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A two-dimensional detailed numerical combustion analysis is performed to explore syngas combustion inside a non-premixed combustion 
chamber. A detailed transport model coupled with a chemical kinetic mechanism is used to study combustion behavior. The combustion cham-
ber supplied with syngas comprising Hydrogen (H₂), Carbon Monoxide (CO), and Nitrogen (N₂) as constituents such that H₂ and CO molar 
ratios are changed while N₂ constant. The numerical study uses co-flow air delivery to control the inlet air temperature to analyze its impact 
on reaction rate performance. The study analyzes both the ignition zone structure and the effects of changing H₂/CO molar ratios on adiabatic 
flame temperature. Perfecting syngas H₂/CO ratios together with inlet air temperature leads to best reaction rate balances between H₂ and CO 
molar ratios.  The simulated results reveal information about temperature distribution along with reaction rates and flame topologies that help 
perfect combustion performance.
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1. Introduction

Syngas stands as an industrially important resourceful fuel 
which gains increasing significance for boiler and steam gen-
eration purposes [1]. The main components of Syngas include 
hydrogen (H₂) and carbon monoxide (CO) while methane, 
nitrogen and minor other gases are present in small amounts. 
The gasification process transforms different raw materials in-
cluding coal and biomass and waste into Syngas which enables 
integration into energy systems at different sustainability levels 
for alternative fuel usage [2]. The H₂-to-CO ratio decides syn-
gas combustion efficiency because it influences the composi-
tion of syngas [3]. Controlling the H₂-to-CO ratio enables the 
optimization of performance characteristics which includes 
ignition properties together with flame stability and thermal 
efficiency and emission output.

The combustion reactivity of syngas enhances with higher hy-
drogen content because this produces shorter ignition delays 
and faster burn rates that drive thermal efficiency upward [4]. 
More energy from hydrogen-rich syngas releases quickly in 
short periods of time which generates intense heat release rates 
and higher peak pressures during combustion. Contrary to this 
effect disproportionate CO causes combustion delays through 
decreased oxidation rates and possibly results in inefficient 
combustion and reduced total efficiency [5]. Hydrogen-rich 
syngas can achieve higher temperatures for better efficiency 
however material damage from thermal stress requires proper 
management of the combustion chamber. The best combus-
tion performance requires deciding the correct ratio of H₂ to 
CO that exists in syngas. 
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Higher ratios of hydrogen to carbon monoxide led to decreased car-
bon dioxide emissions in the process [6]. The complete combustion 
of high hydrogen content in syngas reduces both CO2 and particu-
late matter emissions because it is an environmentally beneficial fuel 
[7]. The stability of industrial boiler flames depends on hydrogen 
presence because it keeps consistent combustion performance. The 
H₂/CO ratio needs adjustment to reach best combustion while keep-
ing high thermal efficiency and reducing pollutant emissions [8].

Syngas use delivers added environmental benefits which transcend 
emission mitigation [9]. The carbon footprint of energy generation 
decreases using syngas since its production stems from renewable 
biomass and waste sources [10]. Syngas waste-to-energy operations 
follow circular economy principles since they transform waste ma-
terials into valuable energy while solving waste disposal problems 
[11]. Syngas allows integration with carbon capture systems to boost 
the environmental sustainability of energy systems that employ it 
[12].

The rising importance of syngas in industrial energy generation re-
ceives added support from improved gasification and combustion 
technology because of its many benefits [13]. The detailed analysis 
of syngas combustion behavior especially concerning H₂/CO ratios 
and inlet air temperatures needs added research. 

The analysis of syngas combustion uses computational methods pri-
marily because they provide more value through lower expenses and 
deeper analysis than traditional experimental methods [14]. The 
intricate combustion processes can be simulated through Computa-
tional Fluid Dynamics (CFD) models which generate detailed infor-
mation about flame behaviors along with heat transfer and chemical 
kinetic data [15]. The composition variations of syngas (hydrogen to 
carbon monoxide ratios) benefit from this computational approach 
because the fuel shows complex combustion behaviors. Compu-
tational models analyze different heat release patterns and flame 
stability through varying equivalence ratio and fuel composition 
according to research findings [16]. Scientists use computational 
approaches to change parameters including pressure temperature 
and flow rate because physical experiments create operational lim-
itations [17]. Exploration occurs on multiple operating conditions 
and fuel compositions due to flexible computational models. Sim-
ulations decide ignition delay times alongside flame stability under 
different conditions based on modifications to syngas composition 
[18]. The analysis of syngas combustion through physical experi-
ments becomes costly and time-consuming since it requires spe-
cialized equipment along with strict safety protocols [19]. Through 
computational analysis companies can minimize their costs because 
they can virtually test different scenarios. The method provides 
significant value during investigations of new combustor design ap-
proaches and existing system optimization efforts. Computational 
models implement refined algorithms that foresee how combustion 
reacts when subjected to diverse scenarios which cannot be exam-
ined through experimental testing. Designing efficient combustion 

systems that must run under various conditions depends on predic-
tive capabilities which help reduce emissions [20].

