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Abstract - This study numerically investigates the combustion 

behavior and pollutant formation of a lean swirling NH3/CH4 

flame with a fixed fuel blend of 80% NH3 and 20% CH4, under 

flame powers ranging from 313 to 783 W. Results indicate that 

increasing flame power elongates the flame and shifts the primary 

reaction zone downstream, while the peak flame temperature 

reaches a maximum at 626 W and slightly decreases at higher 

power. NOₓ emissions decrease monotonically with increasing 

flame power, whereas CO concentrations diminish downstream 

at higher powers. CO₂ remains concentrated in the high-

temperature flame core with minimal sensitivity to flame power. 

These findings demonstrate that flame power plays a crucial role 

in regulating flame structure and emissions in swirling NH3/CH4 

combustion systems. 

Key words - NH3/CH4 combustion; swirling flame; flame power; 

non-premixed combustion; emissions 

1. Introduction 

In the context of the global transition toward carbon 

neutrality, the development and deployment of carbon-free 

fuels for industrial combustion systems have become an 

urgent requirement. Among the potential alternative fuels, 

ammonia (NH3) has emerged as a particularly promising 

candidate due to its carbon-free nature during combustion 

and its capability to be produced from renewable energy 

sources [1–4]. Compared to hydrogen (H2), NH3 offers 

distinct advantages in terms of storage and transportation, 

as it can be liquefied under moderate pressure and can 

effectively utilize existing industrial infrastructure [5–7]. 

Nevertheless, the direct utilization of NH3 as a fuel still 

faces several challenges, including high ignition energy, 

low laminar burning velocity, poor flame stability, and 

high NOₓ emissions [8-9]. Consequently, NH3 is 

commonly co-fired with more reactive fuels, such as H2 or 

CH4, to enhance combustion characteristics and broaden 

the stable operating range of ammonia-based flames. 

A number of previous studies have investigated the 

combustion characteristics and emission behaviors of NH3 

and NH3/CxHy fuel blends in various burner configurations, 

with particular emphasis on swirl-stabilized combustors. 

Khateeb et al. [10–11] compared flame stability limits and 

NO emission trends as a function of global equivalence ratio 

in premixed swirl burners for NH3/CH4 and NH3/H₂ 

mixtures, demonstrating that the addition of CH4 or H2 is an 

effective strategy to extend the stable operating window of 

NH3 flames. F. H. Vance et al. [12] examined the flashback 

characteristics of H2 flames and reported that the flashback 

limits of premixed H2/air flames stabilized on slit burners 

strongly depend on the equivalence ratio and burner 

geometric parameters, including slit width, slit spacing, and 

burner plate thickness. Under flashback conditions, the 

burning velocity is predominantly governed by preferential 

diffusion effects induced by flame stretch, whereas thermal 

effects associated with heat transfer between the flame, 

burned gases, and burner plate play a secondary yet non-

negligible role. 

Beyond fuel composition, the influence of swirl flow 

structure on flame stabilization and emission control has 

also been extensively investigated. Mohd Jaafar et al. [13] 

demonstrated that the vane angle of the swirl generator 

significantly affects the size of the central recirculation 

zone and pressure loss, with a vane angle of 50° providing 

an optimal balance between flame stability and pressure 

drop. Soloklou et al. [14] reported that the inlet air diameter 

ratio and velocity critically govern flame lift-off behavior, 

flame length, and temperature distribution. An optimal 

diameter ratio of 0.6 at an air velocity of 0.3 m/s was shown 

to expand the high-temperature region and improve 

combustion efficiency. 

With respect to fuel–air mixing strategies, Tu et al. [15] 

conducted a detailed comparison between premixed and 

non-premixed combustion modes of NH3/CH4 mixtures in 

a swirl-stabilized combustor. Their results indicated that 

both combustion modes exhibit peak NO emissions at 

XNH3=40%; however, at the same XNH3, the non-premixed 

mode consistently produces lower NO emissions. Notably, 

achieving low NO levels (~300 ppm) requires operation 

under fuel-rich conditions (ϕ≥1.1) for premixed 

combustion, whereas near-stoichiometric conditions are 

sufficient for non-premixed combustion, highlighting its 

greater operational flexibility. 

Overall, previous studies have demonstrated the 

potential of NH3 and NH3/CH4 blends as viable alternative 

fuels for industrial combustion systems, while swirl-

stabilized combustors have been shown to significantly 

enhance flame stability and reduce NOx emissions. 

