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Parametric Analysis of Triple Pressure HRSG in Combined
Cycle Power Plant
(September 2006)

N. Ravi Kumar, Sk. Jaheeruddin, Dr. K. RamaKrishna, and Dr. A. V. StaRamaRaju

Abstract - Combined cycle power plants play an important role in the present energy sector. Combined Cycle plants
couple a Brayton cycle with a Rankine cycle. For the combined power plants, the optimization of the heat recovery
steamgenerator (HRSG) isof particular interest in order to improve the efficiency of the heat recovery fromgasturbine
exhaust to maximize the power production inthe steamcycle. In the present study effect of different operating variables
such asexhaust gasflowrate, exhaust gastemperature, pinch point, approach point, steamtemperature, steampressure
on the performance of HRSG has been investigated. Triple pressure steam cycle is considered for the bottoming cycleto
reduceirreversibilitiesduring heat transfer from gasto water/steam. The cycleis anal ysed by using energy and exergy
analysis. It is observed that in triple pressure cycle selection of P and LP pressures, and LP pinch are identified as
dominant parameters having impact on heat recovery steam generator performance.
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1. INTRODUCTION

Combined cycle power plants poseavery good alternative
to conventional thermal power plants due to better
thermodynamic performance and reduced environment
pollution. In atypical combined cycle plant gasturbineis
the topping cycle and the steam turbine is the bottoming
cycle. The major components that make up a combined
cydearethegasturbine, the HRSG, the steam turbine. There
are many concepts of the combined cycle, these cycles
rangefrom thesinglepressurecyde, in which the steeam for
the turbine is generated at only one pressure, to thetriple
pressure cycleswhere steam generated for the steam turbine
isat threedifferent levels. The schematic of Simplecombined
cycleplant isshown in Fig. 1.The practical design of the
HRSG is usually based on the concepts of pinch point and
approach point that govern the gas and steam temperature
profiles given by Linhoff and Hindmarsh [1]. The pinch
point represents the difference between the gastemperature
leaving the evaporator and the saturation temperature, while
the approach-point temperature is the difference between
the water temperature leaving the economizer and the
saturation temperature. Pinch and approach pointstakeinto
account both thermodynamic and economical points of
view. Subrahmanyam et al. [2] discussed various factors
affecting the HRSG design for achieving highest combined
cycle efficiency with cheaper, economical and competitive
designs and with highest requirementsto meet the shorter
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deliveries. PK. Nag and D.Raha[ 3] madethermodynamic
analysis of a coal based combined cycle power plant from
the view points of both first law and second law. Horlock
[4] presented detailed thermodynamic analyses of various
schemes of combined power plants. A comprehensive
computer simulation of an HRSG was developed by
A.Ongiro et al. [5] to predict the performance of heat
recovery steam generator (HRSG).Nag and Mazumder, [6]
reported the thermodynamic optimization of awaste heat
recovery boiler with an economizer and evaporator and
producing saturated Steam. They have reported the effect
of different operating parameters on entropy generation
for the waste heat recovery boiler.
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Fig. 1. Schematic of combined cycle power plant.

Dallenback [7] proposed an alternative regenerator
configuration toimprovetheefficiency of gasturbinecycle.
Ravi kumar et al. [8] has done exergy analysis for the
alternative configuration to know exergy lossesin different
components. Itis observed that theirreversibility in exhaust
gases is low which indicates effective utilization of heat
energy, but the specific work output of the turbineisless.
Gasturbineisseen to offer high specific work output if the
turbineinlet temperature(TIT) could beincreased. Increase
inTIT hasgrict metadlurgical limitationsin termsof maximum
temperature that the turbine stage could withstand. Ravi
kumar and Sita ramaraju [9] analyzed the effect of inlet
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cooling on HRSG performance. It is found that the inlet
cooling reduces the work input of the compressor and
increases the mass flow rate of air. The efficiency of steam
cycle can be improved by increasing the temperature of
steam entered into the steam turbine. The maximum
temperature of steam that can be used is fixed from
metallurgical considerations. P. K. Nag and S. De [10]
applied thermodynamic analysis to the optimal design and
operation of a heat recovery steam generator (HRSG)
generating saturated steam for a combined gas and steam
power cycle. The aim of the present paper is to study the
effect of different operating parameters on triple pressure
HRSG configuration in combined cycle power plant by using
energy and exergy analysis.

