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I. (a) Neglecting changes in KE and PE, the SFEE and SFSE are :

iy ~h) = Qg - Oy - Wy = IdQs = fon - Wy

cs cs
: dg dg :
m(s, — ;) = J—gi - I—?O + Sprev
cs cs

Multiplying the SFSE by 7} and subtracting from the SFEE gives,

i [(hz ~Tysy) = (I =Tysy)] = ey —e) = I( —%}Qs - Wy~ I(l _%)0@0 ~ TySirev [20%]

cs cs
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(ii) Turbine power output = sz (hy —hs)

= 200x%(3502.0 —2400.2)x10° = 220.36 MW [5%]
The expansion is adiabatic so there is no lost power due to heat transfer loss. Hence,
Turbine lost power = ToSimer = MTy(s5=54)

= 200x298.15x(7.7910 — 7.1624)x 10> = 37.48 MW [5%]
Turbine power + lost power = 220.36 +37.48 = 257.84 MW
Isentropic power output = m(hy —hsg)

=200%(3502.0 — 2205.8)x107 = 259.24 MW [5%]
The isentropic expansion involves no lost power but the isentropic power does not equal the
sum of the actual turbine power and lost power. This is because the end states 5 and 5S are
different and therefore (es—es5)#0. The power output for a reversible process between
states 4 and 5 would indeed be equal to the sum of the actual power and lost power. [10%]



(iii) Lost power due to entropy creation (irreversibilities) in the condenser = T;S,,,,

SFSE for the condenser is,
.
) d :
m(sl —'55) = J.% + Sirrev
5

From the SFEE and the 7ds equation (being careful with the signs),
dQ, = -mdh = —m(Tds + vdp)

There is no pressure drop in the condenser so dp = 0. Hence,
l .
’h(sl - SS) = m J‘dS + Sirrev - Sirrev =0
5

This result follows because of the assumption that there is no pressure drop in the condenser.
From the exergy equation, the ‘lost power’ associated with the heat transfer to the cooling

water is thus,
1
T .
J( ‘?0]0’90
5

(iv)_Exergy supply rate = riz(e; —e) = mf(h; ~Tys3) = (s = Tysy)
200x[(3502.0 — 162.6) — 298.15x(6.7585 — 0.5210)]x107

m(es—e,) = m|(hs —Tyss) — (B —Tos1)]

Il

295.94 MW

Feed pump power output = m(hy —hy) = m[(hy —Tys3) — (B3 —Tips,)
200x(162.6 — 151.5)x10 = -2.22 MW

No lost power in feed pump because the compression is reversible and adiabatic.
Throttle is adiabatic hence,
Throttle lost power = mTy(s4 —53)

= 200%298.15%(7.1624 — 6.7585)x107 = 24.08 MW

Total power + lost power = (220.36 —2.22) + (24.08 +37.48 + 16.23) = 295.93 MW

= Exergy supply rate
Rational efficienc _ Netpoweroutput _ 220.36-2.22 _ 0737
4 Exergy supply rate 295.94 '

200x[(2400.2 — 151.5) — 298.15%(7.7910 — 0.5210)]x107 = 16.23 MW
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| 2. (a) The given characteristic equation of state is,

2
K
g = A(TﬁTlnT)—E;;+RTlnp—T—‘?+hﬂ - Ts,

From the definition g=#h—Ts we have dg=dh— Tds — sdT.

Substituting 7ds = dh — vdp then gives dg= vdp — sdT. Hence, [10%]
() -2 K -
ap T P T3 °]
dg 3Kp
-5 =|—=| = AQl-1-=1InT) - BT + Rlnp + —— — &
§ [aTJP ( ) r T4 0
Therefore,
s=A1nT+BT—Rlnp—§I§E+s0 [10%)]
From g=h~-Ts we find,
2
h:g-f—Ts-——AT-i-—BT ——'—4K3p+h0 [5%]
2 T
Finally,
oh 12Kp
=(—| =4 + BT + 9
Cp (GTJP 7 [5%]

(b) The equation for complete combustion would be,
CO + 150 —» CO; +0O

Allowing for dissociation, the actual reaction is,

CO +150; - (1-2)CO; + aCO + [—-2;“]02 [10%]
Total number of moles of products = n; = (4 -;a)

If the pressure after combustion is p;, then the partial pressures are given by,

1-a a 2+a
CDpr o=t =S 2p [10%]
" m L)

Pcoz =



Reaction (7) in the Thermofluids Data Book is,
-CO - %02 + CO, = 0

so the equilibrium equation is,

+1 -1 -0.5
[Pcoz ) [PCO J [ P ] = K,7(Ty) [10%)]
Po Po Po

where py = 1 bar is ‘standard pressure’. Substituting the expressions for the partial pressures :

e +1 . =1 B 0.5 ~0.5
—=| |= L2210 = Kp(@)
) L) 2m Po
From the Data Book at 2600 K, In(K7) = 2.800, so K7 = 16.445. Substituting for n, gives,

»0.5 -0.5
[1:_“][‘“_“] [&] _ 16445 [10%)

a )\2+a Po

Now p,V =n,RT, and p,V = mRT, with n; =5/2 and p; = pp = 1 bar. Hence,

& _ nz Tz . (4+a)x 2600

—) 0,
po m T, 5 298.15 (10%]
Substituting for (p2/py) gives,
05
(-a) ([ 2600 B
i (5x298.15 x16.445 = 21.718
This is satisfied by the given value of &= 0.0313. [10%]



!
T
. [15%]
s
{?"‘n/(?"'?p]
L =1 [&J = 57 = g
gl
npr-1)/r “\p(r-1fr )
I, = T3[21J - T3[£J = 507"
P3 r
SFEE applied to the mixing process (note that Ts = T3 because there is no temperature change
in the throttling process) :
Cplpe = meply + (1=m)e, T,
Hence,
L i ! -2
? = m!},f”?p + (l—m)ﬁr, Tp/ [25%]

1

(b) Compressor work input :
W, = ¢, (=T} = ¢,T(/"" -1
Turbine work output :

W, = (I—HI)CP(T:,—T.;) + CP(Tma‘.\'—T?)