Academic methods enable the combination of syngas combustion 
studies with plasma-assisted combustion techniques and hybrid 
energy systems [21]. The work delivers an extensive breakdown of 
efficient syngas use strategies applicable to power generation and 
industrial processes. The article investigates what happens when the 
hydrogen-to-carbon monoxide ratio in syngas changes along with 
its effect on combustion performance and energy emissions stabil-
ity optimization. The investigation investigates syngas combustion 
factors in detail to help create efficient sustainable energy systems 
which satisfy current industrial requirements.

2. Methodology

The present study employs a computational fluid dynamics approach 
to investigate the combustion characteristics of syngas in a can-type 
combustor. The simulations are performed using the commercial 
software COMSOL Multiphysics, which offers robust modelling 
capabilities for turbulent reacting flows. The computational domain 
is designed to closely be the experimental setup described in the 
literature, allowing for a direct comparison of the numerical results 
with the available experimental data. The governing equations for 
the fluid flow and combustion processes are solved using the finite 
element method. 

2.1. Governing equations

The governing equations for the fluid flow and combustion process-
es are the conservation of mass, momentum, energy, and species 
transport. 

The mass conservation equation is given by:
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t 				                        (1)

where ρ is the density and u is the velocity vector.

Momentum Equations:
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where p is the pressure, τ is the viscous stress tensor, and g is the 
gravitational acceleration vector.

Energy Equation:
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where E is the total energy, H is the total enthalpy, λ is the thermal 
conductivity, T is the temperature, and Qo  is heat sources or sinks 
due to chemical reactions.
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Species Transport Equations:
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where Yi is the mass fraction of species , i, Di is the diffusion coeffi-
cient of species i, and i~o  is the rate of production or consumption of 
species i due to chemical reactions.

Eddy-Dissipation Model

R M min M
r
,rij ij i
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ED,j= o a k 			                         (5)

where Rij  is the reaction rate of species i in reaction j, ijo  is the 
stoichiometric coefficient of species i in reaction j,Mi  is the molar 
mass of species i, r ,MVC j  is the rate of the reaction based on the mean 
volumetric concentration, and r ,ED j  is the rate of the reaction based 
on the eddy-dissipation model. The mixing time scale Tx  is a key 
parameter in the eddy-dissipation model. It is the characteristic time 
for turbulent mixing [22].

The chemical kinetics of the syngas combustion are modeled using 
a reduced mechanism, which includes the most important reactions 
for the oxidation of CO and H₂ [23]. 

In turbulent combustion, the turbulent reaction rate plays a crucial 
role in accurately being the complex interaction between turbulence 
and chemical reactions. specifically employs the Eddy Dissipation 
Model to calculate this rate.[24]

Turbulence-Chemistry Interaction: Turbulence enhances the mix-
ing of reactants, leading to faster reaction rates compared to laminar 
flames. The turbulent reaction rate captures this effect by accounting 
for the increased mixing and transport of reactants due to turbulent 
eddies.[25]

Eddy Dissipation Model: The EDM assumes that reactions occur 
within small, turbulent structures called “fine scales.” These fine 
scales are characterized by high strain rates and rapid mixing. The 
EDM calculates the reaction rate based on the time scales of tur-
bulent mixing and chemical reaction. The turbulent reaction rate 
is modeled as the minimum of the mean-value closure rate and the 
EDM rate. This ensures that the reaction rate is limited by either the 
chemical kinetics or the turbulent mixing, whichever is slower.[26]

Damköhler Number: The Damköhler number is a dimensionless 
quantity that compares the time scales of turbulent mixing (τT) and 
chemical reaction (τc). For low Da (τT << τc), the reaction is slow 
compared to mixing, and the mean-value closure rate is sufficient. 
For high Da (τT >> τc), the reaction is fast compared to mixing, and 
the EDM rate becomes dominant.

