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ABSTRACT 

A newly developed gas turbine combustor system based on 

the swirl-assisted jet-stabilized concept using Jet A-1 and 

natural gas as reference fuel is tested under wet conditions to 

evaluate its combustion characteristics in the presence of steam. 

The effect of steam injection into the gas turbine combustor 

under both spray and superheated liquid fuel injection 

conditions is studied experimentally on an atmospheric test rig. 

The experiments are conducted at atmospheric pressure and an 

elevated combustion air temperature of 305°C. To evaluate the 

effect of steam injection on combustion performance, the water-

to-gas ratio (WGR) is varied from 0 to 32%. Even at very high 

WGR levels, the results show virtually no combustion 

thermoacoustic instability during operation. With increasing 

WGR = 0 to 16% and at stoichiometric condition, NOx 

reductions of -82% to -100% were observed during Jet A-1 and 

natural gas combustion, respectively. It is shown that the 

reduction of the combustion zone temperature due to the steam 

acting as a heat sink is the main cause of the NOx decrease. For 

both wet and dry conditions, CO levels remained fairly similar. 

Both flame length and flame height above the burner increased 

with increasing WGR. This is due to the reduced reactivity of the 

fuel-air mixture. The operating range of the burner remained 

fairly constant for Jet A-1 until WGR = 20%, while it decreased 

significantly with increasing WGR for natural gas combustion. 

While the effect of the WGR on CO was modest, the greatest 

effect of the WGR was on the heat release zone intensity at a 

constant air to fuel ratio. In reducing the NOx levels of Jet A-1 

and natural gas combustion, both thermal and chemical effects 

of steam injection were observed. However, steam acting as a 

heat sink and lowering the flame temperature, thereby reducing 

the thermal NO formation rate, was the dominant factor in NOx 

reduction. 
 

Keywords: Gas turbine, combustor, Liquid fuel, Jet A-1, 

OH* chemiluminescence, Dry Low-NOx, Wet combustion, 

Compact flames, Steam Injection. 

NOMENCLATURE 
AFRstoich Stoichiometric Air to Fuel Ratio 

CO  Carbon Monoxide  

CO2  Carbon Dioxide 

DAN  Air Nozzle Diameter 

DFT  Flame Tube Diameter 

FL  Flame length 

GT  Gas Turbine 

GT  Gas Turbine 

H2O  Steam / Water 

HAB Height Above Burner 

IRO  Intensified Relay Optics 

LBO Lean Blowout 

NG  Natural Gas 

NO  Nitric Oxide 

NO2  Nitrogen Dioxide 

NOx  NO + NO2 

OH*-CL Hydroxyl Radical Chemiluminescence 

PLIF Planar Laser-Induced Fluorescence 

psat  Saturation Pressure 

Pth  Thermal Power 

sL  Laminar Flame Speed 

SN  Swirl Number 

Tad  Adiabatic Flame Temperature 

Tsat  Saturation Temperature 

UHC Unburned Hydrocarbons 

vbulk  Bulk Velocity 

WGR Water-to-Gas Ratio 

x  Radial Direction 

y  Axial Direction 

ΔT  Preheat Level of Fuel 

λ  Air Equivalence Ratio 

θ  Swirl Angle 
 

1. INTRODUCTION 
Economic justification and more stringent emission 

requirements have motivated many gas turbine (GT) engineers 

and scientists to search for methods to increase the efficiency of 

http://creativecommons.org/licenses/by/4.0/
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the GT cycle and to reduce the emissions of pollutants. There are 

a few proposed methods that have been effective in the reduction 

of nitrogen oxides (NOx = NO + NO2) emissions. The first 

method is the dry low NOx combustion. This is the most widely 

used method for reducing NOx emitted in gas turbine 

combustors. Selective Catalytic Reduction (SCR) is the second 

method. The third method is catalytic combustion, which has 

been shown to significantly reduce NOx emissions in GT 

combustors [1]. [2] 

Emission control of GT engines requires precise adjustment 

of the fuel-air mixture ratio to avoid hot regions in the 

combustion chamber. A major driver of thermal NO formation is 

reaction zone temperature, and an effective NO suppression 

method is to inject more air into the reaction zone than required 

for stoichiometric combustion [3]. For this purpose, several 

concepts to dilute the fuel-air mixture and thus lower the flame 

temperature in the reaction zone have been proposed by many 

researchers [4–7], mainly based on lean-fuel combustion. 

In terms of NOx levels reduction, the advantages of dry low-

NOx combustion concepts as demonstrated by the literature [8–

10] can also be achieved by wet combustion. Water or steam 

injection can be used in addition to the lean low NOx concepts to 

further reduce NOx levels or separately to minimize flame 

temperature and avoid thermal NO. The water-to-gas ratio 

(WGR: see Equation 1.1), which was previously used by [11], is 

a term that quantifies the amount of water or steam that is 

injected into the combustion zone: 

𝑊𝐺𝑅 =  
�̇�𝑤𝑎𝑡𝑒𝑟

�̇�𝑤𝑎𝑡𝑒𝑟+�̇�𝑎𝑖𝑟
             (1.1) 

The addition of more air to the reaction zone will dilute the 

flame and lower the flame temperature, but it will also increase 

the velocity in the primary reaction zone, which will result in 

combustion stability problems. However, the injection of water 

or steam to a large extent avoids the velocity change problem 

while acting as a heat sink. [3] 

The concept of wet combustion has been adopted in a 

number of stationary gas turbines, such as the GE MS7001E 

[12]. A new concept for a water-enhanced turbofan (WET) for 

aviation is presented in a study by Kaiser et al. [13]. Their paper 

provides a comprehensive description of the WET configuration 

and cycle. The concept uses the injection of superheated steam 

into the combustor to improve performance and emissions. The 

proposed cycle also achieves a 13% improvement in engine 

specific fuel consumption. The reduction in NOx levels is 

claimed to be as high as 90%. 

For the investigation of the technological feasibility of a new 

water enhanced gas turbine cycle, a mathematical model for a 

laboratory scale ground demonstrator was developed by 

Marcellan et al. [14]. The numerical results were used to 

formulate basic design principles, such as potential pressure 

losses, for the test rig. The test rig was built using the unmodified 

M250. 

