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Abstract 
This research aims to improve gas turbine performance and suppress 

compressor rotating stall and surge. The effect of water spray at the 

compressor inlet on the stable operating range and performance of the gas 

turbine was examined. In gas turbines, combustion is a complex phenomenon 

that involves a variety of physical and chemical processes, changes in flow 

rate, turbulence intensity, and operating pressure and temperature variations. 

These phenomena cause inappropriate behaviors, like abrupt acceleration, 

stopping, and explosions, in continuous combustion processes within the 

combustion chamber. The blow-by phenomenon in aviation engines is greatly 

impacted by problems with combustion instability and flame continuity, 

especially at high altitudes. These engines must operate at low flame 

temperatures and in lean, difficult-to-ignite mixture conditions due to 

emissions regulations. This increases the opportunities and potential for 

extinguishing fires, contributing to the development of blow-off conditions. 

There isn't a comprehensive theory for how gas turbines burn, so this study 

must rely on empirical correlations and basic models. The results of laboratory 

tests showed that nitrogen oxide emissions from the gas turbine's exhaust gases 

into the atmosphere could be reduced by up to 25% and the temperature could 

be lowered by more than 30% by spraying water into the engine at a rate of 

20% compared to the air. Theoretical studies have supported these findings.  

Excessive water injection above the designated percentage can cause fatigue 

cracking, decreased aerodynamic efficiency, long-term blade wear, and stress 

concentration. Differences in combustion chamber geometry influence flame 

stability and emissions by controlling turbulence, mixture formation, and 

residence time. In order to maintain the combustion stability margin and safe 

equivalence ratio, altitude-compensating fuel scheduling necessitates general 

design changes for burners. 
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1. Introduction 

The scheme of burning compartments in gas turbine 

machines represents serious challenge to engineers 

because of the environmental constraints, emission 

reduction requirements, and burning lean mixtures [1-

7]. Because the combustion chambers located between 

two fast-moving parts of the compressor and the 

turbine [8], and also because of the difference in the 

intensity of the turbulence inside the combustion 

chambers [9, 10], thus the strength of the effect on the 

structure of the burning flame. Variations in physical 

and chemical parameters are another challenge that 

affects flame instability.  

 

Chemical reactions, dynamic gas movements, 

thermodynamic properties of mixtures, temperature, 

and pressure will lead to flame initiation results of the 

interaction between these factors [11, 12]. This will 

lead to random flame behaviors when pressure and 

temperature increase, and the behavior may move 

from an unstable state [13], which has a noticeable 

effect on combustion rates, to a turbulent combustion 

state and complex phenomenon [14, 15]. Considering 

that combustion in gas turbines is an energy 

production process. Therefore, it is necessary to 

control combustion eddies in order to achieve 

maximum efficiency with the least amount of adverse 

environmental impact in terms of rate of gas ingesting 

and contaminant [16, 17]. Scientists are currently 

using several highly accurate programs, such as new 

design factors and tests on various fuel types, to 

determine the best combustion chamber design in light 

of the pressing need to produce gas turbines with high 

efficiency.  

According to the new design requirements, 

the turbine elements must maintain thrust while in 

flight and refrain from altering the flame's size or 

shape as the gases burn in the combustion vessel, as 

this could result in engine power cutting off or increase 

the risk of a fire. To achieve maximum engine power, 

modern design must therefore use complex design 

elements such as fuel injection locations, injection 

angles, injection pressure, and speed in conjunction 

with excellent combustion efficiency. Enhancing the 

clouds' temperature, pressure, and humidity levels is 

necessary to maximize combustion efficiency and 

prevent flame extinguishment. Undoubtedly, 

variations in the humidity of the air entering the 

engine, along with the intake's pressure and 

temperature, have a big effect on combustion and the 

engine's overall condition, whether it is cold at ground 

level or warm at different elevations.  

Considering the influence of combustion 

theory on gas turbine engines, [18–21] assert that in 

order to optimize design and attain the highest 

combustion efficiency with the lowest levels of 

hydrocarbon oxides, precise and reliable modeling in 

addition to mathematical techniques must be used in 

conjunction with comparisons with laboratory results. 