However, in most existing works, combustion performance 

and emission characteristics are strongly coupled with 

variations in fuel composition, equivalence ratio, and swirl 

intensity, making it difficult to isolate and independently 

assess the role of flow dynamics in pollutant formation. 

In addition, the study by Yuanping Yang et al. [16] 

systematically investigated the influence of fuel injection 

strategies in a tangentially fired swirl combustor using 

NH3/CH4 with O2/N2 as the oxidizer. Four configurations 

were examined: (A) fully premixed, (B) isovelocity non-
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premixed, (C) non-isovelocity non-premixed, and  

(D) centrally injected NH3 combined with a tangentially 

swirling CH4 flame. The results showed that the radial 

distribution of NOx is highly sensitive to the fuel injection 

strategy, with extremely high NOx concentrations at the 

combustor center (~3600 ppm at ϕ = 0.5) for cases A and 

B. Although case C reduced NOx emissions, it led to a 

significant increase in unburned fuel and residual NH3 

emissions. Notably, case D achieved optimal performance, 

with substantially lower NOx (~650 ppm) and minimal 

residual NH3 (~9 ppm), highlighting the critical role of fuel 

injection strategy in emission control. 

Based on these findings, the present study adopts a non-

premixed flame configuration with a dual-row injector 

consisting of staggered orifices of different diameters 

(1 mm with 20 holes and 2 mm with 21 holes), replacing 

the central tubular injection used in case D of [16]. Air is 

supplied tangentially to generate swirl within the 

combustor. The fuel composition (NH3/CH4 = 80/20 

mol%), equivalence ratio (ϕ=0.48), and swirl number are 

kept constant. Instead of modifying the chemical, the flame 

power is systematically varied to control the inlet flow 

momentum and Reynolds number. This approach enables 

an independent assessment of the influence of flow 

dynamics, particularly Reynolds-number effects, on flame 

structure, temperature distribution, and NOx formation 

mechanisms in a non-premixed swirl-stabilized combustor. 

By decoupling the effects of flow momentum from 

mixture composition and swirl intensity, this study 

provides a scientific basis for utilizing operating power as 

an effective control parameter to reduce NOx emissions 

while maintaining stable combustion in ammonia-assisted 

swirling flames. 

Ammonia combustion has emerged as a viable pathway 

toward carbon-free energy systems. Nevertheless, its 

practical application, particularly in internal combustion 

engines, is hindered by its tendency to liquefy under 

ambient conditions, potentially leading to condensation 

and fuel line blockage. Such limitations restrict its direct 

use in conventional engine technologies. As a result, recent 

research has increasingly focused on ammonia utilization 

in industrial burners and high-temperature systems, such as 

furnaces and cement kilns, where fuel handling and phase 

stability can be more effectively controlled. In this context, 

the present study advances the current understanding of 

swirl-stabilized combustors by systematically examining 

the influence of flow dynamics on emission formation, 

thereby addressing key practical limitations. 

2. Methods 

2.1. Combustor geometry and operating conditions 

2.1.1. Experimental Setup 

The experimental setup comprises two gas cylinders 

supplying CH4 and NH3, an air compressor, a swirl-

stabilized combustor, pressure regulators, mass flow 

controllers, and a camera operating at 60 fps. The CH4 and 

NH3 streams are regulated to a constant pressure of 1 atm 

and metered individually before being combined through a 

manifold and injected into the combustor. The air stream is 

similarly regulated and metered, then distributed into four 

ducts feeding the swirl vanes to generate a swirling flow 

for flame stabilization. A camera positioned approximately 

20–25 cm from the combustor records the flame for 

analysis of flame structure and stability under different 

operating conditions, as shown in Figure 1. 

The overall combustor model has a total length of  

540 mm and is composed of a plenum section and a 

combustion chamber. The plenum section accommodates 

the fuel inlet and the swirl vanes, which are responsible for 

generating the swirling airflow. The combustion chamber 

consists of a cylindrical tube with a length of 500 mm and 

an inner diameter of 55 mm. 

Fuel is injected from the bottom of the combustor 

through a fuel nozzle with an outer diameter of 36 mm, while 

the combustor body is equipped with four air inlets, each 

having a diameter of 10 mm, as illustrated in Figure 2. 

 

Figure 1. Layout of the experimental setup 

 

Figure 2. Experimental model 

The burner design is adapted from a domestic gas stove, 

featuring 20 large holes and 21 small holes with radii of  

2 mm and 1 mm, respectively. In the present configuration, 

the NH3/CH4 fuel mixture is supplied upward through a 

central nozzle with a diameter of 33 mm, and the 

combustor body is again provided with four air inlets of  

10 mm in diameter. 

