The density and specific heat of the egg are given to be ρ = 1020 kg/m3 and cp = 3.32 kJ/kg.°C. 

Analysis  We take the egg as the system. This is a closes system since no mass enters or leaves the egg. 
The energy balance for this closed system can be expressed as 

)()( 1212eggin

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

TTmcuumUQ

EEE

−=−=Δ=

Δ=−
4342143421

 

Then the mass of the egg and the amount of heat transfer become 

 
kJ   18.3=°−°=−=

====

C)870)(CkJ/kg. 32.3)(kg 0889.0()(

kg 0889.0
6

m) 055.0()kg/m 1020(
6
12in

3
3

3

TTmcQ

Dm

p

ππρρV
 

We again take a single egg as the system The entropy generated during this process can be determined by 
applying an entropy balance on an extended system that includes the egg and its immediate surroundings so 
that the boundary temperature of the extended system is at 97°C at all times: 

 

{

system
in

gensystemgen
in

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by   
ansferentropy trNet 

outin

      S
T
QSSS

T
Q

SSSS
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Δ+−=→Δ=+

Δ=+−
4342143421

 

where 

kJ/K  0588.0
273+8
273+70ln kJ/kg.K) 32.3)(kg 0889.0(ln)(

1

2
avg12system ===−=Δ

T
TmcssmS  

Substituting, 

       egg)(per  kJ/K 0588.0
K 370
kJ 18.3

system
in

gen   kJ/K  0.00934=+−=Δ+−= S
T
QS

b
  

Egg 
8°C 

Boiling 
Water 
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7-160 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the 
oven and the rate of entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential 
energies are negligible. 

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

Analysis  (a) Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we 
can say that a 3-m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 
1 minute is  

        
kg 6.184]4/)m 1.0([m) 3)(kg/m 7833(

)4/(
23

2

==

===

π

πρρρ DLLAm V
 

We take the 3-m section of the rod in the oven as the system. The 
energy balance for this closed system can be expressed as 

)()( 1212rodin

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

TTmcuumUQ

EEE

−=−=Δ=

Δ=−
4342143421

 

Substituting, 

          kJ 512,57C)30700(C)kJ/kg. 465.0)(kg 6.184()( 12in =°−°=−= TTmcQ  

Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes   

kW 958.5=kJ/min 57,512=min) kJ)/(1 512,57(/inin =Δ= tQQ&   

(b) We again take the 3-m long section of the rod as the system. The entropy generated during this process 
can be determined by applying an entropy balance on an extended system that includes the rod and its 
immediate surroundings so that the boundary temperature of the extended system is at 900°C at all times: 

 

{

system
in

gensystemgen
in

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by   
ansferentropy trNet 

outin

      S
T
QSSS

T
Q

SSSS
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Δ=+−
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where 

kJ/K  1.100
273+30
273+700kJ/kg.K)ln 465.0)(kg 6.184(ln)(

1

2
avg12system ===−=Δ

T
TmcssmS  

Substituting, 

       kJ/K 1.51kJ/K 1.100
K 273+900

kJ 57,512
system

in
gen =+−=Δ+−= S

T
QS

b
  

Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes   

      kW/K  0.85=kJ/min.K 1.51
min 1
kJ/K 1.51gen

gen ==
Δ

=
t

S
S&   

Oven, 900°C 

Steel rod, 30°C 
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7-161 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of 
entropy generation within the wall is to be determined. 

 Assumptions  Steady operating conditions exist since the surface temperatures of the wall remain constant 
at the specified values.   

Analysis   We take the wall to be the system, which is a closed 
system. Under steady conditions, the rate form of the entropy 
balance for the wall simplifies to 

      

{

 W/K0.348=

=+−
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=Δ=+−
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wallgen,
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outb,

out

inb,
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S
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&&
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&&

43421
&&

 

Therefore, the rate of entropy generation in the wall is 0.348 W/K. 

 

 

 

7-162 A person is standing in a room at a specified temperature. 
The rate of entropy transfer from the body with heat is to be 
determined. 

Assumptions  Steady operating conditions exist.   

Analysis  Noting that Q/T represents entropy transfer with heat, 
the rate of entropy transfer from the body of the person 
accompanying heat transfer is 

 W/K 1.094===
K 307
W 336

transfer T
QS
&

&  

 

Brick Wall 
 

20 cm 

20°C 5°C

Ts = 34°C 

Q&
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7-163 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The rate of entropy 
generation is to be determined in steady operation. 

Assumptions  Steady operating conditions exist.   

Analysis We take the iron to be the system, which is a 
closed system.  Considering that the iron experiences no 
change in its properties in steady operation, including its 
entropy, the rate form of the entropy balance for the 
iron simplifies to 

      

{

0

0

irongen,
outb,

out

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin
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=Δ=+−

S
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SSSS

&
&

43421
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43421
&&

 

Therefore,  

 W/K1.486===
K 673
 W1000

outb,

out
irongen, T

QS
&

&  

The rate of total entropy generation during this process is determined by applying the entropy balance on 
an extended system that includes the iron and its immediate surroundings so that the boundary temperature 
of the extended system is at 20°C at all times. It gives 

  W/K3.413====
K 293
 W1000

surroutb,

out
totalgen, T

Q
T
QS

&&
&  

Discussion Note that only about one-third of the entropy generation occurs within the iron.  The rest occurs 
in the air surrounding the iron as the temperature drops from 400°C to 20°C without serving any useful 
purpose. 

 

Iron 
1000 W 
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7-164E A cylinder contains saturated liquid water at a specified pressure. Heat is transferred to liquid from 
a source and some liquid evaporates. The total entropy generation during this process is to be determined.    

Assumptions 1 No heat loss occurs from the water to the surroundings during the process. 2 The pressure 
inside the cylinder and thus the water temperature remains constant during the process. 3 No 
irreversibilities occur within the cylinder during the process. 

Analysis The pressure of the steam is maintained constant.  Therefore, the temperature of the steam 
remains constant also at 

 R 700F240.03psia 25@sat =°== TT      (Table A-5E) 

Taking the contents of the cylinder as the system and noting that the 
temperature of water remains constant, the entropy change of the 
system during this isothermal, internally reversible process becomes 

 Btu/R 0.572
R 700

Btu 400

sys

insys,
system ===Δ

T
Q

S  

Similarly, the entropy change of the heat source is determined from 

 Btu/R 0.294
R460+900

Btu 400

source

outsource,
source −=−=−=

T
Q

SΔ  

Now consider a combined system that includes the cylinder and the source. Noting that no heat or mass 
crosses the boundaries of this combined system, the entropy balance for it can be expressed as    

 
{

sourcewatertotalgen,

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin

0 SSS

SSSS

Δ+Δ=+

Δ=+−
4342143421

 

Therefore, the total entropy generated during this process is 

 Btu/R 0.278=−=+= 294.0572.0sourcewatertotalgen, SSS ΔΔ  

Discussion The entropy generation in this case is entirely due to the irreversible heat transfer through a 
finite temperature difference. We could also determine the total entropy generation by writing an energy 
balance on an extended system that includes the system and its immediate surroundings so that part of the 
boundary of the extended system, where heat transfer occurs, is at the source temperature. 

 

H2O 
25 psia 

Source
900°F

400Btu 
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7-165E Steam is decelerated in a diffuser from a velocity of 900 ft/s to 100 ft/s. The mass flow rate of 
steam and the rate of entropy generation are to be determined. 

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

Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4E through A-6E) 

 

/lbmft 16.316
RBtu/lbm 1.7141

Btu/lbm 1160.5

 vaporsat.
F240

RBtu/lbm 1.7406
Btu/lbm 1162.3

F240
psia 20

3
2

2

2
2

1

1

1

1

=
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=
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s
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s
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Analysis (a) The mass flow rate of the steam can be 
determined from its definition to be 

( )( ) lbm/s 6.129=== ft/s 100ft 1
/lbmft 16.316

11 2
322

2
VAm

v
&  

(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy 
balance for this steady-flow system can be expressed in the rate form as 
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Substituting, the rate of heat loss from the diffuser is determined to be 

      ( ) ( ) ( ) Btu/s 108.42
/sft 25,037

Btu/lbm 1
2

ft/s 900ft/s 1001162.31160.5lbm/s 6.129 22

22

out =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛−
+−−=Q&  

The rate of total entropy generation during this process is determined by applying the entropy balance on 
an extended system that includes the diffuser and its immediate surroundings so that the boundary 
temperature of the extended system is 77°F at all times. It gives  
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Substituting, the total rate of entropy generation during this process becomes 

 ( ) ( )( ) RBtu/s  0.0395 ⋅=+⋅−=+−=
R 537
Btu/s 108.42RBtu/lbm1.74061.7141lbm/s 6.129

surrb,

out
12gen T

QssmS
&

&&  

Steam P1 =20 psia 
T1 = 240°F 
V1 = 900 ft/s 

T2 = 240°F 
Sat. vapor 
V2 = 100 ft/s 
A2 = 1 ft2 

Q 
·
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7-166 Steam expands in a turbine from a specified state to another specified state. The rate of entropy 
generation during this process is to be determined. 

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

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

  

KkJ/kg 7.9073
kJ/kg 2608.9

 vaporsat.
kPa 02

KkJ/kg 6.7219
kJ/kg 3302.9

C450
MPa 6

2

22
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1
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Analysis  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 
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Substituting, 

       kJ/s .3819kJ/s 4000kJ/kg)9.26089.3302)(kg/s 025,000/360(out =−−=Q&  

The rate of total entropy generation during this process is determined by applying the entropy balance on 
an extended system that includes the turbine and its immediate surroundings so that the boundary 
temperature of the extended system is 25°C at all times. It gives  
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Substituting, the rate of entropy generation during this process is determined to be 

      ( ) ( )( )  kW/K 11.0=+⋅−=+−=
K 298
kW 819.3KkJ/kg6.72197.9073kg/s 025,000/360

surrb,

out
12gen T

QssmS
&

&&  

STEAM 
TURBINE 

P1 = 6 MPa 
T1 = 450°C 

P2 = 20 kPa 
sat. vapor 

4 MW
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7-167 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,  

 

KkJ/kg 0.5990
kJ/kg 175.90

C42
kPa 200

KkJ/kg 0.2965
kJ/kg 83.91

C20
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KkJ/kg 0.9551
kJ/kg 293.07
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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 mmmEmm &&&&&& =+⎯→⎯=Δ=−  

Energy balance:     

              

0)peke   (since   

0

33221

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

≅Δ≅Δ===+

=

=Δ=−

WQhmhmhm

EE

EEE

&&&&&

&&

44 344 21
&

43421
&&

 

Combining the two relations gives       ( ) 3212211 hmmhmhm &&&& +=+  

Solving for &m2  and substituting, the mass flow rate of cold water stream is determined to be 

  kg/s 4.586=
−
−

=
−
−

= )kg/s 3.6(
kJ/kg)83.91175.90(
kJ/kg)175.90293.07(

1
23

31
2 m

hh
hh

m &&  

Also, kg/s .1868586.4.63213 =+=+= mmm &&&  

(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  

{

0

0

gen332211

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

=+−+

=Δ=+−

Ssmsmsm

SSSS

&&&&

43421
&&

43421
&&

 

Substituting, the total rate of entropy generation during this process becomes 

        ( )( ) ( )( ) ( )( )
kW/K 0.1054=

⋅−⋅−⋅=

−−=

KkJ/kg 0.9551kg/s 3.6KkJ/kg 0.2965kg/s 4.586KkJ/kg 0.5990kg/s 8.186
112233gen smsmsmS &&&&

  

2

H2O 
 

200 kPa 

70°C
3.6 kg/s

20°C

1

342°C 
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7-168 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 entropy generation 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 = 120.21°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 0.8313
kJ/kg 251.18

C60
kPa 200

KkJ/kg 7.2810
kJ/kg .12769
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KkJ/kg 0.2965
kJ/kg 83.91
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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 mmmEmm &&&&&& =+⎯→⎯=Δ=−  

Energy balance:     

              

33out2211

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
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EEE

&&&&

&&

44 344 21
&

43421
&&

+=+

=

=Δ=−

 

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

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

  ( ) ( )( ) kg/s 0.166=
−

−−
=

−
−−

=
kJ/kg)18.2511.2769(

kJ/kg18.25183.91kg/s 2.5kJ/s)(1200/60

32

311out
2 hh

hhmQm
&&

&  

Also,   kg/s 2.6660.1662.5213 =+=+= mmm &&&  
(b) The rate of total entropy generation during this process is determined by applying the entropy balance 
on an extended system that includes the mixing chamber and its immediate surroundings so that the 
boundary temperature of the extended system is 25°C at all times. It gives  

{

0

0

gen
surrb,

out
332211

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate
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=+−−+
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S
T
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&
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&&&
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&&
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&&

 

Substituting, the rate of entropy generation during this process is determined to be 

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

  kW/K 0.333=

+⋅−

⋅−⋅=

+−−=

K 298
kJ/s) 60/1200(KkJ/kg 0.2965kg/s 2.5

KkJ/kg 7.2810kg/s 0.166KkJ/kg 0.8313kg/s 2.666
surrb,

out
112233gen T

QsmsmsmS
&

&&&&

 

2

MIXING 
CHAMBER 

 
200 kPa 

20°C
2.5 kg/s

150°C

1

360°C 

1200 kJ/min 
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7-169 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and 
half of mass in liquid form is withdrawn from the tank. The temperature in the tank is maintained constant.  
The amount of heat transfer and the entropy generation 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 leaving the device remains 
constant.  2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The 
direction of heat transfer is to the tank (will be verified). 

Properties The properties of water are (Tables A-4 through A-6) 

 

KkJ/kg .84181
kJ/kg .18632

liquid sat.
C015

KkJ/kg .84181
kJ/kg .66631

/kgm 0.001091

liquid sat.
C015

C015@
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3
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1

⋅==
==

⎭
⎬
⎫°=

⋅==
==

==

⎭
⎬
⎫°=

o

o

o

o

o

fe

fee

f

f

f

ss
hhT

ss
uu

T
vv

 

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

Mass balance:         

        21systemoutin mmmmmm e −=→Δ=−  

Energy balance: 

 

)0peke  (since  1122in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by  
nsferenergy traNet      
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WumumhmQ
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4342143421

 

The initial and the final masses in the tank are 

( ) emmm

m

=kg 137.55kg 275.10
2
1

2
1 

          kg .10275
/kgm 0.001091

m 0.3

12

3

3

1
1

===

===
v
V

 

Now we determine the final internal energy and entropy, 

( )( )
( )( ) KkJ/kg .855714.99530.002786.84181

kJ/kg .036371927.40.002786.66631
002786.0

C015

0.002786
0.0010910.39248
0.0010910.002181

          /kgm 0.002181
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The heat transfer during this process is determined by substituting these values into the energy balance 
equation, 

H2O 
0.3 m3 
150°C 

T = const. 

Q

me 
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( )( ) ( )( ) ( )( )
kJ 810=

−+=
−+=

kJ/kg 631.66kg 275.10kJ/kg 637.03kg 137.55kJ/kg 632.18kg 137.55
1122in umumhmQ ee

 

(b) The total entropy generation is determined by considering a combined system that includes the tank and 
the heat source. Noting that no heat crosses the boundaries of this combined system and no mass enters, the 
entropy balance for it can be expressed as    

 
{ sourcetankgen

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin SSSsmSSSS ee Δ+Δ=+−⎯→⎯Δ=+−
4342143421

 

Therefore, the total entropy generated during this process is 

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

kJ/K 0.202=

−⋅−

⋅+⋅=

−−+=Δ+Δ+=

K 423
kJ 810KkJ/kg 1.8418kg 275.10

KkJ/kg 1.8557kg 137.55KkJ/kg 1.8418kg 137.55

)(
source

outsource,
1122sourcetankgen T

Q
smsmsmSSsmS eeee
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7-170E An unknown mass of iron is dropped into water in an insulated tank while being stirred by a 200-
W paddle wheel. Thermal equilibrium is established after 10 min. The mass of the iron block and the 
entropy generated during this process are to be determined.   

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific 
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energy changes are 
zero. 3 The system is well-insulated and thus there is no heat transfer. 

Properties The specific heats of water and the iron block at room temperature are cp, water = 1.00 Btu/lbm.°F    
and cp, iron = 0.107 Btu/lbm.°F (Table A-3E). The density of water at room temperature is 62.1 lbm/ft³. 

Analysis (a) We take the entire contents of the tank, water + iron block, as the system. This is a closed 
system since no mass crosses the system boundary during the process. The energy balance on the system 
can be expressed as 

 

UW

EEE

Δ=

Δ=−

inpw,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin 4342143421

 

or,     W U Upw,in iron water= +Δ Δ  

    ( ) ( ) water12iron12inpw, ][][ TTmcTTmcW −+−=  

where 

 
( )( )

Btu 113.7
kJ 1.055

Btu 1s) 60kJ/s)(10 (0.2

lbm 49.7ft 0.8lbm/ft  62.1

pwpw

33
water

=⎟⎟
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⎝

⎛
×=Δ=
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tWW
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Using specific heat values for iron and liquid water and substituting, 

      
( )

 lbm  11.4=

−⋅+−⋅=

iron

iron F)7075)(FBtu/lbm 1.00(lbm 49.7F)18575)(FBtu/lbm 0.107(Btu 113.7

m

m oooo

 

(b) Again we take the iron + water in the tank to be the system. Noting that no heat or mass crosses the 
boundaries of this combined system, the entropy balance for it can be expressed as    

 
{

waterirontotalgen,

entropyin 
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generation
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where 

 
( )( )

( )( ) Btu/R 0.466
R 530
R 535lnRBtu/lbm 1.0lbm 49.6ln

Btu/R 0.228
R 645
R 535lnRBtu/lbm 0.107lbm 11.4ln
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Therefore, the total entropy generated during this process is 

 Btu/R0.238 466.0228.0waterirontotalgen,total =+−=Δ+Δ==Δ SSSS  

WATER 
70°F 

Iron 
185°F200 W
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7-171E Air is compressed steadily by a compressor. The mass flow rate of air through the compressor and 
the rate of entropy generation 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 Air is an ideal gas with variable specific heats. 
Properties The gas constant of air is 0.06855 Btu/lbm.R. The inlet and exit enthalpies of air are (Table A-
17) 

RBtu/lbm0.76964
Btu/lbm260.97

psia 150
R 1080

RBtu/lbm0.59173
Btu/lbm124.27

psia 15
R 052
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 Analysis (a) We take the compressor as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 
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Substituting, the mass flow rate is determined to be 

Thus, ( ) ( )
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
22

2

/sft 25,037
Btu/lbm 1

2
ft/s 350124.27260.97

s 60
Btu 1500

hp 1
Btu/s 0.7068hp 400 m&  

It yields  lbm/s  1.852=m&  

(b) Again we take the compressor to be the system. Noting that no heat or mass crosses the boundaries of 
this combined system, the entropy balance for it can be expressed as 
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where  

( )

( ) ( ) RBtu/s 0.0372
psia 15
psia 150lnRBtu/lbm 0.068550.591730.76964lbm/s 1.852

ln
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Substituting, the rate of entropy generation during this process is determined to be 

( ) Btu/s.R   0.0853==+−=
R 520
Btu/s 1500/60+Btu/s.R 0372.0

surrb,

out
12gen T

QssmS
&

&&  

AIR 

2 

1

1,500 Btu/min

400 hp
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7-172 Steam is accelerated in a nozzle from a velocity of 70 m/s to 320 m/s. The exit temperature and the 
rate of entropy generation are to be determined. 

