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Abstract 

Simulations are carried out on a hydrogen-enriched partially 
premixed model gas turbine combustor. Synthetic gas consisted 
of methane and hydrogen is considered as the working fuel and 
the influence of hydrogen composition in combustor is 
investigated. The nozzles of the combustor are composed of 14 
swirl channels (swirl number = 0.83) and partial premixing of 
the fuel and the oxidizer takes place in a short region of about 3 
mm inside the nozzle. For accurate simulation of the swirl-
stabilized flame inside the combustor, large-eddy simulation 
(LES) with 23-step chemical kinetics is applied within the 
OpenFOAM framework. Comparisons are made with 
experimental flame images and combustion instability data for 
verification. Simulation results show that the flame shape 
changes drastically depending on the hydrogen content. The 
combustion instability in the combustion chamber is also found 
to vary with the hydrogen content, and the pertaining analysis 
is developed.  

1  Introduction 

Synthetic gas, which is a compound composed of H2/CO/CH4, 
has advantages in reduction of greenhouse gas emission and 
performing stable combustion. The characteristics associated 
with its composition have been actively studied over the past 
few decades. Nobel et al. [1] have reported flashback and 
blowout characteristics according to the composition of syngas. 
Burbano et al. [2] analyzed the effect of H2/CO/Air mixture 
composition on laminar flame speed and Lewis number in 
nozzle burner. Issues related to auto-ignition [3] and 
combustion stability [4] according to the composition of syngas 
have also been reported. Furthermore, it has been reported that 
the composition of the syngas has a notable influence on the 
combustion instability occurring in the combustor. Davis et al. 
[5] considered pure CH4, CH4/H2 gases and analyzed H2 
effect on dynamic response of thermoacoustic oscillation in gas 
turbine combustor. Allison et al. [6] conducted experiments on 
various syngas/hydrocarbon gases and analyzed the effect of 
laminar flame speed on instability modes. Still, such topics are 
limited to experimental approach, and elaborate numerical 
analysis is in demand for further understanding the effects of 
various fuel and combustor conditions.  
In this study, we perform numerical simulations on a partially 
premixed gas turbine combustor, and CH4/H2 syngas is 
considered as the working fuel. LES turbulence model and 
turbulence-chemistry interaction model were implemented in 

the governing equations to describe the strong turbulence in the 
combustor. Total three syngas compositions are considered in 
simulations, and the syngas composition effects in combustor 
are investigated.  

2  The test case  

2.1  Gas turbine combustor 

A 1/3-scale GE7EA model gas turbine combustor, shown in Fig. 
1, was selected to study the syngas composition effects. 

 

Figure 1: Model gas turbine combustor [7] 

The combustor had a length of 0.13m in the radial direction, 
1.41m in the axial direction. A swirl nozzle was located at the 
entrance of a combustor to generate the swirling flame. A 
water-cooled plug nozzle was located at the outlet of the 
combustor to achieve an acoustic boundary. The air is supplied 
to the swirl nozzle at a temperature of 200 ° C and partial 
premixing with syngas takes place in the 3mm-length short 
mixing zone in the nozzle. After the mixing process, air and 
syngas are spark-ignited in the combustor and unstable flame is 
generated. Experimental measurements were performed inside 
the combustor and the results about dynamic pressure, flame 
structure were used to verify the calculation results. In the 
simulation, the mole fraction of H2 in CH4/H2 syngas was 
considered to be 0.5, 0.75, and 1 while the total amount of heat 
input was fixed at 40kW. The test conditions of simulated cases 
are tabulated in Table 1. 

Case A B C 

H2 ratio (Mole fraction) 0.5 0.75 1 

Equivalence ratio 0.552 0.529 0.480 

Fuel flow rate (slpm) 102.00 139.78 222.00 

Air flow rate (slpm) 1100 
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Heat input (kW) 40 

 
Table 1: Initial conditions of the simulated cases 

2.2  Numerical setup 

Large-eddy simulation was performed for describing turbulent 
combustion in the combustor. Compressible governing 
equations consisted of mass, momentum, energy, and species 
were calculated for reactive flow simulation. Sub-grid scale 
modeling was performed using WALE proposed by Nicoud et 
al. [8] and turbulence-chemistry interaction model (PaSR) [9] 
was additionally considered to accurately simulate sub-grid 
scale chemical reactions. A reaction mechanism [10] consisting 
of 15 species and 23 reaction steps was applied to analyze the 
reaction rate of CH4/H2 synthesis gas. An STL file was 
additionally produced based on the design of the gas turbine for 
3D simulations. STL file and mathematical models are 
implemented in the open-source CFD toolbox OpenFOAM. In 
order to accurately calculate the mixing process in the nozzle, 
we used a fine unstructured grid of about 0.3mm length in that 
section. In the combustor, a relatively fine grid was applied in 
the flame-generating zone and a course grid was applied in the 
non-reacting zone. In addition, a 1mm length grid was applied 
near the wall region to simulate small eddies in that region. A 
schematic and grid distribution of the gas turbine geometry is 
described in Fig. 2. 

 

Figure 2: (a) Schematic of the gas turbine combustor and (b) 
the different grid sizes used inside the combustor 

The total number of hexahedral cells used in the calculation 
was approximately 2.5 million and the computation was 
performed by parallel computation using 196 cores. 

3  Results and discussion 

3.1  Flame structures and flow fields 

Multiple flames and flow fields in combustor were calculated 

according to the composition of syngas. Flame structures were 
compared with the experimental results, and it was confirmed 
that the simulation reproduced the experimental results well 
(Fig. 3).  