Air is supplied tangentially through the inlet ducts and 

guided by the swirl vanes, where it enters the combustion 

chamber and mixes with the fuel stream. The NH3/CH4 fuel 

mixture is injected upward through the burner holes and 

subsequently mixes with the swirling air inside the 

combustion chamber, forming a stabilized swirling flame. 

An optimal combination of a relatively large fuel 

nozzle diameter ratio and a high swirl number has been 

shown to significantly enhance fuel–air mixing, reduce 

pressure losses, and improve the overall performance of 
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combustors. This aspect is particularly critical in gas 

turbine applications, where swirl-dominated flow plays a 

decisive role in controlling flame lift-off behavior, 

combustion intensity, and operational stability. Based on 

these findings, the present study adopts a combustor 

configuration characterized by a fuel nozzle diameter ratio 

of D=0.6 and a swirl vane angle of 600 [13–14]. This 

configuration is regarded as optimal for achieving high 

flame stability, improved mixing quality, and enhanced 

combustion performance, as illustrated in Figure 3. 

 

Figure 3. (a) ratio of fuel diameter to tube diameter;  

(b) swirl grooves with a 600 angle 

Consequently, a non-premixed combustion mode is 

employed in this study, in which the fuel mixture consists 

of 80% NH3 and 20% CH4 by volume. The fuel–air supply 

to the combustor is determined and prescribed according to 

the specified equivalence ratio (ϕ) and flame power, as 

defined in Eqs. (1) and (4). 

The equivalence ratio is determined according to the 

following expression: 

𝜙 =  
(

𝐴
𝐹

) 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

(
𝐴
𝐹

) 𝑎𝑐𝑡𝑢𝑎𝑙
 (1) 

where A and F indicate air and fuel, respectively. 

Considering the fuel mixture consisting of 80% NH3 

and 20% CH4 by mass, the corresponding global 

combustion reactions of the reactants are expressed as 

follows: 

0.8[NH3+
5

4∅
(O2+3.76N2)]->NO+

3

2
H2O+N2 (2) 

0.2[CH4+
2

∅
(O2+3.76N2)]->CO2+2H2O+7.52N2 (3) 

Flame Power (FE) = ∑ ṁi ∗  LHVi
n
k=i  (W) (4) 

where, mi denotes the mass flow of the ith fuel component 

in the mixture, and LHVi represents its corresponding 

lower heating value. 

Eqs. (2)–(3) are simplified reference reactions 

introduced exclusively for defining the global equivalence 

ratio (ϕ), calculating the fuel–air flow rates, and estimating 

the flame power. These equations are not intended to 

describe the actual chemical reaction pathways in 

NH3/CH4 combustion, nor do they imply a direct 

conversion of NH3 to NO, which in reality occurs through 

complex intermediate nitrogen chemistry. In the present 

study, the equivalence ratio ϕ=0.48 is defined as a global 

equivalence ratio, based on the total fuel and air mass flow 

rates supplied to the combustor rather than local flame or 

reaction-zone conditions; the corresponding fuel flow rates 

are summarized in Table 1. 

The study by I.V. Litvinov et al. [17] demonstrates that 

the swirl number is primarily governed by the geometric 

characteristics of the swirler. In the present work, a vane-

type swirler was designed with an inner diameter of  

56 mm, an outer diameter of 78 mm, and a vane angle of 

60°. These key geometric parameters, including the swirler 

dimensions and vane angle, were kept constant across all 

operating conditions to ensure that the swirl number 

remained invariant among the investigated cases. 

Following the methodology proposed by Ping Wang et 

al. [18], the Reynolds number (Re) was evaluated based on 

the bulk inlet velocity and the characteristic diameter of the 

inlet duct. In this study, the inlet diameter was fixed at  

55.5 mm, while the air flow rate was varied to examine the 

effect of Reynolds number. This variation resulted in a 

substantial increase in Reynolds number, whereas the 

geometric configuration of the swirler and the fuel 

blending ratio were maintained unchanged. 

The lower heating values (LHV) of NH3 and CH4 are 

18.6 MJ/kg and 50 MJ/kg [19], respectively. All flow rates 

are reported in units of l/min and were converted to 

standard conditions, defined as an absolute pressure of  

1 atm and a temperature of 20 °C, as summarized in Table 1. 