For the turbine expansion :

ply-0/y nplr-D/r
P7 | s ~p /2
o= 7 = = =T . F
7 rmx[ " J rm.r( (;) mix "1

nix



Hence,

= A=mye, 10— 1) + ¢, Tp-r 1%

&
|

¢, T 0= 1P A= mg + mel"? + (1-m)or, ")

= T, (= 7P (A=mo A+ 1) + )]
Heatinput: ¢ = (1—me,(I3-Tp) = (-m)e,[; (@ —1r")
Hence, overall GT efficiency is,

=, _ A=r P A-merr )+ mrf"?) - " -1

A-m)@-7"7)

Ngr =

Substituting the given values :
r, = rUD7 = 400337 2270815
7P 2708157992 = 0638705 7" =2.708157% = 3.02515

_ (1-0.63870)[(1-0.1)x 5% (1+0.63870) + 0.1x3.02515] — (3.02515- 1)

= 0.421 [30%]

Mer (1-0.1)(5-3.02515)
Setting m = 0,
1-0.63870)x 5 x(1+0.63870) — (3.02515-1
(61 Im=0 = ( ) ( ) — ( ) = 0474
(5—3.02515)
Hence, there is a reduction of 5.3 percentage points due to the cooling. [10%]

Note: it is also possible to use: 7gr =1-q,,, /g where g, =c,T} (T,/1, -1).

() The overall gas turbine efficiency increases with increase in turbine inlet temperature.
Unfortunately, the material strength of the turbine blades is such that they cannot withstand
such high temperatures. The first and (often) second stage blades of the turbine must
therefore be cooled using air taken from the compressor. Although this incurs a substantial
penalty (as shown by the calculation above), the overall efficiency is still better than if the
turbine inlet temperature were reduced to a level where cooling was not required.

Higher turbine inlet temperature also leads to a higher specific work output (and therefore a

smaller gas turbine for a required power output). [20%]



s
(a) (i) For the LP turbine,
—h hy=[yshy +(1-yy)h]
WLI-'T=h3 4 = 47 f 4/7%g =0.9_y4
hy = by by — hyg
Hence we need the value of Ass. Thus,
5, =8 - i
Yhe S, o S BIDPROE6 e
§g =Sy Sg =5 8.329-0.521

hys = Vashy + (1= ys)hy = 0.1592x151.5 + (1-0.1592)x2566.6 = 2182.1 k/kg

Rearranging the equation for 7.pr gives,

_ 0.9(h —hys)—(ls —h) _ 0.9(3344.8—2182.1)~(3344.8 —2566.6)

Yo = = 0.07497
(hy —hy) + (s — ha) (3344.8—2182.1) +(2566.6—151.5)

Hence,
hy = yshy +(1=yy)h, = 0.07497x 151.5+(1-0.07497) % 2566.6 = 2385.5 kl/kg [40 %]

(ii) For the HP turbine we need to find /#,. We have,
$3g = 8 = 6.303 kl/kg.K
Interpolating in the tables (or from the steam chart), s,s = 2858.3 kJ/kg. Then,
hy = by — nypr (B —hpg) = 3209.8 — 0.9%(3209.8-2858.3) =2893.4 kl/kg

Work output from HP and LP turbines,
w = (b —hy) + (b —hy) = (3209.8 —2893.4)+(3344.8 —2385.5) =1275.7 kl/kg [15 %]



Heat input in steam generator and reheater (neglecting change in enthalpy across feed pump),

g = (b —hy)+ (s —hy) = (3209.8 ~151.5)+(3344.8 - 2893.4) =3509.7 ki/kg

Steam cycle efficiency (neglecting the feed pump work input),

i = 2 = BDL _ g [10 %]
g 35097

(b) SFEE applied to the HRSG :

mgcp(z-;'n_Tex) = ms[(hl_hf)+(h3—hQ)] . msq

T =1, - M4 540397 _ 4150
my, ¢, 8x1.10
HRSG efficiency,
myc (T, —T _
Ty = —& pTn—Te) _ 540-1412 0 .
1gC (T = Tomp) 540-20
(©)
Exhaust
gas to stack
Water from Water-steam
condenser Pump drum
Evaporation Final section
loop of HRSG
To feed pump
and HRSG for
further heating

The diagram shows how condensation in the final section of the HRSG might be avoided.
Without the water-steam drum the water enters at condenser temperature which is below the
dewpoint of the H,O in the flue gas so condensation on the outside of the tubes occurs. If the
pump compresses the water to, say, atmospheric pressure then the water-steam mixture in the
drum must be at the saturation temperature and hence saturated liquid water enters the
evaporation loop at 100 °C. This is above the dewpoint of the H,O in the flue gas so

condensation on the outside of the tubes is avoided. (20 %]
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ANSWERS

1. (b) (i) 220.4MW, 37.5 MW, 259.2 MW (isentropic turbine)
(iv) 2959 MW, -2.2 MW (feed pump), 24.1 MW (throttle), 0.737

2. (@ c,=A+BT+12KpT™
3. (b) 0421, 0474

4. (@ () 2385.5klkg
(i) 1275.7kl/kg, 0.363
(b) 141°C, 0.770
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