In a study by Degges et al. [15] on the influence of steam on 

the flammability limits of premixed natural gas/oxygen and 

steam mixtures, the role of steam injection on the chemistry of 

hydrocarbon-oxygen mixtures was characterized. The reactivity 

of the mixture with a higher adiabatic flame temperature was 

suppressed by the steam. The researchers found that steam, 

which is highly efficient as the third body collision partner, 

significantly affected the chain-terminating reactions that lead to 

the combustibility threshold. Depending on the steam content, 

either the thermal effect (lowering the temperature) or the 

chemical kinetics effect (supporting the chain-terminating 

reactions) was dominant. 

However, there are practical limitations to the use of water 

injection in gas turbine combustors. There is a penalty for the 

additional thermal energy (fuel) required to heat the injected 

water. This penalty can be avoided if waste heat from the exhaust 

gas is used to evaporate the water. Reduced combustor operating 

range due to water injection, increased carbon monoxide (CO) 

and unburned hydrocarbon (UHC) levels and increased 

thermoacoustic risk are some of the drawbacks reported in the 

literature [16]. 

Thorough investigation of dry low NOx operation of the 

swirl-assisted jet-stabilized combustor discussed in this study is 

presented in separate work [17–19]. This study is concerned with 

characterizing the resistance to external disturbances of the 

swirl-assisted jet-stabilized combustor with dilution of the 

combustion air by inert gases such as steam. Additionally, the 

experiments will demonstrate that the combustor can operate 

with both liquid and gaseous fuels.  
 

2. EXPERIMENTAL SETUP 
For the experimental investigation of the developed 

combustor, the test facilities of the German Aerospace Center 

(DLR), Institute of Combustion Technology have been used. The 

newly developed combustor investigated in the experiments is a 

single-nozzle swirl-assisted jet-stabilized combustor with a 

concentric simplex pressure-swirl atomizer characterized 

thoroughly in [17–19]. In order to assess the effect of steam 

injection on the combustion performance of liquid fuel Jet A-1 

Ref. 3 (see Table 1 for fuel surrogate composition and [20] for 

other fuel physical and chemical characteristics) and natural gas 

(as the reference fuel, see Table 1 for details of NG composition), 

experimental tests have been conducted on an optically 

accessible atmospheric test rig.  

The purpose of the conducted experiments was to evaluate 

the effect of steam injection on the flame emissions, stability and 

shape. In addition, a better comparison with literature work can 

be made by testing with NG, since there is much research related 

to steam injection into NG/methane flames.  

A commercially available simplex pressure-swirl atomizer 

(Feinzerstäuberdüse TD, manufactured by DIVA Sprühtechnik 

GmbH, Hamburg, Germany) with a flow number (FNUS) of 0.8 

[lb/h]/[psid]0.5[21] and a spray angle of 80° at a pressure drop of 

3 bar (water temperature of 20°C) was used for Jet A-1 

atomization. The injection nozzle was made of austenitic steel 

EN 1.4305 (AISI 303). For the NG experiments, a ⌀1.3 mm 

plain-orifice injector was used as the fuel nozzle. 
 

http://creativecommons.org/licenses/by/4.0/
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TABLE 1: JET A-1 SURROGATE [20] AND 
NATURAL GAS COMPOSITION OF STUTTGART AS OF 
JUNE 2023 MEASURED DURING THE EXPERIMENTS 

Jet A-1 (Ref. 3)  

Component Formula %mol/mol 

N-decane n-C10 11.52 

2-methyl decane i-C11 22.54 

N-propylcyclohexane C9H18 25.53 

Decalin C10H18 15.61 

Propylbenzene C9H12 15.45 

Indene C9H8 1.53 

Tetralin C10H12 5.78 

Naphthalene C10H8 0.21 

1-methylnaphthalene C11H10 1.63 

Biphenyl C12H10 0.18 

Acenaphthylene C12H8 0.01 

AFRstoich  14.62 

Lower Heating Value [MJ/kg] 43.14 
 

Natural Gas (NG) 

Component Formula %mol/mol 

Methane  CH4 91.120 

Ethane  C2H6 5.113 

Propane  C3H8 0.880 

Iso-Butane  i-C4H10 0.259 

n-Butane  n-C4H10 0.085 

n-Hexane n-C6H14 0.166 

Carbon dioxide CO2 1.139 

AFRstoich  16.25 

Lower Heating Value [MJ/kg] 47.36  
 

A sectional view of the combustor operated in this study is 

shown in Figure 1, where the preheated air and steam entered a 

toroidal plenum through a static mixer where they were evenly 

distributed before entering the combustor. The deflection of the 

air by the toroidal plenum is similar to the air flow path in a 

micro-GT combustor. Depending on the test requirements, Jet A-

1 or NG was injected into a premix channel. The premix channel 

consisted of a prefilmer and an axial vane swirler (see [17] for 

detailed combustor description). The prefilmer and the swirler 

make a significant contribution to the improved atomization / 

vaporization of the liquid fuel (see [18] for detailed liquid fuel 

evaporation characterization of the combustor). A detailed 

overview of the combustor dimensions and the swirler geometry 

(swirl angle θ = 40°) is given in Figure 2 A and B, respectively.  

Before exiting the air nozzle into the quartz glass 

combustion chamber, the preheated air and steam were mixed 

with superheated/sprayed Jet A-1 fuel or NG. To measure the 

average temperature of the incoming combustion air, four 

thermocouples (type N) were installed circumferentially in the 

plenum. One type N thermocouple was mounted on the fuel 

lance (12 mm prior to injector exit orifice) to measure the fuel 

temperature prior to injecting. The accuracy of the temperature 

measurement is ±1.5°C, which reflects the accuracy of the 

calculated ΔT levels. 

 

 
FIGURE 1: SECTIONAL VIEW OF THE TESTED 

COMBUSTOR 
 

The general experimental set-up is illustrated in Figure 3. 

The air flowed to the combustor through a T-junction preheated 

by two electric heaters (15 kWel each). The temperature of the 

preheated air was set to 305 °C. After passing through a mass 

flow controller (Cori-Flow, manufactured by Bronkhorst, 

Ruurlo, The Netherlands), another electric heater (3.6 kWel) 

preheated the Jet A-1 for superheated fuel injection tests. Due to 

technical limitation described in Section 5, the fuel preheater was 

later used as water preheater to inject superheated steam into the 

air prior to the combustor. Water or steam was injected about 

1000 mm from the combustor outlet using similar pressure-swirl 

injector used as for the Jet A-1 injection. The plenum contained 

the fuel lance and injector.  
 