Table 1. Calculation parameters for the simulation cases 

ϕ 
𝑚̇CH4actual 

(l/min) 

𝑚̇NH3actual 

(l/min) 

𝑚̇AIRactual 

(l/min) 

Inlet 

velocity 

(m/s) 

Sn Re 
FE 

(W) 

0.48 

0.2 0.8 14 0.103 

1.5 

381 313 

0.4 1.6 28 0.207 762 626 

0.5 2 35 0.259 954 783 

As summarized in Table 1, the swirl number (Sn) was 

maintained constant at 1.5 for all operating conditions. In 

swirl-stabilized gas turbine combustors, the level of flow 

turbulence is governed not only by the Reynolds number 

but also strongly influenced by the swirl intensity. By 

maintaining a high and invariant swirl number, the present 

work ensures the persistent presence of swirl-induced 

turbulence mechanisms, while variations in the Reynolds 

number primarily reflect changes in operating conditions 

such as thermal power and inlet flow rate. This approach 

effectively decouples the influence of swirl intensity from 

Reynolds number effects, thereby providing clearer insight 

into the flow dynamics and combustion behavior in swirl-

stabilized gas turbine systems. 

2.2. Numerical model 

Computational Fluid Dynamics (CFD) is based on the 

numerical solution of the conservation equations of mass, 

momentum, and energy (Navier–Stokes equations) to 

simulate fluid flow, heat transfer, and chemical reactions. 

In this study, CFD is applied to reproduce the swirling 

flow, fuel–air mixing, and combustion behavior of 

NH3/CH4 mixtures in a swirl-stabilized combustor, 

allowing detailed analysis of flame characteristics, 

pollutant formation, and overall combustion performance. 
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The numerical simulations were performed using 

ANSYS Fluent under steady-state conditions. The 

governing equations, including the continuity equation, 

momentum equations, turbulent kinetic energy equation, 

energy equation, and radiation equation, were solved using 

the Reynolds-Averaged Navier–Stokes (RANS) approach 

in conjunction with the standard k–ε turbulence model. To 

represent the fast chemical reactions and mass transfer 

processes in non-premixed combustion, the steady flamelet 

model based on diffusion flame theory was employed [20, 

21]. In the three-dimensional turbulent non-premixed 

combustion simulations, the governing system consisted of 

the continuity equation, the RANS equations, the turbulent 

kinetic energy equations, the energy conservation 

equation, and the mixture fraction transport equation [22]. 

The governing equations were discretized using the 

finite volume method (FVM). A second-order upwind 

scheme was adopted for the spatial discretization of all 

transported variables to ensure numerical accuracy. 

Pressure–velocity coupling was handled using the 

SIMPLE algorithm, in which the momentum and pressure 

correction equations were solved in a coupled manner. 

Convergence was assumed when all normalized residuals 

dropped below 10⁻⁶ [23]. 

The selection of this modeling approach is justified by 

the simple combustor geometry, the absence of strong 

curvature effects, and operation under atmospheric 

pressure conditions (1 atm), in line with previous studies, 

as illustrated in Figure 4. 

 

Figure 4. Numerical model 

Numerous studies have confirmed the applicability of 

the detailed chemical kinetic mechanism GRI-Mech 3.0 for 

modeling NOₓ formation in ammonia-doped methane 

combustion under non-premixed conditions. Mino Woo et 

al. [24] demonstrated that multidimensional CFD 

simulations based on GRI-Mech 3.0 can reasonably 

reproduce experimentally observed NOₓ emission trends in 

non-premixed NH3/CH4 coflow flames, particularly in 

cases involving ammonia addition. Similarly, Byung Chul 

Choi et al. [25] showed that GRI-Mech 3.0 effectively 

captures fuel-NO formation characteristics and the 

influence of oxidizer composition in laminar non-premixed 

ammonia-assisted methane flames. 

In addition, comparative studies by Yupeng Zhang et 

al. [26] reported that, at 0.1 MPa and an ammonia energy 

fraction of 20%, laminar flame speeds predicted by GRI-

Mech 3.0 exhibit trends consistent with experimental data 

and comparable accuracy to ammonia-specific 

mechanisms. Furthermore, Xiao Yang et al. [27] found that 

while different mechanisms predict similar NO trends with 

increasing ammonia content, GRI-Mech 3.0 tends to 

predict higher NO levels than experiments, whereas other 

mechanisms often underpredict NO emissions. 

Based on these observations, GRI-Mech 3.0 is adopted 

in the present study due to its proven capability in capturing 

NOₓ formation trends, its extensive validation in NH3/CH4 

combustion studies, and its tendency to avoid 

underestimation of NO emissions [28]. 