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

Properties From the steam tables (Table A-6), 

/kgm 0.08004
KkJ/kg 6.9386

kJ/kg 3331.2

C 450
MPa 4

3
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Analysis  (a) There is only one inlet and one exit, and thus & & &m m m1 2= = . We take nozzle as the system, 
which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system 
can be expressed in the rate form as 
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Substituting,, 

or, 
( ) ( )

kJ/kg 3282.4
/sm 1000

kJ/kg 1
2

m/s 70m/s 320kJ/kg 3331.2 22

22
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The mass flow rate of steam is 

 ( )( ) kg/s 0.6122m/s 70m107
/kgm 0.08004

11 24
311

1
=×== −VAm

v
&  

(b) Again we take the nozzle to be the system. Noting that no heat crosses the boundaries of this combined 
system, the entropy balance for it can be expressed as 
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Substituting, the rate of entropy generation during this process is determined to be 

  ( ) ( )( ) kW/K  0.0361=⋅−=−= KkJ/kg6.93866.9976kg/s 0.612212gen ssmS &&  

Steam P2 = 3  MPa 
V2 = 320 m/s

P1 = 4  MPa 
T1 = 450 °C 
V1 = 70 m/s 
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Special Topic: Reducing the Cost of Compressed Air 

 

7-173 The total installed power of compressed air systems in the US is estimated to be about 20 million 
horsepower.  The amount of energy and money that will be saved per year if the energy consumed by 
compressors is reduced by 5 percent is to be determined.  

Assumptions 1 The compressors operate at full load during one-third of the time on average, and are shut 
down the rest of the time. 2 The average motor efficiency is 85 percent.   

Analysis The electrical energy consumed by compressors per year is 

    Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 

       = (20×106 hp)(0.746 kW/hp)(1/3)(365×24 hours/year)/0.85 

       = 5.125×1010 kWh/year 

Then the energy and cost savings corresponding to a 5% reduction in 
energy use for compressed air become 

 Energy Savings  = (Energy consumed)(Fraction saved) 

   = (5.125×1010 kWh)(0.05) 

   = 2.563×109 kWh/year 

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

   = (2.563×109 kWh/year)($0.07/kWh) 

   = $0.179×109 /year 

Therefore, reducing the energy usage of compressors by 5% will save $179 million a year. 

 

 

 

7-174 The total energy used to compress air in the US is estimated to be 0.5×1015 kJ per year. About 20% 
of the compressed air is estimated to be lost by air leaks. The amount and cost of electricity wasted per year 
due to air leaks is to be determined. 

Assumptions About 20% of the compressed air is lost by air leaks. 

Analysis The electrical energy and money wasted by air leaks are 

         Energy wasted = (Energy consumed)(Fraction wasted) 

       = (0.5×1015 kJ)(1 kWh/3600 kJ)(0.20) 

       = 27.78×109 kWh/year 

  Money wasted  = (Energy wasted)(Unit cost of energy) 

   = (27.78×109 kWh/year)($0.07/kWh) 

   = $1.945×109 /year 

Therefore, air leaks are costing almost $2 billion a year in electricity costs. The environment also suffers 
from this because of the pollution associated with the generation of this much electricity. 

Air 
Compressor 

1

2 

W=20×106 hp 

Air 
Compressor 

1

2 

W=0.5×1015 kJ 
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7-175 The compressed air requirements of a plant is being met by a 125 hp compressor that compresses air 
from 101.3 kPa to 900 kPa. The amount of energy and money saved by reducing the pressure setting of 
compressed air to 750 kPa is to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are 
negligible. 3 The load factor of the compressor is given to be 0.75. 4 The pressures given are absolute 
pressure rather than gage pressure. 

Properties The specific heat ratio of air is k = 1.4 (Table A-2). 

Analysis The electrical energy consumed by this compressor per year is 

    Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 

       = (125 hp)(0.746 kW/hp)(0.75)(3500 hours/year)/0.88 

       = 278,160 kWh/year 

The fraction of energy saved as a result of reducing the 
pressure setting of the compressor is 
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That is, reducing the pressure setting will result in about 11 percent savings from the energy consumed by 
the compressor and the associated cost. Therefore, the energy and cost savings in this case become 

 Energy Savings  = (Energy consumed)(Power reduction factor) 

   = (278,160 kWh/year)(0.1093) 

   = 30,410 kWh/year 

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

   = (30,410 kWh/year)($0.085/kWh) 

   = $2585/year 

Therefore, reducing the pressure setting by 150 kPa will result in annual savings of 30.410 kWh that is 
worth $2585 in this case.  

Discussion Some applications require very low pressure compressed air. In such cases the need can be met 
by a blower instead of a compressor. Considerable energy can be saved in this manner, since a blower 
requires a small fraction of the power  needed by a compressor for a specified mass flow rate.  
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7-176 A 150 hp compressor in an industrial facility is housed inside the production area where the average 
temperature during operating hours is 25°C. The amounts of energy and money saved as a result of 
drawing cooler outside air to the compressor instead of using the inside air are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are 
negligible.  

Analysis The electrical energy consumed by this compressor per year is 

Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 

         = (150 hp)(0.746 kW/hp)(0.85)(4500 hours/year)/0.9 

       = 475,384 kWh/year 

Also, 

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

  = (475,384 kWh/year)($0.07/kWh) 

   = $33,277/year 

The fraction of energy saved as a result of drawing in 
cooler outside air is 

 Power Reduction Factor outside

inside
= − = −

+
+

=1 1 10 273
25 273

0 0503
T

T
.  

That is, drawing in air which is 15°C cooler will result in 5.03 percent savings from the energy consumed 
by the compressor and the associated cost. Therefore, the energy and cost savings in this case become 

 Energy Savings  = (Energy consumed)(Power reduction factor) 

   = (475,384 kWh/year)(0.0503) 

   = 23,929 kWh/year 

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

   = (23,929 kWh/year)($0.07/kWh) 

   = $1675/year 

Therefore, drawing air in from the outside will result in annual savings of 23,929 kWh, which is worth 
$1675 in this case.  

Discussion The price of a typical 150 hp compressor is much lower than $50,000. Therefore, it is 
interesting to note that the cost of energy a compressor uses a year may be more than the cost of the 
compressor itself. 

 The implementation of this measure requires the installation of an ordinary sheet metal or PVC 
duct from the compressor intake to the outside. The installation cost associated with this measure is 
relatively low, and the pressure drop in the duct in most cases is negligible. About half of the 
manufacturing facilities we have visited, especially the newer ones, have the duct from the compressor 
intake to the outside in place, and they are already taking advantage of the savings associated with this 
measure. 
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7-177  The compressed air requirements of the facility during 60 percent of the time can be met by a 25 hp 
reciprocating compressor instead of the existing 100 hp compressor. The amounts of energy and money 
saved as a result of switching to the 25 hp compressor during 60 percent of the time are to be determined. 

Analysis Noting that 1 hp = 0.746 kW, the electrical energy consumed by each compressor per year is 
determined from 

(Energy consumed)Large = (Power)(Hours)[(LFxTF/ηmotor)Unloaded + (LFxTF/ηmotor)Loaded] 

            = (100 hp)(0.746 kW/hp)(3800 hours/year)[0.35×0.6/0.82+0.90×0.4/0.9] 

            = 185,990 kWh/year 

(Energy consumed)Small =(Power)(Hours)[(LFxTF/ηmotor)Unloaded + (LFxTF/ηmotor)Loaded] 

           = (25 hp)(0.746 kW/hp)(3800 hours/year)[0.0×0.15+0.95×0.85]/0.88 

           = 65,031 kWh/year 

Therefore, the energy and cost savings in this case become 

Energy Savings = (Energy consumed)Large- (Energy consumed)Small 

  = 185,990 - 65,031 kWh/year 

  = 120,959 kWh/year 

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

  = (120,959 kWh/year)($0.075/kWh) 

  = $9,072/year 

Discussion Note that utilizing a small compressor during the times of reduced compressed air requirements 
and shutting down the large compressor will result in annual savings of 120,959 kWh, which is worth 
$9,072 in this case.  
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7-178  A facility stops production for one hour every day, including weekends, for lunch break, but the 125 
hp compressor is kept operating. If the compressor consumes 35 percent of the rated power when idling, 
the amounts of energy and money saved per year as a result of turning the compressor off during lunch 
break are to be determined. 

Analysis It seems like the compressor in this facility is kept on unnecessarily for one hour a day and thus 
365 hours a year, and the idle factor is 0.35. Then the energy and cost savings associated with turning the 
compressor off during lunch break are determined to be 

     Energy Savings = (Power Rating)(Turned Off Hours)(Idle Factor)/ηmotor 

      = (125 hp)(0.746 kW/hp)(365 hours/year)(0.35)/0.84 

      = 14,182 kWh/year 

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

   = (14,182 kWh/year)($0.09/kWh) 

   = $1,276/year 

Discussion Note that the simple practice of turning the compressor 
off during lunch break will save this facility $1,276 a year in 
energy costs. There are also side benefits such as extending the life 
of the motor and the compressor, and reducing the maintenance 
costs. 
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7-179  It is determined that 40 percent of the energy input to the compressor is removed from the 
compressed air as heat in the aftercooler with a refrigeration unit whose COP is 3.5. The amounts of the 
energy and money saved per year as a result of cooling the compressed air before it enters the refrigerated 
dryer are to be determined.  

Assumptions The compressor operates at full load when operating. 

Analysis Noting that 40 percent of the energy input to the compressor is removed by the aftercooler, the 
rate of heat removal from the compressed air in the aftercooler under full load conditions is 

   
kW 44.76=)(0.4)kW/hp)(1.0 hp)(0.746 (150=

Fraction) tercoolingFactor)(Af )(LoadCompressor ofPower  Rated(ngaftercooli =Q&
   

The compressor is said to operate at full load for 1600 hours a 
year, and the COP of the refrigeration unit is 3.5. Then the energy 
and cost savings associated with this measure become 

Energy Savings = ( &Qaftercooling )(Annual Operating Hours)/COP 

  = (44.76 kW)(1600 hours/year)/3.5 

  = 20,462 kWh/year 

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

  = (20,462 kWh/year)($0.06/kWh)  

  = $1227/year 

Discussion  Note that the aftercooler will save this facility 20,462 kWh of electrical energy worth $1227 
per year. The actual savings will be less than indicated above since we have not considered the power 
consumed by the fans and/or pumps of the aftercooler. However, if the heat removed by the aftercooler is 
utilized for some useful purpose such as space heating or process heating, then the actual savings will be 
much more. 
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7-180 The motor of a 150 hp compressor is burned out and is to be replaced by either a 93% efficient 
standard motor or a 96.2% efficient high efficiency motor. It is to be determined if the savings from the 
high efficiency motor justify the price differential. 

Assumptions 1 The compressor operates at full load when operating. 2 The life of the motors is 10 years. 3 
There are no rebates involved. 4 The price of electricity remains constant. 

Analysis The energy and cost savings associated with the installation of the high efficiency motor in this 
case are determined to be 

Energy Savings = (Power Rating)(Operating Hours)(Load Factor)(1/ηstandard - 1/ηefficient) 

                   = (150 hp)(0.746 kW/hp)(4,368 hours/year)(1.0)(1/0.930 - 1/0.962) 

  = 17,483 kWh/year 

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

  = (17,483 kWh/year)($0.075/kWh) 

  = $1311/year 

The additional cost of the energy efficient motor is 

 Cost Differential = $10,942 - $9,031 = $1,911 

Discussion The money saved by the high efficiency motor will pay 
for this cost difference in $1,911/$1311 = 1.5 years, and will 
continue saving the facility money for the rest of the 10 years of its 
lifetime. Therefore, the use of the high efficiency motor is 
recommended in this case even in the absence of any incentives 
from the local utility company. 
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7-181 The compressor of a facility is being cooled by air in a heat-exchanger. This air is to be used to heat 
the facility in winter. The amount of money that will be saved by diverting the compressor waste heat into 
the facility during the heating season is to be determined. 

Assumptions  The compressor operates at full load when operating. 

Analysis Assuming operation at sea level and taking the density of air to be 1.2 kg/m3, the mass flow rate 
of air through the liquid-to-air heat exchanger is determined to be 

        Mass flow rate of air  = (Density of air)(Average velocity)(Flow area) 

    = (1.2 kg/m3)(3 m/s)(1.0 m2) 

    =  3.6 kg/s = 12,960 kg/h 

Noting that the temperature rise of air is 32°C, the rate at which heat can be 
recovered (or the rate at which heat is transferred to air) is 

Rate of Heat Recovery = (Mass flow rate of air)(Specific heat of air)(Temperature rise) 

   = (12,960 kg/h)(1.0 kJ/kg.°C)(32°C) 

   = 414,720 kJ/h 

The number of operating hours of this compressor during the 
heating season is 

Operating hours = (20 hours/day)(5 days/week)(26 weeks/year) 

  = 2600 hours/year 

Then the annual energy and cost savings become 

Energy Savings = (Rate of Heat Recovery)(Annual Operating Hours)/Efficiency 

  = (414,720 kJ/h)(2600 hours/year)/0.8 

  = 1,347,840,000 kJ/year 

  = 12,776 therms/year 

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

        = (12,776 therms/year)($1.0/therm)  

        = $12,776/year 

Therefore, utilizing the waste heat from the compressor will save $12,776 per year from the heating costs.  

Discussion The implementation of this measure requires the installation of an ordinary sheet metal duct 
from the outlet of the heat exchanger into the building. The installation cost associated with this measure is 
relatively low. A few of the manufacturing facilities we have visited already have this conservation system 
in place. A damper is used to direct the air into the building in winter and to the ambient in summer. 

 Combined compressor/heat-recovery systems are available in the market for both air-cooled 
(greater than 50 hp) and water cooled (greater than 125 hp) systems. 
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7-182 The compressed air lines in a facility are maintained at a gage pressure of 850 kPa at a location 
where the atmospheric pressure is 85.6 kPa. There is a 5-mm diameter hole on the compressed air line.  
The energy and money saved per year by sealing the hole on the compressed air line. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are 
negligible. 

Properties The gas constant of air is R = 0.287 kJ/kg.K. The specific heat ratio of air is k = 1.4 (Table A-2). 

Analysis Disregarding any pressure losses and noting that the absolute pressure is the sum of the gage 
pressure and the atmospheric pressure, the work needed to compress a unit mass of air at 15°C from the 
atmospheric pressure of 85.6 kPa to 850+85.6 = 935.6 kPa is determined to be 
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The cross-sectional area of the 5-mm diameter hole is 

A D= = × = ×− −π π2 3 64 5 10 4 19 63 10/ ( / . m)  m2 2  

Noting that the line conditions are T0 = 298 K 
and P0 = 935.6 kPa, the mass flow rate of the air 
leaking through the hole is determined to be  
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Then the power wasted by the leaking compressed air becomes 

 Power wasted  kg / s)(354.5 kJ / kg)  kWair comp,in= = =& ( . .m w 0 02795 9 91  

Noting that the compressor operates 4200 hours a year and the motor efficiency is 0.93, the annual energy 
and cost savings resulting from repairing this leak are determined to be 

     Energy Savings = (Power wasted)(Annual operating hours)/Motor efficiency 

      = (9.91 kW)(4200 hours/year)/0.93 

      = 44,755 kWh/year 

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

   = (44,755 kWh/year)($0.07/kWh) 

   = $3133/year 

Therefore, the facility will save 44,755 kWh of electricity that is worth $3133 a year when this air leak is 
sealed. 
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Review Problems 

 

7-183E The source and sink temperatures and the thermal efficiency of a heat engine are given. The 
entropy change of the two reservoirs is to be calculated and it is to be determined if this engine satisfies the 
increase of entropy principle. 

Assumptions  The heat engine operates steadily.   

Analysis According to the first law and the definition of the thermal efficiency, 

 Btu 0.6Btu) 1)(4.01()1( =−=−= HL QQ η  

when the thermal efficiency is 40%. The entropy change of 
everything involved in this process is then 
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Since the entropy of everything has increased, this engine is possible. When the thermal efficiency of the 
engine is 70%, 

  Btu 0.3Btu) 1)(7.01()1( =−=−= HL QQ η  

The total entropy change is then 
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which is a decrease in the entropy of everything involved with this engine.  Therefore, this engine is now 
impossible. 
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7-184 The source and sink temperatures and the COP of a refrigerator are given. The total entropy change 
of the two reservoirs is to be calculated and it is to be determined if this refrigerator satisfies the second 
law. 

Assumptions  The refrigerator operates steadily.   

Analysis  Combining the first law and the definition of the 
coefficient of performance produces 
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when COP = 4. The entropy change of everything is then 
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Since the entropy increases, a refrigerator with COP = 4 is possible. When the coefficient of performance is 
increased to 6, 
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and the net entropy change is 
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and the refrigerator can no longer be possible. 
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7-185 The operating conditions and thermal reservoir temperatures of a heat pump are given. It is to be 
determined if the increase of entropy principle is satisfied. 

Assumptions  The heat pump operates steadily.   

Analysis  Applying the first law to the cyclic heat pump gives 

 kW 20kW 5kW 25innet, =−=−= WQQ HL
&&&  

According to the definition of the entropy, the rate at which the 
entropy of the high-temperature reservoir increases is 
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Similarly, the rate at which the entropy of the low-temperature reservoir decreases is 
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The rate at which the entropy of everything changes is then 

 kW/K 0.00640769.00833.0total =−=Δ+Δ=Δ LH SSS &&&  

which is positive and therefore it satisfies the increase in entropy principle. 

 

 

 

7-186 Steam is expanded adiabatically in a closed system. The minimum internal energy that can be 
achieved during this process is to be determined. 

Analysis The entropy at the initial state is 
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The internal energy will be minimum if the process is isentropic. Then,  
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7-187E Water is expanded in an isothermal, reversible process. It is to be determined if the process is 
possible.  

Analysis The entropies at the initial and final states are (Tables A-5E and A-6E) 
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The heat transfer during this isothermal, reversible process is 
the area under the process line: 
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The total entropy change (i.e., entropy generation) is the sum of the entropy changes of water and the 
reservoir: 
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Note that the sign of heat transfer is with respect to the reservoir.   

 

T

s 

21 



 

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

7-140

 

7-188E Air is compressed adiabatically in a closed system. It is to be determined if this process is possible. 

Assumptions 1 Changes in the kinetic and potential energies are negligible.  4 Air is an ideal gas with 
constant specific heats. 

Properties The properties of air at room temperature are R = 0.3704 psia⋅ft3/lbm⋅R, cp = 0.240 Btu/lbm⋅R 
(Table A-2Ea). 

Analysis  The specific volume of air at the initial state is 
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The volume at the final state will be minimum if the process is isentropic. The specific volume for this case 
is determined from the isentropic relation of an ideal gas to be 
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and the minimum volume is 

 3ft 7.00=== /lbm)ft lbm)(3.500 2( 3
22 vV m  

which is greater than the proposed volume 4 ft3/lbm. Hence, it is not possible to compress this air into 4 
ft3/lbm.  

 

 

 

7-189 Oxygen is expanded adiabatically in a piston-cylinder device. The maximum volume is to be 
determined. 

Assumptions 1 Changes in the kinetic and potential energies are negligible.  4 Oxygen is an ideal gas with 
constant specific heats. 

Properties The gas constant of oxygen is R = 0.2598 kPa⋅m3/kg⋅K. The specific heat ratio at the room 
temperature is k = 1.395 (Table A-2a). 