 
FIGURE 2: (A) DIMENSIONS OF THE STUDIED 

COMBUSTOR, WITH AIR NOZZLE, FLAME TUBE AND 
(B) SWIRLER 

A natural gas-fired afterburner was used to combust the 

unburned liquid fuel prior to ignition and after combustor 
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4
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15
3
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41 47

65

38.5
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SN = 0.6
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flameout. The hot (up to 900°C) exhaust from the natural gas 

burner was led into the combustion chamber above the quartz 

glass flame tube. The afterburner was turned off during all 

measurements of lean blowout limit, emissions, and OH* 

chemiluminescence. Concentric to the flame tube, a sample of 

the exhaust gas was taken 566 mm downstream of the front plate 

of the combustor at a rate of 47.5 L/min. 

 
FIGURE 3: EXPERIMENTAL SETUP SCHEMATIC  

 

3. SUPERHEATED INJECTION OF JET A-1 
The concept of superheated injection of liquid fuel has the 

potential to reduce the length and residence time required for fuel 

to vaporize in the premixing chamber, thereby eliminating the 

risk of flashback and autoignition. An increase in fuel 

temperature may not only have the effect of NO reduction [22], 

but it may also have the effect of flame length reduction. The 

effect of fuel temperature on spray behavior was characterized in 

a study by Yin et al. [23] on superheated injection of liquid fuels. 

It was shown that while the magnitude of the superheating effect 

(see Equation 3.1) on the transition of the spray morphology 

from the mechanical break-up to the superheated regime was 

small, its significant effect on the jet-to-plume and fuel 

evaporation was quite visible. The liquid atomization behavior 

decreased at high fuel preheating, which explained the 

predominant thermal effect on spray morphology. 

Comprehensive investigation of the currently used Jet A-1 

and three other liquid fuels in spray and superheated conditions 

is conducted in a separate paper [19]. 

The level of superheat (ΔT) (see Equation 3.1) is a 

commonly used parameter associated with the superheated 

injection (flash boiling) [24]. This parameter describes the 

difference between injected fuel temperature Tfuel and its 

saturation temperature Tsat at the backpressure p∞ (combustion 

chamber pressure). 

∆𝑇 = 𝑇𝑓𝑢𝑒𝑙 − 𝑇𝑠𝑎𝑡 (𝑝∞)        (3.1) 

The saturation temperature Tsat of the fuel Jet A-1 used in 

the current study was calculated using the Antoine Equation 3.2 

[25,26], where, psat is the saturation pressure in [Pa]: 

𝑇𝑠𝑎𝑡  [𝐾] =
4264.57763

21.3176792−ln 𝑝𝑠𝑎𝑡
+ 43        (3.2) 

The resulting Tsat at 1 atm (1.01325 bar) is 478.5 K 

(≈ 205°C). 
 

4. Measurement techniques 
For the current steam injection experiments, two main 

combustion diagnostic techniques were utilized: OH* 

chemiluminescence and exhaust gas analysis. 
 

4.1 OH* Chemiluminescence 
The formation of reactive species in the combustion zone is 

the result of the energetic ground state species. The lifetimes of 

these excited species are short. In a process known as 

luminescence, they emit energy in the form of light. When this 

luminescence is caused by chemical excitation rather than 

thermal excitation, it is called chemiluminescence. The intensity 

of chemiluminescence depends on the chemical composition and 

is less affected by temperature. In hydrocarbon flames, OH* and 

CH* give rise to the strongest chemiluminescence. [27,28] 

Figure 4 shows the general measurement setup. In this case, 

the field of view of the OH*-CL is centered in the axial direction 

of the flame tube. This allowed the observation of the whole 

optical accessible flame tube. With an image resolution of 5 

pixels per mm, the camera system was placed approximately 

1500 mm from the combustor. 

 
FIGURE 4: SCHEMATIC ILLUSTRATION OF OH*-CL 

LINE-OF-SIGHT MEASUREMENT SETUP 
 

The OH* chemiluminescence (OH*-CL) intensities as a 

measure for global heat release zone [29] were recorded for all 

operating points using a charge-coupled device camera 

(LaVision Imager Pro Plus 2M, 1600 x 1200 pixels) in 

combination with an intensifier (LaVision: Intensified Relay 

Optics), a CERCO 100 mm UV lens F/2.8 and a UV interference 

filter (312 ± 15 nm). The measurements were used to analyze the 

geometrical characteristics of the flame, i.e. flame length (FL) 

and height above burner (HAB). All OH*-CL images were 

acquired with a constant gain of 65%. The gate time was 400 µs. 

Signal intensity of each flame was analyzed by processing 200 

single frames at a 26 Hz repetition rate.  

The commercial software Davis 10.2.0 from LaVision was used 

to analyze the OH*-CL images obtained in this work. The images 

were corrected for various effects during the analysis. A routine 

developed by Zanger [30,31], shown schematically in Figure 5 

A–B, was used to calculate the flame HAB and FL. The 

calculation of the HAB was done by determining the flame 

region (pixels with intensities equal to or greater than 50% of the 

maximum intensity present in the image) and averaging the 

height of the boundary pixels in the lower 30% of the flame 
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region. The FL was calculated in a similar manner to the HAB, 

but the upper 30% of the flame region was also averaged and the 

difference between the average of the lower 30% and the average 

of the upper 30% was calculated (see Figure 5 B).  

Figure 5 C shows a red, blue, and green (RGB) color image 

taken with a Canon EOS 70D digital single lens reflex (SLR) 

camera using a 55 mm lens for comparison. 

 
FIGURE 5: A) CORRECTED AND AVERAGED OH*-

CL IMAGE, B) ILLUSTRATION OF THE REACTION 
ZONE WITH REFERENCE TO HAB AND FL 
LOCATIONS AND C) RGB COLOR IMAGE OF THE 
FLAME 
 

4.2 Exhaust Gas Emission 
An emissions analyzer, ABB: Advanced Optima Process 

Gas Analyzer AO2000, was used to measure the exhaust gas 

concentrations for all operating points. All analyzer sensors were 

calibrated prior to each measurement day. In the exhaust gas 

section, at a distance of 566 mm from the burner front plate, an 

exhaust gas composition sampling probe was installed at a single 

point concentric with the flame tube (Figure 3). The probe was 

equipped with a coaxial air-cooling system to maintain a 

constant temperature of 120°C at the probe tip in order to quench 

further reactions of the probe gas and avoid excessive wall 

temperatures to cause surface reactions that could distort the gas 

composition. Hence, it is possible to have defined measuring 

conditions for all the different operating points of the combustor 

when measuring exhaust gas. 