Modeling Accuracy: Accurately capturing the turbulent reaction 
rate is essential for predicting flame characteristics such as flame 
speed, temperature distribution, and pollutant formation. EDM, 

while simplified, provides a reasonable approximation of the tur-
bulent reaction rate in many practical combustion applications. The 
detail flowchart for numerical investigation as per above method is 
presented below.

Flowchart 1. Flowchart of computational process
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2. Model geometry

The model geometry consists of following sections.

Figure 1. 2D axisymmetric model geometry considered for analysis

Inlet section includes the fuel inlet and the surrounding co-flow air 
inlet. The dimensions of these inlets are specified in the document, 
with Di being the inner diameter of the fuel inlet and do being 
the outer diameter of the co-flow air inlet. Combustion Chamber 
is the region where the fuel and air mix and burn. The boundary 
conditions applied to the model are as, fuel inlet is specified with 
values for velocity, temperature, and species mass fractions. Co-flow 
air inlet specified with values for velocity and temperature. Out-
flow boundary condition, allowing the flow to exit the combustion 
chamber. The remaining boundaries of the computational domain 
are treated as walls. 

Figure 2. 2D axisymmetric model geometry focusing gas inlet 
region

Figure 3. Discretization of 2D axisymmetric geometry with mesh

Mesh Statistics

Table 1. Mesh Statistics for grid independence test

Sr.No. Mesh Type Number of 
Elements

Maximum 
Element Size 

[m]

Minimum 
Element Size 

[m]

1. Fine 695 0.0316 1.79E-4

2. Finer 1090 0.022 7.44E-5

3. Extra Fine 2844 0.0119 4.47E-5

4. Extremely Fine 10518 0.00595 1.19E-5

Table 1 provides mesh details for various computational grids used in 
the analysis of syngas combustion. The numerical investigation uses 
combustion chamber as illustrated in figure 1 as the physical model, 
non-premixed diffusion combustion and ideal gas behavior for the 
products of combustion. Numerical simulations were conducted 
by varying inlet temperature, H2/CO ratio with same jet velocity, 
co-flow velocity, and inlet volume fractions of N2. The resulting, 
temperature, and reaction rate values were analyzed at different gas 
concentrations. A linear regression equation was developed to pre-
dict the maximum flame temperature based on numerical results.

Figure 4. Validation for grid convergence test

The numerical simulation is conducted and reported by changing 
inlet temperature from 292  K to 400  K. The H2,/CO ratio  as 0.2, 
0.5, 1, 1.4 and 5. Fuel jet velocity considered as 100 m/s and co-
flow velocity as 1 m/s. The inlet volume fraction for N2 maintained 
at 0.4.  After simulation, the pressure was found, temperature and 
mass fraction were obtained. The parameters such as temperature, 
pressure and mass fractions were analyzed at different concentration 
of gases. 
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3. Results

Temperature Distribution

Figure 5. Temperature distribution in combustion 
chamber for H2/CO ratio of 0.2 at 298 K

Figure 6. Temperature distribution in combustion 
chamber for H2/CO ratio of 5 at 400 K

 Figure 7. Inlet air temperature vs combustion chamber temperature for H2/CO ratio 0.2
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 Figure 8. Inlet air temperature vs combustion chamber temperature for H2/CO ratio 0.5

 Figure 9. Inlet air temperature vs combustion chamber temperature for H2/CO ratio 1
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 Figure 10. Inlet Air Temperature Vs Combustion Chamber Temperature for H2/CO ratio 1.4

 Figure 11. Inlet Air Temperature Vs Combustion Chamber Temperature for H2/CO ratio 2
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 Figure 12. Inlet Air Temperature Vs Combustion Chamber Temperature for H2/CO ratio 5

