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Abstract This paper presents a systematic method for the

estimation of theoretical value of temperature produced in

the gas turbine combustor through MATLAB simulation.

The fuel used is natural gas. The assumption of adiabatic

combustion has been used for the simplicity of the analysis.

For getting accurate results, the combustion process has

been analyzed considering the variation of specific heat of

gases with temperature. The theoretically calculated tem-

perature has been compared with the actual temperature

produced in an actual gas turbine combustor to validate the

thermodynamic model. One of the most hazardous pollu-

tants from a gas turbine is nitrogen oxides (NOx) whose

formation takes place due to dissociation of nitrogen at

high temperature and its subsequent reaction with oxygen.

To avoid NOx formation, the flame temperature has been

lowered to 1355 K by increasing the amount of excess

combustion air. Therefore, the effect of excess air on the

combustion temperature and power output has been

investigated in this study. The theoretical power output has

also been compared with the actual output. The method

described in this paper may prove to be useful not only to

the designers of gas turbine but also to the researchers

analyzing other types of combustion systems.
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List of symbols

Cp Isobaric molar specific heat (kJ kmol-1 K-1)

H Enthalpy (kJ)
�h Molar specific enthalpy (kJ kmol-1)

D�h Change in molar specific enthalpy (kJ kmol-1)

�h0
f

Standard molar specific enthalpy of formation (kJ kmol-1)

m Mass of a component (kg)

_m Mass flow rate (kg s-1)

M Molecular mass of a component

n kmol of a component

_n Molar flow rate (kmol s-1)

p0 Actual environmental pressure (Pa)
_Q Heat transfer rate (kW)

rp;C Pressure ratio of the compressor

rp;T Pressure ratio of the gas turbine

T Absolute temperature (K)

T0 Actual environmental temperature (K)
_W Work done rate (kW)

T0 Standard temperature (K)

Greek letters

gisen,C Isentropic efficiency of compressor (%)

gisen,T Isentropic efficiency of gas turbine (%)

gTh Thermal efficiency (%)

c Specific heat ratio

D Used for a change in any parameter

Subscripts

CV Control volume

e Exit

i Inlet

P Product

R Reactant

1, 2, 3, 4 Nodal points
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Introduction

Energy in the form of electricity is the most essential

requirement of the people in the present-day civilization. It

is considered as a basic input for any country to keep the

wheels of its economy moving. Due to rapid industrial-

ization of the world, the demand of electricity is increasing

exponentially. The gas turbine represents perhaps the most

satisfactory means to develop very large quantity of power

in a self-contained and compact unit. The working of a gas

turbine is based on Brayton cycle. The major fields in

which these turbines are most applicable are—aviation,

power generation and marine propulsion. A gas turbine

plant has poor efficiency as compared to other thermal

power generation systems. In aviation and marine appli-

cations, the efficiency of the gas turbine is not the criteria

for its choice. In these fields, light weight, compactness,

low weight to power ratio, easy starting, easy control and

ability to fit into the compact shape of the structure are the

main requirements. A gas turbine satisfies all these

requirements and hence used in these fields. Heppenstall

[1] provided a critical review of some of the important

concepts of gas turbines.

In thermal power plants, the basic gas turbine cycle is

not used due to its poor efficiency. Heat recovery schemes

are the most important ways of increasing the efficiency of

the power generation process. In this regard, exhaust

recuperation, steam injection into the combustion chamber,

use of evaporation cycle, chemical recuperation and use of

inlet air chillers are some of the early concepts that were

introduced in gas turbine plants for improving efficiency.

McDonald and Wilson [2] discussed the role that recu-

perators and regenerators could play in improving the

efficiency of gas turbines and stressed the necessity of

utilizing ceramic-composite heat-exchanger configurations.