 

Figure 3: Flame images for various syngas compositions [7] 

Results show that the flame structure changed drastically 
depending on the content of hydrogen in the syngas. As the 
hydrogen content increases, flame height decreased and high 
content of OH radical was produced in a narrow region. 
Furthermore, the flame was formed close to the swirl nozzle 
when the hydrogen content increased. High reactivity, fast 
ignition of hydrogen gas affected on those phenomena. 
Changes in syngas composition and consequent changes in the 
flame structure also affect the thermoacoustic instability 
generated in the combustor. The verification process with the 
experimental results also proceeded with the velocity field in 
the combustor. Experimental measurements were performed 
using a particle image velocimetry (PIV) technique in a quartz 
tube located in a combustor. Since the measurement region is 
defined as a part of the combustor, the comparison with the 
simulation result is made in the corresponding section (Fig. 4). 

 

Figure 4: Profiles of the time-averaged Uy velocity components 
in 50% H2 (a) and 75% H2 (b) syngas compositions for the 
experiments [10] (symbols) and simulations (lines) 

Figure 4 shows the y-axis velocity distributions at 10 mm and 
20 mm axial directions (D) from the nozzle location. The 
results indicate that the simulation accurately predicts the 
experimental results. Unlike the flame structure, the 
distribution of the velocity field remains relatively constant 
with changes in hydrogen content. This is because the velocity 



 

 

field is mainly determined by the constant air injection rate 
which was remained constant in every cases. 

3.2  Combustion instability 

Simulations of the combustion instability due to thermos-
acoustic coupling in the combustor were progressed. The flow 
analysis in the previous section is based on the calculation 
results of 0.05 seconds, whereas the combustion instability 
analysis is based on the results calculated up to 0.3 seconds. 
Because of the high computational cost, two-dimensional 
analysis was performed prior to the three-dimensional analysis. 
The simulation simplifies the nozzle part, and assumes the 
cylindrical combustor as rectangular. The FFT (fast Fourier 
transform) results of the combustion instability analysis under 
the hydrogen composition of 50% are shown in Fig. 5. 

 

 

 

Figure 5: 2D Simulation (top) and experimental [10] (bottom) 
FFT results of combustion instability for H2 50% syngas 
composition 

From the results, we confirmed that the numerical analysis can 
similarly predict the combustion instability observed in the 
experiments. Experimental results show that dominant 
oscillation occurs at about 800 Hz, which corresponds to the 
third mode of the combustor, and relatively weak oscillation 
occurs at 600 Hz, 1500 Hz. The simulation successfully 
predicted the dominant resonance occurring at the 800 Hz state, 
while the interpretation of the resonance occurring at the 1500 
Hz states was relatively inaccurate. Calculation was also 
carried out under the conditions of 25% and 75% of hydrogen 
composition to verify the effect of syngas composition on 
combustion instability (Fig. 6).   

 

Figure 6: Instability frequency change due to hydrogen 
composition 

Figure 6 is a graph showing the most dominant resonant 
frequency observed in both simulation and experiment. The 
results show that the resonant frequency of the combustion 
instability increases in proportion to the content of hydrogen in 
the syngas. The same trend was observed in previous 
experiments and these phenomena are attributed to the high 
laminar flame speed of hydrogen as analyzed by Allision et al. 
[6]. In contrast to the hydrogen composition of 25% and 50%, 
the numerical results predicted a higher frequency range than 
the experiment under the condition of 75% H2 composition. A 
related study [11] suggests that a frequency mode jump may 
occur as the laminar flame speed of the fuel increases. 
Therefore, it is estimated that the mode jump occurs in 75% H2 
condition because the laminar flame speed is calculated to be 
somewhat higher than the actual value in the simulation.  
The combustion instability analysis in 3-D is also performed 
under the condition of H2 50%, and the results are shown in 
Fig. 7.   

 



 

 

Figure 7: 3D simulation of dynamic pressure profile (top) and 
its FFT result (bottom) in H2 50% syngas composition 

The dynamic pressure profile of Fig. 7 shows that the growth of 
instability occurs for about 60 ms. During this time, the 
pressure increases gradually due to the partially-closed 
combustor outlet. After 60 ms, a relatively constant oscillation 
is observed. The FFT result is based on the dynamic pressure 
profile after 60 ms. According to FFT results, it can be seen that 
a more accurate oscillation frequency is calculated than the 
two-dimensional calculation. Also, it is shown that the 
relatively inaccurate oscillation amplitude is calculated in 3D 
condition. Compared with the two-dimensional results, the 
three-dimensional setup can accurately calculate the mode in 
the radial direction. Therefore, it is assumed that the resonance 
occurring at 1500 Hz may coincide with the radial mode of the 
combustor.  
From those results, it is shown that numerical analysis can be 
used to calculate the thermoacoustic instability vary with 
hydrogen content. In two-dimensional calculations, it is 
concluded that the dominant instability modes in the combustor 
can be satisfactorily calculated. Still, two-dimensional 
calculations do not accurately predict all the instability 
frequencies generated in the combustor, and three-dimensional 
calculations are progressing as follow up. Since the calculated 
time in three-dimensional cases is insufficient, the results of 
more progressed results are needed and will be reported. 

4  Conclusions 

Numerical investigations were made on the combustion 
characteristics in a hydrogen-enriched partially premixed 
combustor. Three different cases of varying syngas 
compositions were considered. The results showed that the 
flame structure changed significantly as the hydrogen content 
changed. Then, the effect of syngas composition on 
thermoacoustic instability in the combustor was investigated.  
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