2. ANALYSIS

In a combined cycle power plant the HRSG represents the
interface element between the gas turbine and the steam
cycle. Here, the gas turbine exhaust gas is cooled down
and the recuperated heat is used to generate steam. In order
to provide better heat recovery in the HRSG more than one
pressure level is used. HRSGs for gas turbine exhaust are
usually designed in unfired conditions and the performance
evaluated at other unfired or fired conditions. The reason
for this is that two of the important variables which affect
the gas and steam temperature profiles, namely the pinch
and approach points, cannot be arbitrarily selected in the
fired mode. The pinch point is the difference between the
gas temperature leaving the evaporator and the temperature
of saturated steam. Approach point is the difference
between the temperature of saturated steam and the
temperature of water entering the evaporator. The schematic
diagram of the combined cycle power plant with triple
pressure HRSG, for which the analysis has been conducted,
is shown in Fig. 2.The air is taken into the compressor at
atmospheric pressure and compressed to the desired
pressure. The compressed air is sent into the combustion
chamber and raised its temperature by burning the fuel.
The steam turbine utilizes the energy in the exhaust gas of
the gas turbine as its input energy. The following
assumptions are taken for the present analysis
(1) The system is in steady state
(2) There is no pressure drop in water and steam side
(3) Thereis no external heat and mass transfer
(4) The specific heats of exhaust gas and water are
constant
(5) The pressure drop on the gas side does not have a
significant effect on its temperature, Maximum HP
steam superheat temperature is 500°C, Minimum pinch
point temperature difference 15°C, Minimum stack
temperature 100°C, Maximum working pressure 200 bar,
C,, = 1.005 kl/kgK, C = 1.147kJ/kgK, R = 0.287,
v,= 1.4,7,=1.33,n,=89%, = 87%, h1=0.02, fpl = 0.03,
y=1.04.
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Fig. 2. Schematic of triple pressure HRSG.
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Fig. 3. Temperature heat diagram for triple pressure
HRSG.

A computer program isdevel oped to cal culate the mass
of steam generated in different sections, dryness fraction
of steam, stack temperature, work output, irreversibilities
in turbine and HRSG are calculated. The results obtained
from the analysis are represented in form of graphs and
discussed in the next section.

3. RESULTSAND DISCUSSION

Figure4 discussed the effect of maximum steam temperature
on mass flow rate of steam. With increase in steam
temperature the HP mass is decreased because more heat
isrequired and the I P, LP mass of steam isincreased.
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Fig. 4. Effect of steam temperature on mass flow of steam.

Figure 5 discussed the effect of steam temperature on
efficiency of the bottoming cycle and stack temperature.
With increase in steam temperature the stack temperature
and efficiency also increased. For steam turbineincreasing
the live steam temperature means less erosion in the final
stages but too high alive steam temperature can also cause
a disproportionate increase in plant costs since a great
amount of expensive material isrequired for the piping, the
superheater and the steam turbine. In most casesthe exhaust
gastemperature setsthelimit for thelive steam temperature
level because a sufficient difference in temperature is
necessary between the exhaust gas and the live steam
temperature in order to limit the size of the superhesater. In
triple cycle while selecting the intermediate pressure and

203

low pressure steam temperature, the difference in
temperature between the high pressure steam after
expansion and the low pressure steam at the mixing point
in the turbine must be taken into account. If the difference
istoo high, it causes unnecessary thermal stresseswithin
the turbine. But a high low pressure steam temperature
presents the advantage of a kind of a low ‘reheating’,
reducing the risk of erosion due to wetness in the turbine.

Figure 5 represents the change in mass flow rate of
steam with gas turbine exhaust (HRSG inlet) temperature.
With increase in temperature the HP mass of steam
increases and L P mass of steam is decreased.
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Fig. 5. Effect of Gasturbine exhaust on mass of steam.

Figs. 6 and 7 shows the effect of steam pressure on
optimum 1P and LP pressures and mass of steam. With
increasein steam pressure the optimum | P and L P pressures
areincreased. In acombined cycle plant, ahigh live steam
pressure brings an increased efficiency of the water/steam
cycle due to the greater enthalpy gradient in the turbine.
The rate of waste heat energy utilization in the exhaust
gases however drops off sharply. From economical point
of view it isadvisabl e raising the steam pressure above the
thermodynamic equilibrium, because it causes areduction
in exhaust steam flow which requires a smaller condensor
and less cooling water regquirement.
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Fig. 6. Effect of maximum steam pressure on optimum IP
and L P steam pressures.
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Fig. 7. Effect of maximum steam pressure on mass of
steam.