Analysis  The volume of oxygen at the initial state is 
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The volume at the final state will be maximum if the process is isentropic. The volume for this case is 
determined from the isentropic relation of an ideal gas to be 
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7-190E A solid block is heated with saturated water vapor. The final temperature of the block and water, 
and the entropy changes of the block, water, and the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There 
are no work interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) As the block is heated, some of the water vapor will be condensed. We will assume (will be 
checked later) that the water is a mixture of liquid and vapor at the end of the process. Based upon this 
assumption, the final temperature of the water and solid block is 212°F (The saturation temperature at 14.7 
psia). The heat picked up by the block is 

 Btu 710070)RR)(212Btu/lbm lbm)(0.5 100()( 12block =−⋅=−= TTmcQ  

The water properties at the initial state are 

 
RBtu/lbm 7566.1 

Btu/lbm 3.1150
F212

  
  1

 psia 7.14

1

1

1

1

1

⋅=
=

°=

⎭
⎬
⎫

=
=

s
h
T

x
P

 (Table A-5E) 

The heat released by the water is equal to the heat picked up by the block. Also noting that the pressure of 
water remains constant, the enthalpy of water at the end of the heat exchange process is determined from 

 Btu/lbm 3.440
lbm 10

Btu 7100Btu/lbm 3.1150water
12 =−=−=

wm
Q

hh  

The state of water at the final state is saturated mixture. Thus, our initial assumption was correct. The 
properties of water at the final state are 

 
RBtu/lbm 69947.0)44441.1)(2682.0(31215.0 

0.2682
12.970

16.180440.3
  

  Btu/lbm 3.440
 psia 7.14
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2

2

2

⋅=+=+=
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sxss
h

hh
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The entropy change of the water is then 

 Btu/R 10.57−=−=−=Δ Btu/lbm)7566.147lbm)(0.699 10()( 12water ssmS w  

(b) The entropy change of the block is 

 Btu/R 11.87=
+
+

⋅==Δ
)R460(70
)R460212(R)lnBtu/lbm lbm)(0.5 100(ln

1

2
block T

T
mcS  

(c) The total entropy change is 

 Btu/R 1.30=+−=Δ+Δ==Δ 87.1157.10blockwatergentotal SSSS  

The positive result for the total entropy change (i.e., entropy generation) indicates that this process is 
possible. 
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7-191 Air is compressed in a piston-cylinder device. It is to be determined if this process is possible.  

Assumptions 1 Changes in the kinetic and potential energies are negligible.  4 Air is an ideal gas with 
constant specific heats. 3 The compression process is reversible. 

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

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

in,out

12outin,

12outin,

12outin,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

) (since      0

)(
    )(

b

b

pb

b

WQ
TTQW

TTmcQW
uumUQW

EEE

=

==−

−=−

−=Δ=−

Δ=−
4342143421

 

The work input for this isothermal, reversible process is 

 kJ/kg 8.897
kPa 100
kPa 250K)ln K)(300kJ/kg 287.0(ln

1

2
in =⋅==

P
P

RTw  

That is, 

 kJ/kg 8.897inout == wq  

The entropy change of air during this isothermal process is 

 KkJ/kg 0.2630
kPa 100
kPa 250K)lnkJ/kg 287.0(lnlnln

1

2

1

2

1

2
air ⋅−=⋅−=−=−=Δ

P
P

R
P
P

R
T
T

cs p  

The entropy change of the reservoir is 

 KkJ/kg 0.2630
K 300

kJ/kg 89.78R
R ⋅===Δ

RT
q

s  

Note that the sign of heat transfer is taken with respect to the reservoir.  The total entropy change (i.e., 
entropy generation) is the sum of the entropy changes of air and the reservoir: 

 KkJ/kg 0 ⋅=+−=Δ+Δ=Δ 2630.02630.0Rairtotal sss  

Not only this process is possible but also completely reversible.  

 

Air 
100 kPa 

27°C 

Heat 
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7-192 A paddle wheel does work on the water contained in a rigid tank. For a zero entropy change of 
water, the final pressure in the tank, the amount of heat transfer between the tank and the surroundings, and 
the entropy generation during the process are to be determined. 

Assumptions The tank is stationary and the kinetic and potential energy changes are negligible.  

Analysis (a) Using saturated liquid properties for the compressed liquid at the initial state (Table A-4)  

 
kJ/kg.K 5279.1
kJ/kg 60.503

liq.) (sat. 0
C120

1

1

1

1

=
=

⎭
⎬
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=
°=

s
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x
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The entropy change of water is zero, and thus at the final state we have 

 
kJ/kg 63.492kJ/kg.K 5279.1

C95

2

2

12

2

=
=

⎭
⎬
⎫

==
°=

u
P

ss
T kPa 84.6

  

(b) The heat transfer can be determined from an energy balance on the tank 

 kJ 38.5=−−=−−= kJ/kg)60.503kg)(492.63 5.1(kJ 22)( 12inPw,out uumWQ  

(c) Since the entropy change of water is zero, the entropy generation is only due to the entropy increase of 
the surroundings, which is determined from 

 kJ/K 0.134=
+

==Δ=
K 273)(15

kJ 5.38

surr

out
surrgen T

Q
SS  

WpwWater 
120°C 

500 kPa 
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7-193 A horizontal cylinder is separated into two compartments by a piston, one side containing nitrogen 
and the other side containing helium. Heat is added to the nitrogen side. The final temperature of the 
helium, the final volume of the nitrogen, the heat transferred to the nitrogen, and the entropy generation 
during this process are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Nitrogen and helium are ideal gases 
with constant specific heats at room temperature. 3 The piston is adiabatic and frictionless. 

Properties The properties of nitrogen at room temperature are R = 0.2968 kPa.m3/kg.K, cp = 1.039 kJ/kg.K, 
cv = 0.743 kJ/kg.K, k = 1.4. The properties for helium are R = 2.0769 kPa.m3/kg.K, cp = 5.1926 kJ/kg.K, cv 
= 3.1156 kJ/kg.K, k = 1.667 (Table A-2). 

Analysis (a) Helium undergoes an isentropic compression 
process, and thus the final helium temperature is 
determined from 

 

K 321.7=

⎟
⎠
⎞

⎜
⎝
⎛+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

−− 667.1/)1667.1(/)1(

1

2
1He,2 kPa 95

kPa 120K)27320(
kk

P
P

TT  

(b) The initial and final volumes of the helium are 

3
3

1

1
He,1 m 6406.0

kPa 95
K) 273K)(20/kgmkPa kg)(2.0769 (0.1

=
+⋅⋅

==
P

mRT
V  

3
3

2

2
He,2 m 5568.0

kPa 120
K) K)(321.7/kgmkPa kg)(2.0769 (0.1

=
⋅⋅

==
P

mRT
V  

Then, the final volume of nitrogen becomes 

 3m 0.2838=−+=−+= 5568.06406.02.0He,2He,1N2,1N2,2 VVVV  

(c) The mass and final temperature of nitrogen are 

 kg 2185.0
K) 273K)(20/kgmkPa (0.2968

)m kPa)(0.2 (95
3

3

1

11
N2 =

+⋅⋅
==

RT
P

m
V

  

 K 1.525
K)/kgmkPa kg)(0.2968 (0.2185

)m 8kPa)(0.283 (120
3

3
22

N2,2 =
⋅⋅

==
mR

P
T

V
 

The heat transferred to the nitrogen is determined from an energy balance 

 
[ ] [ ]

kJ 46.6=
−+−=

−+−=
Δ+Δ=

)29321.7kJ/kg.K)(3 kg)(3.1156 1.0()29325.1kJ/kg.K)(5 kg)(0.743 2185.0(
)()( He12N212

HeN2in

TTmcTTmc
UUQ

vv  

(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be 

kJ/K 0.057=
+

−
+⎥⎦

⎤
⎢⎣
⎡ −=

−
+⎟⎟

⎠

⎞
⎜⎜
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K 273)(500
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kPa 120kJ/kg.K)ln (0.2968

K 293
K 525.1kJ/kg.K)ln (1.039kg) (0.2185

lnln
R
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N2surrN2gen T

Q
P
P

R
T
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Q
He 

0.1 kg
N2 

0.2 m3 
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7-194 An electric resistance heater is doing work on carbon dioxide contained an a rigid tank. The final 
temperature in the tank, the amount of heat transfer, and the entropy generation are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Carbon dioxide is ideal gas with 
constant specific heats at room temperature. 

Properties The properties of CO2 at an anticipated average temperature of 350 K are R = 0.1889 
kPa.m3/kg.K, cp = 0.895 kJ/kg.K, cv = 0.706 kJ/kg.K (Table A-2b). 

Analysis (a) The mass and the final temperature of CO2 
may be determined from ideal gas equation 

 kg 694.1
K) K)(250/kgmkPa (0.1889

)m kPa)(0.8 (100
3

3

1

1 =
⋅⋅

==
RT
P

m
V

  

 K 437.5=
⋅⋅

==
K)/kgmkPa kg)(0.1889 (1.694

)m kPa)(0.8 (175
3

3
2

2 mR
P

T
V

 

(b) The amount of heat transfer may be determined from an energy balance on the system 

 
kJ  975.8=×=

−−Δ=

250)K-37.5kJ/kg.K)(4 kg)(0.706 (1.694-s) 60kW)(40 5.0(
)( 12ine,out TTmctEQ v

&
 

(c) The entropy generation associated with this process may be obtained by calculating total entropy 
change, which is the sum of the entropy changes of CO2 and the surroundings 

kJ/K 3.92=
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100 kPa 
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7-195 Heat is lost from the helium as it is throttled in a throttling valve. The exit pressure and temperature 
of helium and the entropy generation are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 
Helium is an ideal gas with constant specific heats. 

Properties The properties of helium are R = 2.0769 
kPa.m3/kg.K, cp = 5.1926 kJ/kg.K (Table A-2a). 

Analysis (a) The final temperature of helium may be 
determined from an energy balance on the control volume 

C69.5°==
°

−°=−=⎯→⎯−= K 5.342
CkJ/kg. 5.1926

kJ/kg 2.5
C70)( out

1221out
p

p c
q

TTTTcq  

The final pressure may be determined from the relation for the entropy change of helium 

kPa 441.7=

−=

−=Δ

2

2

1

2
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2
He

kPa 500
kJ/kg.K)ln (2.0769

K 343
K 342.5kJ/kg.K)ln (5.1926kJ/kg.K 25.0

lnln

P

P
P
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T
Tcs p

 

(b) The entropy generation associated with this process may be obtained by adding the entropy change of 
helium as it flows in the valve and the entropy change of the surroundings 

kJ/kg.K 0.258=
+

+=+Δ=Δ+Δ=
K 273)(25

kJ/kg 5.2kJ/kg.K 25.0
surr

out
HesurrHegen T

qssss  
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70°C 
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7-196 Refrigerant-134a is compressed in a compressor. The rate of heat loss from the compressor, the exit 
temperature of R-134a, and the rate of entropy generation 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 at the inlet of the compressor are (Table A-12) 

 
kJ/kg.K 93773.0

kJ/kg 46.244
/kgm 09987.0
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kPa 200
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The mass flow rate of the refrigerant is 

 kg/s 3004.0
/kgm 0.09987

/sm 03.0
3

3

1

1 ===
v

V&
&m  

Given the entropy increase of the surroundings, the heat 
lost from the compressor is 

 kW 2.344=+=Δ=⎯→⎯=Δ kW/K) K)(0.008 27320(surrsurrout
surr

out
surr STQ

T
Q

S &&
&

&  

(b) An energy balance on the compressor gives 

kJ/kg 94.269kJ/kg 244.46)-kg/s)( (0.3004kW 2.344-kW 10
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The exit state is now fixed. Then, 

 
kJ/kg.K 93620.0kJ/kg 94.269
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(c) The entropy generation associated with this process may be obtained by adding the entropy change of 
R-134a as it flows in the compressor and the entropy change of the surroundings 

kJ/K 0.00754=
+=

Δ+−=Δ+Δ=

kW/K 008.0kJ/kg.K 0.93773)-620kg/s)(0.93 (0.3004

)( surr12surrRgen SssmSSS &&&&&

 

 

Compressor 

R-134a 
200 kPa 
sat. vap. 

700 kPa Q
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7-197 Air flows in an adiabatic nozzle. The isentropic efficiency, the exit velocity, and the entropy 
generation are to be determined. 

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

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 

Analysis (a) (b) Using variable specific heats, the properties can be determined from air table as follows 

   

( ) kJ/kg 31.3462836.23.806
kPa 500
kPa 300
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Energy balances on the control volume for the actual and isentropic processes give 
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⎠
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The isentropic efficiency is determined from its definition, 

 0.925===
2

2

2
2s

2
2

N
m/s) 8.331(
m/s) 1.319(

V
V

η  

(c) Since the nozzle is adiabatic, the entropy generation is equal to the entropy increase of the air as it flows 
in the nozzle 

kJ/kg.K 0.0118=−−=

−−=Δ=

kPa 500
kPa 300kJ/kg.K)ln (0.287kJ/kg.K)99194.185708.1(

ln
1
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0
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Air 
500 kPa 
400 K 
30 m/s

300 kPa 
350 K 
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7-198 It is to be shown that the difference between the steady-flow and boundary works is the flow energy.  

Analysis The total differential of flow energy Pv can be expressed as 

 ( ) ( )flowbflowb wwwwdPdPPd −=−=+= δδδvvv  

Therefore, the difference between the reversible steady-flow work and the reversible boundary work is the 
flow energy. 
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7-199 An insulated rigid tank is connected to a piston-cylinder device with zero clearance that is 
maintained at constant pressure. A valve is opened, and some steam in the tank is allowed to flow into the 
cylinder.  The final temperatures in the tank and the cylinder are to be determined.   

 Assumptions 1 Both the tank and cylinder are well-insulated and thus heat transfer is negligible.  2 The 
water that remains in the tank underwent a reversible adiabatic process. 3 The thermal energy stored in the 
tank and cylinder themselves is negligible. 4 The system is stationary and thus kinetic and potential energy 
changes are negligible. 

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s2 = s1.  From the 
steam tables (Tables A-4 through A-6), 
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/kgm 1.0789)0.0010531.1594)(0.9305(0.001053

9305.0
7894.5

4337.18207.6

.

kPa 150

KkJ/kg 6.8207
kJ/kg 2560.7

/kgm 0.37483

.
kPa 500

,2,2

3
,2,2

,2
,2

kPa 150@,2

12

2

kPa 500@1

kPa 500@1

3
kPa 500@1

1

=+=+=
=−+=+=

=
−

=
−

=

°==

⎪
⎭

⎪
⎬

⎫
=
=

⋅==
==
==

⎭
⎬
⎫=

fgAfA

fgAfA

fg

fA
A

satA

g

g

g

uxuu
x

s
ss

x

TT

mixturesat
ss

P

ss
uu

v

vaporsat
P

vvv

v

C111.35  

The initial and the final masses in tank A are 
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m 0.4  and   kg 1.067
/kgm 0.37483

m 0.4

,2,1,2

3

3

,2
,23

3

,1
,1

=−=−=

======

AAB

A

A
A

A

A
A

mmm

mm
v
V

v
V

 

(b) The boundary work done during this process is 

 ( ) BBBBBoutb mPPdPW ,2,2,2
2 

1 
, 0 vVV =−== ∫  

Taking the contents of both the tank and the cylinder 
to be the system, the energy balance for this closed 
system can be expressed as 
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Thus, 
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At 150 kPa, hf = 467.13 and hg = 2693.1 kJ/kg.  Thus at the final state, the cylinder will contain a saturated 
liquid-vapor mixture since hf < h2 < hg.  Therefore, 

 C111.35°== kPa 150@sat,2 TT B  

Sat. 
vapor 

500 kPa
0.4 m3 

150 kPa
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7-200 Carbon dioxide is compressed in a reversible isothermal process using a steady-flow device. The 
work required and the heat transfer are to be determined.  

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies are 
negligible.  3 CO2 is an ideal gas with constant specific heats.  

Properties The gas constant of CO2 is R = 0.1889 kPa⋅m3/kg⋅K (Table A-2a). 

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the compressor as the 
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as 
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The work input for this isothermal, reversible process is 

 kJ/kg 76.7=⋅==
kPa 100
kPa 400K)ln K)(293kJ/kg 1889.0(ln
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2
in P

P
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From the energy balance equation, 

 kJ/kg 76.7== inout wq  

Compressor 

400 kPa
20°C 

100 kPa 
20°C 
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7-201 Carbon dioxide is compressed in an isentropic process using a steady-flow device. The work 
required and the heat transfer are to be determined.  

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies are 
negligible.  3 CO2 is an ideal gas with constant specific heats.  

Properties The gas constant of CO2 is R = 0.1889 kPa⋅m3/kg⋅K. Other properties at room temperature are cp 
= 0.846 kJ/kg⋅K and k =1.289 (Table A-2a). 

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the compressor as the 
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as 

    

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
&&

=

=Δ=−

 

                  
)()( 1212in

2in1

TTcmhhmW

hmWhm

p −=−=

=+

&&&

&&&
 

The temperature at the compressor exit for the isentropic process of an ideal gas is 

K 399.8
kPa 100
kPa 400K) (293

289.1/289.0/)1(

1

2
12 =⎟

⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− kk

P
P

TT  

Substituting, 

 kJ 90.4=−⋅=−= )K293K)(399.8kJ/kg (0.846)( 12in TTcw p  

The work input increases from 76.7 kJ/kg to 90.4 kJ/kg when the process is executed isentropically instead 
of isothermally.  Since the process is isentropic (i.e., reversible, adiabatic), the heat transfer is zero.  

 

 

Compressor 

 
400 kPa

100 kPa 
20°C 
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7-202 R-134a is compressed in an isentropic compressor. The work required is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic 
(i.e., reversible-adiabatic). 3 Kinetic and potential energy changes are negligible. 

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . We take the compressor as the 
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as 

    

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
&&

=

=Δ=−

 

                 
)( 12in

2in1

hhmW

hmWhm

−=

=+

&&

&&&
   

The inlet state properties are 

11)-A (Table
KkJ/kg 93766.0

kJ/kg 51.244
   

1
C10

1

1

1

1    
⋅=

=

⎭
⎬
⎫

=
°−=

s
h

x
T

 

For this isentropic process, the final state enthalpy is 

13)-A (Table    kJ/kg 22.273  
K kJ/kg 93766.0

 kPa 800
2

12

2 =
⎭
⎬
⎫

⋅==
=

h
ss

P
 

Substituting, 

 kJ/kg 28.7=−=−= kJ/kg )51.24422.273(12in hhw  

 

Compressor 

-10°C 
sat. vapor 

800 kPa

T

s

2 

1 

800 kPa 

-10°C
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7-203 Refrigerant-134a is expanded adiabatically in a capillary tube. The rate of entropy generation is to be 
determined. 

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

Analysis The rate of entropy generation within the expansion device during this process can be determined 
by applying the rate form of the entropy balance on the system. Noting that the system is adiabatic and thus 
there is no heat transfer, the entropy balance for this steady-flow system can be expressed as  

{

12gen

12gen

gen2211

entropy of   
change of Rate

(steady) 0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

)(

0

sss

ssmS

Ssmsm

SSSS

−=

−=

=+−

Δ=+−

&&

&&&

44 344 21
&&

43421
&&

 

It may be easily shown with an energy balance that the enthalpy remains constant during the throttling 
process. The properties of the refrigerant at the inlet and exit states are (Tables A-11 through A-13) 

 
KkJ/kg 44193.0

KkJ/kg 50.123
  

0
  C50

1

1

1

1

⋅=
⋅=

⎭
⎬
⎫

=
°=

s
h

x
T

 

 
KkJ/kg 48038.0)79406.0)(4223.0(14504.0

4223.0
38.207

92.3550.123
  

K kJ/kg 50.123
  C12

22

2
2

12

2

⋅=+=+=

=
−

=
−

=

⎭
⎬
⎫

⋅==
°−=

fgf

fg

f

sxss
h

hh
x

hh
T

 

Substituting, 

 kW/K 0.00769=⋅−=−= KkJ/kg )44193.0038kg/s)(0.48 2.0()( 12gen ssmS &&  

 

R-134a 
50°C 

sat. liq. 
−12°C 

Capillary tube 
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7-204 Steam is expanded in an adiabatic turbine. Six percent of the inlet steam is bled for feedwater 
heating. The isentropic efficiencies for two stages of the turbine are given. The power produced by the 
turbine and the overall efficiency of the turbine are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-
insulated, and there is no heat transfer from the turbine.  