The gas analyzer can measure water vapor H2O (Vaisala-

HMT330), carbon dioxide CO2 (ABB Uras26) and oxygen O2 

(ABB Magnos206), as well as carbon monoxide CO (ABB 

Uras26), unburnt hydrocarbons UHC (ABB MultiFID14 

NMHC) and nitrogen oxides NOx (ABB Limas11). The 

measurement of O2, CO and CO2 is performed under dry 

conditions, while the measurement of the other species is 

performed under wet conditions. ABB Gas Analyzer sensor 

types, ranges and accuracies are listed in Table 2. 

A total of 180 readings were taken over 3 minutes (at 1 Hz) 

for each operating point. The recording of the exhaust gas 

composition and the OH*-CL images was started after steady-

state conditions was reached, meaning that the CO and NOx 

emissions did not vary significantly with time. Subsequently, the 

measurements were time-averaged. The measured moisture and 

O2 content were used to correct the emissions to dry conditions 

and 15 vol% O2 , respectively.  

The UHC measurements were below ABB's UHC 

measurement accuracy of ±0.37 ppm. For this reason, the 

possible influence of the characterized factors on the UHC 

behavior has not been analyzed and was therefore neglected. 

The correction of the emissions to a certain percentage of O2 

and to dry conditions is commonly used in gas turbine 

applications to ensure comparability between different 

combustor systems. [32] 
 

TABLE 2: ABB PROCESS GAS ANALYZER 
ACCURACIES AT DIFFERENT RANGES 

Species NOx CO 

Unit [ppm] [ppm] 

Sensor Limas11 Uras26 

Range 1 0–10 0–10 

Accuracy ±0.10 ±0.10 

Range 2 0–20 0–100 

Accuracy ±0.20 ±1 

Range 3 0–50 0–200 

Accuracy ±0.50 ±2 
 

5. BOUNDARY CONDITIONS 
In the current study, two separate experiments were 

designed. First, to characterize the steam effect during 

superheated injection of Jet A-1. Second, the effect of steam on 

the combustion behavior of sprayed Jet A-1 injection into the 

reaction zone. Natural gas was also combusted under the same 

air equivalence ratios as Jet A-1 to better compare the results 

with the literature. In addition, the combustion of natural gas and 

of Jet A-1 can thus be directly assessed and compared with each 

other. 

Initially, water (at 25°C) was injected into the preheated air 

flow. However, incomplete evaporation of water was observed 

prior to the combustor even at high air temperature of 305°C with 

water mass flow rates greater than 1.2 g/s. Therefore, a 

maximum of WGR = 8% was operable for the superheated 

injection tests of Jet A-1, in which the level of preheating ΔT 

was varied from -50 to +50 K (see Section 3). In a next step, 

water was preheated and injected under superheated conditions 

to significantly extend the WGR test range. This resulted in the 

Jet A-1 injecting at spray conditions at TJet - A1 = 105°C 

(ΔT = - 100 K). This was because the electrical preheating was 

used for the water instead of the liquid fuel heating. 

Table 3 gives an overview of the studied combustion 

parameters and their ranges. The adiabatic flame temperature 

(Tad) was varied from 1630 to 2385.1 K for Jet A-1 flames which 

corresponds to air equivalence ratios (λ) of 1 to 2.2. This results 

in a range of 62 to 143 m/s of bulk velocity (vbulk) at the air 

nozzle. Due to lower Tad at stoichiometric conditions and lower 

operating range of NG combustion, the NG Tad ranged from 1684 

to 2343.7 K corresponding to λ=1.0 to 2.0.  
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The air equivalence ratio, λ, was increased from 1.0 in 

increments of 0.2 up to the vicinity of the LBO limit for both 

fuels (see Section 7.1). The WGR was increased in 8% 

increments from 0 to 16% to measure the effect of steam content 

on the combustion performance (see Section 7.2). In addition, 

while keeping the flames of Jet A-1 and NG at stoichiometric 

condition (λ = 1.0), the steam content was increased to test the 

maximum steam loading capability of the flames for both fuels 

(see Section 7.3). The preheat air temperature was kept constant 

at Tair = 305°C for these tests. This was high enough to prevent 

water condensation in the air tube. 
 

TABLE 3: OVERVIEW OF THE STUDIED 
COMBUSTION PARAMETERS AND THEIR RANGES  

Parameter Unit Range 

Tad [K] 1630–2385 

(vbulk) [m/s] 62–143 

WGR [%] 0–16 

Tair [°C] 305 

ΔT [K] -100 to +50 

Pth [kWth] 22.5 

DFT [mm] 120 

DAN [mm] 16 

SN [-] 0.6 
 

The thermal combustion power (Pth) remained constant at 

22.5 kW. The flame tube and air nozzle diameters were selected 

as DFT = 120 mm and DAN = 16 mm, respectively. Jet A-1 and 

natural gas were selected to evaluate the effect of WGR variation 

on the combustion performance of liquid and gaseous fuels. The 

air and water mass flow rates for stoichiometric conditions and 

the resulting adiabatic flame temperature for NG and Jet A-1 at 

different WGR levels are shown in Table 4. 
 

TABLE 4: BOUNDARY CONDITIONS OF STEAM 

INJECTION AT λ = 1.0 

�̇�𝐚𝐢𝐫 �̇�𝑯𝟐𝑶 WGR NG Tad Jet A-1 Tad 

[g/s] [g/s] [%] [K] [K] 

7.6 0 0 2343.7 2385.1 

7.6 0.66 8 2170.2 2216.4 

7.6 1.32 16 1993 2052.5 
 

6. MIXTURES’ CHEMICAL-KINETIC PROPERTIES 
Laminar flame speed (sL) is the velocity of propagation of 

the normal flame front relative to the unburned mixture. It is a 

critical characteristic of a premixed flame because it contains the 

essential knowledge of the diffusivity and reactivity of a fuel-air 

mixture [33]. These parameters can vary significantly between 

different fuels, such as natural gas and Jet A-1, due to differences 

in chemical composition (see Table 1) and combustion 

characteristics.  

For the fuel-air mixtures in the current study, laminar flame 

speeds [m/s] were calculated for a range of air equivalence ratios 

λ from 0.83 to 2.5 at 1 atm. pressure and an air temperature Tair 

of 305°C for Jet A-1 and natural gas at different (WGR = 0–

16%) steam contents (see Figure 6 A) using the data in Table 1 

and a Cantera code [34]. In addition, ignition delay times [ms] 

were calculated for both fuels, three WGR levels and over a wide 

range of temperature (T = 909–2000 K) (see Figure 6 B). The 

kinetic model is based on the Concise mechanism [35], which 

covers a wide range of C-molecule chemistry and is developed 

by the DLR Institute of Combustion Technology. 

