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ABSTRACT 

 
 In this study, the effects of steam injection technology on performance parameters and NOx emissions of a gas turbine for various 

elevations have been investigated by using of a turboprop engine. The steam injection is a common method for improving the performance 

parameters and reducing the NOx emissions in turboprop engines. A computer code has been developed for the gas turbine optimization. 
This program is capable of simulating the steam injection process. The process of steam injection has been analysed based on a 

thermodynamic cycle. The results show that the Thrust Specific Fuel Consumption(TSFC) and NOx emissions have been decrease by 

using of steam injection technology. Also, the thermal efficiency and thrust coefficient have been improved. The results have been verified 
successfully by available experimental data. 
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INTRODUCTION  

 

 In the recent years, the various methods have 

been tested for optimizingthe gas turbines. The 

reheating, regeneration, intercooling and steam 

injection are techniques for gas turbine optimization. 

Because of increasing concern over fuel costs and the 

global financial crisis, companies and researchers 

have payed special attention forreduction of fuel 

consumption andincreasing the efficiency and output 

power. Theseparemeters are called performance 

parameters. Thus, the optimization of gas turbines for 

increasing of performance parameters is one of the 

main priority for gas turbine production companies. 

Nowadays, several experimental and numerical 

research have been carried outfor optimizing the gas 

turbine by steam injection technology [1-5].   

 A thermodynamic analysis of a gas turbine with 

total water injection in the combustion chamber has 

been carried out by Cardu et al.,[6]. Nishida et al., 

have analysed the performance characteristics for 

two types of regenerative steam-injection gas-turbine 

(RSTIG) systems [7]. Lee et al., have analysed the 

influence of steam injection on the performance of a 

recuperated cycle micro turbine for combined heat 

and power application [8]. Gobbato et al., 

havecarried outthe numerical and experimental 

investigation of the flow field and NOx emissions of 

a gas turbine combustor [9]. Benini et al.,have 

analyzed the effect of direct steam injection on 

reduction of NOx emissions in a turbojet combustor 

[10]. Nowadays, the industrial cities are suffering 

from poisonous particles. These particles by mixing 

withthe rain fall, cause the erosion of the soil. These 

NOxes have negative effect on photosynthesis cycle 

and they can decrease the O2productionwhile 

increasingthe CO2 production. In this paper, gas 

turbine performance and NOx production have been 

investigated in two different altitudes (different 

ambient pressure) with and without steam injection 

technique.  

 

Modelling and Analysis: 

 A computer code has been developed for gas 

turbine optimization in FORTRAN. This program is 

capable of simulating the steam injection process for 

gas turbine optimization. This code was designed 

according to mass, energy and energy balance for 

simulatingthe performance parameters and 

thermodynamic properties. Table 1 shows the 

detailed design performance data for the simulation. 

 

The law of conservation of mass is 

𝑚 𝑓 + 𝑚 𝑎 = 𝑚 𝑜𝑢𝑡  (1) 

 

And the energy equation is 

𝑄 − 𝑊 𝑥 = 𝑚  ℎ +
𝑉2

2
 
𝑜𝑢𝑡

−𝑚  ℎ +
𝑉2

2
 
𝑖𝑛

 (2) 
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Table 1: Simulated design performance of gas turbine. 

Inlet (sea level)  

 Air Temperature (℃) 15 

 Air pressure (Pa) 105 

Pressure loss (%) 0.2 

Air flow (kg/s) 25 

Mach number 0.5 

Compressor  

 Stage isentropic efficiency (%) 90 

Combustor  

 Fuel flow (kg/s) 1.8 

 Pressure loss 4 

Turbine  

 Turbine inlet temperature(℃) 860 

 Turbine exhaust temperature(℃) 410 

Stage efficiency (%) 91 

Exhaust pressure loss (%) 0.4 

Performance  

 Mechanical efficiency (%) 91 

 Power output (MW) 3700 

SFC 0.49 

Uninstall Thrust 4500 

 

 The momentum equation has been calculated 

based on Newton’sSecond Law of Motion for a 

control volume of ε : 

 𝐹ɛ = (
𝑑𝑀ɛ

𝑑𝑡
+ 𝑚 𝑜𝑢𝑡 −𝑚 𝑖𝑛 ) (3) 

 

Properties: 

 All working fluids were considered as ideal gas. 

The enthalpy and entropy are as follow 

ℎ 𝑇 = ℎ0 +  𝐶𝑝 𝑇  𝑑𝑇 
𝑇

𝑇0
 (4) 

S = S0 +  
CP  (T )

T 

T

T0
 dT − R ln 

P

P0
= ST

0 − Rln 
P

P0
 (5) 

 

 Here, ST
0  is a function of temperature and 

represents the entropy when the pressure is evaluated 

at its reference value of P = Po and also T  is a dummy 

variable of integration. 

