
PROBLEM 8.1 

Water is the working fluid in an ideal Rankine cycle. The condenser pressure is 8 kPa, and 

saturated vapor enters the turbine at 11 MPa. Determine the heat transfer in kJ per kg of steam 

flowing, for the working fluid passing through the boiler and condenser and calculate the thermal 

efficiency. 

Schematic and Given Data: 

 

Given: 

Water is the working fluid in an ideal Rankine cycle, see above figure for values 

 

Find: 

Determine the heat transfer in kJ per kg of steam flowing, for the working fluid passing through 

the boiler and condenser, calculate the thermal efficiency. 

 

Engineering Model: 

See Example 8.1 

 

Analysis: 

First, fix each of the principal states. 

State 1: p1 = 110 bar, saturated vapor, h1 = hg = 2705.6 kJ/kg, s1 = sg = 5.5527 kJ/kg·K 

State 2: p 2 = 0.08 bar, s2 = s1 = 5.5527 kJ/kg·K, so 𝑥2 =
𝑠2−𝑠𝑓2

𝑠𝑔2−𝑠𝑓2
=

5.5527−0.5926

8.2287−0.5926
= 0.6496 

So, ℎ2 = ℎ𝑓 + 𝑥2ℎ𝑓𝑔 = 173.88 + (0.6496)2403.1 = 1734.84 kJ/kg 
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State 3: p 3 = p 2 = 0.08 bar, saturated liquid, h3 = hf = 173.88 kJ/kg, v3 = vf = 1.0084·10
-3

 m
3
/kg 

State 4: ℎ4 = ℎ3 + 𝑣3(𝑝4 − 𝑝3) 

ℎ4 = 173.88
kJ

kg
+ (1.0084 · 10−3)

m3

kg
(110 − 0.08)bar |

105 N

m2

1 bar
| |

1 kJ

103N∙m
| = 184.96 kJ/kg   

For the control volume enclosing the boiler 

𝑄̇in = 𝑚̇(ℎ1 − ℎ4), so 
𝑄̇in

𝑚̇
= (ℎ1 − ℎ4) = (2705.6 − 184.96) = 2520.64 kJ/kg 

For the control volume enclosing the condenser 

𝑄̇out = 𝑚̇(ℎ2 − ℎ3), so 
𝑄̇out

𝑚̇
= (ℎ2 − ℎ3) = (1734.84 − 173.88)= 1560.96 kJ/kg 

The thermal efficiency is 

𝜂 = 1 −
𝑄̇out 𝑚̇⁄

𝑄̇in 𝑚̇⁄
= 1 −

1560.96

2520.64
= 0.381 = 38.1%  
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8.12  A nuclear power plant based on the Rankine cycle operates with a boiling-water reactor to 
develop net cycle power of 3 MW.  Steam exits the reactor core at 100 bar, 520oC and expands 
through the turbine to the condenser pressure of 1 bar.  Saturated liquid exits the condenser and 
is pumped to the reactor pressure of 100 bar.  Isentropic efficiencies of the turbine and pump are 
81% and 78%, respectively.  Cooling water enters the condenser at 15oC with a mass flow rate of 
114.79 kg/s.  Determine 
(a) the thermal efficiency. 
(b) the temperature of the cooling water exiting the condenser, in oC. 
 
KNOWN:  A nuclear power plant based on the Rankine cycle operates with a boiling-water 
reactor between specified pressures of 100 bar and 1 bar to produce 3 MW of net power. 
 
FIND:  Determine (a) the thermal efficiency and (b) the temperature of the cooling water exiting 
the condenser, in oC. 
 
SCHEMATIC AND GIVEN DATA: 
 

 
 

ENGINEERING MODEL: 
1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 
volumes are shown on the accompanying sketch by dashed lines. 
2. Flow through the reactor core and condenser occurs at constant pressure. 
3. Stray heat transfer in the turbine, condenser, and pump is ignored. 
4. Kinetic and potential energy effects are negligible. 
5. Condensate exits the condenser as saturated liquid. 
6. For the cooling water, h ≈ hf(T). 
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ANALYSIS:  First fix each principal state. 
 
