
00013

Combustion of NH₃–CH₄ blend in a Coaxial Swirl 
Burner

Fatma Ezzahra Lakhal 1*, Amani Harrek1, Toufik Boushaki2 and Ammar Hidouri1

1TEMI Laboratory, Gafsa University, 2121 Gafsa , Tunisia
2ICARE CNRS, Combustion, Aerothermal, Reactivity and Environment Institute, 4571 Orleans 
45071, France

Abstract. Ammonia is a promising carbon-free fuel for decarbonizing the 
energy sectors. However, implementing it in combustion systems is limited 
by difficulties in maintaining flame stability and controlling nitrogen oxide 
(NOₓ) emissions. This study investigates the turbulent non-premixed 
combustion of NH₃–CH₄ blend in a coaxial swirl burner under atmospheric 
pressure, using experimental diagnostics. Two configurations are examined: 
(i) high swirl number (Sn = 1.4) and (ii) low swirl number (Sn = 0.8). Flame 
structure and stability was analysed via OH* and NH₂* chemiluminescence 
imaging of four blend cases. Results show that high swirl enhances mixing 
of fuel and oxidizer resulting in a compact flame anchored to the burner. In 
contrast, low swirl shows better flame stability, the flame is more diffused 
toward radial and axial direction. However, it indicates higher NOₓ
emissions.

1 Introduction
The need to decarbonize energy sectors is increasing by environmental stringent laws, 
therefore the need for carbon-free fuels has intensified research into the subject. Ammonia 
(NH₃) has emerged as a promoting option due to its zero-carbon emission during combustion, 
established global infrastructure of production and transport, and high energy density (7.1–
2.9 MJ/L) [1]. However, NH₃ exhibits a low laminar flame speed (~6 cm/s vs. ~34 cm/s for 
CH₄), narrow flammability limits, and high auto-ignition temperature (650°C), posing 
significant challenges for flame stabilization in practical burners [2]. 

Recent studies have explored NH₃ combustion primarily in premixed swirl 
configurations [3], whereas non-premixed systems are more representative of industrial 
furnaces and gas turbines they remain less understood. Blending NH₃ with CH₄ provides a 
promising transitional pathway, combining methane’s favorable combustion characteristic 
(higher laminar flame speed) with reduced CO₂ emissions [4]. The influence of burner 
design, including coaxial configuration and swirl, is a critical factor in controlling flame 
stability, temperature distribution, and pollutant formation. Swirl-induced recirculation 
zones have been shown to reduce peak temperatures and pollutant emissions by enhancing 
fuel–air 
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mixing [5]. On the other hand, swirl number have impact on flame structure, intermediate 
radical (OH*, NH₂*) distributions, and pollutant formation [6]. However, despite growing 
interest in NH₃ flames, a systematic comparison between high and low swirl regimes in non-
premixed, turbulent flames of NH₃–CH₄ mixture with air as an oxidizer covering flame 
structure and stability limits has not yet been established. Addressing these points are 
essential for developing robust burner designs capable of operating with ammonia with low 
NOₓ formation. 

This study combined experimental investigation of NH₃–CH₄–air flames at 10 kW in a 
coaxial swirl burner, comparing Sn = 1.4 (high swirl) and Sn = 0.8 (low swirl) across 0–30% 
NH₃- CH₄ blend. Flame morphology is characterized via OH* and NH₂* chemiluminescence 
along the experience.  

2 Experimental Setup and Methods

2.1 Combustion Chamber Configuration

Experiments were conducted in a combustion chamber (1000 mm height, 480mm diameter) 
at atmospheric pressure and 10 kW thermal input. A coaxial swirl burner injected CH₄/NH₃ 
radially through eight 3-mm holes, while air flowed co-axially through an annular passage 
(D = 38 mm). Two swirlers were used (Sn = 1.4 and Sn = 0.8), positioned 60 mm upstream 
of the burner exit as represented in the Fig.1. The equivalence ratio in the conducted 
experiment was ϕ = 1. 

Fig. 1. Combustion chamber geometry 

2.2 Diagnostics

The chemiluminescence technique was used to get OH* (310 ± 5 nm) and NH₂* (632 ± 5 
nm) radical emissions were captured using an intensified CCD camera (PI-MAX4) to assess 
flame structure and anchoring.  

