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Abstract

The power output and efficiency of gas turbine is a strong function of the ambient air temperature. In hot climatic condition the
mass flow rate of air decreases with increasing ambient air temperature for the same volumetric flow rate, which results in
reduction in power output and efficiency of turbine. The present paper deals with the study of effect of ambient air temperature on
various parameters of 415 MW combined cycle power plant. The results of analysis reveals that for an increase in ambient air
temperature by 40°C, the net power output of the gas turbine and combined cycle is found to decrease by 29.16% and 23.68% with
12.79% decrease in mass flow rate of inlet air. The efficiency of the gas turbine and combined cycle is found to decrease by 8.5%

and 1.5% for the same increase in ambient air temperature.
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1. Introduction

The gas turbine performance depends on various operating
parameters of the plant. The inlet air temperature is one of the
key parameter that greatly influences the power output and
efficiency of gas turbine. In hot climatic conditions the power
output and efficiency of gas turbine is less than that of during
cold condition because of inverse relation between the air
density and temperature. Cooling the inlet air of gas turbine,
decreases the temperature which increases the air density,
hence increases the mass flow rate of air.

Therefore ability to cool the inlet air will facilitate the
production of constant gas turbine power output throughout
the year, irrespective of the change in ambient temperature.
Cooling the inlet air increases the mass flow rate of air into

the gas turbine and at the exhaust outlet. The increased
exhaust mass flow increases the steam generation rate in the
heat recovery steam generator downstream of the gas turbine
due to higher energy availability in the exhaust gas

2. Thermodynamic Modeling

The schematic diagram of dual pressure combined cycle under
consideration is shown in figure.1l. In this arrangement a
simple gas turbine cycle is used as topping cycle and a steam
cycle is used as bottoming cycle. The waste heat of gas
turbine exhaust which is at high temperature is recovered in a
dual pressure heat recovery steam generator.

The temperature — Entropy diagram for the combined cycle is
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Fig 1: Schematic Diagram of Combined cycle Power Plant
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Fig 2

2.1Gas turbine cycle model

It is assumed that the compressor efficiency and the turbine
efficiency are represented by nc and 1 respectively. The ideal
and actual processes are represented by full and dashed lines
on the temperature entropy diagram as shown in figure 2.

Air compressor model
The compression ratio Rp of the compressor can be defined as

Py
fp="" 1)
P

Where P, and P, are compressor inlet and outlet pressures
respectively
The isentropic efficiency of compressor is expressed as

T7:— Ty

=" 2
To— T,

Where

T1 = compressor inlet temperature

Tas = compressor isentropic outlet temperature

T, = compressor actual discharge temperature

The actual discharge temperature of the compressor is
calculated from eq 3

Ts— Ty

Tz=T1+T @)
-

The work of the compressor (Wc¢) can be calculated as

Wc= ma X Cpa X (T2—Ty) 4)

Where Cp, is the specific heat of air which can be fitted by eq

5 for the range of 200K< T<800K.

Cpa = 1.0189 x 10° — 0.13784T, +1.9843x 10T,2 + 4.2399x
107T.3- 3.7632 x 10°1°T,* (5)

Combustion chamber model
From the energy balance in the combustion chamber

M, Cpa T2+ T x LHV + 1 Cot Ts= (Tﬁa + mf) Cog X TIT (6)

Where 171t is the fuel mass flow rate (kg/s), i, is the air mass
flow rate(kg/s), LHV is the lower heat value, TIT = T3 is
turbine inlet temperature, cyr is the specific heat of fuel and T
is the temperature of the fuel, and cq is the specific heat of
flue gases.

The specific heat of flue gases cyq is given by eq (7)

Cpy = 1.8083 — 2.3127 x 103 T + 4.045 x 10 T2 - 1.7363 x
10°T3 (7)

The fuel air ratio (f) is expressed as Eq 8

f:ﬂ_azchg X TIT— Cpg X Ty
mg  LHV — Cpg X TIT

(8).

Gas turbine model
The isentropic efficiency of gas turbine is given by Eq (9)

-1,

Ne= 9)
T.'-t - TA::

Where

T3 = Turbine inlet temperature

Tas = isentropic discharge temperature of gas turbine

T, = actual discharge temperature of gas turbine

The actual discharge temperature of gas turbine can be given
by Eq (10)

Ta=Ts—nt(Tz—Tas) (10)

The shaft work of the gas turbine is given by Eq (11)

Wer = 7ty x Cpg (T3~ Ta) (11)
The network of the gas turbine is determined by Eq (12)
(WerT) net = Wer —We (12)

The specific fuel consumption is determined by Eq (13)

3600 x 'ﬁ‘l.f

sfc = 13
(Wreo) “

The heat supplied is given by Eq (14)

Qadd = 1M zx LHV (14)
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The thermal efficiency of gas turbine is determined by Eq (15)

{H"Gr:]']‘let

- —Gr7= 15
(et =2 FXLHV (15)

Steam turbine cycle model

It is assumed that the steam turbine efficiency and pump
efficiency are represented by st and mp respectively. The ideal
and actual processes on temperature — Entropy diagram are
represented by full and dashed lines as shown in figure.

