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1 (a) The chemical reaction is, 
 

CH4  +  F (0.21 O2 + 0.79 N2)  =  CO2  +  2H2O  +  (0.21F  2)O2  +  0.79F N2 
 

The SFEE for an adiabatic combustor is, 
 

         )](79.0)()221.0()(2)([0 22N22O2O2H22CO ThFThFThThwq x   
 

                                                            )](79.0)(21.0)([ 12N12O14CH ThFThFTh   

 

By definition,          )(2)()(2)( 1O1CH1OH1CO

0

24221
ThThThThHT   

 

Eliminating )( 14CH Th  gives, 

 

)]()([2)]()([ 1OH2OH1CO2CO

0

22221
ThThThThHT   

 

                                  )]()([79.0)]()()[221.0( 12N22N12O22O ThThFThThF   

 

As all species behave as perfect gases with the same isobaric molar heat capacity, 
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(b) All chemical species enter or leave the chamber separately at standard pressure p0. 

The SFSE for the combustor is thus, 
 

     )],(79.0),()221.0(),(2),([ 022N022O02O2H022CO pTsFpTsFpTspTssirrev   
 
                                                     )],(79.0),(21.0),([ 012N012O014CH pTsFpTsFpTs   

 

By definition,       ),(2),(),(2),( 01O01CH01OH01CO

0

24221
pTspTspTspTsST   

 

Eliminating ),( 01CH4
pTs  gives, 

 

)],(),([2)],(),([ 01OH02OH01CO02CO

0

22221
pTspTspTspTsSs Tirrev   

 
                       )],(),([79.0)],(),()[221.0( 012N022N012O022O pTspTsFpTspTsF   

 

As all species behave as perfect gases with the same isobaric molar heat capacity, and as all 

species are at the same pressure p0, we have, 
 

       












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
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
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[25 %] 
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(c) As all gas species are ideal Kp = Kp(T). Also, 
0

TH  is independent of temperature. 

Integrating van ’t Hoff’s equation : 
 

2

0)ln(

TR

H

dT

Kd
Tp 

           .const)ln(
0





TR

H
K T

p  

 

From the definition of Kp we have )ln(0

pT KTRG   (see data book). Also, from the 

definitions of 
0

TG , 
0

TH  and 
0

TS  we have  
000

TTT STHG  . Thus, 
 

.const
00








TR

H

TR

G TT          .const
0




R

ST  

 

Hence, 
0

TS  is independent of temperature. 

 

(d) As in part (c), we assume 
100 kmolMJ3.802

01

 TT HH . Then, from part (a), 
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We have  
0

0

00

000 TTT STHG    and hence, 

 

005031.0
15.298

3.8028.800][][

0
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0 00
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

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From the result of part (c), 
1100 KkmolkJ031.5

01

 TT SS . 

From the result of part (b), 
 

             









1

20 ln)1(
1 T
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                        







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800

1750
ln0.3015.28031.5   656.01 kJ kmol1 K1 

 

Hence, the maximum rational efficiency of the power plant is, 
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[20 %] 
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2. (a) The conditions to be satisfied at the critical point are, 
 

 0
2

2




















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



TT v

p

v

p
          [10 %] 

 

i.e., the critical isotherm has a ‘horizontal’ tangent and a point of inflection in the p-v 

diagram. 
 

(b) The Dieterici equation of state is, 
 

 



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vRT

a

bv

RT
p exp

)(
 

 

Applying the first condition, 
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Thus, at the critical point, 
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1
2 bvvRT

a
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Applying the second condition, 
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Thus, at the critical point, 
 

 
23 )(

12

bvvRT

a

CCC 





          [10 %] 

 

Combining the two conditions to solve for a and b gives, 
 

 
2

Cv
b             and          CCvRTa 2           [5 %] 

 

Substituting for a and b in the equation of state gives, 
 

 

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Setting Cpp  , CTT   and Cvv  then gives, 
 

