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ABSTRACT 

There is a growing need to design fuel flexible combustors. This require understanding of the 

combustion and emission characteristics of the combustors under varying fuel compositions.  In 

the present study, the combustion characteristics and emission of methane and syngas flames were 

investigated numerically in a swirl stabilized combustor. The numerical model was developed using 

ANSYS-fluent software and validated using experimental values of temperature, CO2 and NOx 

emissions. A two-step chemical mechanism was used to model methane-air combustion. Results of 

the numerical validation showed similar trend between the experimental and predicted 

temperature along the combustor axis with about 5 % over prediction of the temperature. Syngas-

air combustion was thereafter modeled using a 21 step chemical mechanism. Syngas compositions 

studied were: syngas A (67% CO: 33% H2), syngas B (50% CO: 50% H2) and syngas C (33% CO: 

67% H2). Results showed that for pure methane, a V-shaped flame was observed with the flame 

attached to the fuel nozzle, while a lifted flame was observed for case of syngas A composition. CO 

gas with higher ignition temperature and flammability as compared to H2 gas is the dominant gas 

in syngas A fuel composition. Jet flames were observed for syngas B and syngas C. Carbon monoxide 

is a slow burning gas. Therefore syngas with low CO content has a low tendency of emission of CO 

from the combustor. This suggests that syngas with high CO content such syngas A may require 

more residence time to completely combust the CO gas. The NOx emission was observed to have 

the same trend as that of the combustor maximum temperature. Syngas C flame had the highest 

NOx emission, while, syngas A flame had no NOx emission. This is due to low combustor 

temperature observed in the case of syngas A flame.  
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1. INTRODUCTION 

Syngas is a potential energy source for the future due 

to its wide availability as a product of biofuel and fossil 

fuel gasification [1], as well as a product of methane 

reforming. Syngas produced from steam methane 

reforming (SMR) consist of varying proportion of 

carbon monoxide (CO) and hydrogen (H2), and may 

also contain methane (CH4) depending on its 

conversion efficiency. The steam required for this 

process can be generated from solar energy, thereby 

converting solar thermal energy into chemical energy 

of the fuel. The continuous variations in solar radiation 

through the day and across the year as well as the 

absence of solar radiation at night can have strong 

effects on the syngas conversion efficiency, and the 

resultant fuel thermal energy. This affects the heat 

release rate, emission characteristics and stability of 

the flame making pilot study necessary.  Syngas has 

been successfully used and proven to be beneficial in 

commercial plants [2].   Several studies have been 

carried out with focus on the emissions from syngas 

combustion. Gadde et al. [2] carried out extensive 

testing on SGT6-5000F combustion system over a 

range of syngas fuels and achieved NOx and CO 
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emissions of less than 15 PPM and 10 PPM, 

respectively. Sainchez et al. [3] showed that the use 

of syngas increases the gas turbine power by 3–7% at 

generator terminals and 5–10% increase in gas 

turbine efficiency (LHV based) but resulted in much 

higher carbon dioxide emissions. Oluyede et al. [4] 

reported that firing syngas in conventional gas turbine 

can yield over 20-25% power output when compared 

with the natural gas due to significant flow rate 

increase. They however, noted that the increase in 

power output is accompanied by an increase in the 

moisture content of the combustion products, this is 

due to higher hydrogen content in the syngas which 

can contribute significantly to the overheating of the 

turbine component parts. Performance test of syngas 

on a GE7EA gas turbine carried out by Lee et al. [5] 

showed that fuel with high hydrogen content emits 

more NOx, but does not emit CO even in a low load 

condition while the turbine did not generate 

combustion pulsation, unlike methane.  Khalil et al. [6] 

experimentally studied syngas in a cylindrical 

combustor with swirling air injection and observed 

very low-level of NOx (3 PPM) with CO (70 PPM) 

emissions.  Blow off regime is also of interest in syngas 

study because of its varying composition. This occurs 

when the characteristic reaction time is longer than 

the flow residence time in the burner. Fuel 

compositions and their corresponding flow 

characteristics are known to have significant effects on 

the combustor blow off limits. Noble et al. [7] 