Many researchers have worked to develop methods that increase 
heat generation from syngas with low heating value. By adding extra 
hydrogen to the syngas mix the combustion efficiency improves. The 
inlet air heating technique serves to raise the reaction rate which 
results in higher heat production. An air preheater serves as an ef-
fective solution to increase inlet air temperature. The simulations 
of combustion dynamics for inlet air temperatures between 298 
K and 400 K were performed. Results show improved heat release 
rates when inlet air temperature increased so the method proves 
successful for combustion efficiency improvement. Investigation 
illustrates that improving low-calorific-value syngas heat release 
performance can possibly be achieved by perfecting inlet air tem-
perature. The variations of inlet air temperature on adiabatic flame 
temperature become visible through Figures 7 -12 that examine H2/
CO molar ratios kept constant alongside N2 composition unifor-
mity. The presented figures reveal how rising inlet air temperature 
leads to greater adiabatic flame temperatures. Figure 7 presents the 
variation of combustor temperature with inlet air temperature for 
a low H₂/CO ratio of 0.2, showing a CO-dominant syngas mixture. 
The temperature rise within the combustor is relatively modest and 
nearly linear, reflecting the slower combustion kinetics and lower 
heating value of carbon monoxide. The limited hydrogen content 
leads to subdued combustion intensity, resulting in lower flame tem-
peratures across the entire inlet air temperature range. As shown 
in Figure 8, increasing the H₂/CO ratio to 0.5 enhances the com-
bustor temperature profile compared to Figure 7. The presence of 
more hydrogen accelerates the combustion process and increases 
the thermal energy release. While the trend stays linear, the slope is 
slightly steeper, showing improved combustion efficiency due to the 
synergistic effect of hydrogen addition. Figure 9 depicts the combus-
tor temperature for an equimolar H₂/CO mixture. The temperature 

rise becomes significantly more pronounced, showing the combined 
influence of hydrogen’s high reactivity and the thermal contribution 
from CO. The combustor exhibits more intense and uniform heat-
ing, highlighting the transition from CO-dominant to balanced fuel 
combustion behavior. With a further increase in hydrogen content 
(H₂/CO = 1.4), Figure 10 shows a marked improvement in com-
bustor temperature response. The temperature gradient with respect 
to inlet air temperature becomes steeper, signifying faster combus-
tion and higher flame temperatures. This hydrogen-rich mixture 
promotes enhanced ignition characteristics and more complete 
combustion. Figure 11 illustrates the combustor performance for a 
high H₂/CO ratio of 2.0. A significant increase in combustor exit 
temperature is seen, with a sharp temperature rise corresponding 
to increasing inlet air temperature. The elevated hydrogen content 
ensures rapid flame propagation and high heat release, making such 
mixtures highly effective for high-performance combustion systems. 
Figure 12 shows the extreme case of a hydrogen-rich mixture (H₂/
CO = 5.0). This configuration results in the steepest temperature 
increase among all cases, confirming hydrogen’s dominant role in 
enhancing combustion intensity. The combustor runs at the highest 
thermal output for any given inlet air temperature, emphasizing the 
potential of hydrogen-rich syngas in advanced combustion applica-
tions requiring high efficiency and reduced carbon emissions.

Variation in Peak Temperature Location Along the Axial Distance in 
a Can Combustor: In syngas-fueled can combustors, the location of 
peak temperature along the axial distance depends strongly on the 
H₂/CO ratio of the fuel mixture, as well as the inlet air temperature 
and mixing characteristics.
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Low H₂/CO Ratios (e.g., 0.2–0.5): For fuel mixtures with low hy-
drogen content, combustion initiation is relatively slower due to the 
lower flame speed and higher ignition delay of CO-rich syngas. As 
a result, the flame stabilizes further downstream, and the peak tem-
perature is typically seen at a greater axial distance from the burner 
inlet. The combustion process is more gradual, and the heat release 
zone is extended.

Intermediate H₂/CO Ratios (e.g., 1.0–1.4): As hydrogen content in-
creases, the ignition delay shortens, and combustion becomes more 
intense. This shifts the peak temperature closer to the inlet region. 
The flame becomes more compact, and the region of maximum 
thermal energy release moves upstream, reducing the flame length 
and increasing thermal gradients near the combustor’s entrance.

High H₂/CO Ratios (e.g., 2.0–5.0): At high hydrogen levels, the 
combustion process is very rapid and often begins almost at once 
after fuel–air mixing. In such cases, the peak temperature is found 
very close to the inlet or primary zone of the combustor. This up-
stream shift can result in very high local heat loads near the com-
bustor walls, which has implications for thermal management and 
material selection.