State 1:  p1 = 100 bar, T1 = 520oC → h1 = 3425.1 kJ/kg, s1 = 6.6622 kJ/kg∙K 
 
State 2s:  p2s = p2 = 1 bar, s2s = s1 = 6.6622 kJ/kg∙K → x2s = 0.8849, h2s = 2415.6 kJ/kg 
 
State 2:  p2 = 1 bar, h2 = 2607.4 kJ/kg (see below)  
 

kg
kJ)6.24153425.1)(81.0(

kg
kJ 3425.1)( 21t12

21

21
t �� �� o

�
�

 s
s

hhhh
hh
hh KK = 2607.4 kJ/kg 

 
State 3:  p3 = 1 bar, saturated liquid → h3 = hf3 = 417.46 kJ/kg, v3 = vf3 = 0.0010432 m3/kg 
 
State 4:  p4 = 100 bar, h4 = 430.70 kJ/kg (see below)  
 

p

343
34

34

343
p

)()(
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hh
pp �
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�
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vv  

 

mN 1000
kJ 1

kPa 1
m
N1000

bar 1
kPa 100

78.0

bar )1100)(
kg
m0010432.0(

kg
kJ46.417

2

3

4 �

�
� h = 430.70 kJ/kg 

State 5:  T5 = 15oC, liquid → h5 ≈ hf5 at T5 = 62.99 kJ/kg 
 
 
(a)  The thermal efficiency is  
 

)(
)()(

/
//

41

3421
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hh

hhhh
mQ
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�

���
 

�
 

��

����
K  

 
Substituting enthalpy values and solving yield 
 

kJ/kg ).70430.13425(
kJ/kg )46.417.70430(kJ/kg )4.2607.13425(

�
���

 K = 0.2687 (26.87%) 

 
(b)  The temperature of the cooling water exiting the condenser is determined by writing an 
energy balance for the condenser, solving for the specific enthalpy of the cooling water exiting 
the condenser, and finding the corresponding temperature for the specific enthalpy of the liquid 
in Table 2.  With no stray heat transfer with the surroundings and no work, the energy balance 
for the condenser reduces to 
 

)()(0 65cw32 hhmhhm ��� ��  
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wherem� is the mass flow rate of the steam and cwm� is the mass flow rate of the cooling water. 
Rearranging to solve for the specific enthalpy of the cooling water exiting the condenser, h6, 
gives 

cw

32
56

)(
m

hhmhh
�

� �
�  

 
The mass flow rate of steam, ,m�  is determined from the net cycle power  
 

)()(// 3421

cycle

pt

cycle

hhhh
W

mWmW
W

m
���

 
�

 
�

����

�
�  

 

kW 1
kJ/s 1

kJ/kg )46.417.70430(kJ/kg )4.2607.13425(
kW 3000

���
 m� = 3.73 kg/s 

 
Solving for the specific enthalpy at the condenser exit gives 
 

kg/s 79.114
kJ/kg )46.417 4.2607(kg/s) 73.3(kJ/kg 99.626

�
� h = 134.15 kJ/kg 

 
Since the cooling water is liquid, h6 ≈ hf6 at T6.  From Table A-2, T6 ≈ 32oC. 
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8.15  The ideal Rankine cycle 1-2-3-4-1 of problem 8.3 is modified to include the effects of 
irreversibilities in the adiabatic expansion and compression processes as shown in the T-s 
diagram in Fig. P8.15.  Let T0 = 300 K, p0 = 1 bar.  Determine 
(a) the isentropic turbine efficiency. 
(b) the rate of exergy destruction per unit mass of steam flowing in the turbine, in kJ/kg. 
(c) the isentropic pump efficiency. 
(d) the thermal efficiency. 
 