experimentally showed that the percentage of H2 in 

the fuel dominates the mixture blow off 

characteristics. Lieuwen et al. [1] suggested that the 

percentage of hydrogen in the fuel is one of the most 

significant fuel parameter that resists flame blow off 

due to the hydrogen flame’s resistant to stretch 

induced extinction.  Researchers have carried out 

various works on developing chemical mechanism for 

syngas modeling [8-16]. Most of the developed 

mechanisms have been validated against experimental 

values of laminar flame speeds [17-20]. Other 

researchers have studied the effects of different fuel 

compositions [21], nitrogen and carbon dioxide 

dilutions [22, 23], preheat temperatures and 

pressures [24, 25] as well as emissions [26-28] on the 

accuracy of the developed mechanisms. Syngas 

mechanisms developed have also been used variously 

in CFD modeling of syngas. In order to provide further 

insight on the effect of fuel flexibility on gas turbine 

combustion and emission characteristics. The present 

study investigated the combustion characteristics and 

emission in a modeled gas turbine combustor using 

different syngas compositions and methane gas. The 

study was carried out numerically using computational 

fluid dynamics (CFD) approach. CFD combustion study 

enables researcher to get more insight on the flame 

dynamics in a cheaper and safer way. It has been used 

by various researchers [29-31] in the prediction of 

combustion and emission characteristics. 

 

2. NUMERICAL SCHEME 

Syngas combustion characteristics and emission was 

studied in a vertically positioned swirl-stabilized 

combustor. The combustor adopted in this study has 

been used for various experimental studies [32-34]. 

Air was supplied through an eight-vane swirler with 

vane angle of 45 degrees and deliver to an orifice of 

16mm diameter situated at the combustor dump 

plane. Fuel was supplied through a nozzle installed on 

a 6.35-mm-diameter pipe. The fuel nozzle has 16 fuel 

channels around a centered bluff body of 5mm. The 

combustion chamber was simulated using a quartz 

tube that was 70mm in diameter, 300mm long, and 

2mm thick. More details of the experimental set-up 

can be found in [33]. A schematic diagram of the 

computational geometry of the combustor is given in 

Figure 1.  

 

 
Figure 1. Schematic of the computational 

domain. 
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A two-dimensional (2-D) axisymmetric geometry was 

used to model the combustor due to its (combustor) 

axial symmetry. More than 70,000 structured, non-

uniform grid meshes were used to model the 

combustor. More cells were used in the high-property 

gradient regions (i.e., in the vicinity of the wall, inlet, 

and outlet) to minimize false diffusion errors.  

 

2.1 Governing equations 

The generalized equation that  governs the 

conservation of mass, momentum and energy as well 

as the equation for species transport can be written as 

[35, 36]: 

𝜕

𝜕𝑥𝑗

(𝜌�̅�𝑗∅̅ + 𝜌uj
′∅′̅̅ ̅̅ ̅) =

𝜕

𝜕𝑋𝑗

(𝛤∅′

𝜕∅

𝜕𝑥𝑗

) + �̅�𝑆∅                  (1) 

The steady-state mass (eq. 2), momentum (eq. 3), 

energy (eq. 4) and species (eq. 5) conservation 

equations for Newtonian fluids were considered: 

∇. (𝜌𝑈) = 0      (2) 

∇. (𝜌𝑈𝑈) = −∇𝑃 +  𝜇∇2𝑈    (3) 

(𝜌𝐶𝑝)𝑈. ∇𝑇 = ∇. (𝑘∇𝑇)     (4) 

∇. (𝜌𝑈𝑌𝑖) =  ∇. (𝜌𝐷𝑖𝑚∇𝑌𝑖)     (5) 

The solution of the continuity (eq. 2) and momentum 

equations (eq. 3) were solved to obtain the velocity 

and pressure fields of the gas mixture in the 

combustor. The energy and species equations were 

solved to obtain the temperature and species 

distribution respectively in the combustor. In the 

present study, the RNG 𝑘 − 𝜀 model [37, 38] was used 

for RANS equation closure. The model has an 

additional term in its 𝜀 equation that significantly 

improves the accuracy for rapidly strained flow. It also 

accounts for the effect of swirl on turbulence, thus, 

enhancing the accuracy of swirling flow. A 

comprehensive details of the model and application 

can be found in [39]. 

 

2.2 Radiation model 

The discrete ordinates (DO) radiation model was used 

to compute the radiative heat exchange between the 

wall and combustion gases. The weighted sum of gray 

gases (WSGG) model was used to compute the gas 

emissivity [37].  

 

2.3 Combustion chemistry 

In syngas combustion modelling, Syngas mechanism 

having 21 elementary steps with 11 species presented 

in Table 2 was used. The mechanism has been 

previously used by Habib et. al. [29] for syngas 

modeling in a package boiler. For methane combustion 

modelling, a two-step global chemical mechanism was 

used.  The constants that appear in the Arrhenius 

equation for the mechanism is shown in Table 1.   

