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1. (a) From the definition g=h—-7s wehave dg=dh—sdl —Tds.

Combining with Tds = dh—vdp gives dg=vdp —sdT . [5%]

(b)  Starting from the characteristic equation of state g = F(T) + RT (In p + Bp) we obtain,

y = [-aﬁ] - R0y By [5%]
), p

og daF
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h=g+Ts=F-T= 5%
g+ Ts T [5%]

As h=u+ pv is a function of temperature only,
(ah [au} dh  dh [ap [ap]
¢~ == “|== = ==t V| =Y
ar ), oT ), ar dr aT }, or ),

The most elegant way to proceed is to take logs of both sides of pv = RI{(1+Bp) and then

differentiate, keeping v constant, to obtain,

g _ dr  Bdp (a_f’] = 2048y
p T (1+ Bp) ar J, T
Hence,
p py 2
C,{J -C, = \’(5Jp = 7(1 + Bp) = R (1 + B])) [20%]

(¢) () Ashisafunction only of Tand 72 = T, we have A1 = h2. The flow in the delivery
pipe is adiabatic so, from the SFEE, /3 = 4 and hence T3 = 15,
From the steady-flow availability theorem, the ideal shaft power output in taking the

gas from state 1 to state 3 is given by,
Do = fite,— €3] = nit[(h — Tys)) — (I~ Tys3)]

Hence, the ideal shaft power input (which is the minimum shaft power input) is given by,

[—HI/,\’]min = H'IT() (Slﬁ5'3) = _mRToliln{%] + B(M—}h)}
3

= —0.5x0.3x290{ln[%} - 0.0Sx(2—9.5)} = 5147kW [15%]



(c) (i) The flow in the delivery pipe is adiabatic so there is no exergy loss due to heat

transfer. Hence, the overall exergy equation is,

ey —e) = [Wylgea = Wy = Wiploomp = Prorloomp = Wi crlpipe [10%]
Actual shaft power output = —51.47x 1.4 = =72.05 kW

From the SFEE for the compressor,
Q- Wy = sitlhy-h) = 0 > Q=W, = -7205kW
where () is the rate of heat transfer from the cooling water to the gas.

The compression is isothermal (72 = Ty = T), so the lost power due to the heat transfer with

the cooling water is given by,

. Y, - T - 290
7y oleomp = —[ ——”]dQ = —[ —,—O]Q = —[1——Jx(~72.05) = 675 kW [20%]
Lo CIS T T 320

The flow in the delivery pipe is adiabatic and isothermal. Hence, the lost power due to the

pressure drop (due to friction) is given by,
[WL,CR]pipc = nmly(s3—$3) = —hRT, [1n[p—3] + B(py— Pz)}
I%y!

—0.5x0.3x290[ln[91;§] - 0.05x(9.5—|0)} = 1.14kW [10%]

Hence, the lost power due to the internal irreversibility in the compressor is given by,

Wy crleomp = —51.47 + 72.05 = 675 — 1.14 = 12.69 kW [5%]
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For stoichiometric combustion of CsH g with O3 :

CgHis + 1250, — 8CO; + 9H0

If A is the molar air-fuel ratio, the actual chemical reaction is :
CsHig + A (021 02 +0.79N2) — 8CO2 + 9HO + (0214-125)02 + 0.794 N»
Writing 7o =298.15 K, 7, =800 K and Tp = 1700 K, the SFEE is,
8hco, (Tp) + 9 huyo(Tp) + (0.214-12.5) o, (Tp) + 0.794 hy, (Tp)

hegn (o) + 0214 ho, (Ty) + 0.794 hy, (1)
From the Thermofluids Data Book, the LCV for liquid CgH s is 44.430 MI/kg. Hence,
AHgos = 8heo, (Ty) + Oy0(Ty) = hegrys(To) — 12.5h0, (Ty) = —114 x 44.430

= =5065.020 MJ/kmol

Eliminating ECSHl o (Tp) we obtain,
— AH 355 = 8lhco, (Tp) = heo, (Ty)] + A0 (Tp) = Auyo(To)] = 12,50k, (Tp) = ho, (I)]