Nguyen and Otter [3] described the conceptual designs of a

prototype ‘‘closed-loop’’ steam injection water recovery

(SIWR) system that was developed for gas turbine appli-

cations. Frutschi and Plancherel [4] studied an evaporative

gas turbine (EGT) in which water was injected into the

compressor outlet and evaporated there and a steam

injection gas turbine (STIG) in which the steam was raised

in a heat recovery steam generator downstream of the

turbine and then injected into the combustion chamber or

into the turbine nozzle guide vanes. Kesser et al. [5]

investigated a basic chemically recuperated gas turbine

(CRGT) and showed that the basic CRGT has a thermal

efficiency higher than the steam-injected gas turbine

(STIG) and simple cycles but not as high as the combined

cycle. Ondryas et al. [6] investigated the augmentation of

gas turbine power in a cogeneration plant with inlet air

chilling.

Even after adopting the above means, the exhaust gases

still contain substantial amount of heat that goes waste.

Therefore, there is a scope for further improving the effi-

ciency of power generation, if this waste exhaust heat could

be utilized for power generation. The technology adopted

nowadays for the utilization of the waste exhaust heat is the

‘‘combined cycle’’. In combined cycle plants, the Brayton

cycle is combined with Rankine cycle. Khaliq and Kaushik

[7] used the second law approach for the thermodynamic

analysis of a reheat combined Brayton/Rankine power cycle

and investigated the effects of pressure ratio, cycle temper-

ature ratio, number of reheats and cycle pressure drop on

performance of the cycle. Reddy and Mohamed [8] per-

formed exergy analysis of a combined cycle power plant to

investigate the effect of gas turbine inlet temperature and

pressure ratio on exergetic efficiency of the plant and eval-

uated the exergy destruction in different components of the

plant. The combined cycle technology is now well estab-

lished and offers superior efficiency to the basic gas turbine

cycle for large-scale power generation applications. Singh

and Kaushik [9] theoretically integrated Kalina cycle with

the existing Brayton–Rankine combined cycle of a 330 MW

natural gas-fired thermal power plant and examined the

energy- and exergy-based performances of the resulting

triple cycle system. Both energy and exergy efficiencies were

found to increase further. Singh and Kaushik [10] also car-

ried out the thermoeconomic analysis and optimization of

this triple cycle system.

The gas turbines used for power generation generally

use natural gas as fuel. The fuel is burnt in the combustor

of the gas turbine, and the hot gases so produced act on the

blades of the turbine to develop power. The combustor is

one of the most important components of the gas turbine

plant. The power output of the turbine greatly depends on

the temperature of the gases produced in the combustor.

The highest combustion temperature in the combustor is

possible with stoichiometric air–fuel mixture and under

adiabatic condition. This highest possible temperature is

called adiabatic flame temperature [11]. In actual practice,

the flame temperature is maintained much below this

temperature as the possibility of NOx formation is more at

high temperature due to dissociation of nitrogen at high

temperature. Many Indian gas turbine power plants are

quite aged and operating with lower efficiency due to lower

turbine inlet temperature. Increasing the turbine inlet

temperature increases the possibility of NOx formation. To

resolve this problem, it is necessary to improve the com-

bustor design so that high turbine inlet temperature may be

used without NOx formation. In the combustor design,

accurate determination of the temperature of gases pro-

duced in the combustor is absolutely necessary as it will

help in accurate prediction of power output and other
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performance parameters of the plant and, therefore, help in

designing the whole power plant. The work presented in

this paper aims to provide a comprehensive methodology

for the estimation of temperatures produced in the com-

bustor of the gas turbine under different operating condi-

tions. This methodology and the mathematical relations

and data used therein will prove to be useful in the analysis

of other combustion systems as well. Improved combustor

design has also been suggested.

System description

The schematic diagram of the gas turbine unit under con-

sideration is shown in Fig. 1 which is actually a part of the

Brayton–Rankine combined cycle of natural gas-fired

power plant situated in New Delhi, India. The gas turbine

plant consists of a compressor, combustor and turbine. The

air compressed by the compressor is supplied to the com-

bustor for the purpose of combustion of fuel which is

natural gas. The high temperature gases produced due to

combustion of fuel are passed through the turbine. The

gases expand in the turbine to low pressure, and shaft work

is produced due to enthalpy drop of the gases. A part of the

work developed by the turbine is used to run the com-

pressor, and the remaining is used to generate electricity.

