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 The aim of the present study is to investigate the effect of inlet geometry on thermal conditions, 

flame structure, and the stable flame formation limit in ammonia-methane combustion in a 
furnace with a non-premixed burner. Variations in fuel inlet diameter, air inlet diameter, and the 
distance between the air and fuel inlets are considered as the parameters related to inlet geometry. 
For this purpose, a numerical study has been conducted using the Reynolds stress turbulence 
model, the eddy dissipation concept combustion model, and KAUST ammonia-methane chemical 
kinetics, while also considering the discrete ordinate radiation model. The results show that 
increasing the mass fraction of ammonia in the fuel leads to a decrease in the maximum flame 
temperature, fundamental changes in flame structure and volume, as well as alterations in the 
stable flame formation limit. Among the geometric parameters investigated, decreasing the 
distance between the fuel and air inlets, decreasing the fuel inlet diameter, and finally decreasing 
the air inlet diameter led to improved stable combustion conditions for the burner and also create 
thermal conditions similar to those of pure methane combustion within the combustion chamber, 
respectively. The main effect of changing the inlet diameters is on the recirculation rate of 
combustion products into the unburned mixture and the inlet shear layer flow, whereas the 
greatest effect of ammonia is on altering the reaction pathways of the combustion process. 
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Introduction 

Global warming has made it necessary to replace fossil fuels with intermittent renewable energy resources, 

rendering chemical storage-especially via carbon‑free carriers such as ammonia-more cost‑effective than 

batteries. With its high volumetric energy density and lower production cost, ammonia is considered a suitable 
option for hydrogen transport and storage; however, its main challenge is unstable combustion. Ariemna et al. 
showed that adding ammonia to methane severely narrows the flammability range and lowers the upper 
equivalence ratio limit, while Zhenhua et al. introduced oxygen‑enriched combustion as an effective strategy to 
improve the stability of ammonia flames. Studies by Coulson and Najafi also indicate flame movement 
downstream and blow‑off at high ammonia mole fractions, attributed to its chemical effects. Adding hydrogen to 
ammonia enhances flame speed but leads to a significant increase in NO emissions and a narrow operating window, 
and Li et al. identified the key exothermic reactions in this process. In this context, a numerical study has been 
conducted on the Huazhong University furnace with a non‑premixed burner for methane‑ammonia blended fuel. 
The objective is to investigate the effects of the inlet diameter of fuel and air nozzles and the distance between 
them on thermal performance and flame structure. To this end, temperature distribution and hydroxyl radical (OH) 
distribution are analyzed to determine the stable flame formation range within the furnace. 

Geometry and boundary conditions 

Figure 1 shows the Huazhong University combustion furnace. Fuel enters via a central 5 mm diameter nozzle, 
air through an annulus (inner diameter 7 mm, outer diameter 17 mm). The furnace is 600 mm long with a 250 mm 
diameter, and its exhaust stack includes a 50‑ mm inclined section followed by a straight section (length 50 mm, 
radius 25 mm). The methane as fuel and air as oxidant are introduced to the burner with velocity of 14.2 and 16.37 
m/s. 
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Figure 1- Geometry and dimensions of furnace and burner (dimensions in mm) 

Numerical solution setup 

RANS simulation is used by the RSM turbulence model, EDC for combustion, and the DO model for radiation, 

with KAUST mechanism. The numerical simulations use the coupled algorithm for pressure-velocity coupling to 

accelerate convergence. Diffusion terms are discretized via central differencing, while convection terms employ 

the second-order upwind scheme. Convergence is verified by two criteria: (i) residuals below 10⁻ ⁶  for the energy 

equation and 10⁻ ⁵  for all other equations, and (ii) less than 0.1% variation in temperature and OH radical 

concentration at the furnace outlet over 100 consecutive iterations. 

Numerical modeling conditions 

The baseline geometry is the original experimental one. Fuel/air nozzle diameters and their spacing are varied, 

both increased and decreased relative to the baseline, while all other dimensions remain fixed. For each geometry, 

the fuel composition varies from pure methane to methane-ammonia blends with up to 90% ammonia mass 

fraction. 

Results 

Grid independence was verified using four meshes and the results show that mesh with the 26780 cells yielding 

grid independent results. Validation of turbulence models, wall functions, and combustion models showed that ‑

the RSM turbulence model, Wolfshtein’s wall function, and the EDC model provide high accuracy [21, 22]. Given 

the critical role of chemical kinetics in ammonia combustion, three mechanisms—GRI3.0, Mendiara, and KAUST 

were compared. Figure 2 indicate that the KAUST mechanism, with more accurate Arrhenius coefficients, 

provides best predicts temperature and CO  and O  dry mole fra₂ ₂ ctions. 