KNOWN:  A modified Rankine cycle that includes the effects of irreversibilities in the adiabatic 
expansion and compression processes operates between specified pressures of 1.5 bar and 60 bar. 
 
FIND:  Determine (a) the isentropic turbine efficiency, (b) the rate of exergy destruction per unit 
mass of steam flowing in the turbine, in kJ/kg, (c) the isentropic pump efficiency, and (d) the 
thermal efficiency. 
 
SCHEMATIC AND GIVEN DATA: 
 

 

State p 
(bar) 

h 
(kJ/kg) x v 

(m3/kg) 
s 

(kJ/kg∙K) 

1 60 2784.3 1  5.8892 

2 1.5 2262.8 0.8065  6.1030 

3 1.5 467.11 0 0.0010528  

4 60 474.14 --   

Fig. P8.15 
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ENGINEERING MODEL: 
1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 
volumes are shown on the accompanying sketch by dashed lines. 
2. Processes of the working fluid are internally reversible through the condenser and the boiler. 
3. The turbine and pump operate adiabatically. 
4. Kinetic and potential energy effects are negligible. 
5. Saturated vapor enters the turbine.  Condensate exits the condenser as saturated liquid. 
6. T0 = 300 K, p0 = 1 bar. 
 
ANALYSIS: 
 
(a) The turbine isentropic efficiency is given by 
 

s21

21

st

t
t )/(

)/(
hh
hh

mW
mW

�
�

  
��
��

K  

 
State 2s corresponds to the exit state for isentropic expansion to the turbine exhaust pressure, 
which is the same as State 2 in Problem 8.3:  h2s=2180.6 kJ/kg.  Substituting values and solving 
give 
 

kJ/kg)6.21803.2784(
kJ/kg)8.22623.2784(

t �
�

 K = 0.8638 (86.38%) 

 
 
(b) The rate of exergy destruction per unit mass of steam flowing in the turbine is given by 
 

»
¼

º
«
¬

ª
��  

b

cv
1200d )(

T
QssmTT
�

��� VE  

 
Since the turbine is adiabatic, the rate of heat transfer term cancels and the rate of exergy 
destruction per unit mass of steam flowing in the turbine is given by 
 

)( 120
d ssT
m

� 
�

�E  

 
Substituting values and solving give 
 

� �
Kkg

kJ8892.51030.6K) 300(d
�

� 
m�
�E = 64.14 kJ/kg 

 
(c) The isentropic pump efficiency is given by Eq. 8.10b  
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Substituting values and solving give 
 

mN 1000
kJ 1

bar 1
m
N10

kJ/kg)11.46714.474(

bar)5.160(
kg
m0010528.0 2

5
3

p ��

�
 K = 0.8761 (87.61%) 

 
(d) The thermal efficiency is  
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/
//
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Substituting enthalpy values and solving yield 
 

kJ/kg )4.1447784.32(
kJ/kg )11.4674.1447(kJ/kg )8.2262784.32(

�
���

 K = 0.2227 (22.27%)          (1) 

 
Note (1):  The effects of irreversibilities in the adiabatic expansion and compression processes 
result in lower cycle thermal efficiency (22.27%) compared to the thermal efficiency of the ideal 
Rankine cycle (25.85%) in Problem 8.3.   

8.2.



PROBLEM 8.20 

Water is the working fluid in an ideal Rankine cycle with reheat. Superheated vapor enters the 

turbine at 10 MPa, 320°C, and the condenser pressure is 8 kPa. Steam expands through the first-

stage turbine to 1 MPa and then is reheated to 320°C. Determine for the cycle 

 

(a) the heat addition, in kJ per kg of steam entering the first-stage turbine. 

(b) the thermal efficiency. 

(c) the heat transfer from the working fluid passing through the condenser to the cooling water, 

in kJ per kg of steam entering the first-stage turbine. 

 

Schematic and Given Data: 

 

 

 

 

 

 

 

Given:  

Water is flowing through an ideal Rankine cycle with reheat. See the above figures for values. 