The gases leaving the turbine still have high heat content

and are, therefore, used to generate steam in the Rankine

bottoming cycle of the combined cycle plant for further

power production. The conditions and operating data of

this gas turbine unit are presented in Table 1.

Thermodynamic modeling and analysis

Analysis of the combustion process

Assumptions

1. The operation of combustor is a steady-state

operation.

2. Mass flow rate through the control volume is

constant.

3. There is no heat transfer through the boundary of the

control volume, i.e., the process of combustion is

adiabatic.

4. Changes in potential and kinetic energies between inlet

and exit of the control volume are neglected.

5. The combustion takes place at constant pressure.

6. The dissociation of the combustion products at high

temperature is neglected.

7. Pressure drops in pipe lines are neglected.

Combustion equation and stoichiometric air–fuel ratio

Air contains 21.0 % oxygen and 79 % nitrogen by volume.

Therefore, for each kmol of oxygen, 79
21
¼ 3:7619 kmol of

nitrogen are involved.

Therefore, the combustion equation for complete com-

bustion of 1 kmol of natural gas having a % CH4, b %

C2H6, c % C3H8, d % C4H10 and e % N2 can be written as

[12]

1
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4
Heat Recovery
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to stack
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Combustion 
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Gas Turbine

Fig. 1 Schematic diagram of the gas-based combined cycle power

plant

Table 1 Conditions and operating data of the gas turbine unit-1 of

the existing Brayton–Rankine combined cycle plant

Descriptions Values

Ambient conditions p0 = 100,800 Pa, T0 = 298.15 K,

RH = 33 %

Fuel used Natural gas with following composition

by volume: CH4 = 77.4 %,

C2H6 = 11.7 %, C3H8 = 8.5 %,

C4H10 = 1.3 %, N2 = 1.1 %

Pressure ratio 12

Volumetric flow rate of

fuel

34,077 m3 h-1

Air-to-fuel ratio (by mass) 50:1

Compressor inlet

temperature

298.15 K

Turbine inlet temperature 1355.15 K

Net power output 100 MW
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a

100

� �
CH4 þ

b

100

� �
C2H6 þ

c

100

� �
C3H8

þ d

100

� �
C4H10 þ

e

100

� �
N2

þ
ðaþ2bþ3cþ4dÞþ 2aþ3bþ4cþ5d

2

100

� �
ðO2 þ3:7619N2Þ

! aþ2bþ3cþ4d

100
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CO2 þ

2aþ3bþ4cþ5d

100
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H2O

þ 3:7619
ðaþ2bþ3cþ4dÞþ 2aþ3bþ4cþ5d

2

100

� �
þ e

100
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N2

ð1Þ

With f % excess air, the above combustion equation

becomes

a

100

� �
CH4 þ

b

100

� �
C2H6 þ

c

100

� �
C3H8

þ d

100

� �
C4H10 þ

e

100

� �
N2

þ 1þ f

100

� �
aþ2bþ3cþ4dð Þþ 2aþ3bþ4cþ5d

2
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100
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100
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H2O

þ f

100

� � ðaþ2bþ3cþ4dÞþ 2aþ3bþ4cþ5d
2

100

� �
O2

3:7619 1þ f

100

� �
aþ2bþ3cþ4dð Þþ 2aþ3bþ4cþ5d

2

100

� ��

þ e

100

i
N2

ð2Þ

Therefore, air–fuel ratio on a mole basis

AFMole ¼
nAir

nFuel

¼ nO2
þ nN2

ð ÞAir

nCH4
þ nC2H6

þ nC3H8
þ nC4H10

þ nN2
ð ÞFuel

ð3Þ

and air–fuel ratio on a mass basis,

AFMass ¼
mAir

mFuel

¼ nAir � MAir

nFuel � MFuel

ð4Þ

Mass balance

The mass balance for the control volume is given byX
_mR ¼

X
_mP ð5Þ

or
X

_nR � MR ¼
X

_nP � MP ð6Þ

For the given fuel consumption rate, the molar flow rates of

the reactants with chemically correct air, 25 % excess air,

50 % excess air, 75 % excess air, 100 % excess air, 125 %

excess air, 150 % excess air, 159 % excess air, 175 %

excess air and 200 % excess air are determined and pre-

sented in Table 2. Molar flow rates of the products are

determined by applying the mass balance and presented in

Table 3.