3. Results and discussions 

3.1. Mesh generation and independence assessment 

3.1.1. Mesh Independence Verification 

In this study, 100% CH4 fuel is employed during the 

mesh sensitivity analysis to evaluate the influence of mesh 

resolution on the accuracy of temperature distribution 

within the combustor and to determine the optimal mesh 

configuration for the subsequent NH3/CH4 combustion 

simulations. 

Figure 5 presents the axial temperature profiles for 

different mesh configurations, including uniform element 

sizes of 2 mm, 5 mm, and 10 mm, as well as a hybrid mesh 

configuration. The results indicate that as the mesh size 

increases, the predicted combustor temperature also 

increases. However, within the range of 2 mm to 5 mm, the 

temperature variation is negligible, demonstrating that the 

numerical solution has achieved mesh convergence with 

respect to grid refinement. 

 

Figure 5. Evaluation of mesh sensitivity for the swirl-stabilized 

gas turbine combustor, illustrating center-plane results obtained 

using multiple mesh densities 

In addition, a hybrid meshing strategy with locally 

refined cells in the combustion region is evaluated. When 

the mesh size in the combustion zone is reduced from 10 

mm to 5 mm, the resulting temperature profile closely 

matches that obtained using the 2 mm uniform mesh, 

highlighting the strong influence of localized mesh 

refinement on thermal field accuracy. 

A comparison of the total node count among different 

configurations shows that the hybrid mesh contains only 

about 16% more nodes than the uniform 5 mm mesh, while 

providing a significantly more stable temperature 
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distribution that nearly coincides with the 2 mm mesh 

results. Consequently, the hybrid mesh configuration is 

selected for all subsequent simulations, consisting of  

171485 nodes, and is considered to provide an optimal 

balance between computational efficiency and numerical 

accuracy. The customized mesh configuration is illustrated 

in Figure 6. 

 

Figure 6. Mesh parameters of the hybrid mesh 

3.1.2. Validation of Numerical Simulation against 

Experimental Data 

 

Figure 7. Comparison between numerical simulation and 

experiment at a mixing ratio of ϕ=0.48 and P=626 W 

Figure 7 depicts both the numerical and experimental 

results using an identical vertical scale for the combustion 

chamber. The numerical predictions reveal a distinct 

stratification within the flame's temperature field, 

comprising multiple thermal layers spanning from 300 K 

to 2100 K. The simulated overall flame height reaches 

approximately 26 cm, whereas the maximum height of the 

visible flame sheet observed experimentally is around 

24 cm. Based on experimental measurements, the flame 

core is located at an elevation of approximately 17 cm. This 

aligns well with the high-temperature zone predicted by the 

simulation, specifically corresponding to the second 

orange thermal contour from the top along the temperature 

probe trajectory. Furthermore, the overall outer envelope 

of the experimental flame also extends to nearly 24 cm, 

indicating a substantial similarity in flame morphology and 

length between the two approaches. Although a minor 

discrepancy in flame height persists between the numerical 

and experimental data, this deviation is considered 

marginal. Consequently, this demonstrates that the 

developed numerical model is highly capable of capturing 

the primary characteristics of the flame structure, as well 

as the governing flow-combustion interactions under the 

investigated operating conditions. 

In the present study, the validation of the numerical 

model against experimental data is primarily based on a 

qualitative comparison of flame shape and flame length. 

Due to experimental limitations associated with measuring 

the spatial distributions of temperature and species 

concentrations in non-premixed ammonia-containing 

flames, a quantitative validation of the local temperature 

field and NOₓ distributions could not be performed. 

Moreover, numerical modeling inherently involves certain 

uncertainties, including those related to the selection of 

chemical kinetic mechanisms and reaction pathways. 

Despite these limitations, the modeling framework 

employed in this study is considered appropriate for the 

primary objective of the paper, which is to analyze the 

trends and mechanistic characteristics of NOₓ formation in 

non-premixed NH3/CH4 flames. In future work, optimized 

chemical kinetic mechanisms for ammonia-based fuels 

will be considered and compared, in combination with 

more advanced experimental diagnostic techniques, to 

further improve the quantitative accuracy and overall 

reliability of the numerical predictions. 