 

Find: 

(a) the heat addition, in kJ per kg of steam entering the first-stage turbine, (b) the thermal 

efficiency, and (c) the heat transfer from the working fluid passing through the condenser to the 

cooling water, in kJ per kg of steam entering the first-stage turbine. 

 

Engineering Model: 

See Example 8.3 

 

Analysis:  First, fix all of the principal states 

State 1: p1 = 100 bar, T1 = 320°C, From Table A-4, h1 = 2781.3 kJ/kg, s1 = 5.7103 kJ/kg·K 

State 2: p2 = 10 bar, s2 = s1, From Table A-3, 𝑥2 =
𝑠2−𝑠𝑓2

𝑠𝑔2−𝑠𝑓2
=

5.7103−2.1387

6.5863−2.1387
= 0.8030 

Therefore, ℎ2 = ℎ𝑓2 + 𝑥2ℎ𝑓𝑔2 = 762.81 + (0.8030)2015.3 = 2381.18 kJ/kg 



State 3: p3 = 10 bar, T3 = 320°C, From Table A-4, h3 = 3093.9 kJ/kg, s3 = 7.1962 kJ/kg·K 

State 4: p4 = 0.08 bar, s4 = s3, From Table A-3, 𝑥4 =
𝑠4−𝑠𝑓4

𝑠𝑔4−𝑠𝑓4
=

7.1962−0.5926

8.2287−0.5926
= 0.8648 

Therefore, ℎ4 = ℎ𝑓4 + 𝑥4ℎ𝑓𝑔4 = 173.88 + (0.8648)2403.1 = 2252.08 kJ/kg  

State 5: p5 = 0.08 bar, saturated liquid, from Table A-3, h5 = 173.88 kJ/kg, v5 = 1.0084·10
-3 

m
3
/kg 

State 6: ℎ6 ≈ ℎ5 + 𝑣5(𝑝6 − 𝑝5) 

ℎ6 = 173.88
kJ

kg
+ (1.0084 · 10−3)

m3

kg
(100 − 0.08)bar |

105 N

m2

1 bar
| |

1 kJ

103N∙m
| = 183.96 kJ/kg   

In Summary 

 p (bar) T (°C) h (kJ/kg) s (kJ/kg·K) x (-) v (m
3
/kg) 

State 1 100 320 2781.3 5.7103 - - 

State 2 10 - 2381.18 5.7103 0.8030 - 

State 3 10 320 3093.9 7.1962 - - 

State 4 0.08 - 2252.08 7.1962 0.8648 - 

State 5 0.08 - 173.88 - - 1.0084·10
-3 

State 6 100 - 183.96 - - - 

 

(a) For the control volume enclosing the steam generator 

𝑄̇in = 𝑚̇[(ℎ1 − ℎ6) + (ℎ3 − ℎ2)],   

so 
𝑄̇in

𝑚̇
= [(2781.3 − 183.96) + (3093.9 − 2381.18)] = 3310.06 kJ/kg  

 

(b) The thermal efficiency  

𝜂 =  
𝑊̇cycle 𝑚̇⁄

𝑄̇in 𝑚̇⁄
 where 𝑊̇cycle 𝑚̇⁄ = (ℎ1 − ℎ2) + (ℎ3 − ℎ4) − (ℎ6 − ℎ5) 

𝜂 =  
(2781.3−2381.18)+(3093.9−2252.08)−(183.96−173.88)

3310.06
=

1231.86

3310.06
= 0.372 (37.2%) 

 

(c) For the condenser 

𝑄̇out =  𝑚̇(ℎ4 − ℎ5), so 
𝑄̇out

 𝑚̇
= (ℎ4 − ℎ5) = 2252.08 − 173.88 = 2078.2 kJ/kg 

Alternatively, 
𝑄̇out

 𝑚̇
= 𝑄̇in 𝑚̇⁄ − 𝑊̇cycle 𝑚̇⁄ = 3310.06 − 1231.86 = 2078.2 kJ/kg 
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8.35  Steam is the working fluid in the vapor power cycle with reheat shown in Fig. P8.35 with 
operational data.  The mass flow rate is 2.3 kg/s, and the turbines and pump operate 
adiabatically.  Steam exits both turbine 1 and turbine 2 as saturated vapor.  If the reheat pressure 
is 15 bar, determine the power developed by the cycle, in kW, and the cycle thermal efficiency. 
 