3 Results and Discussion

3.1 Flame structure

Figures 2 and 3 present OH* and NH₂* chemiluminescence images of NH₃–CH₄ flames for 
swirl numbers Sn = 1.4 (high swirl) and Sn = 0.8 (low swirl), respectively, across ammonia 
blending ratios ranging from 0% to 30%.

Under high swirl conditions (Sn = 1.4) and for 0% NH₃, a lifted methane flame is observed. It 
is characterized by strong OH* intensity, indicating high reaction rates associated with methane 
oxidation. As the NH₃ fraction increases to 10% and 20%, the flame becomes progressively 
closer to the burner exit. At 30% NH₃, a stable Y-shaped flame structure emerges. This can be
caused by vortex breakdown and formation of a strong inner recirculation zone (IRZ). This can 
be verified with numerical simulation in future work.

Fig. 2. Flame behaviour across different NH₃ fractions from 0 to 30% for high swirl (Sn = 
1.4) 
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In contrast, under low swirl conditions (Sn = 0.8), the flame structure is significantly more 
extended in both axial and radial directions. The reaction zone appears broader and less confined, 
indicating weaker recirculation and reduced mixing intensity compared to the Sn = 1.4. The OH* 
chemiluminescence intensity decreases progressively with increasing NH₃ fraction for both swirl 
number. Simultaneously, NH₂* emission increases when increasing NH₃ proportion in the blend.
This highlights the enhanced ammonia decomposition pathways.

Fig. 3. Flame behaviour across different NH₃ fractions from 0 to 30% for high swirl (Sn = 
0.8) 

3.2 Pollutant emissions

Figure 4 presents the evolution of NOₓ and CO₂ emissions as a function of ammonia fraction for 
both swirl numbers. For Sn = 1.4, NOₓ emissions reach a maximum of 1272 ppm at 20% NH₃. In 
contrast, under low swirl conditions (Sn = 0.8), NOₓ emissions increase significantly and reach 1850 
ppm at the same ammonia fraction. This increase in NOₓ emissions under low swirl conditions can be 
attributed to weaker mixing, resulting in localized high-temperature zones and enhanced thermal NOₓ 
formation. In contrast, the stronger recirculation under high swirl may promotes temperature 
homogenization and reduces peak flame temperature, thereby limiting NOₓ formation.

Fig. 4. NOₓ and CO2 emissions 

A consistent decrease in CO₂ emissions is observed with increasing NH₃ fraction for both 
swirl numbers. This trend is primarily attributed to the progressive replacement of carbon-
containing methane with carbon-free ammonia, resulting in a reduced overall carbon input to 
the combustion process. Under high swirl conditions (Sn = 1.4), the lowest CO₂ emission 
level is recorded at 30% NH₃, corresponding to approximately 7.8% of the total measured 
emissions. In contrast, under low swirl conditions (Sn = 0.8), CO₂ emissions decrease further 
to approximately 7.4% under the same ammonia fraction. This represents a relative reduction 
of about 0.4 percentage points compared to the high swirl configuration. The overall decrease 
in CO₂ emissions confirms the effectiveness of ammonia blending as a viable decarbonization 
strategy. These findings demonstrate that increasing ammonia content significantly reduces 
carbon emissions while maintaining stable combustion conditions, highlighting the potential 
of NH₃–CH₄ blends for low-carbon energy applications. 

The optimal operating condition was determined based on flame stability, emissions 
performance, and flame structure. Among the investigated configurations, the high swirl 
condition (Sn = 1.4) combined with NH₃ blending ratios 30% provided the best performance. 
Under this condition, the flame exhibited good anchoring (distance to the burner exit 20mm), 
enhanced compactness (35mm). Additionally, NOₓ emissions were significantly the lowest 
(1050ppm) compared to the other experiences. The CO₂ emissions where in order of 7.8% of 
the total pollutant emission. Although this value is slightly higher compared to the lower 
swirl number (Sn=0.8) condition, it still improved structure and compactness and reduced 
pollutant formation of NOₓ and CO2.  
Table 1 compare the present work with previous studies to contextualize the present work 
contributions. While prior investigations have established the fundamental combustion 
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properties of NH₃–CH₄ blends [2], these studies were largely limited to laminar or 
simplified combustion configurations. Similarly, other investigations [7-8] reported global 
emission characteristics but did not resolve flame structure or radical distribution. More 
recent work [9] focuses on ignition delay, combustion duration, and spatial NOx 
distribution in internal combustion engine or on clarifying synergistic effects of CO2 and 
H2 on flame instability, SL, and NO emissions [10]. 