In general, the laminar flame speeds decrease with 

increasing air-to-fuel ratio, reflecting the reduced reactivity of 

mixtures at lean-fuel conditions. For Jet A-1, the laminar flame 

speed seems to be higher than natural gas due to its higher 

thermal and mass diffusivity [32]. Increasing the steam content 

of the fuel-air mixture appears to decrease the laminar flame 

speed. A change from WGR = 0 to 16% causes a 50% decrease 

in sL at λ = 1.0. As the mixtures become fuel-leaner, the effect of 

WGR on sL is reduced. 

The increasing reactivity of the mixture with increasing 

temperature is shown by the constant trend of decreasing ignition 

delay time for Jet A-1 and NG. The stronger molecular bond of 

the methane molecule (91.12 mol% of NG), which requires more 

time to breakdown and oxidize, may account for the longer 

ignition delay time of NG than Jet A-1. The insensitivity of the 

ignition delay time at lower steam content is reflected in the 

negligible increase of the ignition delay time with increasing 

WGR from 0 to 16% (13 mol%). This behavior seems to be in 

agreement with that found by Mohapatra et al. [36]. 
 
 

 

FIGURE 6: (A) LAMINAR FLAME SPEEDS AND (B) 
IGNITION DELAY TIMES FOR JET A-1 AND NG AT 
VARIOUS WGR LEVELS AND 1 ATMOSPHERE 

The laminar flame speed and ignition delay time values can 

have a significant effect on the flame length and height above 

burner. A higher laminar flame speed can result in a shorter flame 

length and a lower flame height above burner, indicating a more 

reactive mixture.  
 

7. RESULTS AND DISCUSSION 
This section presents and discusses the results of 

combustion behavior analysis under various steam loads (WGR) 

for both Jet A-1 and NG flames. Except for the results presented 

in Section 7.4, where Jet A-1 was preheated from ΔT = -50 to 

+50 K (TJet A-1 = 155 to 255°C), in all experimental results 

presented in section 7.1 to 7.3, liquid Jet A-1 was injected at 

ΔT = -100 K (TJet A-1 = 105°C) and steam at 105 to 115°C. 
 

7.1 Dry Low-NOx Combustion 
The fuel flexibility of the combustor at dry conditions 

(WGR = 0%) is demonstrated by the wide, stable operating 
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range and low emission of the combustor for both NG and Jet A-

1 (see Figure 7 A and B). The NOx emissions of Jet A-1 appeared 

to be higher (+15 ppm) than those of NG at λ = 1, similar to the 

results obtained by Snyder et al. [37]. The higher stoichiometric 

Tad of Jet A-1 and the hot combustion temperatures of the liquid 

fuel in the vicinity of the droplets may be responsible for this [4].  

In contrast to the results of Snyder et al. [37] showing higher 

NOx for the liquid fuel at all identical flame temperatures, the 

results of the current study show nearly equal NOx and CO 

values for both fuels at Tad < 2300 K. This may be due to similar 

burning conditions and similar mixing of the two fuels with air 

in the reaction zone. Another reason for this phenomenon may 

be the reduced effect of localized near-stoichiometric 

combustion of the liquid fuel. This approximates the combustion 

conditions of both liquid and gaseous fuels [3]. The sharp 

increase in CO levels of NG in the fuel-leaner conditions 

(Tad < 1900 K) is due to the higher Tad at the LBO limit of natural 

gas and the localized quenching of the reactions leading to 

increased incomplete combustion. 
 

 
FIGURE 7: (A) NOX AND (B) CO EMISSIONS FOR 

JET A-1 AND NG AT WGR = 0% 
 

7.1 Wet Combustion: Exhaust Gas Emissions 
The evaluated data in Figure 8 show that increasing the 

WGR from 0 to 16% reduces the NOx levels from 56.6 to 

10.1 ppm (-82%) for Jet A-1 and from 41.5 to 0 ppm (-100%) for 

NG at λ = φ = 1.0. This is mainly due to thermal effects, namely 

a reduction in flame temperature from Tad = 2385 at WGR = 0% 

to 2052 K at WGR = 16% for Jet A-1 and Tad = 2343 to 1993 K 

for NG. The chemical effect (kinetics and third body effects), as 

a result of increasing WGR levels, appears to be dominant in the 

NOx formation for liquid Jet A-1 at Tad > 2100K, while for NG 

the chemical effect is more dominant at Tad < 2000K.  

Unlike thermal effects, where the introduction of steam in 

the reaction zone increases the heat capacity of the mixture and 

reduces the temperature of the combustion process, chemical 

effects result from the kinetics of the reaction. The chemical 

kinetic effect of the presence of steam in the reaction zone can 

be evaluated by plotting emissions as a function of adiabatic 

flame temperature, as shown in Figure 8. These chemical effects 

include both species concentration changes and H2O third body 

effects as a result of steam injection.  

The actual temperature of the flame can vary depending on 

the type of fuel being burned (natural gas and Jet A-1), the air 

equivalent ratio and other factors such as the amount of steam. 

This temperature is typically lower than the adiabatic flame 

temperature, which is the theoretical temperature that would be 

reached if combustion were perfectly efficient and no heat was 

lost to the surrounding atmosphere. This adiabatic flame 

temperature is a function of the enthalpy of combustion of the 

fuel and the stoichiometry of the reaction. 
 

 
FIGURE 8: NOX EMISSIONS FOR DIFFERENT TAD, 

WGR AND FUELS 
 

In addition to the dilution effect of steam injection on the 

fresh gas and the limitation of oxygen availability, the third body 

role of water molecules can also promote the formation of free 

radicals necessary for fuel oxidation. In addition, steam reduces 

NOx formation by reducing the formation of oxygen radicals, 

which are the primary source of NOx formation, under fuel-lean 

conditions where O2 and O radical concentrations are higher. The 

behavior of NG NOx emissions is confirmed by Cong et al. [38], 

who reported that the chemical effect of steam on the formation 

of NOx is higher under fuel-lean conditions than under 

stoichiometric conditions for the combustion of methane. [38] 

At WGR = 16%, the stoichiometric operating point for NG 

measured at Tad = 1993 K showed 0 ppm NOx. For Jet A-1 and 

the same WGR level, however, the stoichiometric condition 

(Tad = 2052 K) showed 10 ppm NOx. The unevaporated fuel 

droplets in the reaction zone of Jet A-1 may account for this 

difference. Increased formation of local hot pockets and thus 

increased thermal NO formation can occur due to the presence 

of fuel droplets in the reaction zone. As the steam content 

reduced to WGR = 8%, the 0 ppm NOx emissions shifted to 

lower Tad levels for NG flames. There was no measurable 

difference in NOx levels at Tad = 2052 K for either WGR levels 

for Jet A-1 flames. The reduction of NOx emissions by increasing 

steam concentration is mainly caused by the reduced flame 

temperature, which leads to reduced thermal NO formation rate. 