 

 
Figure 2- Validation of radial distribution of temperature, O2 and CO2 dry mole fractions for different chemical kinetics  

Effect on inlet geometries on thermal conditions 

Figure 3 show that decreasing the fuel or air nozzle diameters (at constant inlet velocity) raises the peak flame 

temperature by reducing penetration and dilution, whereas increasing these diameters lowers the peak temperature 

by lengthening the cold inlet region and enhancing product recirculation. Increasing the ammonia mass fraction 

also reduces the peak temperature due to lower heating value and reaction rates, with a sharper drop above 50% 
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mass fraction. In both cases, increasing the air inlet diameter and ammonia fraction promotes a more uniform 

temperature distribution and eliminates hot spots within the combustion chamber. Overall, adjustments to the inlet 

geometry can compensate for the temperature drop caused by ammonia addition and achieve favorable thermal 

conditions. These findings highlight the critical role of burner geometry in developing ammonia‑blended fuel 

combustion. 
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Figure 3- Effect of air and fuel nozzle diameter on the thermal performance of methane-ammonia non-premixed combustion 

Effect on inlet geometries on flame stability and structure 

Increasing the air inlet diameter (at constant velocity) raises airflow and recirculation, making dilution 

outweigh preheating, thus reducing OH radical levels and causing flame blow-off at lower ammonia mass fractions 

(for diameters of 8, 10, and 12 mm, blow-off occurs at fractions of 0.8, 0.7, and 0.6, respectively). Overall, both 

larger air diameter and increased nozzle spacing reduce chemical reaction rates primarily through enhanced 

dilution of the unburned mixture by combustion products.  

Conclusion 

Numerical modeling of the Huazhong furnace with a non-premixed burner shows that adding ammonia to 

methane reduces chamber temperature and alters the thermal pattern. This fuel modification transforms the flame 

structure and significantly narrows the stable flame formation range. Investigating three geometric parameters 

(fuel nozzle diameter, air hydraulic diameter, and nozzle spacing) reveals that reducing these dimensions expands 

the stable operating range for higher ammonia mass fractions. Thus, adjusting these three geometric parameters 

provides a key solution to achieve thermal conditions similar to pure methane combustion, facilitating the 

replacement of industrial burners with methane‑ammonia blended fuel. 
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Figure 1- Geometry and dimensions of furnace and burner (dimensions in mm) 
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Table 1- Boundary conditions governed on furnace under the methane-air and methane-ammonia-air mixtures 

Boundary condition type Boundary 

condition 

position 

Combustion 

condition Species mole fraction (%) 
Pressure 

(bar) 
Hydrodynamic Thermal 

XCH4= 100% Zero gradient u=14.2 m/s T=298 K Fuel inlet 

C
H

4
-a

ir
 XO2= 21% 

XN2= 79% 
Zero gradient u=16.37 m/s T=298 K Oxidant inlet 

Zero gradient Zero gradient No-slip Insulation Furnace wall 
Zero gradient Zero gradient No-slip Insulation Chimney wall 
Zero gradient Pressure outlet No-slip Insulation Furnace outlet 

XCH4=75, 85, 89, 95, 97, 99, 100 
XNH3=25, 15, 11, 5, 3, 1, 0 

Zero gradient 
Q= 18 lit/min T=298 K Fuel inlet 

C
H

4
-N

H
3
-a

ir
 

XO2= 21% 

XN2= 79% Zero gradient Q= 190.1 lit/min T=298 K Oxidant inlet 
Zero gradient Zero gradient No-slip Insulation Furnace wall 
Zero gradient Zero gradient No-slip Insulation Chimney wall 
Zero gradient Pressure outlet No-slip Insulation Furnace outlet 
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Table 2- Inlet geometry condition and ammonia mass fraction for numerical modelling 

NH3Y (mm) fD  L (mm)  (mm) h,aD  Inlet geometry  No.  