+ 0.794 [y, (Tp) — hy, (Tl + 0.214 [y, (Tp) = ho, (1,)]

Taking data from the molar enthalpy tables in the Data Book :

5065.020 8x(82.94 —9.37) + 9x(67.65-9.90) — 12.5%(56.63 — 8.66)

+ 0.794 (54.12 - 23.72) + 0.214 (56.63 - 24.50)

588.560 + 519.750 — 599.625 + 240164 + 6.7474

Hence, the molar air-fuel ratiois: 4 = 148.1 [50 %]



(b) Ifthe degree of dissociation of the COz is ¢, the actual chemical reaction is :

CgHig + A(021 02+0.79N2) = 8(1-a)CO; + 8 CO + 9H20 + ¢ Oy + 0.794 N2

Conservation of atomic C : 8 =28
Conservation of atomic H : 18 = 18
Conservation of atomic O : 16 — 16 + Ba + 26 + 9 = 0424

Number of moles of products: 8 — 8a + 8a + 9 + a + 0.794 = n

Thus :
a=0214A-125+4a ; n=45+4d+4da

-CO - %Oz + CO; = 0 is Data Book reaction (7). The equilibrium equation is :

-1 -03
Po Po Po

From the Data Book at 2600 K, In(K,7) = 2.800 — K, = 16445

The partial pressures are given by the mole fractions multiplied by the sample pressure p :

8(l—e) 8ax a
Pco, = n P Pco = " P Po, = Y P

Substituting into the equilibrium equation and rearranging gives :

0.
2 ;[l—_a](z]‘”
Py K\ «a a
Hence, with 4 = 148.11 as calculated above and « = 0.05 as given :
p 1 [1—05]2 4.5+ A +da | _
P K\ @ 0214 —12.5+4a

| (1—0.052 4.5+148.11 +4x0.05
1644520 0.05 ) | 021x148.11 -12.5+4%0.05

With standard pressure pp =1 bat: p=10.85 bar. [50 %]



3. (a) Let ni1; be the fuel mass flowrate to the gas turbine combustor and let ZCV be the

lower calorific value. From the definition of the gas turbine overall efficiency #, :

Power output from gas turbine = W] = ity LCV)

From the definition of the HRSG efficiency s :
Rate of heat transfer to the steam in the HRSG = Q = 0y (L= 1) i LCV)
From the definition of the steam cycle efficiency m: :
Power output from the steam cycle = W2 = ry2Q = (L= ) (51 LCV)
The overall efficiency of the CCGT is thus,

Nee = % =n + i (L=n) [25%]
(b) The designer of the HRSG aims to maximise heat transfer (high 7s) and minimise
exergy loss (minimise entropy creation due to irreversibilities). The former is achieved by
achieving a gas temperature at HRSG outlet (stack temperature) that is as close to the
environment temperature as possible; the latter is achieved by minimising the temperature
difference between the gas side and steam side of the HRSG. A muitiple pressure HRSG is
designed to achieve this. Compared to a low steam pressure, a high steam pressure will tend
to have a smaller average temperature difference between gas and steam in the HRSG, but

Q
have a higher stack temperature. [20%)]

(©)

abed is at 40 bar
efg is at 200 bar

144

Y

Saturation temperature at 200 bar is 365.75 °C.
Saturation temperature at 40 bar is 250.35 °C.