Other factors influencing this behavior are dilution and reduction 

of N2 concentration [162]. 

The measured CO emission levels of the corresponding 

operating points with WGR variation for Jet A-1 and NG are 

shown in Figure 9. For all WGR levels for Jet A-1 at 

stoichiometric conditions, the CO levels remain constant at 

5.8 ±0.74 ppm. At lower flame temperatures of Tad < 1700 K, 

CO levels increase to a maximum of 17.3 ppm at WGR = 0% 

due to flame quenching effects near the LBO limit. Note the Tad 
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LBO limit of NG was observed to be higher that Jet A-1 (see 

Section 7.3). 

 
FIGURE 9: CO EMISSIONS FOR DIFFERENT TAD, 

WGR AND FUELS 
 

The emitted CO concentrations are not significantly affected 

by WGR = 0–8% for the natural gas flames. However, at 

WGR = 16%, the operating points at Tad = 1993 and 1935 K 

have the largest deviation in CO levels of +5 and +61 ppm due 

to the proximity of the Tad LBO limit. Here, low flame 

temperatures and local reaction zone quenching prevent CO 

oxidation to CO2. In contrast to the CO values reported in the 

literature [39] for a steam injected premixed swirl stabilized 

combustor operated with NG, the CO values measured in this 

study remain constant over a wide operating range. 
 

7.2 Wet Combustion: Flame Shape 
Figure 10 A and B show the time-averaged OH* images for 

different steam loads for the Jet A-1 and NG, respectively, 

representing the heat release zones. The effect of mixing the fuel 

and air prior to the reaction zone is the same for both dry and wet 

conditions due to the identical air equivalence ratios and the 

slightly increased bulk velocities as a result of WGR increase 

(rows: left to right). The flame temperature (shown above each 

OH* image) decreases with increasing air equivalence ratio λ 

(columns: bottom to top). Note, that visual analysis of the OH* 

images showed that the macro software used to evaluate the OH* 

data could not adequately assess the contour of the reaction zone 

due to the very low intensity of the NG flames’ OH* signal at 

higher WGR levels. Therefore, the interpretation of the data 

should be made with caution. 

Increasing the steam content in the Jet A-1 and air mixture 

results in a wider and less concentrated reaction zone at λ = 1.0 

from WGR = 0 to 16%. This is due to the lower flame 

temperature (2385 to 2052 K) and the increase in bulk velocity 

(66.9 to 78.5 m/s) caused by the injection of steam. Higher WGR 

conditions cause the reaction rates (reactivity) and the flame 

velocity to decrease (see Figure 6 A). This results in a slight shift 

of the reaction zone downstream of the flow and its further 

propagation in the direction of the flame tube walls. The air 

equivalence ratio λ must be reduced to maintain the same 

adiabatic flame temperature as the WGR increases. Therefore, an 

approximately similar Tad can be obtained by viewing the images 

diagonally (figures from top left to bottom right). Thus, as the 

WGR increases, the OH* images can be compared with similar 

Tad values. 

 
FIGURE 10: OH* IMAGE MATRIX AT DIFFERENT λ 

AND WGR FOR (A) JET A-1 AND (B) NATURAL GAS 
 

The influence of water injection on the heat release zone at 

a constant adiabatic flame temperature was investigated by 

Lellek et al. [40] using NG as fuel. Their results showed that 

when water was injected, there was almost no change in the 

shape or intensity of the heat release zone. In contrast, the 

presently measured OH* signal intensities for NG and Jet A-1 

are more volumetric and significantly reduced at similar Tad 

(max. ±60 K) with increasing WGR levels. This is in agreement 

with the results of Göke [39] and proves that a suppression of 

excited OH radicals formation (in addition to the thermal effects 

due to the Tad ±60 K difference) occurs at similar Tad and 

decreasing air equivalence ratio.  

The concentration of O2 in the fresh gas is lower for higher 

values of WGR. The result is a decrease in the reactivity of the 

mixture. This leads to the reactions becoming slower and thus 

less heat is released. Local effects such as mixing can also play 

an important role. Another factor that may play a role is the bulk 

velocity increase and the associated mixing effects between fresh 

gas and exhaust gas. 

The main reasons for the difference in flame intensity 

between Jet A-1 and NG are the fuel phase in which they are 

injected into the reaction zone and their different chemical 

compositions. The high-intensity zones of Jet A-1 flames are in 

part due to locally fuel-rich regions where rapid evaporation and 

combustion of fuel droplets occur. It may also be influenced by 

mixing effects after fuel injection, as the gaseous fuel mixes with 

the air-steam flow in a different way than the Jet A-1 spray does. 

Flame Height Above Burner (HAB) for the measured 

operating points at various WGR levels is shown in Figure 11. 

The HAB values from WGR = 0 to 8% remain similar with a 

maximum deviation of 7 mm over the entire Tad range for both 

Jet A-1 and NG fuel. These HAB values increase slightly with 

decreasing adiabatic flame temperature due to decreased 

reactivity of the mixture at fuel-leaner conditions. In addition, at 
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WGR = 16%, due to the lower flame speed and reactivity of the 

mixture, the HAB values increase by a maximum of 10.7 mm for 

Jet A-1 and 26.5 mm for NG. The marginal effect of WGR = 8% 

for both NG and Jet A-1 could be due to insignificant 

concentration of added steam in the reaction zone, which leads 

to its reduced effect on the flame HAB behavior. Thermal effects 

are responsible for the decrease in flame speed of hydrocarbon 

flames [38,41,42]. 

 

FIGURE 11: HAB FOR DIFFERENT TAD, WGR AND 
FUELS 
 

Due to the higher reactive nature of Jet A-1, its ignition 

delay time is reduced (see Figure 6 B), causing the pre-mixed Jet 

A-1 and air to ignite faster, resulting in a shorter HAB. Jet A-1 

HAB levels remain mostly constant over the tested Tad levels due 

to the much larger operating range of Jet A-1 compared to NG 

flames. With decreasing Tad, natural gas HABs increase 

significantly. It appears that due to the presence of hot burning 

fuel droplets, the Jet A-1 flames maintain a similar level of 

reactivity. 