 271.02 2  e
RT
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C

CC           [10 %] 
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(c) Introducing the ‘reduced’ variables CR ppp  ,  CR TTT   and CR vvv  , we obtain 

the universal form, 
 

 
























RRR

R

RRR

R

CC

C
R

vTv

Te

vTv

T

vp

RT
p

2
exp

)12(

2
exp

)12(

2 2

      [15 %] 

 

(d) The conditions for phase equilibrium are, 
 

 TTT fg  ,        )(Tppp satfg  ,        fg gg         [10 %] 

 
From  dTsdpvdg   applied along an isotherm, the third condition can be written, 
 

  

g

f

g

f

fg dpvdggg 0            [5 %] 

 

To introduce pdv rather than vdp we note that d(pv) = pdv + vdp. Hence, 
 

      

g

f

g

f

fgsat

g

f

dpvdvpvvTppvd ))(()(         0))((  fgsat

g

f

vvTppdv      [15 %] 

 

(e) The diagram shows an isotherm with T < TC  sketched on the p-v diagram. 

 

 

 

 

 

 

 

 

 

 

 

The final result of part (d) implies that area A is equal to area B. This is the Maxwell 

construction for defining the saturated vapour pressure. It ensures that gg = gf .      [10 %] 
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3. (a) In feedheating, steam is extracted (‘bled’) from the turbine and used to heat the

feedwater delivered by the feed pump. Feedheaters can either mix the bled steam and 

feedwater directly (direct contact feedheater) or use a heat exchanger to transfer the heat 

(indirect feedheater). The reduction in external heat input needed to raise the feedwater to the 

saturated vapour temperature more than offsets the reduced work output from the turbine so 

that the cycle efficiency is increased. [10%] 

(b) Properties of steam not supplied in Table 1 are obtained from the tables in the 

Thermofluids Data Book. 

(i) Without feedheating: assuming the feed pump and turbine are adiabatic, the cycle 

efficiency is given by, 

462.0
3.5003329

3.13804.390

)30603.3560()4.1214.3450(

)21803.3560()30604.3450(

)()(

)()(

4513

6543 















hhhh

hhhh

q

w

in

x
c

(ii) With feedheating: assuming that feedheating raises the temperature of the feedwater all 

the way to the saturation curve at state 2, that all components are reversible between states 5 

and 2 (including the feedheaters), and that the environment temperature is the same as the 

condenser temperature, then the maximum work that can be extracted between states 5 and 2 

is given by the change in the steady flow availability function, 

wx52max = (h5 -T1s5)- (h2 -T1s2 ) = (h5 -h2 )-T1(s5 - s2 )

The cycle efficiency is then, 

542.0
3.5001.1840

5.107219504.390

)30603.3560()3.16104.3450(

)685.3235.7(11.302)3.16103.3560()30604.3450(

)()(

)()()(

4523

2512543

















hhhh

ssThhhh
c

[35%] 

(c) Assume all feedpump work input can be neglected. 

SFEE for the 20 bar feedheater: 

(1- x)h2b + xh6a = h2a® x =
h2a -h2b

h6a -h2b

=
908.5- 640.1

3330 - 640.1
=

265.4

2689.9
= 0.099

SFEE for the 5 bar feedheater: 

(1- x- y)h1 + yh6b = (1- x)h2b® y =
(1- x)(h2b -h1)

h6b -h1

=
(1-0.099)´ (640.1-121.4)

(2950 -121.4)
= 0.165 
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The cycle efficiency is, 
 

hc =
(h3 - h4 )+ (h5 - h6a )+ (1- x)(h6a - h6b )+ (1- x - y)(h6b - h6 )

(h3 - h2a )+ (h5 - h4 )

=
(3450.4 -3060)+ (3560.3-3330)+ (1- x)(3330 - 2950)+ (1- x - y)(2950 - 2180)

(3450.4 - 908.5)+ (3560.3-3060)

=
390.4+ 230.3+ (0.901´380)+ (0.736´ 770)

3042.2

= 0.503

 

  [35%]    

 

(d) Feedheating reduces boiler efficiency because the temperature of the flue gases leaving 

the boiler cannot drop below the temperature of the feedwater (i.e. after the final feedheater). 