Blowing is usually avoided by running the engine at a 

wide safety margin to ensure stability at a higher 

equivalence ratio. Reducing this margin leads to lower 

emissions. Based on the aforementioned, the capacity 

to detect or sense the onset of ignition offers 

significant and precise benefits for the consistent, 

stable operation of gas turbines with high efficiency 

for an extended period of time with reduced 

consumption and preserving engine life with the least 

amount of maintenance [22–25]. Published results of 

researchers [26-28] showed that it is possible to know 

the stable blowing factors by performing appropriate 

mathematical analyses or through visual observations 

of the flame or through the acoustic fingerprint. 

 

2. Water Injection Impact Evaluation Tool 

A twin-shaft Cussons P9005 gas turbine with a gas 

generator, power turbine, loader, gauges, and water 

pump is depicted in Figure 1. Water injection system 

is shown in Figure 2 in the left side, and a pollution 

meter for carbon monoxide, carbon dioxide, and 

 

Figure 1. A twin-shaft gas turbine test bed 
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nitrogen oxides, a computer control unit, and a stand-

alone smoke analyzer is shown in Figure 2 on the right 

side. 

 

3. Effect of water injection 

Figure 3 illustrates the impact of water injection on 

the engine's exhaust gas temperature. It demonstrates 

that spraying a quantity of water that makes up 20% of 

the air can reduce the gas turbine exhaust temperature 

by up to 250°C, or 50%.  As a result of increased 

engine cooling, Figure 4 illustrates a notable decrease 

in nitrogen oxide emissions when the water spray ratio 

is increased. Because of the prevailing cooling in the 

combustion chamber brought on by less water 

evaporation in the compressor, a 25% reduction 

happens at a 20% water-to-air ratio. 

 

3. Analytical model 

An analysis of pressure system modeling based on 

experimental data of experimental pressure rise versus 

flow rate can be used to infer the onset of sudden stop 

and sudden surge. The maximum characteristic of total 

pressure rise versus static pressure corresponds to the 

dynamic stability limit, which can be derived. The 

following is an expression for the pressure system's 

dynamic equations: 

𝑑2/2 = 2(𝑊𝑇 −𝑊𝐶−𝑊𝐺  −𝑊𝑙𝑜𝑠𝑠)/𝐼   (1) 
  

Taking into consideration the thermal efficiency and 

enthalpy difference between the turbine's inlet and 

exit, the energy generated is: 

WT = mT (ho,Ti – ho,Te)     (2)  
 

Utilize Euler's equation to determine the compressor's 

motive force:  

      

𝑊𝑐 = {Q + [(𝑉𝑢)𝑎 ,𝑒 − (𝑉𝑢)𝑎 ,𝑚 ]

− 0.5𝑐𝑢𝑐
2}(1 + 𝑥)𝐺𝑎/

𝑐
 (3) 

 
Where  is the thermal conductivity (Ga= /lr2). The 

engine capacity is: 

 

 

Wnet =WT – WC = mThTcpga (To,Ti – To,Te) – (ma + mw) 

cpaw (T2 – T1)/c     (4( 

 

Figure 2. Water injection system (Left side) and Pollution measuring device (Right side) 

 

Figure 3. Reduced exhaust temperature 

Figure 4. Reduced emissions of hydrocarbons from turbine 
exhaust 
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As a result of higher air density or humidity, 

Figure 6 illustrates how exhaust temperatures drop as 

the proportion of water injected into the compressor 

inlet rises. 

 

4. Chemical and physical parameters affecting 

combustion efficiency 

Turbine engines need to have very high-

quality combustion chambers. By choosing the right 

fuel and employing techniques that lower combustion 

oxides by introducing water into the combustion 

chambers, this can be accomplished and engine 

operation can be made safe.  The equation that states 

that combustion time = fuel evaporation time + fuel-

air mixing time + chemical reaction time is the 

foundation of the model that [35] presented for 

efficient combustion processes inside gas turbines. 

The following is a list of definitions for burning 

competence [36]: 

 

c = Actual burning time / Ideal burning time      (5)   

 
Equation (5) makes it abundantly evident that the 

working situations throughout the alteration from 

perfect thrust to complete shove regulate entirely of 

the quantified limitations.  And the combustion 

efficiency can be written as: 

 

𝜂𝑐 =
𝜌𝑔  𝐴𝑓  𝑢𝑡  𝐶𝑝𝑔  ∆𝑇

 𝐹𝐴𝑅  ṁ𝐴  ∆ℎ𝑜  
 (6)  

 
          

In case of CpT = (FAR)ho, this gives 

     

 𝜂𝑐 =
𝜌𝑔  𝐴𝑓  𝑢𝑡

 ṁ𝐴   
 (7)  

    

The analysis of Equation [7] demonstrates that the air 

mixture and fuel densities, the air mass flow rate, the 

flame area, the flame propagation velocity or turbulent 

combustion, and the air mass flow rate all affect or are 

influenced by combustion efficiency. Notably, 

equation (7) is derived from a direct model that 

provides a direct expression for the laminar 

combustion velocity, ut = f (T, P), as well as a 

relationship for the turbulent combustion velocity that 

describes Lewis number effects. 