Figure 12 shows the flame length data derived from the 

averaged OH* images for different levels of WGR for both Jet 

A-1 and NG. At all WGR levels, the flame lengths for both fuels 

increase with decreasing Tad due to the increased bulk velocities 

at higher air equivalence ratios λ. The lower global reactivity of 

the fuel-air mixture and shorter residence times for fuel-leaner 

conditions contribute to slower evaporation of the Jet A-1 

droplets in the reaction zone. 

It appears that, as Tad levels decrease, the flame lengths of 

Jet A-1 become increasingly insensitive to WGR values, similar 

to the HAB behavior of Jet A-1. An analysis of the FL values in 

relation to the air equivalence ratio λ showed a clear increase in 

FL with increase in WGR for all λ values (data not shown here). 

This indicates that the level of adiabatic flame temperature 

determines the FL values rather than WGR. 

Increasing the WGR values from 0 to 8 and 16% at 

Tad = 2050 K results in a consistent increase in FL for Jet A-1 

flames from 44, 48.8, and 55.8 mm, respectively. This range of 

11.8 mm decreases to an overall increase of 1.2 mm at fuel-lean 

conditions due to the reduced chemical kinetic effect and 

increased fuel atomization quality. The trailing and leading edges 

of the swirler vanes have proved to enhance fuel atomization 

with increasing bulk velocity in the combustor mixing channel.  

The FL for NG flames at WGR = 0% shows increasing 

values with decreasing Tad levels due to the increase in bulk 

velocity and the decrease in residence time. This is as expected. 

However, there is no consistent trend for their FL values at 

WGR = 8–16% due to the previously mentioned issues with 

evaluating low OH* intensity of NG at higher WGR levels. 

 

FIGURE 12: FL FOR DIFFERENT TAD, WGR AND 
FUELS 
 

7.3 Combustor Maximum Steam Injection 
Capability 

A flame's Lean Blow Out (LBO) limit is defined as the point 

at which the air-fuel mixture becomes too lean (insufficient fuel) 

to sustain combustion, causing the flame to blow out. This LBO 

limit can be expressed in terms of the adiabatic flame 

temperature that represents the lowest possible Tad at which the 

flame can be maintained (Tad LBO limit). 

The Tad LBO limits (y-axis) for both Jet A-1 and NG are 

plotted against WGR (x-axis) in Figure 13 A. For comparison, 

Figure 13 B shows the air equivalence ratio λ (y-axis) plotted for 

the same WGR values. For the LBO tests, at a constant thermal 

power (fuel mass flow) of 22.5 kW, the air mass flow rate was 

increased by 0.02 g/s (ΔTad ≈ -2 K per second). At the same 

time, the water mass flow rate was adjusted as the air mass flow 

rate increased to keep the WGR at a constant level. The Tad LBO 

limits were approached three times for each WGR level to gain 

statistical confidence. Note that in order to avoid large intakes of 

unburned Jet A-1 during flameout events, no exhaust gas 

measurement was performed during the LBO tests. 

The more gradual slope of the Jet A-1 Tad LBO limits with 

increasing WGR compared to the NG LBO limits with a much 

steeper slope (see Figure 13 A) indicates different combustion 

characteristics of the fuels and their interactions with steam. 

Pathania et al. [43] investigated and compared the LBO limits of 

pre-vaporized kerosene flames with those of methane flames. 

The authors found that the low temperature reactions were more 

prominent in the Jet A flame than in the methane flame. Using 

the CH2O-PLIF measurement technique, a slightly higher 

intensity of CH2O was observed in Jet A flames than in methane 

flames. This higher intensity caused the CH2O to mix with new 

reactants in the recirculation zone, possibly resulting in a more 

stable Jet A flame. 
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The maximum WGR content at λ = 1 was found to be 

WGR ≈ 32% (Tad ≈ 1688 K) for Jet A-1 and WGR ≈ 21% 

(Tad ≈ 1895 K) for NG. Both thermal and chemical effects of 

steam injection may be responsible for the relatively smaller 

operating range of the NG flame at the same WGR level, as 

shown in Figure 13 B. Increasing WGR appears to have a more 

significant effect on the combustion of natural gas than it does 

on the Jet A-1 flame, which contains fuel droplets that may burn 

at near stoichiometric levels and help to sustain the chain 

reaction in the combustion process. 
 

 
FIGURE 13: OPERATING RANGE FOR (A) TAD LBO 
LIMITS AND (B) λ FOR VARIOUS WGR LEVELS 

 

At WGR = 16%, the natural gas flames showed a Tad LBO 

limit of 1830 K while Jet A-1 flames remained stable until Tad 

LBO of 1620 K. To maintain a stable flame as the WGR 

increases, the air equivalence ratio must be reduced. The 

concentration of OH radicals increases as the fresh gas mixture 

becomes fuel-richer. The result is an increased global rate of 

reaction and higher flame speed [44]. Under dry conditions, Jet 

A-1 flame had a mean Tad LBO limit of 1538 ±2.5 K, 107 K 

lower than NG flame. This is due to the fuels’ chemical 

composition and difference in fuel phase. For example, methane, 

the main component (91.12 mol%) of the tested natural gas, 

requires a higher temperature for cracking and participation in 

the combustion process due to its stronger molecular bonding 

than other long-chain hydrocarbon fuels. 
 

7.4 Liquid Fuel Superheated Injection  
Combustion emission data collected during superheated 

injection of Jet A-1 while injecting water at 25°C into the 

preheated airflow are presented in this section. Operation with a 

maximum WGR = 8% was possible due to the technical 

limitations described in section 5. It remains uncertain, whether 

the entire amount of injected water also reached the plenum and 

then the combustion chamber or partially remained in the air-

water mixing channel. 

The effect of sprayed and prevaporized Jet A-1 on the 

combustion performance at dry and wet conditions is shown in 

Figure 14. The graphs show the NOx and CO emissions for 

various ΔT = -50 to +50 K. At ΔT = -50 K (Tfuel = 155°C), the 

Jet A-1 is atomized via mechanical breakup and disintegration of 

the swirling and fast liquid fuel sheet. At ΔT = 0 K 

(Tfuel = 205°C), the injected fuel is at its saturation temperature. 