Table 1. Effect of Pinch Points on Stack Temperature,
Efficiency and Stack Irreversibility

HP pinch | IPpinch | LP pinch | Stack |Efficiency || stack
10 10 10 93.73| 38.66244| 5687
15 10 10 93.54| 38.50814 | 5650
20 10 10 93.35| 38.35367| 5628
25 10 10 93.16| 38.19903| 5598
30 10 10 92.97| 38.04421| 5574
10 15 10 93.66| 38.57491| 5675
10 20 10 93.59| 38.48726| 5664
10 25 10 93.52| 38.39949| 5653
10 30 10 93.44| 38.31160| 5643
10 10 15 100.08| 38.82380| 6692
10 10 20 106.42| 38.98890| 7720
10 10 25 112.76| 39.15788| 8809
10 10 30 119.11| 39.33087 | 10156

Figure 8 discussed the effect of steam temperature on
dryness fraction of exhaust steam. With increase in steam
temperature the dryness fraction of steam also increases,
which is helpful in avoiding the erosion in final stages of
turbine. Figure 9 shows the change in irreversibilities of
steam turbine and exhaust of HRSG. The irreversibility of
steam turbine decreases with increase in temperature, but
the stack irreversibility increases with increase in steam
temperature. To reduce the stack temperature the LP
pressure must be low.
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Fig. 8. Effect of steam temperature on dryness fraction.

International Energy Journal: Vol. 7, No. 3, September 2006

14000
12000 |
_.10000 F
s
=
2 8000 F
5
‘B
T 6000 |
8
4000 L —o— st
—8—lexh
2000 |
0
350 400 450 500 550

Steam Temperature(°C)

Fig. 9. Effect of steam temperature on Stack and steam
turbine irreversibility.

Table 2 showsthe effect of steam pressure on efficiency
of the cycle, stack temperature and stack irreversibility. At
higher pressures the change in stack temperature and stack
irreversibility is small. For better exergetic utilization the
high pressure must be as high as possible. Table 3 shows
the change in work output and mass of flue gases with
plant capacity. From thetableit isclear that for any capacity
of the plant one third of total power is produced by the
steam turbine and the remaining two third power isproduced
by the gas turbine.

Table 2. Effect of Maximum Steam Pressure on Stack
Temperature, Efficiency and Stack Irreversibility

Pressure (bar) Efficiency Stack | stack
90 34.61 81.34 3912

110 35.75 92.57 5507
130 36.42 101.38 6923
150 36.92 103.25 7241
160 37.13 105.04 7551
170 37.32 106.61 7828

Table 3. Change in Steam Turbine Output with Plant
Capacity for Fixed Seam Inlet Conditions at Optimum

Conditions

Plant Capacity | Massof fluegas | Work Output | Stack | Efficiency

(Mw) (kg's) (kw) )
100 180.437 36699.081 | 379.6 | 37.327
200 360.874 73398.163 | 3796 | 37.327
300 541.311 110097.240 | 3796 | 37.327
400 721.748 146796.330 | 3796 | 37.327
500 902.185 183495410 | 3796 | 37.327
600 1082.622 220194490 | 3796 | 37.327
700 1263.059 256893570 | 379.6 | 37.327
800 1443.496 293592.650 | 379.6 | 37.327
900 1623.933 330291.730 | 379.6 | 37.327
1000 1804.370 366990.810 | 3796 | 37.327
1100 1984.807 403689.900 | 3796 | 37.327
1200 2165.244 440388.980 | 3796 | 37.327
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4., CONCLUSIONS

Thermodynamic analysis of triple pressure HRSG is done
using energy and exergy analysis. Effect of various
operating parameters on performance of HRSG is studied.
It is observed that by increasing steam temperature the
irreversibility of steam turbine decreases and dryness
fraction of steamisincreased. For maximum pressure of 170
bar the optimum IP and LP steam pressures are found as
47.6 bar and 9.8 bar. For given capacity of the combined
cycle power plant 2/3 power is produced from gas turbine
and 1/3 power is produced from the steam turbine.

NOMENCLATURE
C, = specificheat, kJkgK
Qv = cdorificvaue, kJkg
fpl = fractiona pressure loss
G = chemical exergy input
H = netcaorificvaue
hl = heat loss
hp = high pressure, bar
Ip = low pressure, bar
p = pressure, bar
P = Power output, MW
R = gas constant
r, = pressure ratio
T = Temperature K
W = work output, MW
Suffix
a = ar
ap = approach point
C = compressor
g = g@gas
gt = gasturbine
pp = pinch point
S = steam
st = steamturbine
Greek Symbols
¢ = éefficiency
y = specificheat ratio
g = ratioof chemical exergy to net calorific value
A = differentia
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