0-0.9 4  1  
10 

12 

14  

  

1  

0-0.9 4  

0.5 
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4  

10  2  
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6  
1  10  3  
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Figure 2- Grid independence results for temperature and OH mole fraction on the centerline of furnace 
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Table 3- Condition of selected chemical mechanisms for validation 

Reference  Chemical reaction No.  Species No.  Chemical kinetic name 

]23[  325  53  GRI3.0  

]24[  779  97  Mendiara  

]25 ,26[  593  64  KAUST  
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Figure 3- Validation of radial distribution of temperature, O2 and CO2 dry mole fractions for different chemical kinetics  
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Figure 4- Validation of CO and NO dry volume fractions by GRI3.0, Mendiara and KAUST mechanisms 
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Figure 5- Comparison of NOx emission values for experimental methane-ammonia combustion by different values of ammonia in 

fuel with modelling data 
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Figure 6- Effect of fuel nozzle diameter on the thermal performance of methane-ammonia non-premixed combustion 
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Figure 7- Effect of air inlet diameter and different ammonia mass fraction in the fuel mixture on temperature distribution into the 
furnace with non-premixed burner 
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Figure 8- Effect of distance between air and fuel inlets in the different ammonia mass fraction on temperature distribution 
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Figure 9- Effect of fuel inlet diameter and different ammonia injection to fuel stream on the hydroxyl radical distribution 
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Figure 10- Effect of fuel nozzle on the heat release rate in the different methane-ammonia fuel compositions 
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Figure 11- Hydroxyl radical distribution in the different inlet air diameters and different values of ammonia-methane as fuel 
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Figure 12- HRR contours in different air inlet diameters and NH3 added to methane 

A&� 12-  1�
�$ (�CHRR  ��>� � �� �2� �I�e� :�'($�; � `O D� 1�$
 1���� 1�
�5R  

  

4�� 3�+13  �14 �,� &/D�E ���� IJ�
�+3 ��"�3 <16� � �6+ �" �# "�01�� &/'� �# ��� 0�� J� J6!�g  4�M��"��+ I�����"

� v�
 J����J73 >"��% "� ��!�T�+3 q/0A� 
6�7�5�–��0� ��	
 �
�+� .v�
 J����J73 >"��% &#��6�C ��
 J� S���!�K 

U1���+3 J"��#�
 >�� :�����+3 =��0%�
� >�CGm� =��[
 "� �6X1 4.� y6=� :�����+3 /D�
� ����P �B!�4 h�
�3 



�4��5� �231 876'� �%29
 ����1 �� �)
��21 � ���
< 8���!	 �� ...  51  

 

��L��
� <16� � ?!��>�� %�
�& J����J73 h�
�3 "� &F .� 8��0%� &|�"� �
�+� .J� *�m ����� J6!�g ��"�I�� OH &#��6�C 

�� &
6� I�'E /���3 "� 7�E��+��3 M��������6 +�K#���"��+ � 
6�7��5� ��#3 �����
� %�
�& �:���� �"�#
 &'�6! &/'� 

� J"��#�
 ����2 �9�"��3 �7 �"6� ��� 0�� "��= &0E�� <�� .��!�T ��K �� �0��"�9 ����� /.!�4 S+���J "�0E" h�
�3�J
� � 

���Z
�+3 ��L��
� &/'� �" S+��E �
���. w#�)� �0
��N �PE��: &/D�E ���� IJ�
�+3 <16� � �6+ TQ6� :+�� "��[� #�	�&� 

HRR � :+�� >�� �	!�4 OH "� %�
�& :���� �
�6� ."� &/D�E�+3 �Y6���! S+�#:�� ���g�! �Q��� <16� � �6+ 

uC�# ����O %�
�&�3 �# VG01� T�����! "� >"��O� 4.� "P!�w ��� � ����2 p6/)��!3 ��#3 y��� :�����+3 O
J����3 

S+��E �
��� ."� 0
��&O #��0	�K "��[� HRR "� �� %�
�& �!���.� ����O ��� � J6!�g OH 
�P ��	
���+� 4�����3 �� 

%�
�& :���� I�'E�! <�� .�# �PE��: &/D�E IJ�
��+ ���J VG01� 9�: J� 8��0%� �PE��: �&0E� � 4.� J�;7 :�����+3 ��L��
� 

&# <L� �9��K<�� &#�Q�Q �
�6� .��K &#�Q�Q
� &� J� �m�w I�[0
� %�
�& �PE��: HRR � y��� �	!�4 OH 4#�= ��+�	� 

�<�� #���
� �PE��: 1-!�� I�'0�� � :+�� <C�� &'�6! &/'� "� %�
�& �P
�� &# ��"�3�+ <��.  