Table 1. Contextualization to literature. 

Study Burner 
type Fuel Swirl / 

Flow 
NH₃ 
ratio Diagnostics Key 

findings Limitations 

[9] Laminar 
burner NH₃–CH₄ No swirl 0–100% Burning 

velocity

NH₃ 
reduces 
flame 
speed by up 
to 50%

No turbulent 
swirl

[10] Gas-turbine 
combustor NH₃–CH₄ Strong 

swirl 0–50% Emissions, 
temperature 

Stable 
combustion 
up to 40% 
NH₃ 

No flame 
imaging 

[12]

Constant 
volume 
combustion 
chamber

NH₃ with 
H₂ addition

No swirl, 
controlled 
injection

Varied 
NH₃/H₂ 
ratios

High-speed 
imaging, 
pressure, 
species 
analysis

H₂ 
improves 
ignition 
and 
stability; 
NOx 
depends on 
H₂ fraction; 
some 
modes 
reduce 
peak NOx

Lab-scale 
chamber, not 
real burner; 
limited flow 
conditions; 
experimental 
focus

[13]

Constant 
volume 
combustion 
chamber

NH₃/CH₄ 
with CO₂ 
dilution

No swirl, 
controlled 
injection

Varied 
NH₃/H₂ 
ratios

synergistic 
effects of 
CO2 and 
H2 on flame 
instability, 
SL, and NO 
emissions

dilution 
reduces 
laminar 
burning 
velocity 

NH₃/CH₄ 
with CO₂ 
dilution (0–
30%) and H₂ 
addition 
(20–40%)

The present study provides a detailed experimental characterization of turbulent NH₃–CH₄ 
swirl combustion using optical diagnostics (chemiluminescence images). Unlike previous 
studies, the effect of swirl number was quantitatively evaluated based on emissions 
performance and flame structure, demonstrating that a high-swirl condition (Sn = 1.4) 
combined with an ammonia blending ratio of 30% yields optimal combustion performance. 
Under these conditions, the flame exhibited excellent anchoring, with a stabilized distance of 
20 mm from the burner exit, and enhanced compactness. Notably, NOₓ emissions were 
minimized, reaching 1050 ppm, which is significantly lower than in other tested 
configurations. Furthermore, the study experimentally confirms that ammonia blending 
reduces CO₂ emissions to as low as 7.8% of total emissions at 30% NH₃, supporting 
ammonia’s role as a carbon-free energy carrier. Thus, this work provides a combined analysis 
of swirl intensity, radical chemiluminescence (OH*, NH₂*), flame structure, and emissions 
for NH₃–CH₄ combustion in a coaxial swirl burner. 

4 Conclusions
This study experimentally investigated the turbulent non-premixed combustion 

characteristics of NH₃–CH₄ blends in a coaxial swirl burner under atmospheric pressure, with 
a particular focus on the influence of swirl number and ammonia blending ratio on flame 
structure and emissions performance. Two swirl configurations (Sn = 0.8 and Sn = 1.4) were 
examined over ammonia fractions ranging from 0% to 30%, using OH* and NH₂* 
chemiluminescence imaging and exhaust gas analysis. 

Based on the combined analysis of flame structure and emissions performance of NOₓ 
and CO2, the optimal operating condition was identified at high swirl intensity (Sn = 1.4) 
with 30% NH₃ blending ratio. This condition provides a compromise between good flame 
anchoring, low NOₓ formation and a reduction in CO₂ emissions. 

5 Acknowledgment
The authors thank ICARE-CNRS for experimental support. Special thanks to A. Elhaj and 
A. Morel for technical assistance . 

References

1. A. Valera-Medina, H. Xiao, M. Owen-Jones, W. I. F. David, and P. J. Bowen,
Ammonia for power. Prog. Energy Combust. Sci. 69, 63–102 (2018).
https://doi.org/10.1016/j.pecs.2018.07.001

2. H. Kobayashi, A. Hayakawa, K. D. K. A. Somarathne, and E. C. Okafor, Science and
technology of ammonia combustion. Proc. Combust. Inst. 37, 109–133 (2019).
https://doi.org/10.1016/j.proci.2018.09.029

3.

4.

5.

N. Dwi, K. Ischia, and Y. Sung, Review of ammonia oxy-combustion technologies:
Fundamental research and its various applications. Energies 18, 2252 (2025).
https://doi.org/10.3390/en18092252

6.