3.2. Combustion performance of non-premixed NH3-

CH4/air flames 

3.2.1. Velocity field analysis 

Figure 8 presents the velocity contours and streamlines 

on the central plane of the combustor at different flame 

power levels, clearly showing the formation of a stable 

inner recirculation zone (IRZ) induced by strong flow 

swirling (Sn=1.5>1) in combination with the geometric 

blockage of the central conical body. The swirl number 

exceeding unity generates a sufficient radial pressure 

gradient to cause axial flow reversal, thereby sustaining the 

IRZ, which is essential for flame stabilization in low-

reactivity fuels such as NH₃. 

Under a constant equivalence ratio, increasing the 

flame power raises the Reynolds number from 381 to  

954, while the swirl number remains constant. The inlet air 

velocity correspondingly increases from approximately  

2.5 m·s⁻¹ to about 5 m·s⁻¹ at P=783 W, indicating a 

substantial enhancement of axial momentum. As the 

Reynolds number increases, axial inertia progressively 

dominates over the radial momentum induced by swirl, 

suppressing the radial expansion of the swirling flow and 

confining the shear layer toward the flow core. This 

momentum redistribution leads to a more compact flow 

structure and a thinner fuel–air mixing layer at higher 

flame powers. Conversely, at low flame power (P=313 W), 

the weaker axial momentum allows centrifugal effects 

associated with Sn >1 to become more influential, 

promoting radial flow development and resulting in a 

thicker mixing region located closer to the burner exit. 
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Figure 8. Axial velocity field distribution along  

the combustor length at a mixing ratio of ϕ=0.48 

3.2.2. Temperature field analysis 

Figure 9 compares the temperature distributions inside 

the combustor obtained from both numerical simulations 

and experimental measurements for a fixed equivalence 

ratio at three different flame power levels. The results 

indicate that the flame height increases progressively with 

increasing power, and the location of the thermal core 

shifts upward and farther away from the burner as the flame 

power increases. 

The region of high temperature also expands with 

increasing power, forming a broader high-temperature 

zone. The maximum centerline temperatures are 

approximately 2014 K at 313 W, 2027 K at 626 W, and 

2018 K at 783 W, respectively. 

 

Figure 9. Axial temperature field distribution along  

the combustor length at a mixing ratio of ϕ=0.48 

Figure 10 illustrates the axial temperature distributions 

along the combustor at different flame power levels. The 

results clearly indicate that both the peak temperature and 

the extent of the high-temperature region vary significantly 

with flame power. 

At a flame power of P=313 W, the maximum 

temperature reaches 2014 K at x=10 cm, while the region 

with temperature ≥1800 K extends only about 7 cm. Under 

this low Reynolds number condition, the turbulence 

intensity and momentum diffusion are relatively weak, 

resulting in a thick fuel–air mixing region concentrated 

near the burner exit. Consequently, combustion occurs 

predominantly near the flame root, leading to an early 

temperature peak but limiting the axial development of the 

high-temperature zone. 

As the flame power increases to P=626 W, the 

Reynolds number rises substantially, enhancing turbulence 

intensity and thermal–mass transport. As a result, the 

reaction zone extends further downstream, with the 

maximum temperature increasing to 2027 K at x=14 cm, 

and the temperature ≥1800 K region expanding from  

8.5 cm to 22 cm. In addition, the formation of an inner 

recirculation zone (IRZ), as shown in Figure 8, plays a 

crucial role in flame stabilization by recirculating hot 

combustion products toward the flame base. 

At the higher flame power of P=783 W, despite the 

continued increase in Reynolds number, the intensified 

axial momentum suppresses the radial expansion of the 

swirling flow, resulting in a thinner mixing layer and a 

more confined reaction zone. Under this condition, the 

maximum temperature attains 2018 K at x= 14 cm, which 

is comparable to the peak-temperature location observed at 

P=626 W. However, the region characterized by 

temperatures ≥ 1800 K extends only from 8 cm to 21 cm, 

corresponding to an axial length of approximately 13 cm, 

which is slightly shorter than that obtained at P = 626 W. 

This trend suggests that, at high Reynolds numbers, the 

dominance of axial momentum constrains radial mixing 

and limits the spatial development of the reaction zone, 

thereby inhibiting further axial extension of the high-

temperature region despite the increase in flame power. 

Overall, the variations in the location and axial extent 

of the high-temperature region are primarily governed by 

the influence of the Reynolds number on turbulence 

intensity, swirl-flow structure, and reaction-zone 

characteristics. Among the investigated conditions,  

P=626 W provides the most favorable balance for flame 

development and stabilization. 