�PE��: &/D�E ���� IJ�
�+3 <16� � �6+ �RL+�K TQ6� ?!��� "� ����P <�"�	� >W6X.� 8��0%� 	1�YJ�#
 "� 7�E��� 

I�'0�� �
�6� ."� ����2 8��0%� �# ="�wJ��3 �W�# :1�YJ�# >W6X.� ��� :[
 L��
 "� I�[0
� >"��% � �-!�K &
6��+3 

I�'E ��#3 y��� :���� x�"�� �# ��K �I�% �PE��: #�: J� �% &/D�E IJ�
�+ TB� �
�6� "��[� #��0	3 J� >W6X.� 	1�YJ�#
 

9�: J� �"��� V6/A� &# ����2 T���� �:���� �# �Q��� �J�! V6/A� ��� � �,� ="�w�����
 �7�+ �PE��: ��#� ."� 0
��&O 

<F/; &
6��+3 :�������+� � I�L0%� �+�"61�#3 �,t� ��L��
� :+�� �&0E� � ��K y6$6� &# >"6D <E� HRR � :+�� 

"��[� OH "� %�
�& &/'� �+�� �
�6�. J� 6�3 ����� �PE��: S�� 
6�7�5� "� ��!�T �<16� ��M%�< "�01�� &/'� <BM
 

&# &/D�E IJ�
�+ �" �PE��: �
�+� .&Y��� ���PE� 
6�7�5� &# (��4 :[
 �7 "� :+�� "�	0
� K#�� L+��< J���3 ��"�� ��� 

:����b9��3 �9��K�! �7 <BM
 &# ���0� <C�� �0L� M���+�3 	����
 � 
�J� #��0	 &# ����2 T���� ��#3 J�;7 �8��0%� uC�# 

:+�� >�� J����J73 h�
�3 �
�6� .��#��#��K �# �PE��: �M� ��Q
 
6�7��5� :+�� >"��% 3J����J7 v�
 � ���.� ��� 

%�
�& �"��3 OH �# >�� #��0	3 ��+�	� �
�6� .��K �,� "� 4D�6E d"P#�! ���� IJ�
�+ �	!�� ��� � "� ��
�< uC�# :+�� 

����.� �9�"��3 &/'� � y6=� �6��1
 "� ��[��� �9��K�! 
6�7�5� �
�6�. "� &'(�)� ��$�% �PE��: &/D�E "6.�3 y��� 

:�����+ ��#3 4D�6E #�K IJ�
�+3 ��"�3 1� 2 � 4 ��/
�0� &#!�!�T "� �+�M�3 ��Q
 
6�7�5� 70� 40 � 20 3�D"� 

��+�	� �� .�RL+��K �6��1
 &/'� ��#3 ��K 4D�6E &#!�!�T "� �+�M�3 ��Q
 
6�7�5� #��0	 J� 9/0� 7/0 � 5/0 v" ��� .

��K �0
�N ��	
 �
�+� &� �PE��: &/D�E ���� IJ�
�+ &
���! TQ6� :+�� >�� :���� �
��6� &�/# �# I�[0
� %�
�& I�'E 

&/'� &# �9��K<�� � :+�� �
�6!
� ��S0M "� } % :�����+3 O
J����3� ����2 �6��1
 �" "� ��!�>�B �# S�� �!W�# 


6�7�5� S+��E �
���.  

�# o��� /.!�4 S+���J HRR � OH� :+�� &/D�E ���� IJ�
�+3 <16� � �6+ � �RL+�K :+�� �)= IJ�
�+ "� ����2 

<#�, ��6# ��6! !"��%
 �"6� � <C�� �6+3 ��"�3� �
�
�6! TQ6� 6[!�< 7�E��� �VG01� �PE��: >�� :�����+3 ��L��
� 

� Bi!�< 4.� �	!�4 &/'� �6� .��#��#��K �GD� &���+ "P!�w ��
 J� �+"��+�"3 �,t� ��#3 �PE��: /#�=�< 8��0%� V6/A��+3 


6�7�5�–��0� � 0���#�
 &# S�� �!W�# 
6�7�5� "� <16� ���# ����O �9�
�"��3 �� �6��1
 H���+��J &/'� <��.  

  

  



 
 	���
 12G���2H3 2'%>���&�
 �   ���� ���� !� � "#$%19 ����� �1 )1405(  52 

 
YNH3=0.9 YNH3=0.8 YNH3=0.7 YNH3=0.6 YNH3=0.5 YNH3=0.4 YNH3=0.3 YNH3=0.2 YNH3=0.1  

 

        

L
=

0
.5

 m
m

 

 

        

L
=

1
 m

m
 

   

      

L
=

2
 m

m
 

     

    

L
=

4
 m

m
 

Figure 13- Effect of distance between fuel and air inlets on the hydroxyl distributions 
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Figure 14- Heat release rate in different distances between inlet nozzles and different values of ammonia injected to fuel 
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