Analysis There is one inlet and two exits. 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
&&

=

=Δ=−

 

                          

)(94.0)(
94.006.0

3221out

321out

332211out

out332211

hhhhw
hhhw
hmhmhmW

Whmhmhm

−+−=
−−=
−−=

++=

&&&&

&&&&

   

The isentropic and actual enthalpies at three states are 
determined using steam tables as follows: 

  
KkJ/kg 5843.6

kJ/kg 3.3093
   

C350
  MPa 4

3

1

1

1

⋅=
=

⎭
⎬
⎫

°=
=

s
h

T
P

 

kJ/kg 0.2734
9832.0

    
K kJ/kg 5843.6

  kPa 800

2

2

12

2

=
=

⎭
⎬
⎫

⋅==
=

s

s

h
x

ss
P

 

 kJ/kg 8.2744)0.27343.3093)(97.0(3.3093)( 211,12
21

21
1, =−−=−−=⎯→⎯

−
−

= sT
s

T hhhh
hh
hh

ηη  

 

kJ/kg 9.2227
8302.0

  
K kJ/kg 6086.6

  kPa 30

KkJ/kg 6086.6
9885.0

  
 kJ/kg 8.2744

  kPa 800

3

3

23

3

2

2

2

2

=
=

⎭
⎬
⎫

⋅==
=

⋅=
=

⎭
⎬
⎫

=
=

s

s

h
x

ss
P

s
x

h
P

 

kJ/kg 7.2253)9.22278.2744)(95.0(8.2744)( 322,23
32

32
2, =−−=−−=⎯→⎯

−
−

= sT
s

T hhhh
hh
hh ηη  

Substituting, 

 
inlet-kJ/kg 810.1=

−+−=
−+−=

)7.22538.2744(94.0)8.27443.3093(
)(94.0)( 3221out hhhhw

 

The overall isentropic efficiency of the turbine is 

     95.8%0.958 ===
−+−
−+−

=
−+−
−+−

=
2.845
1.810

)9.22278.2744(94.0)0.27343.3093(
)7.22538.2744(94.0)8.27443.3093(

)(94.0)(
)(94.0)(

3221

3221

ss
T hhhh

hhhhη  

Turbine 

4 MPa
350°C

30 kPa 
800 kPa

T

s
3 

1 
4 MPa 

30 kPa
0.8 MPa 2 

3s 
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7-205 Air is compressed steadily by a compressor from a specified state to a specified pressure. The 
minimum power input required is to be determined for the cases of adiabatic and isothermal operation.  

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential 
energy changes are negligible. 3 Air is an ideal gas with variable specific heats. 4 The process is reversible 
since the work input to the compressor will be minimum when the compression process is reversible. 

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

Analysis (a) For the adiabatic case, the process will be reversible and adiabatic (i.e., isentropic),  

thus the isentropic relations are applicable.   

and 

kJ/kg 506.45
K 503.3

      8.6177)1.2311(
kPa 100
kPa 700

kJ/kg 290.16 and  2311.1K 290

2

2

1

2

11

12

1

=
=

→===

==⎯→⎯=

h
T

P
P
PP

hPT

rr

r

 

The energy balance for the compressor, which is a 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

&&

44 344 21
&

43421
&&

=

=Δ=−

 

                       )(     12in21in hhmWhmhmW −=→=+ &&&&&  

Substituting, the power input to the compressor is determined to be 

kW 18.0=−= kJ/kg)290.16506.45)(kg/s 5/60(inW&  

(b)  In the case of the reversible isothermal process, the steady-flow energy balance becomes 

 )(         out
0

12outin2out1inoutin QhhmQWhmQhmWEE &&&&&&&&&& =−+=→=−+→=  

since h = h(T) for ideal gases, and thus the enthalpy change in this case is zero. Also, for a reversible 
isothermal process, 

where   
( ) ( )

( ) ( ) KkJ/kg 0.5585
kPa 100
kPa 700ln KkJ/kg 0.287lnln

1

2

1

20
1212

1221out

⋅−=⋅−=−=−−=−

−−=−=

P
PR

P
PRssss

ssTmssTmQ

oo

&&&

 

Substituting, the power input for the reversible isothermal case becomes 

 kW 13.5=⋅−−= )KkJ/kg 0.5585)(K 290)(kg/s 5/60(inW&  

s =const. 

2

1

T =const.

2

1 
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7-206 Air is compressed in a two-stage ideal compressor with intercooling. For a specified mass flow rate 
of air, the power input to the compressor is to be determined, and it is to be compared to the power input to 
a single-stage compressor. 

Assumptions 1 The compressor operates steadily. 2 Kinetic and potential energies are negligible. 3 The 
compression process is reversible adiabatic, and thus isentropic. 4 Air is an ideal gas with constant specific 
heats at room temperature. 

Properties The gas constant of air is R = 0.287 kPa.m3/kg.K (Table A-1). The specific heat ratio of air is k 
= 1.4  (Table A-2). 

Analysis The intermediate pressure between 
the two stages is 

( )( ) kPa 300kPa 900kPa 10021 === PPPx  

The compressor work across each stage is the 
same, thus total compressor work is twice the 
compression work for a single stage: 

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

kJ/kg 222.2

1
kPa 100
kPa 300

11.4
K 300KkJ/kg 0.2871.42

1
1

22

0.4/1.4

/1
1

1
Iin,comp,incomp,

=

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛

−
⋅

=

−
−

== − kk
x PP

k
kRTww

 

and 

 ( )( ) kW4.44 kJ/kg 222.2kg/s 0.02incomp,in === wmW &&  

The work input to a single-stage compressor operating between the same pressure limits would be 

 ( )( )( ) ( )( )( ) kJ/kg 263.21
kPa 100
kPa 900

11.4
K 300KkJ/kg 0.2871.41

1

0.4/1.4
/1

12
1

incomp, =⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−
⋅

=−
−

= − kkPP
k
kRTw  

and 

 ( )( ) kW5.26  kJ/kg 263.2kg/s 0.02incomp,in === wmW &&  

Discussion Note that the power consumption of the compressor decreases significantly by using 2-stage 
compression with intercooling. 

Stage II 

900 kPa

Stage I 

27°C 

100 kPa
27°C

W 

Heat 
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7-207 A three-stage compressor with two stages of intercooling is considered. The two intermediate 
pressures that will minimize the work input are to be determined in terms of the inlet and exit pressures. 

Analysis The work input to this three-stage compressor with intermediate pressures Px and Py and two 
intercoolers can be expressed as 
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The Px and Py values that will minimize the work input are obtained by taking the partial differential of w 
with respect to Px and Py, and setting them equal to zero: 
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Simplifying, 
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STEAM 
15 kg/s 

6 MPa 
500°C

STEAM 
13.5 kg/s 

II 
1.2 MPa

20 kPa 
90%

I

10%

7-208 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some 
steam is extracted at the end of the first stage. The power output of the turbine is to be determined for the 
cases of 100% and 88% isentropic efficiencies. 

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 turbine is adiabatic and thus heat transfer is negligible. 

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

 

( )( ) kJ/kg 2267.55.23578552.042.251

8552.0
0752.7

8320.08826.6
kPa 02

kg/kJ 8.2962
MPa 1.2
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Analysis (a)  The mass flow rate through the second stage is 

   ( )( ) kg/s 13.5kg/s 150.99.0 13 === mm &&  

We take the entire turbine, including the 
connection part between the two stages, as the 
system, which is a control volume since mass 
crosses the boundary. Noting that one fluid stream 
enters the turbine and two fluid streams leave, 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
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Substituting, the power output of the turbine is 

 ( )( ) ( )( ) kW  16,291=−+−= kJ/kg2267.52962.8kg 13.5kJ/kg2962.83423.1kg/s 15outW&  

(b)  If the turbine has an adiabatic efficiency of 88%, then the power output becomes 

 ( )( ) kW  14,336=== kW 16,2910.88sTa WW && η  
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7-209 Steam expands in an 84% efficient two-stage adiabatic turbine from a specified state to a specified 
pressure. Steam is reheated between the stages. For a given power output, the mass flow rate of steam 
through the turbine is to be determined. 

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

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

       

kJ/kg 2901.7
kPa 002

KkJ/kg 7.5725
kJ/kg 3579.0

C550
MPa 2
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Analysis The power output of the actual turbine is given to be 80 MW. Then the power output for the 
isentropic operation becomes 

 kW 240,9584.0/kW) 000,80(/outa,outs, === TWW η&&  

We take the entire turbine, excluding the reheat section, as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system in isentropic operation 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
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Substituting,   

 [ ]kJ/kg)2901.73579.0(kJ/kg)3089.73521.8(kJ/s 240,95 −+−= m&  

which gives 

 kg/s 85.8=m&  

Stage I

8 MPa 
550°C

Stage II 

2 MPa

200 kPa 

80 MW

Heat

2 MPa 
550°C
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7-210 Refrigerant-134a is compressed by a 0.7-kW adiabatic compressor from a specified state to another 
specified state. The isentropic efficiency, the volume flow rate at the inlet, and the maximum flow rate at 
the compressor inlet are to be determined.  

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

Properties From the R-134a tables (Tables A-11 through A-13) 

 

kJ/kg 281.16
kPa 700

kJ/kg 288.53
C05
kPa 700

KkJ/kg 0.9724
kJ/kg 246.36

/kgm 0.14605

C10
kPa 140

2
12

2

2
2

2

1

1

3
1

1

1

=
⎭
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=
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Analysis (a) The isentropic efficiency is determined from its definition, 

 82.5%==
−
−

=
−
−

= 825.0
36.24653.288
36.24616.281

12

12

hh
hh

a

s
Cη  

(b) There is only one inlet and one exit, and thus & & &m m m1 2= = . We take the actual compressor as the 
system, which is a control volume. The energy balance for this steady-flow system can be expressed 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

&&

44 344 21
&

43421
&&

=

=Δ=−

 

  
)(

0)ΔpeΔke  (since     

12ina,

21ina,

hhmW

QhmhmW

−=

≅≅≅=+

&&

&&&&
 

Then the mass and volume flow rates of the refrigerant are determined to be 

( )
( )( ) L/min 145====

=
−

=
−

=

/sm 0.00242/kgm 0.14605kg/s 0.0166

kg/s 0.0166
kJ/kg246.36288.53

kJ/s 0.7

33
11

12

ina,

vV m

hh
W

m
a

&&

&
&

 

(c)  The volume flow rate will be a maximum when the process is isentropic, and it is determined similarly 
from the steady-flow energy equation applied to the isentropic process. It gives 

( )
( )( ) L/min  176====

=
−

=
−

=

/sm 0.00294/kgm 0.14605kg/s 0.0201

kg/s 0.0201
kJ/kg246.36281.16

kJ/s 0.7

33
1maxmax,1

12

ins,
max

vV m

hh
W

m
s

&&

&
&

 

Discussion Note that the raising the isentropic efficiency of the compressor to 100% would increase the 
volumetric flow rate by more than 20%. 

R-134a 

2 

1
V1

0.7 kW

·
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7-211E Helium is accelerated by a 94% efficient nozzle from a low velocity to 1000 ft/s. The pressure and 
temperature at the nozzle inlet are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Helium is an ideal gas 
with constant specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus 
heat transfer is negligible.  

Properties The specific heat ratio of helium is k = 1.667. The constant pressure specific heat of helium is 
1.25 Btu/lbm.R (Table A-2E). 

Analysis We take nozzle as the system, which is a control volume since mass crosses the boundary. The 
energy balance for this steady-flow system can be expressed in the rate form as 

     

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

&&

44 344 21
&

43421
&&

=

=Δ=−

 

            
( )

2
0

2
0

0)pe (since   /2)+()2/(
2

1
2

2
12avg,

2
1

2
2

12

2
22

2
11

VVTTcVVhh

WQVhmVhm

p
−

+−=⎯→⎯
−

+−=

≅Δ≅≅=+ &&&&

 

Solving for T1 and substituting, 

     
( )

( ) R656F196.0  
/sft 25,037

Btu/lbm 1
RBtu/lbm 1.252

ft/s 1000
F180

2 22

202
1

2
2

21 =°=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅
+°=

−
+=

p

s
a C

VV
TT  

From the isentropic efficiency relation, 

or, 

( )
( )

( ) ( ) ( ) R 63994.0/656640656/1212

12
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=−+=−+=

−
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From the isentropic relation,  
( ) kk

s

P
P

T
T

/1

1

2

1

2
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=  

 
( )

( ) psia  14.9=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− 71.667/0.661/

2

1
21 R 639

R 656
psia 14

kk

sT
T

PP  

 

HELIUM 
ηN = 94% 

1 2 
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7-212 [Also solved by EES on enclosed CD] An adiabatic compressor is powered by a direct-coupled steam 
turbine, which also drives a generator. The net power delivered to the generator and the rate of entropy 
generation are to be determined.  
Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential 
energy changes are negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an 
ideal gas with variable specific heats. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). From the steam tables (Tables A-4 
through 6) and air table (Table A-17), 

( )( )
( )( ) KkJ/kg 7.54894996.792.06492.0

kJ/kg 2392.51.239292.081.191

92.0
kPa 10

KkJ/kg 6.4651
kJ/kg 3343.6

C500
MPa 12.5

KkJ/kg 2.44356kJ/kg, 07.628K 620

KkJ/kg 1.68515,kJ/kg 295.17K 295
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44
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3

3

3

3
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⎫

°=
=

⋅==⎯→⎯=
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Analysis  There is only one inlet and one exit for either 
device, and thus   outin mmm &&& == . We take either the 
turbine or the compressor as the system, which is a 
control volume since mass crosses the boundary. The 
energy balance for either steady-flow system can be 
expressed in the rate form as 

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin 0 EEEEE &&
444 3444 21

&
43421
&& =→=Δ=−  

For the turbine and the compressor it becomes 
Compressor:  )( 12airincomp,2air1airincomp, hhmWhmhmW −=→=+ &&&&&  

Turbine:  )(      43steamout turb,4steamout turb,3steam hhmWhmWhm −=→+= &&&&&  
Substituting, 

 
( )( )
( )( ) kW 23,777kJ/kg2392.53343.6kg/s 25

kW 3329kJ/kg295.17628.07kg/s 10

outturb,

incomp,

=−=

=−=

W

W
&

&
 

Therefore,  
kW  20,448=−=−= 3329777,23incomp,outturb,outnet, WWW &&&  

Noting that the system is adiabatic, the total rate of entropy change (or generation) during this process is 
the sum of the entropy changes of both fluids,   

)()( 34steam12airgen ssmssmS −+−= &&&  

where  

( )

( )

( ) ( )( ) kW/K 27.1KkJ/kg6.46517.5489kg/s 25

kW/K 92.0KkJ/kg
kPa 98
kPa 1000ln0.2871.685152.44356kg/s 10

ln

34steam

1

2
1212air

=⋅−=−
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⎠
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⎝

⎛
−−=
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⎞
⎜⎜
⎝

⎛
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PRssmssm

&

&& oo

 

Substituting, the total rate of entropy generation is determined to be 
 kW/K  28.02=+=+= 1.2792.0turbgen,compgen,totalgen, SSS &&&  

98 kPa 
295 K

1 MPa 
620 K

10 kPa 

12.5 MPa 
500°C 

Air 
comp

Steam 
turbine
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7-213 EES Problem 7-212 is reconsidered. The isentropic efficiencies for the compressor and turbine are 
to be determined, and then the effect of varying the compressor efficiency over the range 0.6 to 0.8 and the 
turbine efficiency over the range 0.7 to 0.95 on the net work for the cycle and the entropy generated for the 
process is to be investigated. The net work is to be plotted as a function of the compressor efficiency for 
turbine efficiencies of 0.7, 0.8, and 0.9. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Input Data" 
m_dot_air = 10 [kg/s] "air compressor (air) data" 
T_air[1]=(295-273) "[C]" "We will input  temperature in C" 
P_air[1]=98 [kPa] 
T_air[2]=(700-273) "[C]" 
P_air[2]=1000 [kPa] 
m_dot_st=25 [kg/s] "steam turbine (st) data" 
T_st[1]=500 [C]     
P_st[1]=12500 [kPa] 
P_st[2]=10 [kPa] 
x_st[2]=0.92 "quality" 
"Compressor Analysis:" 
"Conservation of mass for the compressor m_dot_air_in = m_dot_air_out =m_dot_air" 
"Conservation of energy for the compressor is:" 
E_dot_comp_in - E_dot_comp_out = DELTAE_dot_comp 
DELTAE_dot_comp = 0 "Steady flow requirement"   
E_dot_comp_in=m_dot_air*(enthalpy(air,T=T_air[1])) + W_dot_comp_in 
E_dot_comp_out=m_dot_air*(enthalpy(air,T=T_air[2])) 
"Compressor adiabatic efficiency:" 
Eta_comp=W_dot_comp_in_isen/W_dot_comp_in 
W_dot_comp_in_isen=m_dot_air*(enthalpy(air,T=T_air_isen[2])-enthalpy(air,T=T_air[1])) 
s_air[1]=entropy(air,T=T_air[1],P=P_air[1]) 
s_air[2]=entropy(air,T=T_air[2],P=P_air[2]) 
s_air_isen[2]=entropy(air, T=T_air_isen[2],P=P_air[2]) 
s_air_isen[2]=s_air[1] 
"Turbine Analysis:" 
"Conservation of mass for the turbine m_dot_st_in = m_dot_st_out =m_dot_st" 
"Conservation of energy for the turbine is:" 
E_dot_turb_in - E_dot_turb_out = DELTAE_dot_turb 
DELTAE_dot_turb = 0 "Steady flow requirement"   
E_dot_turb_in=m_dot_st*h_st[1] 
h_st[1]=enthalpy(steam,T=T_st[1], P=P_st[1])  
E_dot_turb_out=m_dot_st*h_st[2]+W_dot_turb_out 
h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) 
"Turbine adiabatic efficiency:" 
Eta_turb=W_dot_turb_out/W_dot_turb_out_isen 
W_dot_turb_out_isen=m_dot_st*(h_st[1]-h_st_isen[2]) 
s_st[1]=entropy(steam,T=T_st[1],P=P_st[1]) 
h_st_isen[2]=enthalpy(steam, P=P_st[2],s=s_st[1]) 
"Note: When Eta_turb is specified as an independent variable in  
the Parametric Table, the iteration process may put the steam state 2 in the  
superheat region, where the quality is undefined. Thus, s_st[2], T_st[2] are  
calculated at P_st[2], h_st[2] and not P_st[2] and x_st[2]" 
s_st[2]=entropy(steam,P=P_st[2],h=h_st[2]) 
T_st[2]=temperature(steam,P=P_st[2], h=h_st[2]) 
s_st_isen[2]=s_st[1] 
"Net work done by the process:" 
W_dot_net=W_dot_turb_out-W_dot_comp_in 
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"Entropy generation:" 
"Since both the compressor and turbine are adiabatic, and thus there is no heat transfer  
to the surroundings, the entropy generation for the two steady flow devices becomes:" 
S_dot_gen_comp=m_dot_air*( s_air[2]-s_air[1]) 
S_dot_gen_turb=m_dot_st*(s_st[2]-s_st[1]) 
S_dot_gen_total=S_dot_gen_comp+S_dot_gen_turb 
"To generate the data for Plot Window 1, Comment out the line ' T_air[2]=(700-273) C'  
and select values for Eta_comp in the Parmetric Table, then press F3 to solve the table.   
EES then solves for the unknown value of T_air[2] for each Eta_comp." 
"To generate the data for Plot Window 2, Comment out the two lines ' x_st[2]=0.92 quality '  
and ' h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) ' and select values for Eta_turb in the  
Parmetric Table, then press F3 to solve the table.  EES then solves for the h_st[2] for each  
Eta_turb." 
 