Table 2. Effect of H₂/CO ratio on combustion intensity, peak 
temperature location, flame length

H₂/CO Ratio Combustion 
Intensity

Peak Temperature 
Location Flame Length

0.2 Slow, delayed Downstream 
(farther axial) Long

0.5 Moderate Mid-axial region Moderate
1.0–1.4 Fast Closer to inlet Short

2.0–5.0 Very fast Near-inlet 
(primary zone) Very short

Reaction rates:

Figure 13. CO reaction rate in combustion chamber for H2/CO 
ratio of 1.4 at 298

Figure 14. CO reaction rate in combustion chamber for H2/CO 
ratio of 1.4 at 400 K

Figure 15. CO reaction Rate for various H2/CO Ratios at different 
temperatures

The reaction rate of carbon monoxide for different hydrogen-to-car-
bon monoxide (H₂/CO) ratios at distinct environment is presented 
in Figure 15. These phenomena give the impression that as the H₂/
CO ratio increases, the reaction rate of CO decreases. Therefore, 
a higher concentration of hydrogen leads to slower oxidation of 
carbon monoxide. The increase in inlet air temperature reduces 
the reaction rate of CO due to the decrease in oxygen concentra-
tion needed for reaction as most oxygen is spontaneously used for 
hydrogen oxidation. Also, a higher concentration of hydrogen may 
be inhibiting the reaction between CO and other molecules. These 
facts are crucial for perfecting reaction conditions in industrial pro-
cesses involving these gases. The hydrogen presence seems to set up 
an obstacle which reduces CO reaction efficiency through a com-
petitive oxidation mechanism. The study of these chemical reactions 
requires fundamental knowledge to develop optimized burners and 
chemical processes that use CO oxidation. The conversion rate of 
CO in combustion processes reaches peak efficiency through H2/
CO ratio control along with monitored inlet air temperature.



2272Journal of Thermal Engineering, 12(6), 2026

Figure 16. H2 reaction rate in combustion chamber forH2/CO ratio 
of 0.2 at 298 K

Figure 17. H2 reaction rate in combustion chamber for H2/CO 
ratio of 5 at 400 K

Figure 18. H2 Reaction rate for various H2/CO Ratios at different 
temperatures

Figure 18 shows the reaction rate of hydrogen (H2) when inlet air 
temperature rises at various H2/CO molar ratios. H2 reaction rates 
increase in parallel with increasing values of H2/CO molar ratio. 
The reaction rate of H2 shows substantial growth when temperature 
levels increase. The average kinetic energy of reactants defines tem-
perature as a measurement. Higher temperatures generate greater 
kinetic energy among reactants which leads to their increased 
particle motion speed. A higher speed of molecular collisions at in-
creased temperatures produces more energetic interactions between 
molecules for improved reaction rates. The required activation 
energy needed to start the reaction becomes more accessible at ele-
vated temperatures allowing the reaction rate to accelerate further. 
Simulation data reveals that temperature together with molar ratios 
powerfully affects the reaction speed of H2. The reaction rate for H2 
is slower when H2/CO molar ratios stay low according to the graph 
data. The successful optimization of reaction rates depends heavily 
on adjusting the molar ratio according to this evidence.

Figure 19. Reaction Rate ratio for various H2/CO Ratios at different 
temperatures

The research shows in Figure 19 how different temperatures affect 
the reaction rates when changing the H2/CO molar ratios. The 
experimental findings show that the H2/CO molar ratio directly 
affects the reaction speed. The documented information proves 
useful for perfecting combustion reaction conditions. The presence 
of higher amounts of H2 in the mixture enhances reaction speed 
but such conditions could trigger uncontrollable spontaneous fire. 
A suitable best H2/CO molar ratio must be set up to achieve stable 
combustion. High hydrogen content in syngas can lead to tempera-
tures exceeding 1200 K which may increase NOx emissions. The 
visual data in the graph presents the relationships between H2/CO 
molar ratio and reaction rate with temperature so researchers better 
understand combustion dynamics. H2/CO molar ratio monitoring 
and regulation enables efficient stable combustion operations that 
prevent spontaneous combustion and minimize the formation of 
excessive NOx emissions.
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Heat of reaction

 Figure 20. Heat of reaction in combustion chamber for H2/CO 
ratio of 0.2 at 298 K

 Figure 21. Heat of Reaction in combustion chamber for H2/CO 
ratio of 5 at 400 K

Figure 22. Heat of Reaction (W/m3) for various H2/CO ratio at 
different temperatures

The Figure 22 displays the reaction heat (W/m³) for various H₂/CO 
molar ratios measured at different temperatures. The reaction heat 
becomes stable when the H2/CO ratio exceeds 1. Research shows 
that the heat of reaction depends on H2/CO molar ratios instead of 
inlet air temperature variations. The data reveals that elevating the 
H2/CO molar ratio leads to increased heat release in the process 
because the reaction becomes more exothermic. The H2/CO ratio 
needs precise control because it directly influences heat production 
during the process. 

