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Résumé — Amélioration des performances des turbines à gaz utilisées dans les conditions
sahariennes par injection de vapeur d’eau — Le rôle des turbines à gaz, dans la production
d’électricité et l’industrie pétrolière, a pris une dimension particulière ces dernières années. À cet effet
différentes méthodes (régénération, refroidissement intermédiaire, préchauffage et injection de vapeur
d’eau) ont été utilisées afin d’améliorer les performances des cycles de turbine à gaz. Dans cette optique,
la méthode d’injection de vapeur d’eau en amont de la chambre de combustion d’une turbine à gaz a été
proposée, étudiée et comparée avec un cycle simple. L’objectif principal de ce travail consiste en
l’élaboration d’un programme de calcul de l’influence des conditions ambiantes sur les caractéristiques
des différents processus de la turbine à gaz, telles que la compression, la combustion et la détente. Une
fois les paramètres de fonctionnement optimaux connus, le calcul des performances de l’installation a
été revu en injectant des quantités convenables de vapeur d’eau en amont de la chambre de combustion.
Les résultats obtenus sont en accord avec ceux de la littérature et montrent que la méthode d’injection
de vapeur d’eau en amont de la chambre de combustion améliore considérablement les performances de
la turbine à gaz. Ces résultats sont représentés sous forme de courbes en deux et trois dimensions pour
une meilleure illustration des phénomènes physiques.
Abstract — Gas Turbine Performances Improvement using Steam Injection in the Combustion
Chamber under Sahara Conditions — Gas turbines are generally used for large scale power
generation. The basic gas turbine cycle has low thermal efficiency which decreases in the hard climatic
conditions of operation, so it is important to look for improved gas turbine based cycles. Among several
methods shown their success in increasing the performances, the steam injected gas turbine cycle (STIG)
consists to introduce a high amount of steam at various points in the cycle. The objective of the present
work is to improve the performances of gas turbine used under Sahara conditions by injecting suitable
quantities of steam in the upstream of combustion chamber. The suggested method has been studied and
compared with a simple cycle. Efficiency, however, is held constant when the ambient temperature
increases from iso conditions to 50°C. Computer program has been developed for various gas turbine
processes including the effect of ambient temperature. This is achieved by studying the effect of steam
injection on the gas turbine performances. Data from the performance testing of an industrial gas
turbine, computer model and theoretical study are used to check the validity of the proposed model.
The comparison of the prediction results to the test data is in good agreement.
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NOMENCLATURE
Cf
cp, cv
c–p
f

Subscripts and superscripts

Flow coefficient, (-)
Specific heats at constant pressure and volume,
(J/(kg.K))
Average specific heat at constant pressure,
(J/(kg.K))
Fuel to air ratio (without injection of steam water)
m
f = f
m , (%)
a

f’

GN
h
hof
k
LCV
M
·
m
ni
p
P
PC
PT
R
t
T
T’2
T’4
s
w
γ

Fuel to air ratio (with steam water injection)
m '
f '= f
m a , (%)
Natural gas, (-)
Specific enthalpy, (J/kg)
Standard specific enthalpy, (J/kg)
Polytropic coefficient of the fluid, (-)
Lower calorific value of the fuel, (kJ/kg)
Molecular mass, (kg/kmol)
Mass rate of flow, (kg/s)
Fraction of an element in a gas mixture, (-)
Pressure, (bar)
Power, (W)
Absorbed power by the compressor, (W)
Power produced by the turbine, (W)
Specific constant of gas, (J/(kg.K))
Temperature in, (°C)
Temperature in, (K)
Isentropic temperature on the outlet side of the
compressor, (K)
Isentropic temperature on the outlet side of the
turbine, (K)
m
Flow steam to flow air ratio, s = s , (%)
m a
Specific work, (J/kg)
c
Isentropic coefficient, γ = p , (-)
cv

Greek

λ
Δp
ηC
ηCC
ηG
ηmec
ηT
ηTh
ε

Excess coefficient of air, (-)
Drop of pressure, (bar)
Isentropic efficiency of the compressor, (%)
Combustion efficiency, (%)
Electric generator efficiency, (%)
Mechanical efficiency, (%)
Isentropic output of turbine, (%)
Thermal efficiency of the cycle, (%)
p
Compressor pressure ratio, ε = 2 p , (-)
1