Wnet 
[kW] 

Sgentotal 
[kW/K] 

ηturb ηcomp  Wnet 
[kW] 

Sgentotal 
[kW/K] 

ηturb ηcomp 

20124 27.59 0.75 0.6665  19105 30 0.7327 0.6 
21745 22.51 0.8 0.6665  19462 29.51 0.7327 0.65 
23365 17.44 0.85 0.6665  19768 29.07 0.7327 0.7 
24985 12.36 0.9 0.6665  20033 28.67 0.7327 0.75 
26606 7.281 0.95 0.6665  20265 28.32 0.7327 0.8 
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7-214 The pressure in a hot water tank rises to 2 MPa, and the tank explodes. The explosion energy of the 
water is to be determined, and expressed in terms of its TNT equivalence. 

Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy 
changes are negligible. 3 Heat transfer with the surroundings during explosion is negligible. 

Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6) 

  

( )( ) kJ/kg 811.832.20881889.040.417

1889.0
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Analysis  We idealize the water tank as a closed system that undergoes a reversible adiabatic process with 
negligible changes in kinetic and potential energies. The work done during this idealized process represents 
the explosive energy of the tank, and is determined from the closed system energy balance to be 

( )21outb,exp

12outb,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

)(
uumWE

uumUW

EEE

−==

−=Δ=−

Δ=−
4342143421

 

where    

 kg 99.67
/kgm 0.001177

m 0.080
3

3

1
===

v
Vm  

Substituting,   

( )( ) kJ 6410kJ/kg811.83906.12kg 67.99exp =−=E  

which is equivalent to  

TNT kg  1.972==
kJ/kg 3250

kJ 6410
TNTm  

Water 
Tank  

2 MPa 
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7-215 A 0.35-L canned drink explodes at a pressure of 1.2 MPa. The explosive energy of the drink is to be 
determined, and expressed in terms of its TNT equivalence.  

Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy 
changes are negligible. 3 Heat transfer with the surroundings during explosion is negligible. 4 The drink 
can be treated as pure water. 

Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6) 

  

( )( ) kJ/kg .267322.20881508.040.417
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Analysis  We idealize the canned drink as a closed system that undergoes a reversible adiabatic process 
with negligible changes in kinetic and potential energies.  The work done during this idealized process 
represents the explosive energy of the can, and is determined from the closed system energy balance to be 

( )21outb,exp

12outb,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin
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where 

            kg 0.3074
/kgm 0.001138

m 0.00035
3

3

1
===

v
Vm  

Substituting, 

       ( )( ) kJ 19.9=−= kJ/kg732.26796.96kg 0.3074expE  

which is equivalent to 

                TNT kg  0.00612==
kJ/kg 3250
kJ 19.9

TNTm  

 

COLA  
1.2 MPa 
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7-216 The validity of the Clausius inequality is to be demonstrated using a reversible and an irreversible 
heat engine operating between the same temperature limits. 

Analysis Consider two heat engines, one reversible and one irreversible, both operating between a high-
temperature reservoir at TH and a low-temperature reservoir at TL.  Both heat engines receive the same 
amount of heat, QH.  The reversible heat engine rejects heat in the amount of QL, and the irreversible one in 
the amount of  QL, irrev = QL + Qdiff, where Qdiff is a positive quantity since the irreversible heat engine 
produces less work.  Noting that QH and QL are transferred at constant temperatures of TH and TL, 
respectively, the cyclic integral of δQ/T for the reversible and irreversible heat engine cycles become 

 011

rev
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since (QH/TH) = (QL/TL) for reversible cycles.  Also, 

0diffdiffirrev,
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since Qdiff is a positive quantity.  Thus,  0≤⎟
⎠
⎞

⎜
⎝
⎛∫ T

Qδ . 
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7-217E R-134a vapor from a storage tank is used to drive an isentropic turbine. The work produced by the 
turbine is to be determined.  

Assumptions 1 This is an unsteady-flow process since the conditions in the tank changes. 2 Kinetic and 
potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 

Analysis The inlet and exit enthalpies for the turbine are (Tables A-11E through A-13E), 

 

Btu/lbm 49.94)528.95)(95605.0(156.3
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The initial mass of R-134a in the tank is 

 lbm 6.749
/lbmft 01334.0

ft 10
3

3

F80@
initial ===

°f
m

v
V  

The amount of mass which passes through the turbine during this expansion is then 

 lbm 8.374
2

lbm 6.749
2

initial ===
m

m  

The amount of work produced from the turbine is then 

 Btu 7290=−=−= Btu/lbm)49.9494.113(lbm) 8.374()( 21out hhmW  

 

R-134a 
turbine 

T1 = 80°F 
Sat. vap. 

P2 = 10 psia
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7-218 R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.80. The work produced 
and final enthalpy are to be determined.  

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat 
transfer is negligible. 

Analysis  We take the R-134a 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 

)( 12out

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

uumUW

EEE

−=Δ=−

Δ=−
4342143421

 

From the R-134a tables (Tables A-11 through A-13), 

 

kJ/kg 05.209)32.205)(9997.0(798.3

9997.0
94807.0

01634.09641.0kPa 60

KkJ/kg 9641.0
kJ/kg 39.256

C40
kPa 700

22

2
2

12

2

1

1

1

1

=+=+=

=
−

=
−

=

⎭
⎬
⎫

=
=

⋅=
=

⎭
⎬
⎫

°=
=

fgsfs
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f
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s

ss
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ss
P

s
u

T
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The actual work input is 

 kJ/kg 37.87=−=−== kJ/kg)05.20939.256)(80.0()( 21out,out, sTssa uuww ηη  

The actual internal energy at the end of the expansion process is 

 kJ/kg 218.5287.3739.256)( out,1221out, =−=−=⎯→⎯−= aaa wuuuuw  

The enthalpy at the final state is 

 kJ/kg 238.42=
⎭
⎬
⎫

=
=

2
2

2   
kJ/kg 52.218

kPa 06
h

u
P

 (Table A-13) 

 

T

s 

1 

2s 

700 kPa 

60 kPa 
2 
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7-219E A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is 
considered. The total work required to fill the tank and the total heat transferred from the air in the tank as 
it is being filled are to be determined. 
Assumptions 1 Changes in the kinetic and potential energies are negligible.  4 Air is an ideal gas with 
constant specific heats.  
Properties The properties of air at room temperature are R = 0.3704 psia⋅ft3/lbm⋅R, cp = 0.240 Btu/lbm⋅R, 
cv = 0.171 Btu/lbm⋅R, k = 1.4 (Table A-2Ea). 
Analysis  The initial mass of air in the tank is 

lbm 860,74
R) R)(530/lbmftpsia 3704.0(
R))/lbmft 10psia)(1 696.14(

3

36

initial

initial
initial =

⋅⋅

⋅×
==

RT
P

m
V

 

and the final mass in the tank is 

 lbm 600,748
R) R)(530/lbmftpsia 3704.0(
R))/lbmft 10psia)(1 96.146(

3

36

final

final
final =

⋅⋅

⋅×
==

RT
P

m
V

 

Since the compressor operates as an isentropic device, 

 
kk

P
P

TT
/)1(

1

2
12

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=  

where P2 matches the pressure in the 
tank. The conservation of mass 
applied to the tank gives 

 2m
dt
dm

&=  

while the first law gives 

 
dt
dmh

dt
mud

Q 2
)(
−=&  

Employing the ideal gas equation of state and using constant specific heats, expands this result to 

 
dt
dP

RT
Tc

dt
dP

R
c

Q p
VV v

2−=&  

Using the temperature relation across the compressor and multiplying by dt puts this result in the form 

 dP
RTP

PTcdP
R
c

dtQ
kk

p
VV v

/)1(

1
1

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=&  

When this integrated, it yields (i and f stand for initial and final states) 

 

Btu 107.454 7×−=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
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−
−−

×
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⎥
⎥
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⎜
⎜
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147147
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)10(1)24.0(
1)4.1(2

4.1)7.14147(
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)(0.171)10(1

12
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i

kk

i
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p
if P

P
P

P
R

c
k
kPP
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The negative result show that heat is transferred from the tank. Applying the first law to the tank and 
compressor gives 
 dmhmuddtWQ 1)()( −=+ &&  
which integrates to  
 )()( 1 ifiiff mmhumumWQ −−−=+  
Upon rearrangement, 

 
Btu 104.990 7×=−−−×=

−−−−=

)860,74600,748)(530)(171.0240.0(10454.7

)()(
7

ifp mmTccQW v
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7-220E A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is 
considered. The total work produced by the turbine and the total heat added to the air in the tank during the 
discharge are to be determined. 

Assumptions 1 Changes in the kinetic and potential energies are negligible.  4 Air is an ideal gas with 
constant specific heats.  

Properties The properties of air at room temperature are R = 0.3704 psia⋅ft3/lbm⋅R, cp = 0.240 Btu/lbm⋅R, 
cv = 0.171 Btu/lbm⋅R, k = 1.4 (Table A-2Ea). 

Analysis  The initial mass of air in the tank is 

 lbm 600,748
R) R)(530/lbmftpsia 3704.0(
R))/lbmft 10psia)(1 96.146(

3

36

initial

initial
initial =

⋅⋅

⋅×
==

RT
P

m
V

 

and the final mass in the tank is 

 lbm 860,74
R) R)(530/lbmftpsia 3704.0(
R))/lbmft 10psia)(1 696.14(

3

36

final

final
final =

⋅⋅

⋅×
==

RT
P

m
V

 

At any time, 

 
RT
Pmt

V
=  

and 

 
dt
dP

RTdt
dmt V

=  

Since the turbine operates as an 
isentropic device, 

 
kk

P
P

TT
/)1(

3

4
34

−

⎟⎟
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⎞
⎜⎜
⎝

⎛
=  

where P4 is the constant atmospheric pressure and P3 matches the pressure in the tank. The conservation of 
mass applied to the tank gives 

 m
dt
dm

&−=  

while the first law applied to the turbine is 

 )()()( 434343 TTc
dt
dmTTcmhhmW pp −−=−=−= &&&  

Substitution of the preceding results expands this result to 

 
dt
dP

RTP
P

TcW
kk

p
3

/)1(

3

4
3 1 V

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

−

&  

Noting that P3 is the pressure in the tank and that P4 is the constant atmospheric pressure, multiplying of 
this result by dt and integration from the initial to the final state gives 
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Btu 102.999 7×=
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Adoption of the first law to the tank yields 

 

Btu 101.468 8×−=

+−=

+−=

−+−=

)171.0240.0)(530)(860,74600,748(

)()(

)()(

vccTmm

mmhumumQ

pif

ifiiff

 

The negative result shows that heat is transferred from the turbine. 
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7-221 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened 
and steam flows from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses 
heat to the surroundings. The final temperature in each tank and the entropy generated during this process 
are to be determined.  

Assumptions 1 Tank A is insulated, and thus heat transfer is negligible.  2 The water that remains in tank A 
undergoes a reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 
4 The system is stationary and thus kinetic and potential energy changes are negligible. 5 There are no 
work interactions. 

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s2 = s1.  From the 
steam tables (Tables A-4 through A-6), 

Tank A: 

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

( ) ( )( )
( )( ) kJ/kg 2125.9kJ/kg 1982.17895.011.561

/kgm 0.47850001073.060582.07895.0001073.0

7895.0
3200.5

6717.18717.5

mixture sat.

kPa 300

KkJ/kg 5.87171191.58.07765.1
kJ/kg 2163.39.19488.022.604

/kgm 0.37015001084.046242.08.0001084.0

8.0
kPa 400

,2,2

3
,2,2

,2
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kPa 300@sat,2

12

1
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Tank B:    

KkJ/kg 7.7100
kJ/kg 2731.4

/kgm 1.1989

C250
kPa 200

,1

,1

3
,1

1

1

⋅=
=
=

⎭
⎬
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°=
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B

B

s
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The initial and the final masses in tank A are 

and 

kg 0.4180
/kgm 0.47850

m 0.2

kg 0.5403
/kgm 0.37015

m 0.2

3

3

,2
,2

3

3

,1
,1

===

===

A

A
A

A

A
A

m

m

v

V

v

V

 

Thus,   0.5403 - 0.4180 = 0.1223 kg of mass flows into tank B.  Then, 

 kg 3.12231223.031223.0,1,2 =+=+= BB mm  

The final specific volume of steam in tank B is determined from 

 
( ) ( )( )

/kgm 1.1519
kg 3.1223

/kgm 1.1989kg 3 3
3

,2

11

,2
,2 ====

B

B

B

B
B m

m
m

vV
v  

We take the entire contents of both tanks as the system, which is a closed system. The energy balance for 
this stationary closed system can be expressed as 

A 
steam 

V = 0.2 m3 
P = 400 kPa 

x = 0.8 

B 
steam 

m = 3 kg 
T = 250°C 

P = 200 kPa 

×

600 kJ
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( ) ( )BA

BA

umumumumQ
WUUUQ

EEE

11221122out

out

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

 0)=PE=KE  (since     )()(
−+−=−

=Δ+Δ=Δ=−

Δ=−
4342143421

 

Substituting, 

 
( )( ) ( )( ){ } ( ) ( )( ){ }

 kJ/kg 2522.0
4.273131223.33.21635403.09.2125418.0600

,2

,2

=
−+−=−

B

B

u
u

 

Thus, 

 
KkJ/kg 7.2274kJ/kg 2522.0

/kgm 1.1519

,2

,2

,2

3
,2

⋅=
°=
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B
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B

B

s
T

u

v C113.2
 

(b) The total entropy generation during this process is determined by applying the entropy balance on an 
extended system that includes both tanks and their immediate surroundings so that the boundary 
temperature of the extended system is the temperature of the surroundings at all times.  It gives  

 

{

BAgen
surrb,

out

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin

SSS
T
Q

SSSS

Δ+Δ=+−

Δ=+−
4342143421

 

Rearranging and substituting, the total entropy generated during this process is determined to be 

( ) ( )

( )( ) ( )( ){ } ( )( ) ( )( ){ }
 kJ/K 0.916=

+−+−=

+−+−=+Δ+Δ=

K 273
kJ 600

7100.732274.71223.38717.55403.08717.5418.0

surrb,

out
11221122

surrb,

out
gen T

Q
smsmsmsm

T
Q

SSS BABA
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7-222 Heat is transferred steadily to boiling water in a pan through its bottom. The rate of entropy 
generation within the bottom plate is to be determined. 

Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at 
the specified values.   

Analysis  We take the bottom of the pan to be the system,  

which is a closed system. Under steady conditions, the rate  
form of the entropy balance for this system can be 
expressed as 

  

{

 W/K0.00351=→=+−

=+−

=Δ=+−

systemgen,systemgen,

systemgen,
outb,

out

inb,

in

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

        0
K 377
W 500

K 378
W 500

0

0

SS

S
T
Q

T
Q

SSSS

&&

&
&&

43421
&&

43421
&&

 

Discussion Note that there is a small temperature drop across the bottom of the pan, and thus a small 
amount of entropy generation. 

 

104°C 

500 W 
105°C
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7-223 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise 
the water temperature to a specified temperature and the entropy generated during this process are to be 
determined. 

Assumptions 1 Water is an incompressible substance with constant specific  heats. 2 The energy stored in 
the container itself and the heater is negligible.  3 Heat loss from the container is negligible. 

Properties The specific heat of water at room temperature is  c = 4.18 kJ/kg·°C  (Table A-3).  

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can 
be expressed as 

water12ine,

waterine,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

)(

)(

TTmctW

UW

EEE

−=Δ

Δ=

Δ=−

&

4342143421

 

Substituting, 

 (1200 J/s)Δt = (40 kg)(4180 J/kg·°C)(50 - 20)°C 

Solving for Δt gives 

 Δt = 4180 s = 69.7 min = 1.16 h 

Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of 
this system and the energy and entropy contents of the heater are negligible, the entropy balance for it can 
be expressed as    

 
{

watergen

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin

0 SS

SSSS

Δ=+

Δ=+−
4342143421

 

Therefore, the entropy generated during this process is 

 ( )( ) kJ/K 16.3=⋅==Δ=
K 293
K 323

ln KkJ/kg 4.18kg 40ln
1

2
watergen T

T
mcSS  

 

 

Water 
40 kg 

Heater 
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7-224 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio 
of the mass flow rates of the extracted 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 changes are 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) 

KkJ/kg 2.0417
kJ/kg  719.08

C170C10

MPa 2.5

KkJ/kg 0.7038
kJ/kg 209.34

C50
MPa 2.5

C179.88
KkJ/kg 2.1381

kJ/kg 762.51
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MPa 1
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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: 
Mass balance (for each fluid stream): 

fws mmmmmmmmmmm &&&&&&&&&&& ====→=→=Δ=− 4321outin
(steady)  0

systemoutin   and    0  

Energy balance (for the heat exchanger):  

0)peke  (since   

0

44223311

outin

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

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

≅Δ≅Δ==+=+

=

=Δ=−
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EEE

&&&&&&

&&

44 344 21
&

43421
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Combining the two, ( ) ( )4312 hhmhhm fws −=− &&  

Dividing by &mfw  and  substituting,  
( )
( ) 0.247=

−
−

=
−
−

=
kJ/kg 762.512828.3
kJ/kg 209.34719.08

21

34

hh
hh

m
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&

&
 

(b)  The total entropy change (or entropy generation) during this process per unit mass of feedwater can be 
determined from an entropy balance expressed in the rate form as 

{

0)()(

0

0

gen4321

gen44332211

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen
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=+−+−
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( ) ( ) ( )( ) ( )

feedwater of kgper 

7038.00417.26956.61381.2247.03412
gen

  kJ/K 213.0=

−+−=−+−= ssss
m
m

m
S

fw

s

fw &

&

&

&

 

1

2

3

4

Steam 
from 
turbine 

1 MPa 
200°C

Feedwater

2.5 
MPa 

sat. liquid 
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7-225 EES Problem 7-224 is reconsidered. The effect of the state of the steam at the inlet to the feedwater 
heater is to be investigated. The entropy of the extraction steam is assumed to be constant at the value for 1 
MPa, 200°C, and the extraction steam pressure is to be varied from 1 MPa to 100 kPa. Both the ratio of the 
mass flow rates of the extracted steam and the feedwater heater and the total entropy change for this 
process per unit mass of the feedwater are to be plotted as functions of the extraction pressure. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
"Knowns:" 
WorkFluid$ = 'Steam_iapws' 
"P[3] = 1000 [kPa]"  "place {} around P[3] and T[3] eqations to solve the table" 
T[3] = 200 [C] 
P[4] = P[3]  
x[4]=0 
T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 
P[1] = 2500 [kPa] 
T[1] = 50 [C] 
P[2] = 2500  [kPa] 
T[2] = T[4] - 10"[C]" 
 