 

Figure 10. Axial temperature distribution along  

the combustor under different flame power conditions 

3.2.3. Emission performance of non-premixed NH3-CH4/ 

air flames 

a. NOₓ Emission performance of non-premixed 

NH3-CH4/air flames 

Figures 11 and 12 show the reaction rates of Prompt 

NOₓ and Thermal NOₓ at different flame power levels. 

Prompt NOₓ is mainly formed in the early flame region 

within locally fuel-rich zones, where hydrocarbon radicals 

react with N₂ to generate intermediate species such as HCN 

and NH, which are subsequently oxidized to NO. Although 

Prompt NOₓ is generally lower than Thermal NOₓ in 

stationary combustors, its relative contribution becomes 

more noticeable under moderate-temperature conditions 

with intense local mixing. 
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Figure 11. Axial distribution of prompt NOₓ along  

the combustor 

As illustrated in Figure 11, the Prompt NOₓ formation 

rate peaks at an axial location of approximately 0.1 m, 

corresponding to the primary reaction zone near the burner 

exit. At this location, the strong swirling flow (Sn=1.5>1) 

enhances radial transport and diffusive mixing between 

CH4 and air, promoting hydrocarbon radical formation 

while temperatures remain insufficient for dominant 

Thermal NOₓ pathways. With increasing flame power, the 

Reynolds number increases and axial momentum becomes 

more dominant, shifting the main reaction zone 

downstream and reducing the extent of locally fuel-rich 

regions. Consequently, Prompt NOₓ formation is 

progressively weakened and becomes more confined at 

higher flame powers. 

As shown in Figure 12, Thermal NOₓ is mainly 

produced through the high-temperature oxidation of 

atmospheric nitrogen via the extended Zeldovich 

mechanism, which constitutes the dominant NOₓ formation 

pathway in clean gaseous-fuel combustion. Elevated flame 

temperatures enhance N₂ dissociation, thereby promoting 

subsequent reactions with oxygen to form NOₓ. 

 

Figure 12. Axial distribution of thermal NOₓ along the combustor 

The results indicate that the onset of Thermal NOₓ 

formation appears earliest at the lowest flame power  

(P= 313 W), followed by P=783 W and P=626 W. 

However, the maximum Thermal NOₓ reaction rate is 

observed at P =626 W. This behavior highlights the strong 

dependence of Thermal NOₓ formation on the combined 

effects of flame temperature and flow characteristics. At 

higher inlet velocities, the increased Reynolds number 

intensifies axial momentum and modifies the spatial 

distribution of high-temperature regions, limiting the 

extent and continuity of zones favorable for Thermal NOₓ 

reactions despite elevated temperatures. Consequently, an 

intermediate flame power (P=626 W), where high peak 

temperatures coincide with a more developed high-

temperature region, provides the most favorable conditions 

for Thermal NOₓ formation. 

Figure 13 shows that, although the equivalence ratio is 

maintained constant, NOₓ emissions decrease 

monotonically as the flame power increases from 313 W to 

783 W, dropping from 87.1 ppm to 69.0 ppm 

(approximately 21%), even though the maximum NOₓ 

reaction rate is observed at P=626 W. As summarized in 

Table 1, higher flame power is accompanied by increased 

inlet air flow rate and oxygen availability. However, the 

results in Figures 11–13 indicate that, under non-premixed 

combustion conditions with nitrogen-containing fuels such 

as NH3, the overall NOₓ emission trend is governed 

primarily by the fuel-NOₓ formation pathway rather than 

by local peak reaction intensity. 

Increasing flame power leads to a significant rise in 

inlet velocity and Reynolds number, from Re=381 to 

Re=954, while the swirl number is kept constant (Sn=1.5). 

The higher Reynolds number strengthens axial momentum 

and turbulent transport, resulting in a more compact 

reaction zone and a reduced effective volume of intense 

fuel–oxidizer interaction in the flame core, where NOₓ 

formation predominantly occurs. From a thermal 

perspective, the maximum flame temperature reaches its 

highest value at P=626 W (2027 K), accompanied by the 

largest axial extent of the high-temperature region  

(T≥ 1800 K), explaining the locally enhanced thermal NOₓ 

reaction rate under this condition. At the highest flame 

power (783 W), despite increased oxygen supply and flow 

momentum, the high-temperature region becomes more 

spatially confined due to Reynolds-number-dominated 

flow dynamics, which suppress radial spreading of the 

swirling flow. 

Consequently, although oxidizing conditions become 

more favorable at higher flame powers, Reynolds-number-

controlled flow and mixing effects limit the overall 

progression of fuel-bound nitrogen oxidation, leading to a 

monotonic reduction in NOₓ emissions with increasing 

flame power. 