1, 2, 3, 4 Positions of the cycle presented by the
various elements of the gas turbine
a
Air
Adm
Admission
Amb
Ambient
C
Compressor
CC
Combustion chamber
manf
Manufacturer
f
Fuel
g
Combustion gases
inj
Parameters of injection
Iso
Standard conditions
P
Power plant
s
Steam water
T
Turbine
Ut
Net power output
INTRODUCTION
The use of gas turbines is increasing for producing electricity, operating airplanes and for various industrial applications such as, nuclear power plant (NPP), and the petroleum
power plant. In the last three decades, improvements in gas
turbines have shown their success in increasing the amount
of energy output from power stations [1-3]. The basic gas
turbine cycle has low thermal efficiency which decreases in
the hard climatic conditions of operation, so it is important
to look for improved gas turbine based cycles. The gas turbine’s performance is highly dependent on ambient temperature which varies considerably between the day and the
night, the summer and the winter. The power that it yields,
in particular, decreases considerably as ambient temperature
increases. Industrial gas turbines are one of the well established technologies for power generation. Various additional
cycle configurations such as reheating, regeneration, intercooling and steam injection have been suggested [2, 3]. All
of them offer increased performance and increased output
compared to a dry gas turbine cycle. Several types of water
or steam injection gas turbine cycle (STIG) have been proposed in previous studies and the performance characteristics of them investigated [1, 4-14]. The exhaust gas from the
turbine is used as an energy source in a heat recovery steam
generator (HRSG) where energy is transferred from the
exhaust gases to the boiler feed water. The high pressure
steam is generated from HRSG. The steam is then injected
into the combustor. Injection of steam increases the mass
flow rate through the expander and so the power output and
the efficiency of the turbine increase. Steam injection also
helps in reducing the NOx emissions from the gas turbine
[15-19]. The amount of steam generated in the HRSG
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Illustrative diagram.

Thermodynamic cycles T-s of a simple gas turbine.

1.1 General Description
The simple open cycle gas turbine with one shaft and the T-s
diagram for this cycle are shown schematically in Figures 1,
2 [1-3, 20].
The non-ideal cycle (with fluid friction) is represented on
T-s diagram by 1-2-3-4 and it can be characterized by two
significant parameters: the pressure ratio and the combustion
temperature. Both the compression process with fluid friction
1-2 and the expansion process with fluid friction 3-4 show an
increase in entropy as compared with the corresponding ideal
process 1-2’ and 3-4’. Loss of pressure during heat addition
(process 2-3) and heat rejection (process 4-1) are not

1.2 Proposed Cycle
The proposed scheme is based on a HRSG to a baseline
combustion chamber.

Air

Fuel

Steam

Combustion
chamber

HRSG
Exhaust

Feed
Water

Figure 3
Scheme of the steam injected plant proposed.

Turbine

1 THERMODYNAMIC ANALYSIS

neglected in this analysis. The compression and expansion
process with fluid friction can be assigned polytropic or isentropic efficiencies [2, 3, 20].

Compressor

depends upon the pinch point of the boiler. Due to this pinch
point and the turbine outlet temperature, the HRSG cannot
utilize all the heat available in the flue gas to generate steam.
The objective of the present work is to improve the performances of gas turbine used under Sahara conditions by
injecting suitable quantities of steam in the upstream combustion chamber. The suggested method has been studied
and compared with a simple cycle. Efficiency, however, is
held constant when the ambient temperature increases from
ISO conditions (15°C, 60% relative humidity) to 50°C.
Computer program has been developed for various gas turbine processes including the effect of ambient temperature.
This is achieved by studying the effect of steam injection on
the gas turbine performances.

Net
power
output
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In this way, the original turbine is transformed into a
STIG, thereby increasing power. Obviously only a limited
amount of steam can be injected into the original gas turbine
[1, 13, 14, 17]. The calculations that follow are done considering a maximum of 10%. The exhaust flow the existing
HRSG is increased, those benefiting the steam cycle [1].
The pressure required to inject this steam into the turbine is
relatively low compared to that usually employed in steam
turbines. So the HRSG can be a very simple design, with a
simple pressure level and a low pinch point, thus reducing
the stuck temperature and increasing heat recovery. The proposed scheme is shown in Figure 3.

steam produced by the additional HRSG into the upstream of
the combustor. The change in the parameters when steam is
injected can be evaluated by applying the steady flow energy
equation to the combustion chamber for operation without
and with injection [1, 20]. The follows into and out of a combustion chamber are shown schematically in Figure 4.

ms

mf

1.3 Compression Analysis

m3 = mg,3 + ms

ma,2

The work required to compress the unit mass of air in the
compressor is then represented as:
T2

wC =

∫c

pa .dT

(1)

T1

Figure 4

Ma

Control volume for application of the SFEE over the
combustion chamber.