KNOWN:  A vapor power cycle with reheat operates with steam as the working fluid.  
Operational data are provided. 
 
FIND:  Determine the power developed by the cycle, in kW, and the cycle thermal efficiency. 
 
SCHEMATIC AND GIVEN DATA: 
 

 

State 
 
p 

(bar) 

 
h  

(kJ/kg) 

 
x  
 

1 160 3353.3 -- 

2 15 2792.2 1.0 

3 15 3169.2 -- 

4 1.5 2693.6 1.0 

5 1.5 467.11 0 

6 160 486.74 -- 

Fig. P8.35 
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1. Each component of the cycle is analyzed as a control volume at steady state.  The control 
volumes are shown on the accompanying sketch by dashed lines. 
2. The turbines and pump operate adiabatically. 
3. Kinetic and potential energy effects are negligible. 
 
ANALYSIS: 
 
The net power developed by the cycle is 
 

pt2t1cycle WWWW ���� ��  
 
For a steam mass flow rate of kg/s, 2.3   m� mass and energy rate balances for control volumes 
around Turbine 1, Turbine 2, and the pump give, respectively, 
 

 Turbine 1:  
kJ/s 1
kW 1

kg
kJ)2.27923.3353(

s
kg3.2)( 21t1 �¸

¹
·

¨
©
§ � hhmW �� = 1290.53 kW 

 

 Turbine 2:  
kJ/s 1
kW 1

kg
kJ)6.26932.3169(

s
kg3.2)( 43t2 �¸

¹
·

¨
©
§ � hhmW �� = 1093.88 kW 

 

 Pump:        
kJ/s 1
kW 1

kg
kJ)11.46774.486(

s
kg3.2)( 56p �¸

¹
·

¨
©
§ � hhmW �� = 45.15 kW 

 
Substituting and solving for the net power developed by the cycle give 
 

kW 15.45kW 1093.88 kW 53.1290cycle �� W� = 2339.3 kW 
 
The thermal efficiency is  

in

cycle
Q
W

�

�
 K  

 
The total rate of heat transfer to the working fluid as it passes through the steam generator and 
reheater section is determined using mass and energy rate balances as 
 

> @)()( 2361in hhhhmQ ��� ��  
 
Solving for rate of heat transfer gives 
 

> @
kJ/s 1
kW 1

kg
kJ)2.27923169.2()74.4863.3353(

s
kg3.2in ���¸

¹
·

¨
©
§ Q� = 7460.2 kW 

 
The thermal efficiency is then 
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kW 7460.2
kW 3.3932

in

cycle   
Q
W

�

�
K = 0.314 (31.4%) 
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8.78  Figure P8.78 shows a vapor power cycle that provides process heat and produces power.  
The steam generator produces vapor at 500 lbf/in.2, 800oF, at a rate of 8 × 104 lb/h.  Eighty-eight 
percent of the steam expands through the turbine to 10 lbf/in.2 and the remainder is directed to 
the heat exchanger.  Saturated liquid exits the heat exchanger at 500 lbf/in.2 and passes through a 
trap before entering the condenser at 10 lbf/in.2  Saturated liquid exits the condenser at 10 lbf/in.2 
and is pumped to 500 lbf/in.2 before entering the steam generator.  The turbine and pump have 
isentropic efficiencies of 85% and 89%, respectively.  Determine 
(a)  The process heat production rate, in Btu/h. 
(b)  The thermal efficiency of the cycle. 
 
KNOWN:  A vapor power cycle operates with steam to produce process heat and power.  
Operational data are provided. 
 