Heat recovery steam generator model

A dual pressure HRSG is considered here for combined cycle
gas turbine plant. By applying energy balance for gas and
water in each part of the HRSG the gas temperature and water
properties are calculated by solving the following equations,
Heat available with the exhaust gases from gas turbine is
given as

Qav =Tty X Cpg % (T4~ Ts) X hey (16)
Where Ts is the exhaust temperature of the flue gases from
HRSG, and hy, is the heat loss factor whose value ranges from

0.98 t0 0.99.

The HP superheater duty is expressed as

(Qan)rp = Mskp (N — hi2) = Mg X Cog X (Ta—Ty) 17

T4

GT Exhaust Gas 3

:> Heat Transfer

Fig 3: Temperatures — heat transfer diagram of HRSG

The thermal analysis of HRSG depends on the designed pinch
point (AT)ep and approach point(AT)ap. The temperature of
the gas leaving the HP evaporator is given by Eq 18

To1 =T + (ATep)Hp (18)

Where Ty is the saturation steam temperature corresponding

to HP superheater pressure and (ATep)up is the pinch point
temperature difference in the HP side of HRSG.
The LP superheater duty is expressed as

(Qst)p = Msip (g —hg) =T 5 X Cpg X (T — Ty2) (19)

The temperature of the hot exhaust gases leaving the HRSG is
given as

mstp (he — he) + Msp (11 — hig) = 172X Cpg X (Tgz— Ts) (20)

Steam turbine model

The steam at high pressure and high temperature obtained
from HP superheater is expand in the HP steam turbine and
then mixed with LP steam obtained from LP superheater and
expand upto the condenser pressure in LP steam turbine. The
energy balance gives

Whipst = MSpp (h13 — h1a) (21)
Wipst =mShp + MSLp (h1s — hie) (22)

Condenser Model
The heat rejected from the condenser is expressed as

Q rej= (MSHp +MSLp —MSpled) (N16 — hr17) (23)

Pump Model

The condensate from the condenser is extracted by the HP and
LP pump and raised to LP and HP economizer pressure. The
corresponding work is given by

Whpp = My X V17 (P10 — Pe) (24)
Wipp = My X V17 (P6 — Pe) (25)
Therefore the net work of ST power plant is

(Whet)st = Wst — W5 (26)

The efficiency of steam turbine power plant is

(Wnet)st
L (27)
aw

The overall thermal efficiency of the combined cycle gas
turbine plant is given by

(Wt JGT + (Wt )ST
Mee =" mex LHV

(28)

3. Results and Discussion

The power output, efficiency and mass flow rate for gas
turbine, steam turbine and combined cycle were calculated for
various ambient air temperatures and results of analysis are
presented in figures given below.

Figure 4 shows the variation of mass flow rate of air in the
compressor with inlet air temperature to the compressor. It is
seen that the mass flow rate of air decreases by12.79% as the
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inlet air temperature increases from 273K to 313K. This is due
to the fact that mass flow rate of air my = pv/RT is inverse
linear function of temperature m, = 1/f(T) for a constant value
of P, V, and R. The volumetric flow to most of the
compressors is constant, therefore mass flow rate of air
decreases as inlet air temperature increases because of
decreased density of air
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Fig 4: Effect of inlet air temperature on mass flow rate of air

Figure 5 shows the variation of net power output of the gas
turbine with inlet air temperature. It is seen that the net power
output of the gas turbine decreases by 29.16% as the inlet air
temperature increases from 273K to 313K. This is due to the
fact that compressor work is directly proportional to inlet and
outlet temperature difference of compressor and mass flow
rate of air. The temperature difference is directly proportional
to inlet air temperature Ti. With decreasing inlet air
temperature the outlet temperature of compressor decreases
and the difference of temperatures also. This decreases the
compressor work. Similarly the gas turbine output is directly
proportional to inlet and outlet temperature difference of
turbine and mass flow rate of air and fuel. Since the difference
of inlet and outlet temperature of gas turbine remain constant
for a given pressure ratio and TIT, The gas turbine output
decreases due to the decreased mass flow rate of air with
increasing inlet air temperature.
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Fig 5: Effect of inlet air temperature on power output of GT

Figure 6 shows the variation of gas turbine efficiency with
inlet air temperature. It is clear from the figure that the gas

turbine efficiency decreases by 8.5% as the inlet air
temperature to compressor increases from 273K to 313 K.
This is due to the fact that the gas turbine efficiency is directly
proportional to the net output of the gas turbine and is
inversely proportional to the heat supplied in the combustion
chamber of gas turbine. The net power output of gas turbine
decreases with increase in inlet air temperature because of
increasing compressor work and decreasing turbine work due
to decreased mass flow rate of air. The heat supplied in
combustion chamber also decreases with increasing inlet air
temperature, but the reduction in heat supplied is less than the
reduction in net power output of gas turbine, therefore the
efficiency of gas turbine decreases with increase in inlet air
temperature to compressor.