1.4 Combustion Chamber Analysis
Concerning the combustor the computer code calculates
the thermodynamics properties of the combustion products
chemical and thermodynamic equilibrium. The hydrocarbons fuel chemical reaction is determine by the following
expression, [1]:
⎛ n+ m⎞
Cn H m + λ ⎜
⎟⎡⎣O 2 + 3.76 N 2 ⎤⎦ + s H 2O → n CO 2
⎝ 4 ⎠
(2)
⎡
⎡
⎛
⎛ n + m ⎞⎤
m ⎞⎤
+ ⎢ λ − 1 ⎜ n + ⎟⎥ O 2 + ⎢3.76 λ ⎜
⎟⎥ N 2 + m / 2 + s H 2O
4 ⎠⎥⎦
⎢⎣
⎢⎣
⎝
⎝ 4 ⎠⎥⎦

()

(

)

The SFEE (steady flow energy equation) for the combustion chamber is:
m a * h2, a + m f * LCV + m s * hs,t

()

(

)

1.5 Expansion Analysis

(m

a

)

inj

=

+ m f * h3, g + m s * hs,t

(4)

CC

Writing this equation for dry and wet operation, gives the
following relation for fuel-to-air ratio:
m f
(5)
f =
m a

The specific work generated by the turbine per unit mass
of air after receiving combustion gas of mass (1+f), can be
written as:

f′=

(h

3, g

) (

− h2, a + s h3, s − h2, s
ηCC * LCV − h3, g

)

(6)

T4

wT =

∫c

pg .dT

T3

where
(3)
m f =

Mg

2 PERFORMANCE ANALYSIS OF STIG CYCLES PLANT
The analysis discuss in the previously paragraph concerns
simple gas turbine cycle i.e. without steam injection.
Furthermore, the approach followed has as a purpose the
evaluation of overall performance changes by injecting the

Pmanf
LCV * ηmanf

(7)

We note that s expresses the relative specific enthalpy raise
of the injected steam with respect to the enthalpy rise for
transformation of the air into combustion chamber. This
parameter is then defined as:
s=

( A1 − C1) * α + ( B1 − C1) * γ
γ * D1 − ( A1 − C1 ) * β

(8)
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where:
⎧α = h3, g − h2, a
⎪
⎪β = h3, s − h2, s
⎪
⎪ γ = ηCC * LCV − h3, g
⎪
⎨ A1 = ηThe * LCV / ηmec
⎪
⎪ B1 = wC / ηmec
⎪C = h − h
3, g
4, g
⎪ 1
⎪D = h − h
3, s
4,s
⎩ 1

(

)

(9)

The deviation of power output is summarized here for
completeness. Power output is expressed by relating the net
output to the difference between the turbine and compressor
power:

(

)(

PUt = m a + m f * h3, g − h4, g

(

)

)

(

+ m s * hs,t − hs,t − m a * ha ,t − ha ,t
cc

4

2

1

(10)

)

The overall efficiency of plant is:
ηP =

PUt
m ' f * LCV

(11)

The scheme of the proposal analysis out lined above has
been numerically studied using simulation computer program
already by the authors. The computer program is based on
fundamental thermodynamic relations including real gas
behavior and the pressure losses [21-23].
3 TEST DATA

such as the compressor, combustor and the turbine are carried
out with the aid of developed computer program. In this section we will discuss the effect of the major parameters (i.e.
ambient temperature, pressure ratio, thermal efficiency…).
The values of these parameters can be estimated using basic
cycle equations given above and assuming variable values
for thermodynamic proprieties. All the required readings
were taken from the gas turbine model.
In the first case, the STIG cycle performance calculated
over wide ranges of temperature (0-50°C) and pressure ratio:
(1-10) is optimized at standard ambient conditions. In the
other hand, these optimal parameters are stabilized by injecting suitable amount of steam in the upstream of combustion
chamber when the ambient temperature becomes higher ISO
conditions.
4.1 Simple Gas Turbine Performances Analysis
Without Steam Injection
For wide values of inlet temperature, the specific work of the
compressor can be plotted against pressure ratio as shown in
Figure 5.
It can be derived from this figure, that the specific work
increases as the pressure ratio increase for a given inlet temperature. As for the effect of ambient temperature, the same
variation is obtained. This is because, to compress the air at a
higher temperature, the compressor needs a more significant
work.
The efficiency observed decreases as ambient temperature
is increased. This can be explained by Figure 6, which indicates the influence of ambient temperature on the variation of
efficiency as a function of pressure ratio. For high inlet temperature (tamb > 30°C), efficiency reaches a maximum at

The validity of the relations presented above and their applicability to estimate the effect of steam injection will be
assessed by application to test data from an operating industrial gas turbine. The tests are performed on a single shaft gas
turbine (GE MS5002) [24]. Table 1 gives manufactures data,
at ISO conditions.