"Since we don't know the mass flow rates and we want to determine the ratio of mass flow rate of 
the extracted steam and the feedwater, we can assume the mass flow rate of the feedwater is 1 
kg/s without loss of generality.  We write the conservation of energy." 
"Conservation of mass for the steam extracted from the turbine: " 
m_dot_steam[3]= m_dot_steam[4] 
 
"Conservation of mass for the condensate flowing through the feedwater heater:" 
m_dot_fw[1] = 1  
m_dot_fw[2]= m_dot_fw[1] 
 
"Conservation of Energy - SSSF energy balance for the feedwater heater -- neglecting the 
change in potential energy, no  heat transfer, no work:" 
h[3]=enthalpy(WorkFluid$,P=P[3],T=T[3]) 
"To solve the table, place {} around s[3] and remove them from the 2nd and 3rd equations" 
s[3]=entropy(WorkFluid$,P=P[3],T=T[3]) 
{s[3] =6.693 [kJ/kg-K]  "This s[3] is  for the initial T[3], P[3]" 
T[3]=temperature(WorkFluid$,P=P[3],s=s[3])  "Use this equation for T[3] only when s[3] is given."} 
h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 
s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 
h[1]=enthalpy(WorkFluid$,P=P[1],T=T[1]) 
s[1]=entropy(WorkFluid$,P=P[1],T=T[1]) 
h[2]=enthalpy(WorkFluid$,P=P[2],T=T[2]) 
s[2]=entropy(WorkFluid$,P=P[2],T=T[2]) 
 
"For the feedwater heater:" 
E_dot_in = E_dot_out 
E_dot_in = m_dot_steam[3]*h[3] +m_dot_fw[1]*h[1]  
E_dot_out= m_dot_steam[4]*h[4] + m_dot_fw[2]*h[2]  
m_ratio = m_dot_steam[3]/ m_dot_fw[1]  
 
"Second Law analysis:" 
S_dot_in - S_dot_out + S_dot_gen = DELTAS_dot_sys 
DELTAS_dot_sys = 0 "[KW/K]" "steady-flow result" 
S_dot_in = m_dot_steam[3]*s[3] +m_dot_fw[1]*s[1]  
S_dot_out= m_dot_steam[4]*s[4] + m_dot_fw[2]*s[2]  
S_gen_PerUnitMassFWH = S_dot_gen/m_dot_fw[1]"[kJ/kg_fw-K]" 
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mratio Sgen,PerUnitMass 

[kJ/kg-K] 
P3 

[kPa] 
0.2109 0.1811 732 
0.2148 0.185 760 
0.219 0.189 790 
0.223 0.1929 820 
0.227 0.1968 850 

0.2309 0.2005 880 
0.2347 0.2042 910 
0.2385 0.2078 940 
0.2422 0.2114 970 
0.2459 0.2149 1000 
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7-226E A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and is 
charged until the tank contains saturated liquid at a specified pressure. The mass of R-134a that entered the 
tank, the heat transfer with the surroundings at 110°F, and the entropy generated 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 R-134a are (Tables A-11 through A-13) 

     

RBtu/lbm 0.07934
Btu/lbm 38.17
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Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. 
Noting that the 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 −=→Δ=−  

Energy balance: 

 

)0peke  (since  1122in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by  
nsferenergy traNet      

outin

≅≅≅−=+

Δ=−

WumumhmQ

EEE

ii

4342143421

 

The initial and the final masses in the tank are 

 

lbm 220.55
/lbmft 0.01360

ft 3

          lbm 28.6
/lbmft 0.4776

ft 3

3

3

2
2

3

3

1
1

===

===

v
V

v
V

m

m

 

Then from the mass balance, 

 lbm 214.3=−=−= 28.655.22012 mmmi  

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

( )( ) ( )( ) ( )( )
Btu 312=

−+−=
−+−=

Btu/lbm 104.99lbm 6.28Btu/lbm 41.49lbm 220.55Btu/lbm 38.17lbm 214.3
1122in umumhmQ ii

 

140 psia 
80°F 

R-134a 
3 ft3 

R-134a

Q

110°F
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(c) The entropy generated during this process is determined by applying the 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 temperature of the surroundings at all times. The entropy balance for it can be 
expressed as    

 
{ 1122tankgen

inb,

in

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin smsmSSsm
T
Q

SSSS ii −=Δ=++⎯→⎯Δ=+−
4342143421

 

Therefore, the total entropy generated during this process is 

 
( )( ) ( )( ) ( )( ) Btu/R 0.0169=−−+−=

−−+−=

R 570
Btu 312

2198.028.608589.055.22007934.03.214
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1122gen T

Q
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7-227  It is to be shown that for thermal energy reservoirs, the entropy change relation )/ln( 12 TTmcS =Δ  
reduces to ΔS Q T= /  as  T T2 1    → . 

Analysis Consider a thermal energy reservoir of mass m, specific heat c, and initial temperature T1. Now 
heat, in the amount of Q, is transferred to this reservoir.  The first law and the entropy change relations for 
this reservoir can be written as 

and 

( )

( )
12

12

1

2

12
12

/ln
ln

TT
TT

Q
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mcS

TT
Q

mcTTmcQ

−
==Δ

−
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Taking the limit as T2  →  T1  by applying the L'Hospital's rule, 

 ΔS Q
T Q

T
= =

1
1

1

1

/  

which is the desired result. 

 

Thermal energy 
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m, c, T 
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7-228 The heating of a passive solar house at night is to be assisted by solar heated water. The length of 
time that the electric heating system would run that night and the amount of entropy generated that night 
are to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific  heats. 2 The energy stored in 
the glass containers themselves is negligible relative to the energy stored in water.  3 The house is 
maintained at 22°C at all times. 

Properties The density and specific heat of water at room temperature are ρ = 1 kg/L and  c = 4.18 
kJ/kg·°C  (Table A-3).  

Analysis The total mass of water is 

 ( )( ) kg 1000L 2050kg/L 1 =×== Vρwm  

Taking the contents of the house, including the water as our system, the energy balance relation can be 
written as 

water12

water

airwateroutine,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

)(
)(

)()(

TTmc
U

UUUQW

EEE

−=
Δ=

Δ+Δ=Δ=−

Δ=−
4342143421

 

or, 

water12outine, )]([ TTmcQtW −=−Δ&  

Substituting, 

(15 kJ/s)Δt - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg·°C)(22 - 80)°C 

It gives 

 Δt = 17,170 s = 4.77 h 

We take the house as the system, which is a closed system. The entropy generated during this process is 
determined by applying the entropy balance on an extended system that includes the house and its 
immediate surroundings so that the boundary temperature of the extended system is the temperature of the 
surroundings at all times. The entropy balance for the extended system can be expressed as    
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since the state of air in the house remains unchanged. Then the entropy generated during the 10-h period 
that night is 

 ( )( )
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80°C
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7-229 A room is to be heated by hot water contained in a tank placed in the room. The minimum initial 
temperature of the water needed to meet the heating requirements of this room for a 24-h period and the 
entropy generated are to be determined. 

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with 
constant specific heats. 3 The energy stored in the container itself is negligible relative to the energy stored 
in water.  4 The room is maintained at 20°C at all times. 5 The hot water is to meet the heating 
requirements of this room for a 24-h period. 

Properties The specific heat of water at room temperature is  c = 4.18 kJ/kg·°C  (Table A-3).  

Analysis Heat loss from the room during a 24-h period is 

 Qloss = (10,000 kJ/h)(24 h) = 240,000 kJ 

Taking the contents of the room, including the water, as our system, the energy balance can be written as 

 ( ) ( ) 0
airwaterout

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin     UUUQEEE Δ+Δ=Δ=−→Δ=−
4342143421

 

or 

 -Qout = [mc(T2 - T1)]water 

Substituting, 

 -240,000 kJ = (1500 kg)(4.18 kJ/kg·°C)(20 - T1) 

It gives 

 T1 = 58.3°C 

where T1 is the temperature of the water when it is 
first brought into the room. 

(b) We take the house as the system, which is a closed system. The entropy generated during this process is 
determined by applying the entropy balance on an extended system that includes the house and its 
immediate surroundings so that the boundary temperature of the extended system is the temperature of the 
surroundings at all times. The entropy balance for the extended system can be expressed as    
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since the state of air in the house (and thus its entropy) remains unchanged. Then the entropy generated 
during the 24 h period becomes 

 ( )( )
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7-230 An insulated cylinder is divided into two parts. One side of the cylinder contains N2 gas and the 
other side contains He gas at different states. The final equilibrium temperature in the cylinder and the 
entropy generated are to be determined for the cases of the piston being fixed and moving freely.  

Assumptions 1 Both N2 and He are ideal gases with constant specific  heats. 2 The energy stored in the 
container itself is negligible.  3 The cylinder is well-insulated and thus heat transfer is negligible.   

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m3/kg.K, cv = 
0.743 kJ/kg·°C  and cp =1.039 kJ/kg·°C  for N2, and R = 2.0769 kPa.m3/kg.K,  cv = 3.1156 kJ/kg·°C, and cp 
= 5.1926 kJ/kg·°C  for He  (Tables A-1 and A-2)  

Analysis  The mass of each gas in the cylinder is 
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Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 
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Substituting, 
 ( )( )( ) ( )( )( ) 0C25CkJ/kg 3.1156kg 0.808C80CkJ/kg 0.743kg 4.77 =°−°⋅+°−⋅ ff TTo  

It gives  

Tf = 57.2°C 

where Tf is the final equilibrium temperature in the cylinder. 

 The answer would be the same if the piston were not free to move since it would effect only 
pressure, and not the specific heats. 

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-
insulated and thus there is no heat transfer, the entropy balance for this closed system can be expressed as 
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But first we determine the final pressure in the cylinder: 
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Then, 

N2 
1 m3 

500 kPa 
80°C 

He 
1 m3 

500 kPa
25°C 
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( ) ( ) ( )
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If the piston were not free to move, we would still have T2 = 330.2 K but the volume of each gas would 
remain constant in this case: 
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7-231 EES Problem 7-230 is reconsidered. The results for constant specific heats to those obtained using 
variable specific heats are to be compared using built-in EES or other functions. 

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

 
"Knowns:" 
R_u=8.314 [kJ/kmol-K] 
V_N2[1]=1 [m^3] 
Cv_N2=0.743 [kJ/kg-K]  "From Table A-2(a) at 27C" 
R_N2=0.2968 [kJ/kg-K]  "From Table A-2(a)" 
T_N2[1]=80 [C] 
P_N2[1]=500 [kPa] 
Cp_N2=R_N2+Cv_N2  
V_He[1]=1 [m^3] 
Cv_He=3.1156 [kJ/kg-K] "From Table A-2(a) at 27C" 
T_He[1]=25 [C] 
P_He[1]=500 [kPa] 
R_He=2.0769 [kJ/kg-K]  "From Table A-2(a)" 
Cp_He=R_He+Cv_He 
 
"Solution:" 
 
"mass calculations:" 
P_N2[1]*V_N2[1]=m_N2*R_N2*(T_N2[1]+273) 
P_He[1]*V_He[1]=m_He*R_He*(T_He[1]+273) 
 
"The entire cylinder is considered to be a closed system, allowing the piston to move." 
"Conservation of Energy for the closed system:" 
"E_in - E_out = DELTAE,  we neglect DELTA KE and DELTA PE for the cylinder." 
E_in - E_out = DELTAE 
E_in =0 [kJ] 
E_out = 0 [kJ] 
 
"At the final equilibrium state, N2 and He will have a common temperature." 
DELTAE= m_N2*Cv_N2*(T_2-T_N2[1])+m_He*Cv_He*(T_2-T_He[1]) 
 
"Total volume of gases:" 
V_total=V_N2[1]+V_He[1] 
MM_He = 4 [kg/kmol] 
MM_N2 = 28 [kg/kmol] 
 
N_total = m_He/MM_He+m_N2/MM_N2 
"Final pressure at equilibrium:" 
"Allowing the piston to move, the pressure on both sides is the same, P_2 is:" 
P_2*V_total=N_total*R_u*(T_2+273) 
 
S_gen_PistonMoving = DELTAS_He_PM+DELTAS_N2_PM 
DELTAS_He_PM=m_He*(Cp_He*ln((T_2+273)/(T_He[1]+273))-R_He*ln(P_2/P_He[1])) 
DELTAS_N2_PM=m_N2*(Cp_N2*ln((T_2+273)/(T_N2[1]+273))-R_N2*ln(P_2/P_N2[1])) 
 
"The final temperature of the system when the piston does not move will be the same as when it 
does move.  The volume of the gases remain constant and the entropy changes are given by:" 
 
S_gen_PistNotMoving = DELTAS_He_PNM+DELTAS_N2_PNM 
DELTAS_He_PNM=m_He*(Cv_He*ln((T_2+273)/(T_He[1]+273))) 
DELTAS_N2_PNM=m_N2*(Cv_N2*ln((T_2+273)/(T_N2[1]+273))) 
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"The following uses the EES functions for the nitrogen.  Since helium is monatomic, we use the 
constant specific heat approach to find its property changes." 
E_in - E_out = DELTAE_VP 
DELTAE_VP= m_N2*(INTENERGY(N2,T=T_2_VP)-
INTENERGY(N2,T=T_N2[1]))+m_He*Cv_He*(T_2_VP-T_He[1]) 
 
"Final Pressure for moving piston:" 
P_2_VP*V_total=N_total*R_u*(T_2_VP+273) 
S_gen_PistMoving_VP = DELTAS_He_PM_VP+DELTAS_N2_PM_VP 
DELTAS_N2_PM_VP=m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_VP)-
ENTROPY(N2,T=T_N2[1],P=P_N2[1])) 
DELTAS_He_PM_VP=m_He*(Cp_He*ln((T_2+273)/(T_He[1]+273))-R_He*ln(P_2/P_He[1])) 
 
"Fianl N2 Pressure for piston not moving." 
P_2_N2_VP*V_N2[1]=m_N2*R_N2*(T_2_VP+273) 
 
S_gen_PistNotMoving_VP = DELTAS_He_PNM_VP+DELTAS_N2_PNM_VP 
DELTAS_N2_PNM_VP = m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_N2_VP)-
ENTROPY(N2,T=T_N2[1],P=P_N2[1])) 
DELTAS_He_PNM_VP=m_He*(Cv_He*ln((T_2_VP+273)/(T_He[1]+273))) 
 
 
SOLUTION 
 
Cp_He=5.193 [kJ/kg-K] 
Cp_N2=1.04 [kJ/kg-K] 
Cv_He=3.116 [kJ/kg-K] 
Cv_N2=0.743 [kJ/kg-K] 
DELTAE=0 [kJ] 
DELTAE_VP=0 [kJ] 
DELTAS_He_PM=0.3931 [kJ/K] 
DELTAS_He_PM_VP=0.3931 [kJ/K] 
DELTAS_He_PNM=0.258 [kJ/K] 
DELTAS_He_PNM_VP=0.2583 [kJ/K] 
DELTAS_N2_PM=-0.363 [kJ/K] 
DELTAS_N2_PM_VP=-0.3631 [kJ/K] 
DELTAS_N2_PNM=-0.2371 [kJ/K] 
DELTAS_N2_PNM_VP=-0.2372 [kJ/K] 
E_in=0 [kJ] 
E_out=0 [kJ] 
MM_He=4 [kg/kmol] 
MM_N2=28 [kg/kmol] 
m_He=0.8079 [kg] 
m_N2=4.772 [kg] 
N_total=0.3724 [kmol] 

 
P_2=511.1 [kPa] 
P_2_N2_VP=467.7  
P_2_VP=511.2  
P_He[1]=500 [kPa] 
P_N2[1]=500 [kPa] 
R_He=2.077 [kJ/kg-K] 
R_N2=0.2968 [kJ/kg-K] 
R_u=8.314 [kJ/kmol-K] 
S_gen_PistMoving_VP=0.02993 [kJ/K] 
S_gen_PistNotMoving=0.02089 [kJ/K] 
S_gen_PistNotMoving_VP=0.02106 [kJ/K] 
S_gen_PistonMoving=0.03004 [kJ/K] 
T_2=57.17 [C] 
T_2_VP=57.2 [C] 
T_He[1]=25 [C] 
T_N2[1]=80 [C] 
V_He[1]=1 [m^3] 
V_N2[1]=1 [m^3] 
V_total=2 [m^3] 
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7-232 An insulated cylinder is divided into two parts. One side of the cylinder contains N2 gas and the 
other side contains He gas at different states. The final equilibrium temperature in the cylinder and the 
entropy generated are to be determined for the cases of the piston being fixed and moving freely.  

Assumptions 1 Both N2 and He are ideal gases with constant specific  heats. 2 The energy stored in the 
container itself, except the piston, is negligible.  3 The cylinder is well-insulated and thus heat transfer is 
negligible.  4 Initially, the piston is at the average temperature of the two gases. 

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m3/kg.K, cv = 
0.743 kJ/kg·°C  and cp =1.039 kJ/kg·°C  for N2, and R = 2.0769 kPa.m3/kg.K,  cv = 3.1156 kJ/kg·°C, and cp 
= 5.1926 kJ/kg·°C  for He  (Tables A-1 and A-2). The specific heat of the copper at room temperature is  c 
= 0.386 kJ/kg·°C (Table A-3). 

Analysis  The mass of each gas in the cylinder is 

   

( )( )
( )( )

( )( )
( )( )

kg 0.808
K 298K/kgmkPa 2.0769

m1kPa 500

kg 4.77
K 353K/kgmkPa 0.2968

m 1kPa 500

3

3

He1

11
He

3

3

N1

11
N

2

2

=
⋅⋅

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

=
⋅⋅

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

RT
Pm

RT
Pm

V

V

 

Taking the entire contents of the cylinder as our system, the 
1st law relation can be written as 

( ) ( ) ( )
  )]([)]([)]([0

0

Cu12He12N12

CuHeN

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

2

2

TTmcTTmcTTmc

UUUU

EEE

−+−+−=

Δ+Δ+Δ=Δ=

Δ=−

vv

4342143421

 

where 

   T1, Cu = (80 + 25) / 2  =  52.5°C 

Substituting, 

( )( )( ) ( )( )( )
( )( )( ) 0C52.5CkJ/kg 0.386kg 5.0                                                                     

C25CkJ/kg 3.1156kg 0.808C80CkJ/kg 0.743kg 4.77

=°−°⋅+

°−°⋅+°−°⋅

f

ff

T

TT
 

It gives 

         Tf  = 56.0°C 

where Tf is the final equilibrium temperature in the cylinder. 

 The answer would be the same if the piston were not free to move since it would effect only 
pressure, and not the specific heats. 