A. Z. Ghadi, H. Lee, and H. Lim, On the effect of ammonia cofiring with methane: A
combined CFD-economic analysis. Fuel 380, 133155 (2025).
https://doi.org/10.1016/j.fuel.2024.133155
L. F. Ezzahra, A. Senda, and M. Chrigui, “CFD Study of a Pulverized Coal Boiler,” in
Advances in Mechanical Engineering and Mechanics, CoTuMe 2018, edited by A.
Benamara, M. Haddar, B. Tarek, M. Salah, and C. Fakher (Springer, Cham, 2019), pp.
257–264. https://doi.org/10.1007/978-3-030-19781-0_31

L. F. Ezzahra, B. Abdallah, A. Senda, and M. Chrigui, “Effects of Swirl Number on the
Performance of Combustion and Product Mixing of Coal Pulverized Burner,” in 2019
10th International Renewable Energy Congress (IREC) (IEEE, Sousse, Tunisia, 2019),
pp. 1–6. https://doi.org/10.1109/IREC.2019.8754619

6

E3S Web of Conferences 697, 00013 (2026)	 https://doi.org/10.1051/e3sconf/202669700013
RSEGP2025



properties of NH₃–CH₄ blends [2], these studies were largely limited to laminar or 
simplified combustion configurations. Similarly, other investigations [7-8] reported global 
emission characteristics but did not resolve flame structure or radical distribution. More 
recent work [9] focuses on ignition delay, combustion duration, and spatial NOx 
distribution in internal combustion engine or on clarifying synergistic effects of CO2 and 
H2 on flame instability, SL, and NO emissions [10]. 

Table 1. Contextualization to literature. 

Study Burner 
type Fuel Swirl / 

Flow 
NH₃ 
ratio Diagnostics Key 

findings Limitations 

[9] Laminar 
burner NH₃–CH₄ No swirl 0–100% Burning 

velocity

NH₃ 
reduces 
flame 
speed by up 
to 50%

No turbulent 
swirl

[10] Gas-turbine 
combustor NH₃–CH₄ Strong 

swirl 0–50% Emissions, 
temperature 

Stable 
combustion 
up to 40% 
NH₃ 

No flame 
imaging 

[12]

Constant 
volume 
combustion 
chamber

NH₃ with 
H₂ addition

No swirl, 
controlled 
injection

Varied 
NH₃/H₂ 
ratios

High-speed 
imaging, 
pressure, 
species 
analysis

H₂ 
improves 
ignition 
and 
stability; 
NOx 
depends on 
H₂ fraction; 
some 
modes 
reduce 
peak NOx

Lab-scale 
chamber, not 
real burner; 
limited flow 
conditions; 
experimental 
focus

[13]

Constant 
volume 
combustion 
chamber

NH₃/CH₄ 
with CO₂ 
dilution

No swirl, 
controlled 
injection

Varied 
NH₃/H₂ 
ratios

synergistic 
effects of 
CO2 and 
H2 on flame 
instability, 
SL, and NO 
emissions

dilution 
reduces 
laminar 
burning 
velocity 

NH₃/CH₄ 
with CO₂ 
dilution (0–
30%) and H₂ 
addition 
(20–40%)

The present study provides a detailed experimental characterization of turbulent NH₃–CH₄ 
swirl combustion using optical diagnostics (chemiluminescence images). Unlike previous 
studies, the effect of swirl number was quantitatively evaluated based on emissions 
performance and flame structure, demonstrating that a high-swirl condition (Sn = 1.4) 
combined with an ammonia blending ratio of 30% yields optimal combustion performance. 
Under these conditions, the flame exhibited excellent anchoring, with a stabilized distance of 
20 mm from the burner exit, and enhanced compactness. Notably, NOₓ emissions were 
minimized, reaching 1050 ppm, which is significantly lower than in other tested 
configurations. Furthermore, the study experimentally confirms that ammonia blending 
reduces CO₂ emissions to as low as 7.8% of total emissions at 30% NH₃, supporting 
ammonia’s role as a carbon-free energy carrier. Thus, this work provides a combined analysis 
of swirl intensity, radical chemiluminescence (OH*, NH₂*), flame structure, and emissions 
for NH₃–CH₄ combustion in a coaxial swirl burner. 