Energy balance and adiabatic flame temperature

First law of thermodynamics or energy balance equation

for a steady-state, steady-flow reacting system neglecting

the changes in potential and kinetic energies is given by

_QCV þ HR ¼ HP þ _WCV ð7Þ

When the mixture of fuel and air enters the adiabatic

steady-flow combustor and if the fuel is completely burned

Table 2 Molar flow rates of the reactants for the given fuel consumption of 34,077 m3 h-1

Excess air/% _nR/kmol s-1

Components of natural gas Components of air

CH4 C2H6 C3H8 C4H10 N2 O2 N2

0 0.2995 0.0453 0.0329 0.0050 0.0043 0.9545 3.5907

25 0.2995 0.0453 0.0329 0.0050 0.0043 1.1931 4.4884

50 0.2995 0.0453 0.0329 0.0050 0.0043 1.4317 5.3861

75 0.2995 0.0453 0.0329 0.0050 0.0043 1.6704 6.2838

100 0.2995 0.0453 0.0329 0.0050 0.0043 1.9090 7.1814

125 0.2995 0.0453 0.0329 0.0050 0.0043 2.1476 8.0791

150 0.2995 0.0453 0.0329 0.0050 0.0043 2.3862 8.9768

159 0.2995 0.0453 0.0329 0.0050 0.0043 2.4721 9.3000

175 0.2995 0.0453 0.0329 0.0050 0.0043 2.6249 9.8745

200 0.2995 0.0453 0.0329 0.0050 0.0043 2.8635 10.7721
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into products, the adiabatic flame temperature can be found

by equating the enthalpy of the reactants at the reference

state condition to the enthalpy of the products at adiabatic

flame temperature. Therefore,

HR ¼ HP ð8Þ

or
X

R

ni
�hi ¼

X
P

ne
�he ð9Þ

where, R and P refer to reactants and products, respectively.

The enthalpy of a component at given temperature is the

sum of enthalpy of formation and sensible enthalpy.

Therefore, Eq. (9) can be further written asX
R

ni
�h0

f þ D�h
� 	

i
¼

X
P

ne
�h0

f þ D�h
� 	

e
ð10Þ

Since, the reactants enter the combustion zone at the ref-

erence state (T0 = 298.15 K and p0 = 101,325 Pa),

Eq. (10) can be rewritten as
X

R

ni
�h0

f

� 	
i
¼

X
P

ne
�h0

f þ D�h
� 	

e
ð11Þ

or

nCH4
��h0

f;CH4
þnC2H6

��h0
f;C2H6

þnC3H8
��h0

f;C3H8
þnC4H10

��h0
f;C4H10

� �

þ nN2;FuelþnN2;Air

� 	
�h0

f;N2
þnO2;Air ��h0

f;O2

¼ nCO2
�h0

f;CO2
þ
ZTad

T0

�Cp;CO2

0
B@

1
CAþnH2O

�h0
f;H2Oþ

ZTad

T0

�Cp;H2O

0
B@

1
CA

2
64

þnN2
�h0

f;N2
þ
ZTad

T0

�Cp;N2

0
B@

1
CAþnO2

�h0
f;O2

þ
ZTad

T0

�Cp;O2

0
B@

1
CA

3
75

ð12Þ

Specific heat Cp of gases is a function of temperature.

Following equations for Cp for various gases [13] have

been used:

Cp;CO2
¼ �3:7357 þ 30:529h0:5 � 4:1034hþ 0:024198h2

ð13Þ

Cp;H2O ¼ 143:05 � 183:54h0:25 þ 82:751h0:5 � 3:6989h

ð14Þ

Cp;N2
¼ 39:060 � 512:79h�1:5 þ 1072:7h�2 � 820:40h�3

ð15Þ

Cp;O2
¼ 37:432 þ 0:020102h1:5 � 178:57h�1:5

þ 236:88h�2 ð16Þ

where, h ¼ T
100

K.

