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8-29 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. 
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8-43 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
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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
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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, 
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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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8-58 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,         
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The inlet state properties are 

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

 kJ/kg 621.0=−=−= kJ/kg )9.25389.3159(21out hhw  
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8-68 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
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−+−=Δ=
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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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8-99 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 

    

outin

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

(steady)  0
system

mass and  work,heat,by  
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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 

      K 479
kPa 120
kPa 600K) (303

397.1/397.0/)1(
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Substituting into the energy balance equation gives 

      kJ/kg 184=−⋅=−=−= )K303K)(479kJ/kg 044.1()( 1212in TTchhw p  
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600 kPa 
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Nitrogen 
compressor 

600 kPa

120 kPa 
30°C 
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8-148 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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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
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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  0.0190=

+=

+=

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

273+15
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2
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Hot water

100°C
3 kg/s

Cold water 
15°C 

0.25 kg/s 

45°C 
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8-149 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 
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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(
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p

p cm
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&
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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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8-159 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
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Then the mass of the egg and the amount of heat transfer become 
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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: 
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where 

kJ/K  0588.0
273+8
273+70ln kJ/kg.K) 32.3)(kg 0889.0(ln)(
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2
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T
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Substituting, 

       egg)(per  kJ/K 0588.0
K 370
kJ 18.3
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T
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Water 
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8-168 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,  
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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 mmmmmm &&&&&& =+⎯→⎯=Δ=−  

Energy balance:     
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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(
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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  
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Substituting, the rate of entropy generation during this process is determined to be 

 ( )( ) ( )( )
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MIXING 
CHAMBER 

 
200 kPa 

20°C
2.5 kg/s

150°C

1

360°C 

1200 kJ/min 
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8-183 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 
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(b) The initial and final volumes of the helium are 
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Then, the final volume of nitrogen becomes 
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(c) The mass and final temperature of nitrogen are 
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The heat transferred to the nitrogen is determined from an energy balance 
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(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be 
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8-189 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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The initial and the final masses in tank A are 

Thus, 
kg 0.6960.3711.067

kg 0.371
/kgm 1.0789

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 
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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, 
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