 

Figure 13. Axial distribution of NOₓ along the combustor in 

non-premixed NH3–CH4/air flames 
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b. CO and CO₂ concentrations in non-premixed 

NH3–CH4/air flames 

Figure 14 presents the axial distributions of CO 

concentration in the combustor at different flame powers. 

Under non-premixed combustion conditions, CO 

formation and consumption are governed by the balance 

between partial oxidation of CH4 and the subsequent 

oxidation of CO to CO₂. At low flame power (P=313 W), 

the relatively low inlet velocity and Reynolds number (Re 

= 381) limit turbulent mixing intensity, leading to locally 

oxygen-deficient regions near the flame base. As a result, 

incomplete combustion is promoted, and CO accumulates 

primarily in the vicinity of the burner exit. 

As the flame power increases to 626 W and 783 W, both 

the inlet velocity and Reynolds number rise significantly 

(Re increasing from 762 to 954), accompanied by a 

corresponding increase in inlet air flow rate and oxygen 

availability, as summarized in Table 1. Under these 

conditions, enhanced turbulent mixing improves the 

interaction between CO and oxidizing radicals, particularly 

OH, thereby promoting the reaction CO + OH → CO₂ + H. 

Consequently, although CO is still generated during the 

initial oxidation of CH4, its concentration decreases rapidly 

along the axial direction after reaching a local maximum 

near the main reaction zone. 

 

Figure 14. CO concentration 

Figure 15 illustrates the axial distribution of CO₂ 

concentration along the combustion chamber. The CO₂ is 

primarily concentrated within the high-temperature flame 

core, indicating a high degree of fuel oxidation. At a flame 

power of 626 W, the maximum CO₂ concentration reaches 

approximately 0.0248 at an axial position of z=0.17 m. 

When the flame power is increased to 783 W, a nearly 

identical peak value (0.0247) is observed at the same axial 

location. This negligible variation in peak CO₂ 

concentration suggests that, despite the increases in inlet 

velocity, Reynolds number, and oxygen supply, the final 

oxidation of carbon approaches a saturated state under 

conditions where the equivalence ratio is maintained 

constant. 

When considered together with the CO distributions, 

the reduction in CO concentration and the invariance of 

CO₂ levels with increasing flame power can be attributed 

to enhanced inlet flow velocity, higher Reynolds numbers, 

and increased oxygen availability. These factors promote 

more effective turbulent mixing and accelerate the 

oxidation of CO to CO₂, while simultaneously shortening 

the region of incomplete combustion in the non-premixed 

NH₃/CH₄ flame. 

 

Figure 15. CO₂ concentration 

4. Conclusion 

This study combines experimental measurements and 

numerical simulations to investigate the effects of flame 

power on the combustion characteristics and emission 

behavior of a lean non-premixed swirling NH3/CH4 flame 

(ϕ=0.48; NH₃/CH₄=80/20 mol%). The swirl number was 

maintained constant at Sn=1.5, while increasing flame 

power from 313 to 783 W led to a rise in the Reynolds 

number from 381 to 954. 

The results show that increasing flame power elongates 

the flame and shifts the primary reaction zone downstream 

as axial momentum becomes increasingly dominant at 

higher Reynolds numbers. The maximum flame 

temperature reaches its peak at 626 W and slightly 

decreases at higher power levels, which is attributed to the 

modification of local mixing structures caused by 

enhanced axial inertia under strong swirling conditions. 

Although higher flame power is associated with increased 

inlet air velocity and oxygen supply, NOₓ emissions 

decrease from 87.1 ppm to 69.0 ppm. This reduction is 

primarily linked to changes in the spatial distribution and 

intensity of high-temperature reaction zones governed by 

the interplay between Reynolds number and swirl number, 

which suppresses NOₓ formation pathways despite 

elevated flow rates. The results indicate that fuel-NOₓ 

mechanisms dominate under the present conditions, with 

flow-induced redistribution of reaction zones exerting a 

stronger influence than local reaction intensity. 

In addition, CO emissions decrease at higher flame 

power due to enhanced oxidation promoted by increased 

temperature and mixing intensity, while CO2 remains 

mainly concentrated within the high-temperature flame 

core. Overall, the findings demonstrate that stable 

combustion with low emissions can be achieved in lean 

swirling NH3/CH4 flames through appropriate control of 

flame power, providing valuable guidance for the design of 

low-emission ammonia-fueled combustion systems. 
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