 

𝜂𝑐 = 𝑓  
𝑝з1˙75  𝐴𝑟𝑒𝑓  𝐷𝑟𝑒𝑓

0.75  𝑒𝑥𝑝 
𝑇3
𝑏
 

ṁᴀ
  

∆𝑃𝐿

𝑞𝑟𝑒𝑓
 

0.375

 (8)  

 
The definition of b is a constant whose numerical value 

is 300. based on the gas turbine combustion vessel 

design parameters, which are defined by low pollution 

rates, effective performance, and ease of design  ( 

∆𝑃𝐿 𝑞𝑟𝑒𝑓⁄ ) 0.375 is small, therefore  

 

𝜂𝑐 ,𝜃𝐿 = 𝑓  𝜃𝐿  (9)  

𝜂𝑐 = 𝑓  
𝑝з1˙75  𝐴𝑟𝑒𝑓  𝐷𝑟𝑒𝑓

0.75  𝑒𝑥𝑝 
𝑇3

300
 

ṁᴀ
  (10)  

 
 Another important fact, is that flying conditions 

(altitudes), will influence the burning rates of the 

combustible mixtures in the combustion chambers. 

When flying at low altitudes, temperatures and 

pressures will be higher, therefore, allowing for 

complete burning due to temperature drop by addition 

of air gradually, which enhances oxidation in the 

combustion process and hence, reduces residence 

time. As the aircraft's altitude above the ground 

increases, it is well known that the pressure drops. 

Consequently, the air pressure entering the gas turbine 

engine drops, which causes combustion to slow down 

as the residence time increases [25, 26].  According to 

researchers [33–35], it is essential to maintain the 

combustion process while in flight and boost ignition 

efficiency by distributing fuel evenly throughout the 

combustion chamber's main section and extending the 

residence time. This ensures high chamber pressure 

and temperature as well as reduced emissions from the 

engine outlet. 

                                               

5. Improving combustion efficiency through inlet 

and flight conditions   

 

   Changes in the rate of fuel and air consumption, inlet 

temperature and pressure, inlet air density and 

humidity, flame size and speed, and chemical reaction 

rates that influence the volumetric heat release rate 

(VHRR) within the gas turbine combustion chamber 

are examples of operating variables that have an 

impact on combustion efficiency. It is noted how 

Figure 5. Compressor power consumption decreases with 
increasing water injection 
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operating conditions affect the gas turbine's internal 

combustion efficiency using Equation (5).  According 

to the researchers [36-40], if the operating conditions 

are renamed by the factor (ӨL), whether in the engine's 

combustion chamber fire instability processes or re-

ignition, this results in variations in the behavior of the 

power generated from combustion, or what is known 

as the volumetric heat release rates. 

 

6. Prediction of flame quenching conditions  

The rate of heat release in volumetric (RHRV) 

inside a gas turbine's combustion chamber can be 

determined using a simple formula [36]. At that point, 

the compressor must run continuously to force the 

fluid away from rotating stall formation and reverse 

flow (surge) conditions and ensure the fire's 

continuity. 

 

𝑉𝐻𝑅𝑅 = 𝑡𝑜𝑡𝑎𝑙 𝑞(𝜃) = 𝑐𝑜𝑚𝑏. 𝑒𝑛𝑒𝑟𝑔𝑦+ℎ𝑜𝑡𝑤𝑎𝑙𝑙𝑠 

𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑞(𝜃)comb+𝑞(𝜃)) hot walls      (11)  

 
   To determine the amount of heat required for re-

ignition of a particular aero-gas turbine engine, Figure 

6 illustrates the regions where a turbo -compressor 

operates at steady flow as well as the extremes of 

steady-state operation sufficient to sustain combustion 

within the combustion chamber of a gas turbine 

engine. The operating point is the point where the 

operating lines and the heat release rate graph 

intersect. The graph illustrates that instability arises at 

the intersection of these curves. 