45000
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40000

t = 9.00°C
t = 15.00°C

35000

t = 17.86°C

TABLE 1
Characteristics of the GE MS5002 gas turbine

ηC
(%)
Caractéristiques
of GE MS5002
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ε
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RESULTS AND INTERPRETATIONS
Calculations of the performance of gas turbine components
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Thermal efficiency vs ambiant temperature at fixed pressure
ratio.

Thermal efficiency vs pressure ratio at different temperatures.
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Figure 9

Powers without and with steam Injection.

Efficiency without and with steam injection.

rather low pressure ratio (ε ≈ 7.3671) and then decreases as
the pressure ratio increases further. This is due of the metallurgical consideration.
Figure 7 illustrates the decrease of efficiency as function
of ambient temperature for fixed value of pressure ratio. It
can be seen that, with the increase of the ambient temperature, the compressor work is increased and the net power output is decreased, which will decrease the thermal efficiency.

310

320

4.2 Gas Turbine Performances Analyzes with Steam
Injection
Figures 8 and 9 show the comparison between simple gas
turbine performance and STIG cycle performance.
From Figure 8, it can be noticed that injecting steam
increase the turbine power, when the ambient temperature
exceeds ISO condition.
Also, it should be noted that the net power output has been
kept constant by injecting steam water independent with the
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Efficiency and steam to air ratio injected.

320

330

ms /ma (%)

2.5

24.5

23.0

2 1

Steam to air ratio injected.

Comparison of between the fluids engine in both cases:
for a simple cycle and a cycle injected by vapor during an
operation of the machine for the four seasons. It is obvious
the mass throughput of the driving fluid increases with the
injection of the suitable quantity of the steam. With this operation, it is possible to bring back the normal operation of the
gas turbine under environmental conditions (tAmb = 50°C)
towards an operation to tISO.
4.3 Influence of the Injection Parameters on the
Injected Steam Quantity

8

Figure 10

25.0

Figure 12
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variation of ambient temperature. Same remarks have been
observed for the thermal efficiency deviation (Figs. 9, 10).
This is due to the additional vapor mass injected, which
thus stabilizes the net power output and so, the thermal
efficiency.
Figure 11 shows the evolution of thermal efficiency,
steam to air ratio versus inlet temperature. The variation of
steam to air ratio is significant as the ambient temperature
become higher than ISO temperature according the injection
of steam (Fig. 12).
Typically, the maximum reduction of efficiency is shown
nearly 15°C. In contrast, steam may be injected with suitable
amounts for performance improvement purposes. Furthermore, the gas turbine will be insensitive with the variation of
ambient temperature.

S (%)
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Wide rage of the parameters values (injection pressure and
the injection temperature) of the steam injected have been
taken in order to study their influence on the steam quantity
injected and on the gas turbine performances.
Figures 13-16 show the evolutions respectively, according
to the ambient temperature, of the turbine power, the net
power output, the necessary quantity of steam injected in
order to bring back the operation of this turbine to a standard
temperature and the thermal efficiency of this equipment.
Figures 14, 15 show that all curves of the performances
(powers and net power) changes starting from TISO. This latter is
the beginning of improvement of the gas turbine performances.
The first parts of curves are identical (in the case without
injection). In the case of steam injection:
– The amount of steam injected is increased when the inlet
parameters increased
– The amount of steam injected is decreased when the parameters values (injection pressure and the injection temperature) of the steam injected increased.
In the first parts the curves are identical (in the case without injection). In the first case it is clear (there is not the
steam injection), the parameters values do not intervene in
calculation. In the second case (with injection) this due for
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Figure 16

Steam quantity injected.