4 Conclusions
This study experimentally investigated the turbulent non-premixed combustion 

characteristics of NH₃–CH₄ blends in a coaxial swirl burner under atmospheric pressure, with 
a particular focus on the influence of swirl number and ammonia blending ratio on flame 
structure and emissions performance. Two swirl configurations (Sn = 0.8 and Sn = 1.4) were 
examined over ammonia fractions ranging from 0% to 30%, using OH* and NH₂* 
chemiluminescence imaging and exhaust gas analysis. 

Based on the combined analysis of flame structure and emissions performance of NOₓ 
and CO2, the optimal operating condition was identified at high swirl intensity (Sn = 1.4) 
with 30% NH₃ blending ratio. This condition provides a compromise between good flame 
anchoring, low NOₓ formation and a reduction in CO₂ emissions. 

5 Acknowledgment
The authors thank ICARE-CNRS for experimental support. Special thanks to A. Elhaj and 
A. Morel for technical assistance . 

References

1. A. Valera-Medina, H. Xiao, M. Owen-Jones, W. I. F. David, and P. J. Bowen,
Ammonia for power. Prog. Energy Combust. Sci. 69, 63–102 (2018).
https://doi.org/10.1016/j.pecs.2018.07.001

2. H. Kobayashi, A. Hayakawa, K. D. K. A. Somarathne, and E. C. Okafor, Science and
technology of ammonia combustion. Proc. Combust. Inst. 37, 109–133 (2019).
https://doi.org/10.1016/j.proci.2018.09.029

3.

4.

5.

N. Dwi, K. Ischia, and Y. Sung, Review of ammonia oxy-combustion technologies:
Fundamental research and its various applications. Energies 18, 2252 (2025).
https://doi.org/10.3390/en18092252

6.

A. Z. Ghadi, H. Lee, and H. Lim, On the effect of ammonia cofiring with methane: A
combined CFD-economic analysis. Fuel 380, 133155 (2025).
https://doi.org/10.1016/j.fuel.2024.133155
L. F. Ezzahra, A. Senda, and M. Chrigui, “CFD Study of a Pulverized Coal Boiler,” in
Advances in Mechanical Engineering and Mechanics, CoTuMe 2018, edited by A.
Benamara, M. Haddar, B. Tarek, M. Salah, and C. Fakher (Springer, Cham, 2019), pp.
257–264. https://doi.org/10.1007/978-3-030-19781-0_31

L. F. Ezzahra, B. Abdallah, A. Senda, and M. Chrigui, “Effects of Swirl Number on the
Performance of Combustion and Product Mixing of Coal Pulverized Burner,” in 2019
10th International Renewable Energy Congress (IREC) (IEEE, Sousse, Tunisia, 2019),
pp. 1–6. https://doi.org/10.1109/IREC.2019.8754619

Acknowledgment

7

E3S Web of Conferences 697, 00013 (2026)	 https://doi.org/10.1051/e3sconf/202669700013
RSEGP2025



7.

8.

9.

Kurata, O., Iki, N., Matsunuma, T., Inoue, T., Tsujimura, T., Furutani, H., Kobayashi,
H., & Hayakawa, A. (2017). Performances and emission characteristics of NH₃–air and
NH₃–CH₄–air combustion gas-turbine power generations. Proceedings of the
Combustion Institute, 36(3), 3351–3359. https://doi.org/10.1016/j.proci.2016.07.088

10.

Li, J., Huang, H., Kobayashi, N., He, Z., & Nagai, Y. (2019). Study on using hydrogen
and ammonia as fuels: Combustion characteristics and NOx formation. International
Journal of Energy Research, 38(9), 1214–1223. https://doi.org/10.1002/er.3141
Zhu, W., Zhang, M., Zhang, X., Wu, X., Meng, X., & Bi, M. (2025). Study of NOx
formation mechanisms in ammonia combustion under different adding hydrogen
ignition modes using a constant volume combustion chamber. Fuel, 398, 135556.
https://doi.org/10.1016/j.fuel.2025.135556
Zhu, W., Meng, X., Zhang, M., Zhang, X., Cui, Z., Tian, J., Long, W., & Bi, M.
(2025). Synergistic effects of CO₂ dilution and H₂ addition on the laminar combustion
characteristics of NH₃/CH₄ blends at high temperature and pressure. Energy, 320,
135267. https://doi.org/10.1016/j.energy.2025.135267

8

E3S Web of Conferences 697, 00013 (2026)	 https://doi.org/10.1051/e3sconf/202669700013
RSEGP2025