At this condition, the fuel transitions into superheated injection 

regime and is atomized by a mix of both mechanical and thermal 

breakup. In the superheated regime, at ΔT = +50 K 

(Tfuel = 255°C), the typical fuel spray is replaced by a plume of a 

narrow rapidly evaporating and axially accelerating fuel with 

significantly reduced radial penetration.  

The NOx (left y-axis) and CO (right y-axis) emissions are 

represented by the black and red curves, respectively. Due to 

increased thermal NO formation, NOx emissions increase 

exponentially with increasing Tad. For all ΔT levels, there is 

virtually no difference in NOx levels at WGR = 0 and 8%. This 

is an indication that for this combustor design, the state of entry 

of Jet A-1 into the reaction zone has a negligible effect on NOx 

emissions. Furthermore, only the adiabatic flame temperature is 

reduced by the addition of steam to the fresh gas mixture. There 

is no change in the NOx levels as a result of the chemical effects. 

It is interesting to note that at ΔT = -50 K, WGR = 8% and 

Tad = 2222 K, the measured NOx emission is 28.9 ppm. Under 

the same conditions, but at ΔT = -100 K (see Figure 8), the NOx 

level is 16.7 ppm. This relatively large discrepancy could be due 

to two possible reasons. The first is the 50 K difference in the 

preheat temperature of Jet A-1 and the possible effect on the 

spray characteristics of the fuel. Second, the possibility that not 

all of the injected water reached the combustion zone, while 

some water remained in the air lines. The latter seems to be more 

plausible. Injecting Jet A-1 at a lower temperature (ΔT = -100 K) 

cannot lead to such a reduction in NOx levels, as demonstrated 

by [18]. If only a portion of the injected water reached the 

reaction zone, then the actual WGR would have been lower, 

resulting in a reduction in the effect of the steam on the 

emissions. 
 

 
FIGURE 14: NOX AND CO EMISSIONS OF JET A-1 

COMBUSTION AT DIFFERENT ΔT AT WGR LEVELS 
 

Towards the LBO limit of the flame, the CO emissions of 

WGR = 8% show lower levels than WGR = 0%. This behavior 

is in agreement with the effect of the steam on the CO emissions 

that was previously discussed in section 7.1. At ΔT = +50 K and 

WGR = 0%, both the NOx and CO levels appear to be higher than 

at ΔT = -50 and 0 K, respectively, due to the superheated 

injection effect of Jet A-1. Superheated injection not only causes 

liquid fuel to vaporize, but also causes it to expand rapidly in the 

axial direction and penetrate less in the radial direction. While 

fuel evaporation should lead to better fuel-air mixing, the latter 

two effects reduce fuel-air mixing and lead to hot spots and 

increased incomplete combustion within the reaction zone, 

which tends to form higher NOx levels. In addition, CO levels 
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may increase as a result of the reduced fuel-air mixing due to 

superheated injection.  

At WGR = 8%, the NOx and CO emissions remain mostly 

constant for different ΔT levels throughout the tested Tad range 

of 1700-2389 K. It appears that the injected steam has counter 

affected the influence of the superheated injection (ΔT = +50 K) 

of the liquid fuel by minimizing the hot spots. As for the lower 

CO levels at wet combustion, the increase in H2O concentration 

in the reaction zone as a result of steam injection leads to 

increased concentration of OH radicals, which results in the 

oxidation of CO to CO2 [38]. 

As shown in section 7.2, the effect of steam injection on 

HAB and FL as a function of Tad variation was negligible. The 

effect of ΔT on the flame shape structure was also very small. 

This is in agreement with the results obtained by [18] for the 

swirl-assisted jet-stabilized combustor. 
 

8. SUMMARY AND CONCLUSION 
Steam injection is an alternative method of diluting the 

reactant mixture and reducing the flame temperature. The flame 

temperature is reduced mainly due to the thermal effect of the 

steam acting as a heat sink. Compared to the dry combustion, 

steam injection has the advantage that the velocity profile is not 

significantly disturbed and thus the performance of the 

combustion stability can be maintained. 

Using steam as an external perturbation into the swirl-

assisted jet-stabilized combustor minimized NOx emissions by 

reducing the adiabatic flame temperature for both Jet A-1 and 

NG combustion. However, at constant Tad, some reduction in 

NOx emissions was also observed. This was due to chemical 

kinetics and third body effects. Under stoichiometric conditions 

λ = 1.0, the NOx emission was reduced by -82% and -100%, 

respectively, with increasing WGR = 0 to 16% for the Jet A-1 

and NG combustion. There was little effect on CO emissions by 

increasing the steam content. The heat release zone became more 

volumetric, while its intensity (OH*) decreased with increasing 

WGR even at similar Tad values.  

For Jet A-1 and NG, there was no significant change in HAB 

levels as the WGR increased from 0 to 8%. The HAB values only 

increased at the highest WGR level (16%) for both fuels. Since 

the adiabatic flame temperature played a more dominant role in 

changing the shape of the reaction zone, the flame length of Jet 

A-1 showed a minimal change with increasing WGR at 

Tad < 1900 K. During the entire dry and wet experiments, no sign 

of thermoacoustic instability was observed for neither of the 

tested fuels and WGR levels. 

Compared to NG flames, the operating range of Jet A-1 

flames decreased with a lesser LBO limit Tad slope as WGR 

increased. This indicated that even under wet conditions, the 

influence of the combustion characteristics of Jet A-1 and NG, 

local mixing, and the presence of fuel droplets on extending the 

operating range was significant. The maximum steam content at 

which a flame was still operational was found at WGR ≈ 32% 

and WGR ≈ 21% for Jet A-1 and NG, respectively. 

Steam injection can have several effects on a GT engine 

combustor application. In particular, it can have an effect on 

emissions and operating range. While operating the GT 

combustor at a similar turbine inlet temperature, steam injection 

can reduce NOx emissions. It can also result in heat absorption 

and a reduction in peak temperature. This can have the effect of 

extending liner life. It is also possible to increase the part load 

operating range of the GT. This is achieved by allowing the GT 

to operate at a higher power setting without exceeding the 

temperature limits imposed by the liner wall and turbine blades. 

This can be particularly useful in hot and dry environments 

where the combustor inlet temperature is higher, thus limiting the 

engine to operate at higher loads.  

The added engineering and operational considerations also 

need to be taken into account. For example, the additional steam 

injection system, the potential effects of steam on GT 

components due to increased moisture content, and its effect on 

overall system complexity. Therefore, a complete cost-benefit 

analysis must be performed before the design or redesign of a 

GT combustion system. 
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