 

2.4 NOx model  

NOx emitted from the combustor was modeled 

through the post-processing of the main combustion 

calculation. The NOx calculations that are carried out 

in the current study are thermal and prompt NOx. The 

thermal NOx is computed using the extended 

Zeldovich mechanism with the assumption of quasi-

steady state for N and H atoms and partial equilibrium 

for O [40, 41], while prompt NO is modeled using the 

expressions proposed by De Soete [42]. 

 

Table 1. Methane-air combustion equation and Arrhenius constants [30] 

 Reaction A Ea Order 

CH4 

Mechanism 

CH4 +1.5 O2 => CO + 2H2O 2E+15 34500 [CH4]0.9[O2]0.5 

CO + 0.5 O2 = CO2 1E+9 12000 [CO][O2]0.25[CO2] 

Note: the temperature exponent b is zero in all cases 

 

Table 2. Syngas-air combustion equation and Arrhenius constants [30] 

 Reaction A [cm, mol, s] β Ea [kJ/mol] 

R1 H + O2 = OH + O 2E+14 0 16790.86 

R2 O + H2 = OH + H 5.06E+4 2.67 6281.64 

R3 H2 + OH = H2O + H 1E+8 1.60 3296.07 

R4 OH + OH = H2O + O 1.5E+9 1.14 100.31 

R5 

H + H =M = H2 + M 

CO/0.75/O2/0.4/CO2/1.5/ 

H2O/6.5/N2/0.4 

1.8E+18 -1 0 

R6 
H + OH + M = H2O + M 

CO/0.75/O2/0.4/CO2/1.5/ 
2.2E+22 -2 0 
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 Reaction A [cm, mol, s] β Ea [kJ/mol] 

H2O/6.5/N2/0.4 

R7 

O + O + M = O2 + M 

CO/0.725/O2/0.4/CO2/1.5/ 

H2O/6.5/N2/0.4 

2.9E+17 -1 0 

R8 

H + O2 + M = HO2 + M 

CO/0.75/O2/0.4/CO2/1.5/ 

H2O/6.5/N2/0.4 

2.3E+18 -0.8 0 

R9 HO2 + H = OH + OH 1.5E+14 0 1003.152 

R10 HO2 + H = H2 + O2 2.5E+13 0 692.65 

R11 HO2 + H = H2O + O 3E+13 0 1719.69 

R12 HO2 + O = OH + O2 1.8E+13 0 -406.038 

R13 OH + HO2 = H2O + O2 6E+13 0 0 

R14 HO2 + HO2 = H2O2 + O 2.5E+11 0 -1241.998 

R15 

OH + OH + M = H2O2 + M 

CO/0.75/O2/0.4/CO2/1.5/ 

H2O/6.5/N2/0.4 

3.23E+22 -2 0 

R16 H2O2 + H = H2 + HO2 1.7E+12 0 3749.88 

R17 H2O2 + H = H2O + OH 1E+13 0 3582.688 

R18 H2O2 + O = OH + HO2 2.8E+13 0 6401.07 

R19 H2O2 + OH = H2O + HO2 5.4E+12 0 1003.152 

R20 CO + OH  = CO2 + H 6E+6 1.5 -740.42 

R21 

CO + O + M = CO2 + M 

CO/0.75/O2/0.4/CO2/1.5/ 

H2O/6.5/N2/0.4 

7.1E+13 0 -4538.07 

 

3. VALIDATION 

In order to validate the governing equations used in 

this study, experiments were conducted in a swirl 

stabilized combustor for methane air combustion. 

Details of the experimental set can be found in [32]. 

Experiments were carried out with 100% methane and 

3.67 MW/m3 fuel energy input.  Temperature profiling 

along the combustor center line as well as emission 

from the combustor were recorded. Temperature 

profiling along the combustor axis was carried out 

using type R-thermocouple from Omega instruments 

with measuring range of 1723K and accuracy of 

0.25%. Gas chromatography (GC) was used to 

measure the species concentration at 50 mm from the 

exit plane of the combustor. The GC used for the 

species measurement is from Bruker Corporation with 

model no 450-GC. In measuring the NOx emission, 

UEI AGA5000 exhaust gas analyzer that has 1 PPM 

resolution and accuracy of ±5% was used. A still 

picture was taken to characterize the flame shape (see 

Figure 2a). A deep blue flame that formed a compact 

V- shape was observed. The temperature contour was 

numerically used to depict the flame shape as shown 

in Figure 2b. The highest flame temperature occurred 

in the heat release region and, thus, in the vicinity of 

the flame zone. The predicted combustor temperature 

also formed a V-shape indicating that the set of 

equations solved was able to predict the flame shape. 