In order to bring the flue gas temperature closer to the environment temperature (while still 

keeping above the dew point temperature to avoid corrosion of the stack) a preheater is fitted. 

The preheater is a heat exchanger that transfer heat from the flue gases to the air entering the 

combustor. [20%] 
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4. (a) If the polytropic efficiency is used, a multi-stage turbine or compressor where 

each stage has a polytropic efficiency of ηp will have an overall polytropic efficiency for the 

whole turbine or compressor of ηp . If isentropic efficiency is used, and each stage has an 

isentropic efficiency of ηs , then the isentropic efficiency for the whole turbine will be greater 

than ηs and for the whole compressor will be less than ηs . [15%] 

 

(b) Starting from the following expression for the second law for a small change, 
 

/dpdhTds   
 

if the expansion is isentropic we obtain /dpdhs  .  For a small expansion in a turbine, 

/dhdhs   and so, 
 



dpdh
   

 

The gas is ideal, p = rRT , and semi-perfect, dTTcdh p )( , so we may write, 

 

p

dp
R

T

dTcp
  

 

Integrating between states 1 and 2 yields, 
 











1

2ln
2

1
p

p
RdT

T

c
T

T

p
  

   [20%] 

 

(c) (i) Using the model for cp(T ) we have, 

 













1
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0

0
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1
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p
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T

T

n
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p
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Integration leads to,  
 

n

p

n
n T

p

p
R

c

nT
T 1

1

2

0

0
2 ln 








   

 

so that, 
 

K6.7891800
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1
ln2879.0
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12.0/1
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

















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Assuming an adiabatic expansion in the turbine, 
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so that, 

  112.112.1

12.0
kg kJ121418006.789

15.298)112.0(

1010 


 xw

and the specific work output from the turbine is  1214 kJ kg−1. [30%] 

(ii) If the expansion were isentropic, we would have h =1 and the turbine exit temperature 

would be,   

K7.7161800
45

1
ln287

1010

15.29812.0
12.0/1

12.0
12.0

2 


















T

The specific work output from this isentropic turbine would be, 

  112.112.1

12.0
kg kJ129618007.716

15.298)112.0(

1010 


 xw

and so the isentropic efficiency of the turbine is hs =1214 /1296 = 0.937 . [15%] 

(d) Aero-derivative gas turbines (50 MW scale) can respond rapidly (minutes) to changes in 

electricity demand compared to the hours that can be taken by the large units (300 MW scale) 

of combined cycle power plants. This means that aero-derivative gas turbines can be used to 

‘fill the gap’ between electricity demand and the fluctuating output of most renewable power 

generation, particularly wind.  

The principal source of lost exergy (apart from combustion) is the GT exhaust. This can be 

reduced by: 

- raising steam from the exhaust and injecting this into the combustion chamber – a STIG 

cycle; 

- intercooling the compressor (spray water into the inlet – evaporative inter cooling, or 

use heat exchangers). For an ideal Joule cycle, intercooling will reduce cycle 

efficiency (equivalent to adding an additional Joule cycle but at a lower pressure ratio) 

but there are benefits in a real aero-derivative GT because the lower temperature at 

compressor exit means less cooling air is needed in the turbine; 

- intercooling and recuperation. If the compressor exit temperature can be reduced to 

below the GT exhaust temperature, then a recuperator can be used to transfer heat 

from the GT exhaust to the compressor exit flow (so the cycle requires a reduced 

external heat input). Adding a reheat stage in the turbine is not practicable due to the 

scale of design changes required from the unmodified aero-engine. [20%] 
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