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-
insulated and thus there is no heat transfer, the entropy balance for this closed system can be expressed as 

 
{

pistonHeNgen

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin

2
0 SSSS

SSSS

Δ+Δ+Δ=+

Δ=+−
4342143421

 

But first we determine the final pressure in the cylinder: 

N2 
1 m3 

500 kPa
80°C 

He 
1 m3 

500 kPa 
25°C 

Copper
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( )( )( ) kPa 508.8

m 2
K 329K/kmolmkPa 8.314kmol 0.372

kmol 0.372
kg/kmol 4

kg 0.808
kg/kmol 28

kg 4.77

3

3

total

total
2

HeN
HeNtotal

2

2

=
⋅⋅

==

=+=⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛=+=

V
TRNP

M
m

M
mNNN

u
 

Then, 

( ) ( ) ( )

( ) ( ) ( )

( )( )

kJ/K 0.033=++−=Δ+Δ+Δ=

=⋅=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Δ

=

⎥
⎦

⎤
⎢
⎣

⎡
⋅−⋅=
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⎝
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⎥
⎦
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⎣

⎡
⋅−⋅=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=Δ

021.0386.0374.0

kJ/K 0.021
K 325.5

K 329lnKkJ/kg 0.386kg 5ln

kJ/K 0.386
kPa 500
kPa 508.8lnKkJ/kg 2.0769

K 298
K 329lnKkJ/kg 5.1926kg 0.808

lnln

kJ/K 0.374
kPa 500
kPa 508.8lnKkJ/kg 0.2968

K 353
K 329lnKkJ/kg 1.039kg 4.77

lnln

pistonHeNgen

piston1

2
piston

He1

2

1

2
He

N1

2

1

2
N

2

2

2

SSSS
T
TmcS

P
PR

T
TcmS

P
PR

T
TcmS

p
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If the piston were not free to move, we would still have T2 = 329 K but the volume of each gas would 
remain constant in this case: 

 

( )( )

( )( )

kJ/K0.020 021.0249.0250.0

kJ/K 0.249
K 298
K 329ln KkJ/kg 3.1156kg 0.808lnln

kJ/K 0.250
K 353
K 329ln KkJ/kg 0.743kg 4.77lnln
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0

1

2

1

2
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7-233 An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is 
opened, and air is allowed to escape at constant temperature until the pressure inside drops to a specified 
value. The amount of electrical work done during this process and the total entropy change are to be 
determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the 
process, but it can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air 
remains constant.  2 Kinetic and potential energies are negligible. 3 The tank is insulated and thus heat 
transfer is negligible. 4 Air is an ideal gas with variable specific heats. 

Properties The gas constant is R = 0.287 kPa.m3/kg.K (Table A-1). The properties of air are (Table A-17) 

 

kJ/kg 235.61K 330

kJ/kg 235.61K 330

kJ/kg 330.34K 330

22

11

=⎯→⎯=

=⎯→⎯=

=⎯→⎯=

uT

uT

hT ee  

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

Mass balance:         

        21systemoutin mmmmmm e −=→Δ=−  

Energy balance: 

 

)0peke  (since  1122ine,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by  
nsferenergy traNet      

outin

≅≅≅−=−

Δ=−

QumumhmW

EEE

ee

4342143421

 

The initial and the final masses of air in the tank are 

 

( )( )
( )( )

( )( )
( )( )

kg 10.56
K 330K/kgmkPa 0.287

m 5kPa 200

  kg 26.40
K 330K/kgmkPa 0.287

m 5kPa 500

3

3

2

2
2

3

3

1

1
1

=
⋅⋅

==

=
⋅⋅

==

RT
Pm

RT
Pm

V

V

 

Then from the mass and energy balances, 

 kg 15.8456.1040.2621 =−=−= mmme  

  
( )( ) ( )( ) ( )( ) kJ  1501=−+=

−+=

kJ/kg 235.61kg 26.40kJ/kg 235.61kg 10.56kJ/kg 330.34kg 15.84
1122ine, umumhmW ee  

(b) The total entropy change, or the total entropy generation within the tank boundaries is determined from 
an entropy balance on the tank expressed as 

 
{

tankgen

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
ansferentropy trNet 

outin

SSsm

SSSS

ee Δ=+−

Δ=+−
4342143421

 

 or,   

AIR 
5 m3 

500 kPa 
57°C 

We 
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( ) ( ) ( ) ( )eee

eeee

ssmssmsmsmsmm

smsmsmSsmS

−−−=−+−=

−+=Δ+=

1122112221

1122tankgen )(
 

Assuming a constant average pressure of (500 + 200)/2 = 350 kPa for the exit stream, the entropy changes 
are determined to be 

 
( )

( ) KkJ/kg 0.1024
kPa 350
kPa 500

lnKkJ/kg 0.287lnlnln

KkJ/kg 0.1606
kPa 350
kPa 200

lnKkJ/kg 0.287lnlnln

12
0

1
1

22
0

2
2

⋅−=⋅−=−=−=−

⋅=⋅−=−=−=−

eee
pe

eee
pe

P
P

R
P
P

R
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T

css

P
P

R
P
P

R
T
T

css
 

Therefore, the total entropy generated within the tank during this process is 

 ( )( ) ( )( ) kJ/K  4.40=⋅−−⋅= KkJ/kg 0.1024kg 26.40KkJ/kg 0.1606kg 10.56genS  
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7-234 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified 
temperature. The entire vapor in the cylinder is to be condensed isothermally by adding ice inside the 
cylinder. The amount of ice added and the entropy generation are to be determined.  

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 There is no stirring by hand or a mechanical device (it will add energy). 

Properties The specific heat of ice at about 0°C is c = 2.11 kJ/kg·°C (Table A-3). The melting temperature 
and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg. 

Analysis (a) We take the contents of the cylinder (ice and saturated water) as our system, which is a closed 
system. Noting that the temperature and thus the pressure remains constant during this phase change 
process and thus Wb + ΔU = ΔH, the energy balance for this system can be written as 

0
0  

   

waterice

,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

=Δ+Δ
=Δ

Δ=

Δ=−

HH
H

UW

EEE

inb

outin 4342143421

 

or  

0)]([])C0()C0([ water12iceliquid2solid1 =−+°−++−° hhmTmcmhTmc if  

The properties of water at 100°C are (Table A-4) 

    
kJ.kg 2256.4,17.419

/kgm 1.6720,001043.0 3

==
==

fgf

gf

hh
vv

 

   kJ/kg.K 0490.6         3072.1 == fgf ss  

   

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

  kg 0.119
/kgm 0.16814

m 0.02

KkJ/kg 1.3072

kJ/kg 419.17

KkJ/kg .911916.04700.11.3072

kJ/kg .816442256.40.1419.17

/kgm 0.168140.0010431.67200.10.001043
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hxhh
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o

o  

 Noting that T1, ice = -18°C and T2 = 100°C and substituting gives 

m{(2.11 kJ/kg.K)[0-(-18)] + 333.7 kJ/kg + (4.18 kJ/kg·°C)(100-0)°C} 

+(0.119 kg)(419.17 – 644.81) kJ/kg = 0 

m = 0.034 kg = 34.0 g ice 

(b)  We take the ice and the steam as our system, which is a closed system. Considering that the tank is 
well-insulated and thus there is no heat transfer, the entropy balance for this closed system can be 
expressed as  

ice 
-18°C WATER 

0.02 m3 
100°C 



 

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

7-195

 

 
{

steamicegen

entropyin 
Change 
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gen

mass andheat by    
ansferentropy trNet 

outin
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4342143421
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( )

( ) ( ) ( ) kJ/K 0.0907
K 273.15
K 373.15lnKkJ/kg 4.18

K 273.15
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Then,  

kJ/K  0.0188=+−=Δ+Δ= 0907.00719.0icesteamgen SSS  
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7-235 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill 
the bottle. The amount of heat transfer through the wall of the bottle when thermal and mechanical 
equilibrium is established and the amount of entropy generated are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the 
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains 
constant. 2 Air is an ideal gas. 3 Kinetic and potential energies are negligible. 4 There are no work 
interactions involved. 5 The direction of heat transfer is to the air in the bottle (will be verified). 

Properties The gas constant of air is 0.287 kPa.m3/kg.K (Table A-1).   

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

Mass balance:   )0   (since           initialout2systemoutin ===→Δ=− mmmmmmm i  

Energy balance: 

 

)0peke  (since  initialout22in

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by  
nsferenergy traNet      

outin
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EEWumhmQ

EEE
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Combining the two balances: 

( )ihumQ −= 22in  

where 

 

( )( )
( )( )

kJ/kg 206.91
kJ/kg 290.16

K 290

kg 0.0060
K 290K/kgmkPa 0.287

m 0.005kPa 100

2
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2

3

3

2

2
2
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TT

RT
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Substituting, 

 Qin = (0.0060 kg)(206.91 - 290.16) kJ/kg = - 0.5 kJ      →    Qout = 0.5 kJ 

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we 
reverse the direction. 

 The entropy generated during this process is determined by applying the entropy balance on an 
extended system that includes the bottle and its immediate surroundings so that the boundary temperature 
of the extended system is the temperature of the surroundings at all times. The entropy balance for it can be 
expressed as    

 

{

22
0

1122tankgen
inb,

out

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by    
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Therefore, the total entropy generated during this process is 

  ( ) kJ/K 0.0017===+−=++−=
K 290
kJ 0.5

surr

out

outb,

out0
22

outb,

out
22gen T

Q
T
Qssm

T
QsmsmS iii  

5 L 
Evacuated 

10 kPa 
17°C 
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7-236  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 to be determined. The reduction in power input and entropy generation as a 
result of installing a 50% efficient regenerator are also to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the 
system and thus Δ Δm ECV CV  and  = =0 0 . 2 Water is an incompressible substance with constant specific  
heats. 3 The kinetic and potential energy changes are negligible, Δ Δke pe≅ ≅ 0 . 4 Heat losses from the 
pipe are negligible. 

Properties The density of water is given to be ρ = 1 kg/L. The specific heat of water at room temperature is  
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. We observe that there is only one inlet and one exit and thus & & &m m m1 2= = . 
Then the energy balance for this steady-flow system can be expressed in the rate form as 

     

)()(

0)peke (since   

      0

1212ine,

21ine,

outin

energies etc. potential,         
kinetic, internal,in  change of Rate
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mass and  work,heat,by  
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outin

TTcmhhmW

hmhmW

EEEEE
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&&&
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44 344 21
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where      

( )( ) kg/min 10L/min 10kg/L 1 === V&& ρm  

Substituting,  

( )( )( ) kW18.8 C1643CkJ/kg 4.18kg/s 10/60ine, =°−°⋅=W&  

The rate of entropy generation in the heating section during this process is determined by applying the 
entropy balance on the heating section. Noting that this is a steady-flow process and heat transfer from the 
heating section is negligible, 

{

)(0

0

12gengen21

entropy of   
change of Rate

0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

ssmSSsmsm

SSSS

−=⎯→⎯=+−

=Δ=+−

&&&&&

43421
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43421
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Noting that water is an incompressible substance and substituting,   

 ( )( ) kJ/K 0.0622=⋅==
K 289
K 316lnKkJ/kg 4.18kg/s 10/60ln

1

2
gen T

TcmS &&  

(b) The energy recovered by the heat exchanger is 

       ( ) ( )( )( ) kW 8.0kJ/s 8.0C1639CkJ/kg 4.18kg/s 10/600.5minmaxmaxsaved ==°−°⋅=−== TTCmQQ &&& εε  

Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to 

 kW10.8 0.88.18savedoldin,newin, =−=−= QWW &&&  

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 

16°C 43°C 
WATER 
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  )( inc,outc, TTcmQ −= &&  

Substituting,  

)C16)(CkJ/kg 4.18)(kg/s 10/60(kJ/s 8 outc,
oo −⋅= T  

It yields   

K300.5C27.5outc, == oT  

The rate of entropy generation in the heating section in this case is determined similarly to be 

 ( )( )    0
K 300.5

K 316ln KkJ/kg 4.18kg/s 10/60ln
1

2
gen kJ/K0.035=⋅==

T
TcmS &&  

Thus the reduction in the rate of entropy generation within the heating section is 

 kW/K 0.0272=−= 0350.00622.0reductionS&  
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7-237 EES Using EES (or other) software, the work input to a multistage compressor is to be determined 
for a given set of inlet and exit pressures for any number of stages. The pressure ratio across each stage is 
assumed to be identical and the compression process to be polytropic. The compressor work is to be 
tabulated and plotted against the number of stages for P1 = 100 kPa, T1 = 17°C, P2 = 800 kPa, and n = 1.35 
for air. 

Analysis The problem is solved using EES, and the results are tabulated and plotted below.   

 
GAS$ = 'Air' 
Nstage = 2  "number of stages of compression with intercooling, each having same pressure 
ratio." 
n=1.35 
MM=MOLARMASS(GAS$) 
R_u = 8.314 [kJ/kmol-K] 
R=R_u/MM  
k=1.4 
P1=100 [kPa] 
T1=17 [C] 
P2=800 [kPa] 
R_p = (P2/P1)^(1/Nstage) 
W_dot_comp= Nstage*n*R*(T1+273)/(n-1)*((R_p)^((n-1)/n) - 1) 
 
 

Nstage Wcomp [kJ/kg] 
1 229.4 
2 198.7 
3 189.6 
4 185.3 
5 182.8 
6 181.1 
7 179.9 
8 179 
9 178.4 

10 177.8 
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7-238 The turbocharger of an internal combustion engine consisting of a turbine driven by hot exhaust 
gases and a compressor driven by the turbine is considered. The air temperature at the compressor exit and 
the isentropic efficiency of the compressor are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 
Kinetic and potential energy changes are negligible. 3 
Exhaust gases have air properties and air is an ideal gas 
with constant specific heats. 

Properties The specific heat of exhaust gases at the 
average temperature of 425ºC is cp = 1.075 kJ/kg.K and 
properties of air at an anticipated average temperature of 
100ºC are cp = 1.011 kJ/kg.K and k =1.397 (Table A-2). 

Analysis (a) The turbine power output is determined from 

  
kW 075.1C400)-C)(450kJ/kg. 5kg/s)(1.07 02.0(

)( 21exhT

=°°=

−= TTcmW p&&
 

For a mechanical efficiency of 95% between the turbine and the compressor,  

 kW 021.1kW) 075.1)(95.0(TC === WW m
&& η  

Then, the air temperature at the compressor exit becomes 

C126.1°=
°°=

−=

2

2

12airC

C70)-C)(kJ/kg. 1kg/s)(1.01 018.0(kW 021.1

)(

T
T

TTcmW p&&

 

(b) The air temperature at the compressor exit for the case of isentropic process is 

 C106K 379
kPa 95
kPa 135K) 27370(

1)/1.397-(1.397/)1(
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2
12 °==⎟

⎠
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The isentropic efficiency of the compressor is determined to be 

 0.642=
−
−

=
−
−

=
701.126

70106

12

12
C TT

TT sη  

Compressor Turbine 

Exh. gas 
450°C 
0.02 kg/s 

Air, 70°C 
95 kPa 
0.018 kg/s 400°C

135 kPa 
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7-239 Air is allowed to enter an insulated piston-cylinder device until the volume of the air increases by 
50%. The final temperature in the cylinder, the amount of mass that has entered, the work done, and the 
entropy generation are to be determined. 
Assumptions 1 Kinetic and potential energy changes 
are negligible. 2 Air is an ideal gas with constant 
specific heats. 
Properties The gas constant of air is R = 0.287 
kJ/kg.K and the specific heats of air at room 
temperature are cp = 1.005 kJ/kg.K, cv = 0.718 
kJ/kg.K (Table A-2). 
Analysis The initial pressure in the cylinder is 

kPa 5.235
m 0.25

K) 273K)(20/kgmkPa kg)(0.287 (0.7
3

3

1

11
1 =

+⋅⋅
==

V

RTm
P   

22
3

3

2

22
2

71.307
K)/kgmkPa (0.287

)m 0.25kPa)(1.5 (235.5
TTRT

P
m =

⋅⋅

×
==

V
 

A mass balance on the system gives the expression for the mass entering the cylinder 

 7.071.307

2
12 −=−=

T
mmmi  

(c) Noting that the pressure remains constant, the boundary work is determined to be 

 kJ 29.43=×=−= 3
121outb, 0.5)m-0.25kPa)(1.5 5.235()( VVPW  

(a) An energy balance on the system may be used to determine the final temperature 
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There is only one unknown, which is the final temperature. By a trial-error approach or using EES, we find 
 T2 = 308.0 K 
(b) The final mass and the amount of mass that has entered are 

 kg 999.0
0.308
71.307

2 ==m  

 kg 0.299=−=−= 7.0999.012 mmmi  

(d) The rate of entropy generation is determined from 
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Air 
0.25 m3 
0.7 kg 
20°C

Air 
500 kPa 
70°C
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7-240 A cryogenic turbine in a natural gas liquefaction plant produces 350 kW of power. The efficiency of 
the turbine is to be determined. 

Assumptions 1 The turbine operates steadily. 2 The properties of methane is used for natural gas. 

Properties The density of natural gas is given to be 423.8 kg/m3.  

Analysis The maximum possible power that can be obtained from this 
turbine for the given inlet and exit pressures can be determined from 

        kW 2.480kPa)3004000(
kg/m 8.423
kg/s) 55()( 3outinmax =−=−= PPmW

ρ
&&  

Given the actual power, the efficiency of this cryogenic turbine becomes 

  72.9%0.729 ====
kW 2.480

kW 350

maxW
W
&

&
η  

This efficiency is also known as hydraulic efficiency since the cryogenic 
turbine handles natural gas in liquid state as the hydraulic turbine handles 
liquid water. 