In order to have more insight into the flame dynamics 

and stability, the axial velocity within the combustor 

was plotted and super-imposed on the contour of heat 

of reaction contour as shown in Figure 2c. We 

observed two recirculation zones: the outer 

recirculation zone (ORZ) and the inner recirculation 

zone (IRZ).The ORZ is generally formed by the sudden 

expansion at the dump plane of the combustor while 

the IRZ is formed by the vortex break down of the 

flow. The WRZ is formed around the bluff body 

inserted into the fuel pipe. The contour of the heat of 

reactions shows that the flames are anchored at the 

inner shear layer of the flow (between the jet flow and 

the IRZ) and terminate at the onset of the IRZ. The 

disappearance of the active reaction zone is due to the 

vortex rolling up the flame. The vortex roll-up results 

in the recirculation of a high-temperature combustion 

product that preheats the incoming fresh charge to the 

combustor, thus stabilizing the flame. This over 

prediction in combustion temperature also led to over 

prediction in the emission as shown in figure 4. The 

temperature over prediction can be attributed to the 
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2-step chemical mechanism used in figure 3. This 

showed a similar trend between the experimental and 

predicted temperature along the combustor axis was 

observed. There is about 5 % over prediction of the 

temperature along the combustor axis.  It can 

however be concluded that the set of governing 

equations used in this study are adequate for 

combustion modelling. 

 

4. RESULTS AND DISCUSSION 

In the present study, the effects of replacing methane 

by syngas as fuel on the combustion and emissions 

characteristics in a model gas turbine combustor were 

investigated numerically using ANSYS-fluent software. 

For the purpose of this work, the syngas comprised of 

only CO and H2 gas. 

 

   
A b c 

Figure 2. Comparison of the (a) experimental flame 
picture and numerical (b) temperature contour and 

(c) flow field. 
 

 
Figure 3. Experimental and numerical temperature 

along the combustor axis 

 

 
Figure 4. Experimental and numerical pollutant 

emission at the combustor exit 
 

Due to composition variation that characterizes syngas 

production, different syngas compositions were 

studied and categorized as syngas A (67% CO: 33% 

H2), syngas B (50% CO: 50% H2) and syngas C (33% 

CO: 67% H2). The combustor firing rate of 3.67 

MW/m3 was maintained for all cases. 

The temperature contour has been shown in section 3 

to be adequate in characterizing the flame shape. 

Figure 5 shows the temperature contour over-laid with 

the axial velocity distribution within the combustor. For 

pure methane, a V-shaped flame was observed as 

shown in figure 5 with the flame attached to the fuel 

nozzle. The flame dynamics is however different from 

syngas flame. For instance with the case of syngas A, 

the flame was observed to be stabilized at some 

distance from the fuel nozzle (i.e. lifted flame). The 

flow analysis showed that the flame is characterized 

by three (3) outer recirculation zones (ORZs) with a 

strong primary and tertiary ORZs and weak secondary 

ORZ. The flame stabilized in the tertiary ORZ that 

enable the continuous ignition of the flame. When the 

hydrogen content in the syngas is increased to 50% 

(syngas B), the flame became attached to the nozzle.  

This is because H2 gas has low ignition temperature 

(of 500oC) and low flammability limit (4%) as 

compared to CO gas (609oC and 12 %). The flow 

analysis shows that ORZs collapsed to a twin ORZ with 

a jet flame formation. Further increase in the hydrogen 

content in the syngas (syngas C) lead to a compact 

ORZ with elongated flame formation. This is due to 

higher diffusivity of H2 gas as compare to CO. The 

graph of the axial velocity along the combustor Centre 

line shown in figure 6 shows that the presence of inner 

recirculation zone (IRZ) for methane flame is indicated 

by negative axial velocity. The IRZ enabled the burnt 

gas to preheat the fuel/air mixture that lead to rapid 

fuel consumption of the fuel as shown in Figure 7. 
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About 99% of methane fuel was consumed at 