Using Eqs. (12)–(16), the adiabatic flame temperature of

the gases in the combustor with chemically correct com-

bustion and with excess air can be found.

Isentropic efficiencies of compressor and gas turbine

The isentropic efficiency of compressor is given by

gisen;C ¼ T20 � T1

T2 � T1

ð17Þ

The compressor outlet air temperature with isentropic

compression, T20 , is given by

T20

T1

¼ ðrp;CÞ
c�1
c ð18Þ

Using Eqs. (17) and (18), the actual temperature of air at

outlet from the compressor (T2) can be found.

The turbine inlet gas temperature is same as the adia-

batic flame temperature, i.e.,

T3 ¼ Tad ð19Þ

The isentropic efficiency of gas turbine is given by

gisen;T ¼ T3 � T4

T3 � T40
ð20Þ

The turbine outlet gas temperature with isentropic expan-

sion, T40 , is given by

T3

T40
¼ ðrp;TÞ

c�1
c ð21Þ

Using Eqs. (20) and (21), the actual temperature of gases at

outlet from the gas turbine (T4) can be found.

Power output and thermal efficiency

Net power output = power developed by the tur-

bine - power consumed by the compressor

Table 3 Molar flow rates of the products for the given fuel con-

sumption of 34,077 m3 h-1

Excess air/% _nP/kmol s-1

CO2 H2O O2 N2

0 0.5088 0.8914 0 3.5950

25 0.5088 0.8914 0.2983 4.4926

50 0.5088 0.8914 0.7159 5.3903

75 0.5088 0.8914 1.2528 6.2880

100 0.5088 0.8914 1.9090 7.1857

125 0.5088 0.8914 2.6845 8.0834

150 0.5088 0.8914 3.5794 8.9810

159 0.5088 0.8914 3.9307 9.3042

175 0.5088 0.8914 4.5935 9.8787

200 0.5088 0.8914 5.7270 10.7764
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_Wnet ¼
X

P

_nP � ð�h3 � �h4ÞP �
X
Air

_nAir � ð�h2 � �h1ÞAir

" #

ð22Þ

Heat supplied in the combustor = increase in enthalpy

during combustion

_Qa ¼
X

P

_nP � ð�h3ÞP �
X

R

_nR � ð�h2ÞR

" #
ð23Þ

Therefore; Thermal efficiency ¼ Net Work Output

Heat Supplied

or

gth ¼
_Wnet

_Qa

ð24Þ

Emissions and their control

The major pollutants emitted from a gas turbine engine are

carbon monoxide (CO), oxides of sulfur (SOx) and nitrogen

oxides (NOx). CO formation results from incomplete

combustion of fuel which can be avoided by using excess

combustion air to ensure that the combustion process is

chemically complete. Oxides of sulfur (SOx), mainly SO2,

will appear only when the fuel contains sulfur. As the gas

turbine plant under consideration in this work uses sulfur-

free natural gas, there is no emission of SOx. As regards

NOx formation, there are two ways in which it is created in

the gas turbine combustor:

• Thermal NOx which forms due to the oxidation of

atmospheric nitrogen present in the combustion air.

• Conversion of nitrogen present in the fuel into NOx.

Studies have been conducted by various researchers to

understand the chemical mechanism behind NOx formation.

The four well-recognized mechanisms for NOx formation are

Zeldovich mechanism [14], prompt or Fenimore mechanism

[15], fuel-bound nitrogen mechanism [16] and nitrous oxide

mechanism [17]. Zeldovich mechanism very well explains the

formation of thermal NOx in which the dissociation of

nitrogen present in the combustion air takes place which

subsequently reacts with oxygen to form NOx. Following

chemical reactions are involved in this mechanism:

O þ N2 ! NO þ N ð25Þ
N þ O2 ! NO þ O ð26Þ
Net reaction: N2 þ O2 ! 2 NO ð27Þ

The reaction rate increases exponentially with the flame

temperature, and the NOx so generated is called ‘‘thermal

NOx’’. The variation of NOx with flame temperature is

shown in Fig. 2 [18]. From the graph plotted in Fig. 2, it is

clear that if the flame temperature is maintained below

1500 K, the ‘‘thermal NOx’’ formation would not occur.

Fuel-bound NOx is usually of less importance for normal

fuels. The gas turbine fuel considered in this study is nat-

ural gas. The molecular nitrogen presents in natural gas

does not contribute significantly to NOx [19].