Gas temperatures: 7 = 500 °C, 72 =365.75 +20=1385.75°C, T;=250.35+20=275.35 °C



Steam properties:

Location h(klkg) | s (kd/ kg K) Comment
Saturated liquid at 0.06 bar (neglect feed
a 1515 0.521 pump work, isentropic pump)
b 1087.5 - Saturated liquid at 40 bar
d 3132.0 6.645 Interpolated from tables at 40 bar, 365.75 °C
e 1826.6 - Saturated liquid at 200 bar
g 3061.7 5.904 From tables at 200 bar and 450 °C

(c¢) (i) SFEE for “hot portion” of 40 bar steam pass:
iy, ¢,(385.75-270.35)

ngeplTa =Ta) =iy =) . G20-10875)
SFEE for *“cold portion” of 40 bar steam pass:
’hgcp(T'.’o = Ty)=tirgy(hy — )
T,=T, —"?—SIM =270.35-0.0621 (1087.5-151.5) _ 217.5°C

h‘fg Cp

gy =t - ABTD)_500-2175 _ [25%]
G max cp(Ti _TU) 500-125

(¢) (ii) For the whole HRSG, there is no heat flow into the control volume and hence :
Sin'ev = n."g (S‘-l ) )+ l”."sl (Sd ~Sa )+ ’hSQ (Sg — 5 )

Applying the SFEE to the 200 bar steam pass gives:

| | i, c,(500-385.75)
tige (1 —Tz)=’”s2(hg _he) - ,,'7; - (3%61.7—1826.6) =

Hence,

S, T H Hi
irrev 4 sl 52
. =c, Inf = [+ . (St." - Su)+ . (Sg _Se)

Nty I Hig Mg

1.1x ln[ 490'62] +0.0621{6.645 - 0.521)+0.102(5.904 - 4.015)

-0.500+ 0.383 4+ 0.193 = 0.0727 kl/kgK

il

TS 298.15x0.0727 30%]

e (1, = T) 1.1{500 -25)




4.  (a) Intercooling and reheating allow the compression and expansion processes,
respectively, to become more isothermal. Isothermal compression requires minimum work
input and 1sothermal expansion produces the maximum work output since, for a reversible
process:

dw = —vdp = —RT@ (for an ideal gas)
P

A sketch of the Joule cycle on a 7-s diagram, with either an intercooler or reheater added,
shows that the area enclosed (equal to the net work output per unit mass flow for a reversible
cycle) has increased. However the efficiency has decreased because the intercooler (or
reheater) has effectively added an extra Joule cycle with a lower pressure ratio.

(b)
A
g
Temperatures : =T 1=0T1; T,=Tr"*=01,""
Total work input to compressors = w, =2¢,1 [r,'/ Gn) _ ]
Total work output from turbines = w, = 2¢, 1101~ ;-;’f/ 2 ]
Heat input in combustor = Geom = 13 [0 - 1Y@
Heat input in reheater = q,, = ¢,T,0[1- ,}711/2]
The cycle efficiency is given by,
W, =, 20[1—-5,7"2 14 2[1 =5 C0T 20011124 21O

} = =
. N A R 612 17— /0

q coil

[15%]

[5%]

[25%]



(c)  The recuperator will reduce the heat input required from the combustor by,
-1/2 2
recup = CP(T4 _T2) = CpTl 6 7, i/ _r{l/( f])]
Hence,

" = TR L 2001-5") + 2[1-5C0] - [/
¢ Geom ~ Drecup + Ari 2611 —}‘!_”/2] &][1 _,}"7/2]

For the parameters given [7;, = rfg”fl)/’ = 2354, =6, n=0.9] we obtain,

n, = 1-3899 6 683 [20%]
1918

(d) With # intercoolers and » reheaters, the cycle efficiency becomes :

???9[1—]}“4/"1] + ”;[1_}:’1/(””])] ~ [F}]/(””]) _ |]

= | -4 1 0%
mO[l—r" / ""] o[! —rf"/m] L10%]

., =

where m=n+ 1.

As m — o0, we have r,'/ 7 51 and r,_”/ " 1, ie,a0/0situation. We therefore write,

’_r]/m.'} _ 1+£‘| - L]n(;}) = ln(l+€l) =8
mn

IH

M= ke, o =Ly = n(l+ey) = &
1

Hence, as n — o,

_ WmminGy) _ 1

> 1 = 15%
e &(n/m)n(r) %0 [15%]
As n increases, 7 asymptotes to a value of 1 — 1/(0.81x6) = 0.794
1
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