 

 

The irregularity of the flame inside the combustion 

chamber when the compressor is operating close to the 

surge line is depicted in the previous figure. This 

causes the flame to interrupt, which ultimately results 

in the gas turbine's stable operation failing. 

Consequently, it has been noted in numerous 

references that when a compressor operates in the 

presence of vortices or a servo line, the flame 

extinguishes and chemical reactions are not completed 

because there is insufficient air to finish the 

combustion process. This phenomenon is called 

Damköhler phenomenon. According to researcher 

[37], the blowing time and limit will be calculated by 

applying the following equation : 

 

Da = res / chem )12( 

 If the combustion chamber is kept at a temperature 

high enough for the re-ignition process, the amount of 

compressed air produced by the compressor operating 

away from the surge line reaches a level that 

chemically induces complete combustion, and the 

phenomenon known as blow-off happens instantly. As 

the compressor continues to operate in the safe 

operating area, fuel injection continues, and the 

mixture continues to move into the chamber, but at a 

lower temperature.  Both the amount of heat stored as 

a result of the gases produced from a previous 

combustion process leading to re-ignition and the total 

amount of heat stored in the combustion chamber 

walls can be known using the empirical relationship 

150(Өb - Ө) MWm3.  Recall that all of the fuel's 

characteristics, such as its density at specific pressures 

and temperatures, flammability limits, temperature at 

which it spontaneously ignites in air, fuel-to-air 

equivalency ratio, and combustion velocity, must be 

precisely known. 

The changes in engine height above the 

ground result in changes in temperature, pressure, and 

humidity (also known as loading factors), which in 

turn affect the volumetric heat rate inside the 

combustion chambers for different designs of 

combustion chambers (A, B, and C). Figure 7 shows 

how these changes impact the inputs to the gas turbine 

compressor. According to the design specifications for 

each model, the figure illustrates that the power 
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Figure 6. Effect turbo-compressor performance and 
expected stable and unstable operating areas on combustion 

stability 

Figure 7. VHRS against the loading parameter (L) for 
different combustion chamber designs (A, B, and C). 
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generated inside the various combustion chambers 

varies depending on the design.  When the loading 

parameter is increased to 0.7 with combustion 

chamber design C, the volumetric heat release rate 

rises until it reaches 0.8 with A shape.  

 

With various combustion chamber designs, 

the rate drops off dramatically. For such combustion 

chambers, a highly intricate design process involving 

numerous calculations is necessary to optimize their 

performance and reduce emissions. In actuality, it is 

among the most frequent problems that design 

engineers encounter. As a result of the methods' 

reliance on empirical correlations obtained from prior 

design experiences.  

 

The impact of intake temperature and fuel/air ratio 

(stoichiometric Phi ) on the entropy gain is depicted 

in Figure 8 for both lean and rich mixtures. As  

increases entropy, it is evident that increasing  also 

increases entropy. Due to higher overheating of initial 

conditions, previously burning charges at higher 

pressures and temperatures resulted in an increased 

heat flux within the combustion chamber. Figure 9 

shows the decreases in Lewis number with increase of 

the fuel/air ratio , intake temperature and the lean 

mixture give higher Lewis number than with the rich, 

while no significant effect on Lewis number with 

increasing  or inlet temperature.  

 

 
Figure 8. Effect of intake temperature and fuel/air ratio 

(stoichiometric- Phi) on entropy 

 
Figure 9. Effect of Phi and intake temperature on Lewis 

number 

  

 

 

 

Figure 10 shows an increase in both internal energy 

and the amount of heat inside the combustion 

chambers with an increase in the fuel-to-air ratio , 

and the effect on internal energy is greater. But Lewis 

number decreases sharply with increasing , as shown 

in Figure 11.  

 

Figure 12 shows strong decreases in the NO ratio 

by increasing the fuel to air ratio, while there is 

significant effect on CO or CO2 with increasing  

The current findings support the conclusion drawn by 

[38-40] that as combustion temperature, pressure, and 

fuel flow increase, so does the NOx emission index. 