FIND:  Determine (a) the production rate of process heat, in Btu/h, and (b) the thermal 
efficiency of the cycle. 
 
SCHEMATIC AND GIVEN DATA: 
 

 
Fig. P8.78 
 
ENGINEERING MODEL: 
1.  Each component of the cycle is analyzed as a control volume at steady state.  The control 
volumes are shown on the accompanying sketch by dashed lines. 
2. The turbine and pump operate adiabatically. 
3. The expansion through the trap is a throttling process. 
4. Flow through the heat exchanger and condenser occurs at constant pressure. 
5. Kinetic and potential energy effects are negligible. 
 
ANALYSIS:  First fix each principal state. 
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State 1:  p1 = 500 lbf/in.2, T1 = 800oF → h1 = 1412.1 Btu/lb, s1 = 1.6571 Btu/lb∙oR 
 
State 2s:  p2s = p2 = 10 lbf/in.2, s2s = s1 = 1.6571 Btu/lb∙oR → x2s = 0.9132, h2s = 1058.1 Btu/lb 
 
State 2:  p2 = 10 lbf/in.2, h2 = 1111.2 Btu/lb (see below) → x2 = 0.9673, s2 = 1.7385 Btu/lb∙oR 
 

lb
Btu)1.10581.1412)(85.0(

lb
Btu1.1412)( 21t12

21

21
t �� �� o

�
�

 s
s

hhhh
hh
hh hh = 1111.2 Btu/lb 

 
State 3:  p3 = 10 lbf/in.2, saturated liquid → h3 = 161.23 Btu/lb, v3 = 0.01659 ft3/lb 
 
State 4:  p4 = 500 lbf/in.2, saturated liquid → h4 = 449.5 Btu/lb 
 
State 5:  p5 = 10 lbf/in.2, h5 = h4 =449.5 Btu/lb (throttling process) 
 

State 6:  p6 = 500 lbf/in.2, 
p

363
36

)(
h

pphh �
�|
v  

 

lbfft 787
Btu 1

ft 1
in. 144

89.0
in.
lbf)10500(

lb
ft01659.0

lb
Btu23.161 2

22

3

6 �

�¸
¸
¹

·
¨
¨
©

§

� h = 162.92 Btu/lb 

 
 
(a)  Applying energy and mass balances to the control volume enclosing the heat exchanger 
 

)( 411process hhmyQ � ��  
 

where y = 0.12 is the fraction of steam passing through the heat exchanger. 
 

lb
Btu)5.4491.1412(

h
lb108)12.0( 4

process �¸
¹
·

¨
©
§ u Q� = 9.24 × 106 Btu/h 

 
(b) The thermal efficiency of the cycle is given by 
 

in

cycle
Q

W
�

�
 h  

 
where 

ptcycle WWW ��� �  
 
For the control volume surrounding the turbine  
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)()1( 211t hhmyW �� ��  
 

lb
Btu)2.11111.1412(

h
lb108)88.0( 4

t �¸
¹
·

¨
©
§ u W� = 21.18 × 106 Btu/h 

 
For the pump 

)( 361p hhmW � ��  
 

lb
Btu)23.16192.162(

h
lb108 4

p �¸
¹
·

¨
©
§ u W� = 0.14 × 106 Btu/h 

 
Applying energy and mass balances to the control volume enclosing the steam generator 
 

)( 611in hhmQ � ��  
 

lb
Btu)92.1621.1412(

h
lb108 4

in �¸
¹
·

¨
©
§ u Q� = 99.93 × 106 Btu/h 

 
Substituting values gives 
 

Btu/h 1093.99
Btu/h )1014.01016.21(

6

66

u

u�u
 h = 0.210 (21.0%) 

 
The thermal efficiency is low in this case because only one of two valuable products is 
considered, net power out.  The other product, process heat, is not included in the thermal 
efficiency.  In such cases, an exergetic efficiency gives a more accurate picture of the 
performance. 
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