4. Conclusion

Numerical study of syngas combustion in a round-jet burner pro-
duces essential findings about various characteristics of the process. 
The adiabatic flame temperature receives substantial impact from the 
H2:CO ratio found in syngas. The H2/CO ratio of samples decides 
the maximum achievable adiabatic flame temperature because it un-
derlines the vital impact composition has on combustion behavior. 
Carbon monoxide reaction rate together with hydrogen rate show 
important influence from both the input air temperature and the 
H2/CO ratio. Higher ratios of hydrogen to carbon monoxide cause 
carbon monoxide reactions to slow down as hydrogen reactions 
simultaneously accelerate. The syngas’s H2/CO ratio causes greater 
sensitivity changes to reaction heat than the inlet air temperature 
does. Syngas compositions affect heat generation optimization 
through changes of the H2/CO ratio because the reactions become 
more exothermic. Minimizing heat generation differences and per-
fecting reaction speed requires engineers to keep precise control of 
H2/CO ratio together with inlet air temperature in syngas-powered 
systems. The research-based numerical findings from this study 
create essential knowledge for engineering, the development and 
maintenance of power generation systems and industrial processes 
and transportation systems through syngas-based combustion.

Author contributions statement

Seema Borde and Amogh Sambare: Conceptualization, method, 
software, formal analysis, writing – original draft, and writing – re-
view & editing. Aniruddh Nikalje: Supervision, review and editing.

Declaration of interests

The authors have no competing financial or personal interests relat-
ed to this work.

Data availability

Generated data will be available from corresponding author with 
reasonable requests.

Declaration of generative AI and AI-assisted technologies in 
the writing process

No generative AI or AI-assisted technologies were used in the writ-
ing process.



2274Journal of Thermal Engineering, 12(6), 2026

References

[1]	 C. Caligiuri et al., “Complementing Syngas with Natural Gas 
in Spark Ignition Engines for Power Production: Effects on 
Emissions and Combustion,” Jun. 21, 2021, Multidisciplinary 
Digital Publishing Institute. doi: 10.3390/en14123688. 

[2]	 P. Mondal, G.S. Dang, M.O. Garg, Syngas production through 
gasification and cleanup for downstream applications — Re-
cent developments, Fuel Processing Technology, Volume 92, 
Issue 8,2011,Pages 1395-1410,ISSN 0378-3820,https://doi.
org/10.1016/j.fuproc.2011.03.021.

[3]	 Hafner, S., Schmid, M., & Scheffknecht, G. (2021). Paramet-
ric Study on the Adjustability of the Syngas Composition by 
Sorption-Enhanced Gasification in a Dual-Fluidized Bed 
Pilot Plant.  Energies,  14(2), 399. https://doi.org/10.3390/
en14020399 

[4]	 J. Beita, M. Talibi, S. Sadasivuni, and R. Balachandran, “Ther-
moacoustic Instability Considerations for High Hydrogen 
Combustion in Lean Premixed Gas Turbine Combustors: A 
Review,” Hydrogen, vol. 2, no. 1. Multidisciplinary Digital 
Publishing Institute, p. 33, Jan. 08, 2021. doi: 10.3390/hydro-
gen2010003. 

[5]	 Changpeng Liu, Fubai Li, Heping Song, Zhi Wang, Effects of 
H2/CO addition on knock tendency and lean limit in a nat-
ural gas SI engine, Fuel, Volume 233, 2018, Pages 582-591, 
ISSN 0016-2361, https://doi.org/10.1016/j.fuel.2018.06.102. 

[6]	 Goldwitz, J., and Heywood, J., “Combustion Optimization in 
a Hydrogen-Enhanced Lean-Burn SI Engine,” SAE Technical 
Paper 2005-01-0251, 2005,  https://doi.org/10.4271/2005-01-
0251.

[7]	 L. Wang, Z. Jin, X. Chen, Y. Su, and X. Huang, “The Origin 
and Occurrence of Natural Hydrogen,” Mar. 02, 2023, Mul-
tidisciplinary Digital Publishing Institute. doi: 10.3390/
en16052400. 

