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1 (a) Starting from the steady-flow energy and entropy equations, and neglecting
changes in kinetic and potential energy, derive the steady-flow exergy equation

m(e, —e) = I( —&)dQS - WX - J.( —%)dQ.o - TOSirrev

CS r CS

for the control volume shown in Fig. 1. Note that e = # — Tos and that dQs and do,
are defined as positive in the directions of the arrows.

(b) A steam power plant is based on the superheated Rankine cycle and control
at part load is obtained by throttling the steam before it enters the turbine. Saturated
liquid water enters the feed pump at state 1 and is compressed adiabatically and
reversibly to state 2. The pressurised water enters the boiler where it is heated at
constant pressure to state 3. The steam is then throttled adiabatically before entering the
turbine at state 4. In the turbine the steam is expanded adiabatically but irreversibly to
state 5. Had the turbine expansion been adiabatic and reversible the exit condition
would have been state 5S. After the turbine the steam enters the condenser where it is
condensed at constant pressure to state 1. It may be assumed that the heat is transferred
to cooling water at temperature 7y = 25 °C. The mass flow rate of steam around the
cycle is 200 kg s™'. The property values at all the states are given in Table 1.

(1)  Sketch the steam cycle on an enthalpy-entropy diagram. Include the
hypothetical isentropic turbine expansion in your sketch.

(ii) For the turbine calculate the actual power output and the ‘lost power’.
Calculate also the power output from the hypothetical isentropic turbine
expansion. Explain clearly why the actual turbine power and the ‘lost
power’ do not sum to the isentropic turbine power.

(iii) Prove analytically that the entropy creation due to irreversibilities
within the condenser is zero. Explain this result in physical terms. Calculate
the ‘lost power’ associated with heat transfer to the cooling water.

(iv) Calculate the exergy supply rate to the cycle and any other power and
‘lost power’ terms. Draw up a balance showing how the exergy supply rate
is related to the net power output and the ‘lost power’ terms. Calculate the
rational efficiency of the cycle.

(cont.
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p (bar) TCC) hE&kg") sE&ikg' K™

State 1  Feed pump inlet 0.06 36.16 L51.5 0.5210

State2  Boiler inlet 100.00 36.69 162.6 0.5210

State 3  Throttle inlet 100.00 550.00 3502.0 6.7585

State 4  Turbine inlet 40.00 524.50 3502.0 7.1624

State 5  Condenser inlet 0.06 36.16 2400.2 7.7910

State 5S Condenser inlet for  0.06 36.16 2205.8 7.1624
isentropic turbine

Table 1 Property values for Question 1.

TURN OVER
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2 Note that parts (a) and (b) of this question are unrelated to each other.

(a) The characteristic equation of state for a certain pure substance in the Gibbs

function form g(T, p) is

2
g = A(T—TlnT)—B;g—+RTlnp—%+ho - Tsy

where 4, B, R, K, ho and sy are constants. Proving any thermodynamic relationships you
use, derive expressions for the specific volume v, specific entropy s, specific enthalpy %
and constant pressure specific heat capacity ¢, in terms of 7, p and the appropriate

constants.

(b) At high temperature CO, dissociates into CO and O, and the degree of
dissociation o is defined by the chemical transformation

CO;, » (1-a)CO, + aCO + %02

A mixture of 1 mole of CO and 1.5 moles of O, is confined in a rigid container at
a temperature and pressure of 25 °C and 1 bar. The mixture is ignited and the reaction
proceeds at constant volume. When chemical equilibrium has been established the
temperature is found to be 2600 K. It may be assumed that the only species present are
CO,, CO and Oy, all of which behave as ideal gases.

Write down the chemical equation for the reaction in terms of the degree of
dissociation « . Verify that &= 0.0313 .

[40%]
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3 A simple-cycle cooled gas turbine has a compressor inlet temperature 77 , a
compressor inlet pressure p; and an overall pressure ratio r. A small mass fraction m
of the compressor delivery air is bled off before the combustion chamber and is used to
cool the turbine blades. This air is adiabatically throttled and then mixed with the main
turbine flow at a constant pressure given by p,,.. = plx/; . The compressor and turbine
polytropic efficiencies are both 7, and this efficiency is unaffected by the addition of
the cooling air in the turbine. At exit from the turbine the pressure is pi. The pressure
loss in the combustor and the additional mass flow rate due to the fuel may both be
neglected. In addition it may be assumed that air and the products of combustion behave
as perfect gases with the same values of ¢, and 7.

(a) Sketch the temperature-entropy diagram for the gas turbine and show that
the temperature of the turbine flow, just after it has been mixed with the cooling air, is
given by

Inis — i 1 1—my6 7P/
1

where @ is the ratio of the combustor outlet temperature to the compressor inlet
temperature and 7, is the overall isentropic temperature ratio.

(b) Calculate the overall efficiency of the gas turbine using the following set of
values: y=137 ,r=40,6=5,1m,=09 and m = 0.1 . Also, by setting m =0 ,
calculate the effect on the overall efficiency of the throttling and mixing of the cooling
air.

(c) Explain why, despite the associated irreversibilities, the use of turbine blade
cooling is essential for the development of high performance gas turbines.

TURN OVER
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4  Table 2 provides properties of water and steam for various conditions within the
steam cycle described in part (a). Use the steam chart in the Thermofluids Data Book
for any other properties required.

(a) The steam cycle in a combined cycle gas turbine power station includes a
single stage of reheat between the high-pressure turbine and the low-pressure turbine.
Wet saturated water leaves the condenser and enters a feed pump where it is compressed
to 120 bar before entering the Heat Recovery Steam Generator (HRSG). Once the steam
reaches a temperature of 450 °C it is passed through the high-pressure turbine. The
steam is then returned to the HRSG for reheating at a pressure of 30 bar and the entry
temperature to the low-pressure turbine is also 450 °C. In the condenser, the steam is
condensed at a constant pressure of 0.06 bar. Pressure losses in the HRSG, and the
feed pump work, can be neglected. The high-pressure turbine isentropic efficiency is
0.9 and the low-pressure turbine has an isentropic efficiency given by

Mer = 09—y

where y is the wetness fraction of the steam at exit from the low-pressure turbine.

(i) Determine the specific enthalpy of the steam at exit from the low-
pressure turbine.

(i) Find the net work output from the cycle per kg of steam and calculate
the cycle efficiency.

(b) Exhaust gas that may be treated as perfect with ¢, = 1.10 kJ kg™ K enters
the HRSG from a gas turbine at a temperature of 540 °C. If the mass flow rate of
exhaust gas is eight times the mass flow rate of steam, determine the temperature at
which the exhaust gas leaves the HRSG. Also, calculate the HRSG efficiency when the
ambient temperature is 20 °C.

(c) With the aid of a suitable sketch, briefly describe how the water vapour in
the exhaust gas can be prevented from condensing on the outside of the tubes in the
final section of the HRSG when the temperature of the feed water entering the tubes is
close to the condenser temperature.

(cont.
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Saturated Liquid
at 0.06 bar

Saturated Vapour
at 0.06 bar

30 bar, 450 °C

120 bar, 450 °C

Table 2

Specific enthalpy
kI kg™

151.5

2566.6

3344.8

3209.8

Specific entropy
kI kg ' K™

0.521
8.329

7.086

6.303

Temperature
°C

36.16

36.16

Properties of water and steam for Question 4.

END OF PAPER
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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

J.B. Young & C.A. Hall
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