MATLAB simulation

For the calculation of the adiabatic flame temperature and

subsequently the power output and thermal efficiency for

different percentages of excess air, a computer program in

MATLAB was developed. Figure 3 shows the flow chart of

the simulation procedure. This program uses iteration

technique to compute adiabatic flame temperature. Since,

the reactants enter the combustion zone at the reference

state (T0 = 298.15 K and p0 = 101,325 Pa), their total

enthalpy ð
P

R ni
�hiÞ is calculated at these conditions of

temperature and pressure. The program then assumes a

random value of adiabatic flame temperature (T3), and

using this value of the adiabatic flame temperature, the

enthalpy of the products ð
P

P ne
�heÞ is calculated and

compared with that of reactants. If there is a difference

between these values, a new value of T3 is assumed and the

whole procedure is repeated. The simulation is regarded as

convergent when the criterion of
P

P ne
�he �

P
R




ni
�hij � 10�4 is satisfied. The value of adiabatic flame

temperature so obtained is the true value, and corre-

sponding to this value of T3, the net power output and
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Fig. 2 Variation of NOx with flame temperature
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thermal efficiency are calculated. This procedure is repe-

ated for different values of percent excess air.

Results and discussion

In gas turbines, it is necessary to know the maximum

temperature that can be produced by the combustion of fuel

as the maximum permissible temperature in the combustor

is limited by the metallurgical considerations. With the

given assumption of adiabatic combustion, no heat

exchange is taking place with the surroundings so that the

products leave the combustor at highest possible tempera-

ture called adiabatic flame temperature. The maximum

value of adiabatic flame temperature can be achieved only

when the fuel is burned with the stoichiometric or chemi-

cally correct amount of oxygen. With natural gas of given

composition, the maximum value of adiabatic flame tem-

perature that can be achieved is 2584 K. Although a high

power output and hence a high thermal efficiency would be

obtained at this temperature, due to the possibility of

incomplete combustion with stoichiometric mixture and

the dissociation of the combustion products at such a high

temperature leading to NOx formation, a lower value of

flame temperature is used in practice. The maximum per-

missible temperature is also determined by the metallur-

gical considerations. It is, therefore, very important to have

a close control of the temperature of the products. In

practice, the method adopted for controlling the adiabatic

flame temperature is by controlling the amount of excess

air that is used. Table 4 presents the effect of increasing

excess air percentage on adiabatic flame temperature,

exhaust gas temperature, turbine power, compressor power,

net power output and thermal efficiency of the plant. The

variation of adiabatic flame temperature and thermal effi-

ciency with excess air are plotted in Fig. 4. It is found that

both adiabatic flame temperature and the thermal efficiency

decrease with the increase in the excess combustion air.

The maximum permissible temperature in the gas turbine

plant considered in this work is 1355 K which is theoret-

ically obtained with 159 % excess air. The actual value of

excess air used to attain this temperature in the gas turbine

plant under consideration is 150 %. This slight deviation is

due to the dissociation that takes place in the combustion

products which has significant effect on the adiabatic flame

temperature. The theoretical value of excess air obtained in

this work (159 %) is fairly close to that used in actual

practice (150 %) which closely validates this

Start

Input the values of all operating variables

Calculation of  
P eehn

Assume random value of T3

No4–10−
R

ii
P

ee hnhn

Yes

End

Calculation of  
R

iihn

Print Output (T3, netW , thη )