[8]	 J.P. Frenillot, G. Cabot, M. Cazalens, B. Renou, M.A. Boukhal-
fa, Impact of H2 addition on flame stability and pollutant 
emissions for an atmospheric kerosene/air swirled flame of 
laboratory scaled gas turbine, International Journal of Hydro-
gen Energy, Volume 34, Issue 9, 2009, Pages 3930-3944, ISSN 
0360-3199, https://doi.org/10.1016/j.ijhydene.2009.02.059. 
(https://www.sciencedirect.com/science/article/pii/
S0360319909003000)

[9]	 Min Chul Lee, Seok Bin Seo, Jisu Yoon, Minki Kim, Youngbin 
Yoon, Experimental study on the effect of N2, CO2, and steam 
dilution on the combustion performance of H2 and CO syn-
thetic gas in an industrial gas turbine, Fuel, Volume 102, 2012, 
Pages 431-438, ISSN 0016-2361, https://doi.org/10.1016/j.
fuel.2012.05.028. 

[10]	 C. J. R. Frazão and T. Walther, “Syngas and Methanol‐Based 
Biorefinery Concepts,” Sep. 23, 2020, Wiley. doi: 10.1002/
cite.202000108. 

[11]	 [11 Natarianto Indrawan, Ajay Kumar, Michel Moliere, 
Khaled A. Sallam, Raymond L. Huhnke, Distributed power 
generation via gasification of biomass and municipal solid 

waste: A review, Journal of the Energy Institute, Volume 93, 
Issue 6, 2020, Pages 2293-2313, ISSN 1743-9671, https://doi.
org/10.1016/j.joei.2020.07.001.

[12]	 Ciliberti, C., Biundo, A., Albergo, R., Agrimi, G., Braccio, G., 
de Bari, I., & Pisano, I. (2020). Syngas Derived from Ligno-
cellulosic Biomass Gasification as an Alternative Resource for 
Innovative Bioprocesses.  Processes,  8(12), 1567. https://doi.
org/10.3390/pr8121567 

[13]	 Andrés Raya-Imbernón; Angelika A Samu; Stefan Barwe; 
Giuseppe Cusati; Tamás Fődi; Balázs M Hepp; Csaba Janáky, 
“Renewable Syngas Generation via Low-Temperature Elec-
trolysis: Opportunities and Challenges,” Dec. 01, 2023. Ac-
cessed: Jan. 31, 2025. [Online]. Available: 

[14]	 M. D. Domenico, P. Kutne, C. Naumann, and M. Aigner, 
“Numerical and Experimental Investigation of Syngas Com-
bustion on a Semi-Technical Scale Burner,” Jan. 04, 2010. doi: 
10.2514/6.2010-1147. 

[15]	 Muharam, Yuswan, David,, Julian, Kevin, “Computational 
fluid dynamics simulation to investigate the effect of flat-flame 
burner geometry on flame shape in a pyrolysis furnace.” Sep. 
2020. Accessed: Jan. 31, 2025. //doi.org/10.1063/5.0013969 

[16]	 A. Peñaranda, S.D. Martinez Boggio, P.T. Lacava, S. Merola, 
A. Irimescu, Characterization of flame front propagation 
during early and late combustion for methane-hydrogen 
fueling of an optically accessible SI engine, International 
Journal of Hydrogen Energy, Volume 43, Issue 52, 2018, Pag-
es 23538-23557, ISSN 0360-3199, https://doi.org/10.1016/j.
ijhydene.2018.10.167. 

[17]	 H. Böttler,Haris Lulić,M. Steinhausen,X. Wen,C. Hasse,A. 
Scholtissek, “Flamelet modeling of thermo-diffusively unsta-
ble hydrogen-air flames.” Oct. 2023. Accessed: Jan. 31, 2025. .  
https://doi.org/10.48550/arXiv.2301.06780 

[18]	 Li, S., Zhang, X., Zhong, D., Weng, F., & Zhu, M. (2014). Syn-
gas Spark Ignition Behavior at Simulated Gas Turbine Startup 
Conditions.  Combustion Science and Technology,  186(8), 
1005–1024. https://doi.org/10.1080/00102202.2014.900058

[19]	 Yongliang Xie, Xujiang Wang, Haiquan Bi, Yanping Yuan, 
Jinhua Wang, Zuohua Huang, Bo Lei, A comprehensive re-
view on laminar spherically premixed flame propagation 
of syngas, Fuel Processing Technology, Volume 181, 2018, 
Pages 97-114, ISSN 0378-3820, https://doi.org/10.1016/j.
fuproc.2018.09.016. 