Figure 7 and 8 shows the effect of inlet air temperature to the
compressor of gas turbine on the mass flow rate of steam to
the HP and LP steam turbine. It is observed that the mass flow
rate to both HP and LP turbine decrease with increase in the
inlet air temperature of compressor. This is due to the fact that
the mass flow rate through the gas turbine decreases with
increasing inlet air temperature, therefore less heat is available
at the exhaust of gas turbine to utilize in the waste heat
recovery steam generator for a given exhaust temperature of
gas turbine. It is clear from the figure that the mass flow rate
to the HP steam turbine decreases by 12.98% when the inlet
air temperature increases from 273K to 313 K. Similarly the
mass flow rate to LP steam turbine decreases by 12.98% for
the same increase in compressor inlet temperature.
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Fig 6: Effect of inlet air temperature on thermal efficiency of GT
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Fig 7: Effect of inlet air temperature on mass flow rate of HP steam
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Fig 8: Effect of inlet air temperature on mass flow rate of LP steam

Figure 9 shows the effect of inlet air temperature to
compressor on the power output of the HP and LP steam
turbine. It is clear from the figure that the power output of
both HP and LP steam turbines decreases with increase in
inlet air temperature to compressor due to decreased mass
flow rate of steam. It is observed that the power output of HP
steam turbine is decreases by 12.98% as the inlet air
temperature increases from 273K to 308K. Similarly the
power output of LP steam turbine decreases by 13.28% for the
same increase in inlet air temperature.
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Fig 9: Effect of inlet air temperature on power output of HP and LP
steam turbine

Figure 10 shows the effect of inlet air temperature to
compressor on the power output of combined cycle. It is clear
from the figure that the power output of combined cycle
decreases by 23.68% as the inlet air temperature increases
from 273 K to 313 K. This is due to the fact that with increase
in inlet air temperature the mass flow rate through gas turbine
decreases which result in reduction of gas turbine output. In
addition to this the steam turbine output also decreases
because of reducing steam flow rate.
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Fig 10: Effect of inlet air temperature on power output of combined
cycle

Figure 11 shows the effect of inlet air temperature to
compressor on the thermal efficiency of combined cycle. It is
clear from the figure that the thermal efficiency of combined
cycle decreases by 1.5% as the inlet air temperature increases
from 273 K to 313 K. The reason behind this is that both gas
turbine and steam turbine outputs decreases with increasing
inlet air temperature. The reduction in combined cycle
efficiency is less compared to the reduction of gas turbine
efficiency for the same range of increasing inlet air
temperature because of insignificant change in steam cycle
efficiency with varying inlet air temperature.
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Fig 11: Effect of inlet air temperature on thermal efficiency of
combined cycle

4. Conclusions

The effect of increase in inlet air temperature from 0°C to

40°C gives the following observation and conclusions

1. Mass flow rate of air is decreases by 12.79% for given
increase in inlet air temperature

2. The net power output of gas turbine is found to decrease
by 29.16% and gas turbine efficiency is decreased by
8.5%.

3. The power output from steam turbine is found to decrease
by 13% and the mass flow rate of steam is decreased by
12.98%.

4. The efficiency of combined cycle is found to decrease by
1.5% along with 23.68% reduction in power output.

5. The combined cycle plant capacity is found to decrease
by 100MW in summer when average inlet air temperature
is 40°C.

o1

. References

1. Nag PK. Power pint engineering. New Delhi: Tata
McGraw- Hill Publishing Company Limited, 2008.

2. Rahman MM, Ibrahim TK, Taib MY, Noor MM,
Kadirgama K, Bakar RA. Thermal analysis of open cycle
regenerator gas turbine power plant. Proc. of WASET
(ICMAME 2010, Paris, France). 2010; 68:94-99.

3. Naradasu RK, Konijeti RK, Alluru VR. Thermodynamic
analysis of heat recovery steam generator in combined
cycle power plant. Thermal science. 2007; 11(4):143-156.

4. Horlock JH. Advanced gas turbine cycles. UK:
Pergamon, 2003.

5. Cengel AY, Boles AM. Thermodynamics an engineering
approach. New York: McGraw- Hill, 2008.

6. Boonnasa S. Performance Improvement of The Combined

Cycle Power plant By Intake Air Cooling Using an

Absorption Chiller, Energy. 2006; 31:2036-2046.

1291



National Journal of Multidisciplinary Research and Development

7.

10.

Mohanty B. Enhancing Gas Turbine Performance By
Intake Air Cooling Using An Absorption Chiller, HEAT
Recovery System & CHP. 1995; 15:41-50.

Kakaras E. Inlet Air Cooling Method for Gas Turbine
Based Power Plant, ASME. 2006; 128:312-317.

Thamir K Ibrahim, Rahman MM, Ahmad N AbdAlla.
2010, improvements of gas turbine performance based on
inlet air cooling system: A technical review, international
journal of physical sciences. 2006; 6(4):620-627.

Thamir K Ibrahim, Rahman MM, Ahmad N AbdAlla.
2010, study on the effective parameter of gas turbine
model with intercooled compression process, Scientific
Research and Essay. 2006; 5(23):3760-3770.

1292