 

Compressor: 

 The pressure drop at the compressor inlet is 

given by: 

∆𝑃 = ɛ1(0.5𝜌0𝑉1
2) (6) 

 

 Where ε1 is the contraction pressure-loss 

coefficient and V1 is the average air velocity through 

the inlet flow cross-section A1. The output power is 

as follow: 

𝑤 = (1
𝜂𝑚 )𝑚 𝑤  (7) 

 

 Where η
m

represents the mechanical efficiency, 

m  is the mass flow rate and w is the specific work. 

 

Combustor: 

 The main factor that its variations can affect the 

overall efficiency is the overall pressure loss. The 

overall pressure loss can often be expressed 

adequately as follow: 

𝑃𝐿𝐹 =
∆𝑃0

𝑚2

𝜌𝐴𝑚
2 

 (8) 

 

 Where m represents the air mass flow, 𝜌 is the 

mass flow rate and Am is the maximum cross section 

area of the chamber. 

 

Turbine: 

 Increasing the temperature of the gas entering 

the turbine is a pupular method for improvingthe 

thermal efficiency and power but the high-temprature 

gas can demage  the turbine blades. Thus, we need a 

turbine cooling model. In this work, a simple 

thermodynamic model was adopted. One of the best 

cooling method is film cooling. In this method, 

coolant is transfered from compressor stage to airfoil 

surfaces through various holes. The film cooling 

effectiveness is a function of coolant temperature at 

the coolant hole exit (Tc) as the cooling effectiveness 

will be increasedby increasing the coolant 

temperature at the coolant hole exit[11-15]. 

𝜂𝑐 =
𝑇𝑖−𝑇𝑠

𝑇𝑖−𝑇𝑐
                                                             (9) 

 

 Where Ti is the local temperature and Ts is the 

surface temperature. The value of Ts and 𝜂𝑐  usually 

is calculated from experimental methods and 

observations[16-17]. 

 

PerformanceParameters of Gas Turbine: 

 The main air engine performance parameters are 

the specific fuel consumption, Thrust Specific Fuel 

Consumption and thermal efficiency. The Thrust 

Specific Fuel Consumption usually is expressed as 

thrust coefficient. We need the inlet and nozzle loss 

coefficient for calculating theThrust Specific Fuel 

consumption (TSFC). The value of loss coefficient 

depends on the type of aircraft and inlet Mach 

number[18]. 

 

Steam injection layout: 

 Figure 1 shows the standard gas turbine layout 

with steam injection. First, the free stream intersthe 

compressor. The high–pressure flow mixes with 



333                                    Reza Tirgar et al, 2014 /Journal Of Applied Sciences Research 10(4), April, Pages: 331-336 

 

steam and this process increases the temperature. The 

resultant mixture can increase the efficiency and 

output power. The injection characteristics are 

summarized in Table.2. 

 
Fig. 1: Gas turbine cycle with steam injection. 

 

Injection Characteristics: 

 
Burner injection steam Temperature (K) 400 

Steam/fuel ratio 0.4 

 

Validation of W/S injection formulation: 

 We first validate our calculation and formulation 

by comparing the calculated results with the 

literature experimental data [19]. All the required 

readings were taken from the gas-turbine unit that are 

given inRef.19. The trends of results show that they 

are acceptable (Figures 2 and 3). 

 

 
Thermal efficiency against Compressor inlet temperature for load equals to 36256 KW 

 
Thermal efficiency againstCompressor inlet temperature for load equals to 18088 KW 
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Results and Discussions 

 

 The results of this study are presented in the 

following figures. In this study, the variation of 

Thrust Coefficient, TSFC, thermal efficiency and 

NOx severity index based on the pressure ratio at two 

different elevations, with and without steam 

injectionhave been investigated. The variation of 

elevation appears in equations as a function of 

pressure and temperature. As shown in Figure 4, The 

thrust coefficient has been increased by using of 

steam injection. The injection of steam has increased 

burner pressure.The NOx severity index is shown in 

Figure 5. The NOx severity has been decreased by 

steam injection to the burner. The increasing in 

height significantly decreases the NOx production 

severity. Figure 6 shows the effect of steam injection 

on the thermal efficiency. As shown, the thermal 

efficiency will increase by using of steam injection 

process. The increasing in height will increasethe 

thermal efficiency because the temperature of 

combustion chamber will be increased by steam 

injection. Figure 7 shows that the turbine work will 

change slightly by using of steam injection.   

 

 
Thrust Coefficient vs Pressure ratio   
 

 
NOx severity index vs Pressure ratio 

 
   Thermal efficiency vs Pressure ratio 
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HPT spec. work vs Pressure ratio 

 

Conclusion: 

 The effects of steam injection technique on 

improvingthe performance parameters and reducing 

the NOx production severityhave been investigated. 

The conclusions are as follow: 

 The thrust coefficient has been increased by 

using of steam injection. 

 The NOx production severity has been decreased 

by steam injected to the burner. 

 The thermal efficiency has been increasedby 

using of steam injection process. 

 Increasing in height has a significant effect on 

increasing of thermal efficiency, because the 

temperature of combustion chamber will increase by 

steam injection. 

 The turbine work has been changed slightly by 

using of steam injection. 
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