[20]	 Banerjee, S., Naber, C., Willcox, M., Finney, C. E. A., and 
Edwards, D. K. (June 19, 2018). “High-Performance Com-
puting and Analysis-Led Development of High Efficiency 
Dilute Opposed Piston Gasoline Engine.” ASME. J. Eng. Gas 
Turbines Power. October 2018; 140(10): 102803. https://doi.
org/10.1115/1.4039845 

[21]	 Papafilippou, N., Chishty, M.A. & Gebart, R. On the Flame 
Shape in a Premixed Swirl Stabilised Burner and its Depen-
dence on the Laminar Flame Speed. Flow Turbulence Com-
bust  108, 461–487 (2022). https://doi.org/10.1007/s10494-
021-00279-6 

https://doi.org/10.1016/j.fuproc.2011.03.021
https://doi.org/10.1016/j.fuproc.2011.03.021
https://doi.org/10.3390/en14020399
https://doi.org/10.3390/en14020399
https://doi.org/10.1016/j.fuel.2018.06.102
https://doi.org/10.4271/2005-01-0251
https://doi.org/10.4271/2005-01-0251
https://doi.org/10.1016/j.ijhydene.2009.02.059
https://www.sciencedirect.com/science/article/pii/S0360319909003000
https://www.sciencedirect.com/science/article/pii/S0360319909003000
https://doi.org/10.1016/j.fuel.2012.05.028
https://doi.org/10.1016/j.fuel.2012.05.028
https://doi.org/10.1016/j.joei.2020.07.001
https://doi.org/10.1016/j.joei.2020.07.001
https://doi.org/10.3390/pr8121567
https://doi.org/10.3390/pr8121567
https://doi.org/10.1063/5.0013969
https://doi.org/10.1016/j.ijhydene.2018.10.167
https://doi.org/10.1016/j.ijhydene.2018.10.167
 https://doi.org/10.48550/arXiv.2301.06780
 https://doi.org/10.48550/arXiv.2301.06780
https://doi.org/10.1080/00102202.2014.900058
https://doi.org/10.1016/j.fuproc.2018.09.016
https://doi.org/10.1016/j.fuproc.2018.09.016
https://doi.org/10.1115/1.4039845
https://doi.org/10.1115/1.4039845
https://doi.org/10.1007/s10494-021-00279-6
https://doi.org/10.1007/s10494-021-00279-6


2275Borde, et al.

[22]	 Tianwei Yang, Hua Zhou, Zhuyin Ren, A particle mass-
based implementation for mixing models with differential 
diffusion, Combustion and Flame, Volume 214, 2020, Pages 
116-120, ISSN 0010-2180, https://doi.org/10.1016/j.combust-
flame.2019.12.024.

[23]	 Liu, C, & Shih, H. “The Design and Model Simulation of a Mi-
cro Gas Turbine Combustor Supplied With Methane/Syngas 
Fuels.” Proceedings of the ASME Turbo Expo 2016: Turboma-
chinery Technical Conference and Exposition.  Volume 4A: 
Combustion, Fuels and Emissions. Seoul, South Korea. June 
13–17, 2016. V04AT04A028. ASME. https://doi.org/10.1115/
GT2016-56528 

[24]	 Alessandro Parente, Mohammad Rafi Malik, Francesco Con-
tino, Alberto Cuoci, Bassam B. Dally, Extension of the Eddy 
Dissipation Concept for turbulence/chemistry interactions 
to MILD combustion, Fuel, Volume 163, 2016, Pages 98-111, 
ISSN 0016-2361, https://doi.org/10.1016/j.fuel.2015.09.020. 

[25]	 Lancaster, D., Krieger, R., Sorenson, S., and Hull, W., 
“Effects of Turbulence on Spark-Ignition Engine Com-
bustion,” SAE Technical Paper 760160, 1976,  https://doi.
org/10.4271/760160. 

[26]	 LIBBY, P. A. (1972). On Turbulent Flows with Fast Chem-
ical Reactions Part I: The Closure Problem.  Combus-
tion Science and Technology,  6(1–2), 23–28. https://doi.
org/10.1080/00102207208952299

https://doi.org/10.1016/j.combustflame.2019.12.024
https://doi.org/10.1016/j.combustflame.2019.12.024
https://doi.org/10.1115/GT2016-56528
https://doi.org/10.1115/GT2016-56528
https://doi.org/10.1016/j.fuel.2015.09.020
https://doi.org/10.4271/760160
https://doi.org/10.4271/760160
https://doi.org/10.1080/00102207208952299
https://doi.org/10.1080/00102207208952299