 

 
Figure 10. Effect of Phi. and inlet temperature on 

energy generated 
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Figure 11. Effect of Phi and inlet temperature on 

internal energy, and Lewis number 

 
7. Effect of humidity ratio 

    The inlet-to-compressor acceleration ratio during 

internal combustion gas turbine engine combustion is 

examined in this section. Utilizing ANSYS Fluent 

software, a computational fluid dynamics (CFD) 

simulation was conducted to simulate a gas turbine's 

combustion. Increasing humidity and decreasing flow 

rate determine the inlet and outlet boundaries of a 

chamber that represents the combustion field. The k-ω 

SST model of turbulence, which is renowned for 

accurately capturing turbulent interactions and 

boundary effects, is the model that is employed. The 

software ANSYS was used to numerically simulate the 

flow of mixture particles inside a gas turbine 

combustion chamber. As air humidity rises, flame 

propagation within the combustion chamber at various 

flow rates is depicted in Figure 13. The onset of vortex 

formation and fire stalling due to surge at low 

compressor flow are predicted by this simulation. 

Since the compressor runs far from the surge line and 

suppresses the surge, the right portion of the graph 

illustrates how increasing air humidity affects the 

combustion process' ability to continue successfully 

without stalling. It is noted that surge has a significant 

impact on flame and explosion within the combustion 

chamber and on gas turbine stability. As the humidity 

of the air entering the gas turbine compressor 

increases, the compressor surge is suppressed, 

allowing complete combustion to continue until the 

flow rate reaches a low level, increasing by 27% 

within the compressor's stable operating range. A 

satisfactory agreement was found between the 

simulation results and the experimental data and the 

ANSYS Fluent model, confirming the validity of the 

findings regarding the impact of water injection in gas 

turbine engines. 

 

Figure 12. Effect of Phi, and inlet temperature on CO, CO2, and NO 
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Figure 13. Effect of increasing humidity ratio on 

combustion stability 

8. Conclusions   

     The main findings of this study summarize the 

effects of combustion parameters and its 

characteristics which lead to Blowoff conditions in 

aero gas turbine engine- like conditions. It is quite 

clear that loading parameters play tremendous effects 

on allocating ignition and no ignition zones. The 

design criteria are another important issue in 

optimizing thermal efficiency and flames stabilities in 

combustion chambers for such engines. It can be 

concluding with effects of intake temperature on 

loading parameters which shows remarkable decrease 

as temperature increase.  

Increasing the air intake temperature or 

fuel/air ratio (Phi), from lean to rich mixture increases 

the entropy due to increased heat flux within the 

combustion chamber. Decreases in Lewis number with 

an increase of the fuel/air ratio. The lean mixture gives 

a higher Lewis number than the rich mixture. Increase 

in internal energy and the heat inside the combustion 

chambers with an increase in the fuel-to-air ratio. But 

Lewis's number decreases sharply with increasing 

air/fuel ratio. Decreases in the NO by increasing the 

fuel/air ratio. Continuous combustion can be achieved 

up until a low flow rate with high humidity levels in 

the air entering the gas turbine compressor. Water 

injection at 12% of compressor airflow decreased 

compressor power requirements by 36%, decreased 

discharge temperature by 37%, and increased the 

pressure surge margin by 32%. 

Laboratory tests revealed that by spraying 

water into the engine at a rate of 20% relative to the 

air, nitrogen oxide emissions from the gas turbine's 

exhaust gases into the atmosphere could be reduced by 

up to 25%, and the temperature could be lowered by 

more than 30%. These results have been validated by 

theoretical investigations. Over-injection of water 

beyond the specified percentage can result in stress 

concentration, fatigue cracking, reduced aerodynamic 

efficiency, and long-term blade wear. Turbulence, 

mixture formation, and residence time are all regulated 

by variations in combustion chamber geometry, which 

affects emissions and flame stability. The results of the 

simulation regarding the effect of water injection in 

gas turbine engines were found to be in satisfactory 

agreement with the experimental data and the ANSYS 

Fluent model. 
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Nomenclature 

Symbols  Description 

   A   Cross section area (m2) 

   D   Diameter (m) 

   ṁ   Mass flow arte (kg/s) 

   P                               Pressure (Pa) 

  Tb   Burned Temperature (K) 

  Tu   Unburned Temperature (K)    

VHRR (q)                    Volumetric Heat Release Rate 

(kJ/s) 

   𝜌   Density (kg/m3) 

   θb   Loading parameter at blow off 

condition 

   θL   Loading parameter at flying condition 

   θr   Loading parameter at re−ignition 

condition
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