∑

•

∑

∑ ∑ ≤

Fig. 3 Flow chart of the computer program

Table 4 Effect of increasing excess air percentage on adiabatic flame temperature, exhaust gas temperature, turbine power, compressor power,

net power output and thermal efficiency

Excess air/% T1/K T2/K T3/K T4/K _W/MW _WC/MW _Wnet/MW gth/%

0 298.15 660.82 2584.0 1624.5 197.91 49.266 148.64 38.54

25 298.15 660.82 2264.0 1423.3 206.46 61.582 144.88 37.57

50 298.15 660.82 2011.0 1264.2 215.26 73.899 141.36 36.67

75 298.15 660.82 1809.0 1137.2 224.57 86.215 138.36 35.87

100 298.15 660.82 1643.0 1032.9 234.07 98.532 135.54 35.15

125 298.15 660.82 1506.0 946.76 244.01 110.85 133.16 34.53

150 298.15 660.82 1391.0 874.47 254.29 123.16 131.12 34.00

159 298.15 660.82 1354.0 851.21 258.06 127.60 130.46 33.83

175 298.15 660.82 1294.0 813.49 265.05 135.48 129.57 33.57

200 298.15 660.82 1210.0 760.68 275.93 147.80 128.13 33.23
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thermodynamic model developed in this work. The theo-

retical value of thermal efficiency obtained with these

operating conditions is around 34 %, and the theoretical

value of net power output is 130 MW.

The variation of power developed by the turbine, power

required by the compressor and net power output of the

plant with excess air percent is plotted in Fig. 5. With the

increase in excess percent air, both the power developed by

the turbine and the power required by the compressor

increase due to increase in mass flow rates through these

machines. But the net power output of the plant decreases

because the rate of increase in compressor work is more

than the rate of increase in the turbine power. This is also

indicated by the decreasing gap between the turbine power

curve and compressor power curve in Fig. 5.

The plant under consideration uses the conventional

combustor as shown in Fig. 6. In traditional combustor,

about 70 % of the combustion air bypasses the combustion

zone. Only 30 % of it is used for combustion, resulting in

high flame temperature (about 2500 K). As the flame

travels further, the remaining 70 % combustion air dilutes

the gases lowering their temperature below the NOx

forming temperature. But due to the presence of localized

areas of high temperature, i.e., hot spots in the combustion

zone, the NOx formation takes place. Therefore, in con-

ventional combustor, it is not possible to avoid NOx for-

mation. The combustor most suitable for lowering the

flame temperature by running fuel lean is the dry low NOx

combustor (DLN) [19] which is also shown in Fig. 6. In

this combustor, premixing the fuel and air is done in such a

way that the mixture becomes homogeneous to avoid the

presence of hot spots in the flame (i.e., localized areas of

high fuel-to-air ratios that produce NOx). An overview of

dry low-emission combustors may be found in [20–22].
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Conclusions

In this work, a procedure for calculating the flame temper-

ature of the gases in the combustor of a gas turbine with

adiabatic conditions is developed. With natural gas of given

composition, the maximum value of adiabatic flame tem-

perature is found to be 2584 K. This value is achieved only

when the fuel is burned with the stoichiometric or chemi-

cally correct amount of air. In the gas turbine plant under

consideration, the maximum permissible temperature is

limited to 1355 K due to the metallurgical considerations

and also due to the possibility of NOx formation above

1500 K. Therefore, to achieve this temperature, the amount

of excess combustion air is increased. The theoretical value

of excess air obtained to attain this temperature is found to

be 159 % which is fairly close to that used in actual prac-

tice, i.e., 150 % which closely validates the thermodynamic

model developed in this work. The highest value of thermal

efficiency and the net power output are obtained with the

stoichiometric amount of air. The values of these parameters

decrease with the increase in excess air. The theoretical

value of thermal efficiency and the net power output

obtained with the given operating conditions are found to be

34 % and 130 MW, respectively. The actual power output

of the plant is 100 MW. This deviation is may be because of

so many assumptions made in the analysis. For the purpose

of lowering the flame temperature by increasing excess

combustion air to avoid NOx formation, the use of a dry low

NOx combustor (DLN) is proposed. The method described

in this paper may prove to be useful not only to the analysts

and designers in conducting the analysis and design of a gas

turbine power plant and in devising ways and means to

control emissions but also to the researchers for analyzing

other types of combustion systems.
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