 

Cryogenic 
turbine 

LNG, 40 bar  
-160°C, 55 kg/s 

3 bar 
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Fundamentals of Engineering (FE) Exam Problems 
 
 
7-241 Steam is condensed at a constant temperature of 30°C as it flows through the condenser of a power 
plant by rejecting heat at a rate of 55 MW. The rate of entropy change of steam as it flows through the 
condenser is   
 
(a) –1.83 MW/K  (b) –0.18 MW/K  (c)  0 MW/K  (d)  0.56 MW/K   (e)  1.22 MW/K  
 
Answer  (b) –0.18 MW/K   
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
T1=30 "C" 
Q_out=55 "MW"  
S_change=-Q_out/(T1+273)  "MW/K"  
 
"Some Wrong Solutions with Common Mistakes:" 
W1_S_change=0 "Assuming no change" 
W2_S_change=Q_out/T1 "Using temperature in C" 
W3_S_change=Q_out/(T1+273) "Wrong sign" 
W4_S_change=-s_fg "Taking entropy of vaporization" 
s_fg=(ENTROPY(Steam_IAPWS,T=T1,x=1)-ENTROPY(Steam_IAPWS,T=T1,x=0)) 
 
 
 
7-242 Steam is compressed from 6 MPa and 300°C to 10 MPa isentropically. The final temperature of the 
steam is 
 
(a) 290°C (b) 300°C (c) 311°C (d) 371°C (e) 422°C 
 
Answer  (d) 371°C 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
P1=6000 "kPa" 
T1=300 "C" 
P2=10000 "kPa" 
s2=s1 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
T2=TEMPERATURE(Steam_IAPWS,s=s2,P=P2) 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1 "Assuming temperature remains constant" 
W2_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at P2" 
W3_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at P1" 
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7-243 An apple with an average mass of 0.15 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 
20°C to 5°C. The entropy change of the apple is 
 
(a) –0.0288 kJ/K (b) –0.192 kJ/K (c) -0.526 kJ/K (d) 0 kJ/K (e) 0.657 kJ/K 
 
Answer  (a) –0.0288 kJ/K 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
C=3.65 "kJ/kg.K" 
m=0.15 "kg" 
T1=20 "C" 
T2=5 "C" 
S_change=m*C*ln((T2+273)/(T1+273)) 
  
"Some Wrong Solutions with Common Mistakes:" 
W1_S_change=C*ln((T2+273)/(T1+273)) "Not using mass" 
W2_S_change=m*C*ln(T2/T1) "Using C" 
W3_S_change=m*C*(T2-T1) "Using Wrong relation" 
 
 
 
7-244 A piston-cylinder device contains 5 kg of saturated water vapor at 3 MPa. Now heat is rejected from 
the cylinder at constant pressure until the water vapor completely condenses so that the cylinder contains 
saturated liquid at 3 MPa at the end of the process. The entropy change of the system during this process is   
 
(a) 0 kJ/K  (b)  -3.5 kJ/K  (c)  -12.5 kJ/K  (d)  -17.7 kJ/K   (e)  -19.5 kJ/K  
 
Answer  (d)  -17.7 kJ/K 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
P1=3000 "kPa" 
m=5 "kg" 
s_fg=(ENTROPY(Steam_IAPWS,P=P1,x=1)-ENTROPY(Steam_IAPWS,P=P1,x=0)) 
S_change=-m*s_fg "kJ/K"  
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7-245 Helium gas is compressed from 1 atm and 25°C to a pressure of 10 atm adiabatically. The lowest 
temperature of helium after compression is 
 
(a) 25°C (b) 63°C (c) 250°C (d)  384°C  (e) 476°C  
 
Answer   (e) 476°C 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
k=1.667 
P1=101.325 "kPa" 
T1=25 "C" 
P2=10*101.325 "kPa" 
"s2=s1" 
"The exit temperature will be lowest for isentropic compression,"  
T2=(T1+273)*(P2/P1)^((k-1)/k) "K" 
T2_C= T2-273 "C" 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1 "Assuming temperature remains constant" 
W2_T2=T1*(P2/P1)^((k-1)/k) "Using C instead of K" 
W3_T2=(T1+273)*(P2/P1)-273 "Assuming T is proportional to P" 
W4_T2=T1*(P2/P1) "Assuming T is proportional to P, using C" 
 
 
 
7-246 Steam expands in an adiabatic turbine from 8 MPa and 500°C to 0.1 MPa at a rate of 3 kg/s. If steam 
leaves the turbine as saturated vapor, the power output of the turbine is 
 
(a) 2174 kW  (b) 698 kW  (c)  2881 kW  (d)  1674 kW   (e)  3240 kW  
 
Answer  (a) 2174 kW 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
P1=8000 "kPa" 
T1=500 "C" 
P2=100 "kPa" 
x2=1 
m=3 "kg/s" 
h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
h2=ENTHALPY(Steam_IAPWS,x=x2,P=P2) 
W_out=m*(h1-h2) 
 
"Some Wrong Solutions with Common Mistakes:" 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
h2s=ENTHALPY(Steam_IAPWS, s=s1,P=P2) 
W1_Wout=m*(h1-h2s)  "Assuming isentropic expansion" 
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7-247 Argon gas expands in an adiabatic turbine from 3 MPa and 750°C to 0.2 MPa at a rate of 5 kg/s. The 
maximum power output of the turbine is 
 
(a) 1.06 MW (b) 1.29 MW (c) 1.43 MW (d)  1.76 MW  (e) 2.08 MW 
 
Answer  (d)  1.76 MW 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Cp=0.5203 
k=1.667 
P1=3000 "kPa" 
T1=750+273 "K" 
m=5 "kg/s" 
P2=200 "kPa" 
"s2=s1" 
T2=T1*(P2/P1)^((k-1)/k) 
W_max=m*Cp*(T1-T2) 
 
"Some Wrong Solutions with Common Mistakes:" 
Cv=0.2081"kJ/kg.K" 
W1_Wmax=m*Cv*(T1-T2) "Using Cv" 
T22=T1*(P2/P1)^((k-1)/k) "Using C instead of K" 
W2_Wmax=m*Cp*(T1-T22) 
W3_Wmax=Cp*(T1-T2) "Not using mass flow rate" 
T24=T1*(P2/P1) "Assuming T is proportional to P, using C" 
W4_Wmax=m*Cp*(T1-T24) 
 
 
 
7-248 A unit mass of a substance undergoes an irreversible process from state 1 to state 2 while gaining 
heat from the surroundings at temperature T in the amount of q. If the entropy of the substance is s1 at state 
1, and s2 at state 2, the entropy change of the substance Δs during this process is   
 
(a) Δs < s2 – s1   (b)   Δs > s2 – s1   (c)  Δs = s2 – s1  (d) Δs = s2 – s1 + q/T    
(e) Δs > s2 – s1 + q/T  
 
Answer  (c)  Δs = s2 – s1  
 
 
 
7-249 A unit mass of an ideal gas at temperature T undergoes a reversible isothermal process from pressure 
P1 to pressure P2 while loosing heat to the surroundings at temperature T in the amount of q. If the gas 
constant of the gas is R, the entropy change of the gas Δs during this process is   
 
(a) Δs =R ln(P2/P1)  (b) Δs = R ln(P2/P1)- q/T (c) Δs =R ln(P1/P2) (d) Δs =R ln(P1/P2)-q/T   
(e) Δs= 0 
 
Answer  (c) Δs =R ln(P1/P2) 
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7-250 Air is compressed from room conditions to a specified pressure in a reversible manner by two 
compressors: one isothermal and the other adiabatic. If the entropy change of air is Δsisot during the 
reversible isothermal compression, and Δsadia during the reversible adiabatic compression, the correct 
statement regarding entropy change of air per unit mass is   
 
(a) Δsisot= Δsadia=0   (b) Δsisot= Δsadia>0     (c) Δsadia> 0     (d) Δsisot < 0   (e) Δsisot= 0     
 
Answer  (d) Δsisot < 0 
 
 
 
7-251 Helium gas is compressed from 15°C and 5.4 m3/kg to 0.775 m3/kg in a reversible adiabatic manner. 
The temperature of helium after compression is 
 
(a) 105°C   (b)  55°C (c) 1734°C (d) 1051°C  (e) 778°C 
 
Answer   (e) 778°C 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
k=1.667 
v1=5.4 "m^3/kg" 
T1=15 "C" 
v2=0.775 "m^3/kg" 
"s2=s1" 
"The exit temperature is determined from isentropic compression relation,"  
T2=(T1+273)*(v1/v2)^(k-1) "K" 
T2_C= T2-273 "C" 
  
"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1 "Assuming temperature remains constant" 
W2_T2=T1*(v1/v2)^(k-1) "Using C instead of K" 
W3_T2=(T1+273)*(v1/v2)-273 "Assuming T is proportional to v" 
W4_T2=T1*(v1/v2) "Assuming T is proportional to v, using C" 
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7-252 Heat is lost through a plane wall steadily at a rate of 600 W. If the inner and outer surface 
temperatures of the wall are 20°C and 5°C, respectively, the rate of entropy generation within the wall is   
 
(a) 0.11 W/K   (b)  4.21 W/K (c) 2.10 W/K (d) 42.1 W/K  (e) 90.0 W/K 
 
Answer  (a) 0.11 W/K   
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Q=600 "W" 
T1=20+273 "K" 
T2=5+273 "K" 
"Entropy balance S_in - S_out + S_gen= DS_system for the wall for steady operation gives"  
Q/T1-Q/T2+S_gen=0   "W/K"  
 
"Some Wrong Solutions with Common Mistakes:" 
Q/(T1+273)-Q/(T2+273)+W1_Sgen=0  "Using C instead of K" 
W2_Sgen=Q/((T1+T2)/2)   "Using avegage temperature in K"      
W3_Sgen=Q/((T1+T2)/2-273)   "Using avegage temperature in C"   
W4_Sgen=Q/(T1-T2+273)  "Using temperature difference in K"   
 
 
 
7-253 Air is compressed steadily and adiabatically from 17°C and 90 kPa to 200°C and 400 kPa. Assuming 
constant specific heats for air at room temperature, the isentropic efficiency of the compressor is  
 
(a) 0.76   (b) 0.94 (c) 0.86 (d) 0.84  (e) 1.00 
 
Answer  (d) 0.84 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Cp=1.005 "kJ/kg.K" 
k=1.4 
P1=90 "kPa" 
T1=17 "C" 
P2=400 "kPa" 
T2=200 "C" 
T2s=(T1+273)*(P2/P1)^((k-1)/k)-273 
Eta_comp=(Cp*(T2s-T1))/(Cp*(T2-T1)) 
 
"Some Wrong Solutions with Common Mistakes:" 
T2sW1=T1*(P2/P1)^((k-1)/k) "Using C instead of K in finding T2s" 
W1_Eta_comp=(Cp*(T2sW1-T1))/(Cp*(T2-T1))  
W2_Eta_comp=T2s/T2 "Using wrong definition for isentropic efficiency, and using C" 
W3_Eta_comp=(T2s+273)/(T2+273) "Using wrong definition for isentropic efficiency, with K" 
 



 

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

7-209

 

7-254 Argon gas expands in an adiabatic turbine steadily from 500°C and 800 kPa to 80 kPa at a rate of 2.5 
kg/s. For an isentropic efficiency of 80%, the power produced by the turbine is   
 
(a) 194 kW (b) 291 kW (c) 484 kW (d) 363 kW  (e) 605 kW 
 
Answer  (c) 484 kW 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Cp=0.5203 "kJ/kg-K" 
k=1.667 
m=2.5 "kg/s" 
T1=500 "C" 
P1=800 "kPa" 
P2=80 "kPa" 
T2s=(T1+273)*(P2/P1)^((k-1)/k)-273 
Eta_turb=0.8 
Eta_turb=(Cp*(T2-T1))/(Cp*(T2s-T1)) 
W_out=m*Cp*(T1-T2) 
 
"Some Wrong Solutions with Common Mistakes:" 
T2sW1=T1*(P2/P1)^((k-1)/k) "Using C instead of K to find T2s" 
Eta_turb=(Cp*(T2W1-T1))/(Cp*(T2sW1-T1)) 
W1_Wout=m*Cp*(T1-T2W1) 
Eta_turb=(Cp*(T2s-T1))/(Cp*(T2W2-T1))  "Using wrong definition for isentropic efficiency, and 
using C" 
W2_Wout=m*Cp*(T1-T2W2) 
W3_Wout=Cp*(T1-T2) "Not using mass flow rate" 
Cv=0.3122 "kJ/kg.K" 
W4_Wout=m*Cv*(T1-T2) "Using Cv instead of Cp" 
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7-255 Water enters a pump steadily at 100 kPa at a rate of 35 L/s and leaves at 800 kPa. The flow 
velocities at the inlet and the exit are the same, but the pump exit where the discharge pressure is measured 
is 6.1 m above the inlet section. The minimum power input to the pump is   
 
(a) 34 kW (b) 22 kW (c) 27 kW (d) 52 kW  (e) 44 kW 
 
Answer  (c) 27 kW 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
V=0.035 "m^3/s" 
g=9.81 "m/s^2" 
h=6.1 "m" 
P1=100 "kPa" 
T1=20 "C" 
P2=800 "kPa" 
"Pump power input is minimum when compression is reversible and thus w=v(P2-P1)+Dpe" 
v1=VOLUME(Steam_IAPWS,T=T1,P=P1) 
m=V/v1 
W_min=m*v1*(P2-P1)+m*g*h/1000 "kPa.m^3/s=kW" 
"(The effect of 6.1 m elevation difference turns out to be small)" 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_Win=m*v1*(P2-P1) "Disregarding potential energy" 
W2_Win=m*v1*(P2-P1)-m*g*h/1000  "Subtracting potential energy instead of adding" 
W3_Win=m*v1*(P2-P1)+m*g*h "Not using the conversion factor 1000 in PE term" 
W4_Win=m*v1*(P2+P1)+m*g*h/1000 "Adding pressures instead of subtracting"  
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7-256 Air at 15°C is compressed steadily and isothermally from 100 kPa to 700 kPa at a rate of 0.12 kg/s. 
The minimum power input to the compressor is   
 
(a) 1.0 kW (b) 11.2 kW (c) 25.8 kW (d) 19.3 kW  (e) 161 kW 
 
Answer  (d) 19.3 kW 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Cp=1.005 "kJ/kg.K" 
R=0.287 "kJ/kg.K" 
Cv=0.718 "kJ/kg.K" 
k=1.4 
P1=100 "kPa" 
T=15 "C" 
m=0.12 "kg/s" 
P2=700 "kPa" 
Win=m*R*(T+273)*ln(P2/P1) 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_Win=m*R*T*ln(P2/P1)  "Using C instead of K" 
W2_Win=m*T*(P2-P1) "Using wrong relation" 
W3_Win=R*(T+273)*ln(P2/P1)  "Not using mass flow rate" 
 
 
 
7-257 Air is to be compressed steadily and isentropically from 1 atm to 25 atm by a two-stage compressor. 
To minimize the total compression work, the intermediate pressure between the two stages must be 
 
(a) 3 atm (b) 5 atm (c) 8 atm (d) 10 atm  (e) 13 atm 
 
Answer  (b) 5 atm 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
P1=1 "atm" 
P2=25 "atm" 
P_mid=SQRT(P1*P2) 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_P=(P1+P2)/2  "Using average pressure" 
W2_P=P1*P2/2  "Half of product" 
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7-258 Helium gas enters an adiabatic nozzle steadily at 500°C and 600 kPa with a low velocity, and exits at 
a pressure of 90 kPa. The highest possible velocity of helium gas at the nozzle exit is    
 
(a) 1475 m/s (b) 1662 m/s (c) 1839 m/s (d) 2066 m/s  (e) 3040 m/s 
 
Answer  (d) 2066 m/s 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
k=1.667 
Cp=5.1926 "kJ/kg.K" 
Cv=3.1156 "kJ/kg.K" 
T1=500 "C" 
P1=600 "kPa" 
Vel1=0 
P2=90 "kPa" 
"s2=s1 for maximum exit velocity" 
"The exit velocity will be highest for isentropic expansion,"  
T2=(T1+273)*(P2/P1)^((k-1)/k)-273 "C" 
"Energy balance for this case is h+ke=constant for the fluid stream (Q=W=pe=0)" 
(0.5*Vel1^2)/1000+Cp*T1=(0.5*Vel2^2)/1000+Cp*T2 
  
"Some Wrong Solutions with Common Mistakes:" 
T2a=T1*(P2/P1)^((k-1)/k) "Using C for temperature"  
(0.5*Vel1^2)/1000+Cp*T1=(0.5*W1_Vel2^2)/1000+Cp*T2a 
T2b=T1*(P2/P1)^((k-1)/k) "Using Cv"  
(0.5*Vel1^2)/1000+Cv*T1=(0.5*W2_Vel2^2)/1000+Cv*T2b 
T2c=T1*(P2/P1)^k "Using wrong relation"  
(0.5*Vel1^2)/1000+Cp*T1=(0.5*W3_Vel2^2)/1000+Cp*T2c 
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7-259 Combustion gases with a specific heat ratio of 1.3 enter an adiabatic nozzle steadily at 800°C and 
800 kPa with a low velocity, and exit at a pressure of 85 kPa. The lowest possible temperature of 
combustion gases at the nozzle exit is    
 
(a) 43°C (b) 237°C (c) 367°C (d) 477°C  (e) 640°C 
 
Answer  (c) 367°C 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
k=1.3 
T1=800 "C" 
P1=800 "kPa" 
P2=85 "kPa" 
"Nozzle exit temperature will be lowest for isentropic operation" 
T2=(T1+273)*(P2/P1)^((k-1)/k)-273 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1*(P2/P1)^((k-1)/k) "Using C for temperature" 
W2_T2=(T1+273)*(P2/P1)^((k-1)/k) "Not converting the answer to C" 
W3_T2=T1*(P2/P1)^k "Using wrong relation"  
 
 
 
7-260 Steam enters an adiabatic turbine steadily at 400°C and 3 MPa, and leaves at 50 kPa. The highest 
possible percentage of mass of steam that condenses at the turbine exit and leaves the turbine as a liquid is   
 
(a) 5% (b) 10% (c) 15% (d) 20%  (e) 0% 
 
Answer  (b) 10% 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
P1=3000 "kPa" 
T1=400 "C" 
P2=50 "kPa" 
s2=s1 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
x2=QUALITY(Steam_IAPWS,s=s2,P=P2) 
misture=1-x2 
"Checking x2 using data from table" 
x2_table=(6.9212-1.091)/6.5029 
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7-261 Liquid water enters an adiabatic piping system at 15°C at a rate of 8 kg/s. If the water temperature 
rises by 0.2°C during flow due to friction, the rate of entropy generation in the pipe is 
 
(a) 23 W/K (b) 55 W/K (c) 68 W/K (d) 220 W/K  (e) 443 W/K 
 
Answer  (a) 23 W/K 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Cp=4180 "J/kg.K" 
m=8 "kg/s" 
T1=15 "C" 
T2=15.2 "C" 
S_gen=m*Cp*ln((T2+273)/(T1+273)) "W/K" 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_Sgen=m*Cp*ln(T2/T1) "Using deg. C" 
W2_Sgen=Cp*ln(T2/T1) "Not using mass flow rate with deg. C" 
W3_Sgen=Cp*ln((T2+273)/(T1+273)) "Not using mass flow rate with deg. C" 
 
 
 
7-262 Liquid water is to be compressed by a pump whose isentropic efficiency is 75 percent from 0.2 MPa 
to 5 MPa at a rate of 0.15 m3/min. The required power input to this pump is  
 
(a) 4.8 kW (b) 6.4 kW (c) 9.0 kW (d) 16.0 kW (e) 12.0 kW 
 
Answer  (d) 16.0 kW 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
V=0.15/60 "m^3/s" 
rho=1000 "kg/m^3" 
v1=1/rho 
m=rho*V "kg/s" 
P1=200 "kPa" 
Eta_pump=0.75 
P2=5000 "kPa" 
"Reversible pump power input is w =mv(P2-P1) = V(P2-P1)" 
W_rev=m*v1*(P2-P1) "kPa.m^3/s=kW" 
W_pump=W_rev/Eta_pump 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_Wpump=W_rev*Eta_pump "Multiplying by efficiency" 
W2_Wpump=W_rev "Disregarding efficiency" 
W3_Wpump=m*v1*(P2+P1)/Eta_pump "Adding pressures instead of subtracting"  
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7-263 Steam enters an adiabatic turbine at 8 MPa and 500°C at a rate of 18 kg/s, and exits at 0.2 MPa and 
300°C. The rate of entropy generation in the turbine is 
 
(a) 0 kW/K (b) 7.2 kW/K (c) 21 kW/K (d) 15 kW/K (e) 17 kW/K 
 
Answer  (c) 21 kW/K 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
P1=8000 "kPa" 
T1=500 "C" 
m=18 "kg/s" 
P2=200 "kPa" 
T2=300 "C" 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
s2=ENTROPY(Steam_IAPWS,T=T2,P=P2) 
S_gen=m*(s2-s1) "kW/K" 
 
"Some Wrong Solutions with Common Mistakes:" 
W1_Sgen=0 "Assuming isentropic expansion" 
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7-264 Helium gas is compressed steadily from 90 kPa and 25°C to 600 kPa at a rate of 2 kg/min by an 
adiabatic compressor. If the compressor consumes 70 kW of power while operating, the isentropic 
efficiency of this compressor is 
 
(a) 56.7% (b)  83.7% (c) 75.4% (d) 92.1% (e) 100.0% 
 
Answer  (b)  83.7% 
 
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on 
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical 
values). 
 
Cp=5.1926 "kJ/kg-K" 
Cv=3.1156 "kJ/kg.K" 
k=1.667 
m=2/60 "kg/s" 
T1=25 "C" 
P1=90 "kPa" 
P2=600 "kPa" 
W_comp=70 "kW" 
T2s=(T1+273)*(P2/P1)^((k-1)/k)-273 
W_s=m*Cp*(T2s-T1) 
Eta_comp=W_s/W_comp 
 
"Some Wrong Solutions with Common Mistakes:" 
T2sA=T1*(P2/P1)^((k-1)/k) "Using C instead of K" 
W1_Eta_comp=m*Cp*(T2sA-T1)/W_comp 
W2_Eta_comp=m*Cv*(T2s-T1)/W_comp "Using Cv instead of Cp" 
 
 
 
 
 
7-265 … 7-271  Design and Essay Problems 
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