approximately 2.5 cm from the combustor dump 

plane. Syngas A flame has the highest axial velocity 

due to its larger ORZ. The domination of syngas A with 

CO that is slow burning leads the fuel completely burn 

at about 12 cm from the combustor dump plane. The 

slow burning rate of syngas A is also visible in the slow 

temperature rise in the combustor as shown in figure 

8. Syngas C flame has the highest combustor 

temperature. This is because H2 has the highest 

adiabatic temperature of 2210oC as compared to CO 

of 2121oC and methane gas of 1950oC.  Therefore 

burning of syngas fuel with H2 content of 50% or more 

require careful design and material selection for the 

combustor due to high combustion temperature so as 

to minimize the tendency of material failure. In figure 

9, it was shown that decreasing the CO content in the 

syngas reduce the tendency of emission of CO from 

the combustor. This is because of the slow burning of 

CO gas. Therefore, syngas combustor with high CO 

content must be design to have high residence time to 

enable the complete burn out of the CO gas. NOx 

emission was predicted using post combustion 

processes. The NOx was calculated using the extended 

Zeldovich mechanism [15] and shown in Figure 11 

 

    
 

100 % CH4 25% H2 / 

75%CO 

50% H2 / 

50% CO 

75% H2/    

25% CO 

 

Figure 5. Temperature contour of the combustor 

temperature over-laid with the flow field for different 

syngas compositions. 

 

 
Figure 6. Axial velocity profile along the combustor 

axis for different syngas compositions. 

 

 
Figure 7. Fuel mole fraction along the combustor axis 

for different syngas compositions. 

 

 
Figure 8. Temperature profile along the combustor 

axis for different syngas compositions. 
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Figure 9. CO emissions for different syngas 

compositions. 
 

 
Figure 10. Combustor maximum temperature 

for different syngas compositions. 
 

 
Figure 11. NOx emissions for different syngas 

compositions. 
 
The NOx emission was observed to have the same 

trend as that of the combustor maximum temperature 

as shown in figures 10 and 11. Therefore, any strategy 

that will lower the maximum temperature such as 

reducing the equivalence ratio will also lead to the 

reduction NOx emission. There is no NOx emission for 

syngas A flame. This due to the fact that no significant 

amount of NOx are formed at flame temperature of up 

to 1700 K. 

 

5. CONCLUSION 

The present study investigated the combustion 

characteristics and emission in a model gas turbine 

combustor for different syngas compositions and 

methane gas. The study was carried out numerically 

using computational fluid dynamics (CFD) approach. 

The following conclusions were drawn: 

1. A V-shaped flame was observed with the flame 

attached to the fuel nozzle for a methane flame,  

a lifted flame was observed for case of syngas A 

composition while jet flames were observed for 

syngas B and syngas C fuel composition.  

2. Methane flame is stabilized by inner recirculation 

zone (IRZ) and outer recirculation zone (ORZ) 

while syngas flames are stabilized only by the 

outer recirculation zones (ORZ). Syngas has 

lower energy density than methane fuel, 

therefore higher syngas fuel velocity is required 

to give equivalent (methane) thermal energy in 

the combustor. 

3. The size of the ORZ decreases with increasing 

hydrogen content in the syngas. 

4.  The presence of the IRZ in methane flame 

preheat the fresh charge (methane-air) and leads 

to rapid consumption of methane fuel. 

5. There is no CO emission in methane flame. The 

CO emission however increases with increasing 

CO contents in the syngas. Therefore syngas 

combustor with high CO content must be design 

to have sufficient residence time to enable the 

complete burn out of the CO gas. 

6. Syngas C flame has the highest NOx emission of 

about 37 PPM as compared to zero NOx emission 

observed in syngas A flame. This can be 

attributed to higher combustor temperature 

observed in syngas C as compared to other fuel 

considered.
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NOMENCLATURE 

B Temperature exponent NOx Nitrogen oxide 

CO Carbon monoxide 𝑃 Pressure magnitude (N/m2) 

CO2 Carbon dioxide 𝑅𝑗 species equation source term  (kg/m3s) 

𝐶𝑝 
specific heat at constant pressure 

(J/kgK) 
𝑆∅   energy source term (W/m3) 

𝐷𝑗,𝑚 diffusion flux of specie 𝑗 (m2/s) 𝑇 Temperature (K) 

Ea Activation energy (kJ/kmolK) Ta ambient temperature (T) 

H2 Hydrogen gas 𝑥 Distance (m) 

Kr Rate constant (m3/s) 𝑌𝑗 Mass fraction of specie j 

𝑘𝑞 Thermal conductivity (W/mK) 𝜌 Density (kg/m3) 

M Unit of length 𝜇 dynamic viscosity (Ns/m2) 
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