Efficiencies.

the mixture temperature in the amount of the combustor
which increased with increasing of the parameters values of
steam injection.
In Figure 16, we note that thermal efficiencies does not
depend on these parameters of the injection (efficiencies are
identical), because the variation of these parameters influence
on the quantity of the fuel to be injected.
Analysis of these figures shows that when we increase the
injection steam parameter values we have a reduction in the
quantity injected of steam. This is evident because when we

280

290

300
TAmb (K)

310

320

increases the injection steam temperature we have an
increase in the balance temperature of mixture; and to maintain the combustion chamber temperature constant it is necessary to decrease the quantity of the steam injected.
4.4 Influence of Operating Ambient
Temperature (TISO)
It is interesting to visualize the displacement of the point
where the injection of the steam water starts, by varying the
standard operating temperature (TISO) of a given step.
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The profiles of turbine power, the necessary of steam
quantity injected, net power output and the total thermal efficiency are presented respectively in Figures 17-20.
Starting the TISO temperature, power of turbine and steam
injected quantity profiles changes their course evolution
upwards, because the power of turbine increase when the
steam injection start.
We note in Figure 20 when the ambient temperature is
inferior to the standard temperature (TAmb < TISO) the gas turbine performance decrease by increasing the ambient temperature this is due to the increasing of a compressor specific
work. When the ambient temperature is higher than the standard temperature (TAmb > TISO), the gas turbine efficiencies
remains constant with the value corresponds to tISO by the
suitable qantity of steam injection in the combustor. Figure
20 shows the displacement of the beginning point of an
injected steam water which corresponds to TISO.
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Figure 19
Net power output.

5 RESULTS VALIDATION
The results obtained by the computer model have been verified using data from the performance testing of an industrial
gas turbine which the characteristics are known. A modification of the computer program treats steam injection
effects on gas turbine performances. The previous literature studies modelling the thermodynamic cycles reveal
that best performance are obtained for decreasing NOx
emission, and, therefore, net power output by injecting
steam into combustion chamber [23-31]. The study presented in this section provides that inlet conditions of com-

pressor are fixed at standard conditions. For wide range of
steam injected quantities, the values obtained were compared with those of the literature.
5.1 Effects of Steam Injection on the Net Power
Output
Figure 21 shows the evolution of the net power output variation as a function of steam to air ratio. Results for operation
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26

5.2 Effects of Steam Injection on the Efficiency

Simple cycle

STIG cycle; tiso = 25°C

STIG cycle; tiso = 05°C

STIG cycle; tiso = 30°C

STIG cycle; tiso = 10°C

STIG cycle; tiso = 35°C

STIG cycle; tiso = 15°C

STIG cycle; tiso = 40°C

STIG cycle; tiso = 20°C

STIG cycle; tiso = 42.5°C

25

The effect of steam injection on the gas turbine efficiency is
shown in Figure 22. Typically, same evolutions are observed
as the above figure. We note that our computation results are
in good agreement with those of the literature [23-31].

ηTh (%)

24

CONCLUSION AND PERSPECTIVE

23

The STIG cycle plant plays an important role to improve the
gas turbines performances. For this purpose, detailed
researches were made to study the improvement of real cycle
gas turbine with and without steam injection.
Under hard climatic conditions, the gas turbines of
Algerian petroleum plant were used. The ambient temperature
varies considerably during the year can often reach 50°C in
summer which reducing 28% of net power output gas turbine.
The objective of the present study is to improve the performances of gas turbine used under Sahara conditions by
injecting suitable quantities of steam in the upstream of combustion chamber. The suggested method has been studied
and compared with a simple cycle. Efficiency, however, is
held constant when the ambient temperature increases from
ISO conditions to 50°C. Computer program has been developed for various gas turbine processes including the effect of
ambient temperature. This is achieved by studying the effect
of steam injection on the gas turbine performances.
Data published in the literature from the performance testing are used to verify the validity of the proposed model. It
was shown that general trends exist for the current prediction
by using published data.
The device installation with a feed water circuit, economizer and evaporator is proposed. The exhaust is used as an
energy source in a heat recovery steam generator (HRSG)
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Net Power output deviation.

20
Δη/η (%)

with injection of steam are shown. The lines represent the
prediction using our modified computer code and points prediction of the same conditions.
It is shown that predictions with the proposed model are in
very close agreement with data published in the literature. It
is interesting to note that for higher steam to air ratio (s), the
prediction of the present method is very close to the upper
limit (of a range carried out for several gas turbines) [29].
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Thermal efficiency deviation.
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where energy is transferred from the exhaust gases to boiler
feed water.
In perspective, we focused to extend our approach to predict NOx emissions.
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