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Abstract 
This study provides a comprehensive investigation of the laminar flame propagation 
characteristics of NH3/N2/CO/H2/air mixtures under high-temperature and high-
pressure conditions across a wide range of equivalence ratios. Laminar burning 
velocities (LBVs) were determined using the spherical flame propagation method, which 
enables accurate evaluation of intrinsic flame properties while minimizing the influence 
of external disturbances. Particular emphasis was placed on the effects of equivalence 
ratio and N2 dilution volume fraction, both of which exert significant influences on flame 
dynamics.The results reveal that LBV decreases monotonically with increasing N2 
dilution, while it increases with elevated initial temperature. In contrast, the 
dependence of LBV on equivalence ratio exhibits a non-monotonic behavior, reflecting 
the complex interplay among heat release, transport phenomena, and flame structure. 
As an inert diluent, N2 significantly suppresses flame propagation by reducing the net 
reaction rate of critical chain-branching reactions, altering the ammonia consumption 
pathway, and ultimately lowering NOX formation. The presence of N2 not only affects 
flame stability but also modifies the emission characteristics of ammonia-based fuel 
mixtures.Overall, these findings provide new insights into the combustion performance 
of NH3/N2/CO/H2/air mixtures and demonstrate that the use of N2 as a diluent can 
effectively reduce NOX emissions, thereby offering valuable guidance for the design and 
optimization of cleaner, ammonia-fueled energy systems. 
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1. Introduction 

Since the 20th century, the problem of environmental pollution has become increasingly 
serious. In response to the national call to reduce carbon dioxide emissions, promoting the 
development of carbon-free renewable energy sources is imperative in order to slow the rise 
of environmental pollution [1]. Ammonia (NH3) has garnered significant attention [2]; But 
using it as fuel presents a number of difficulties. Ammonia has a lower LBV than traditional 
hydrocarbon fuels, peaking at around 7 cm/s [3]. Ammonia has a very high minimum ignition 
energy. From a chemical point of view, ammonia is composed of N-H bonds, and the dissociation 
of N-H bonds requires higher energy, that is, higher ignition energy is required. Compared to 
traditional hydrocarbon fuels, ammonia fuel requires an ignition energy that is around an order 
of magnitude higher [4]. Therefore, a high-energy igniting mechanism is required when using 
ammonia as fuel in internal combustion engines [5]. Ammonia has a narrower flammable limit 
and higher NOx emissions, the formation mechanism of ammonia NO is different from that of 
hydrocarbon fuel combustion to produce thermal type NO, mainly for the fuel type NO 
produced in the combustion process, and we need to develop a new NO control method [6]. 



Frontiers in Science and Engineering Volume 5 Issue 11, 2025

ISSN: 2710-0588 

 

123 

A zero-carbon fuel with enormous potential for use in industrial boilers, engines with internal 
combustion, and gas-powered turbines is ammonia. Its limited reactivity and tendency to emit 
a lot of NOx, however, pose significant problems. Nitrogen dilution can effectively lower flame 
temperature, thereby reducing NOx formation and enhancing combustion stability. In gas 
turbines, ammonia can be co-fired with hydrogen or natural gas to improve efficiency and 
mitigate carbon emissions. For internal combustion engines and boilers, ammonia combustion 
can optimize thermal energy conversion and minimize pollutant emissions [7]. This study 
investigates ammonia's combustion qualities to potentially aid in the creation of future low-
carbon energy systems. 
Internal combustion engines' use of ammonia is restricted by the previously listed issues. 
Numerous ongoing research aim to enhance NH3's performance in order to improve its 
combustion status, LBV, and combustion intensity [8].By effectively combining NH3 with other 
hydrocarbon fuels, the LBV of the NH3/air flame is raised, meeting the need for more ignition 
energy [9]. The dual impact of syngas, which may both efficiently lower carbon dioxide 
emissions and speed up the flame propagation of ammonia, is particularly noteworthy among 
these gas mixes. The primary constituents of syngas encompass hydrogen (H2), carbon 
monoxide (CO), and methane (CH4), alongside significant quantities of diluent gases, including 
carbon dioxide (CO2) and nitrogen (N2). In practical applications, the co-combustion of NH3 
with syngas has stronger combustion properties and lower pollution emission potential [10]. 
However, combustion of a mixture of ammonia and syngas also produces excessive nitrogen 
oxide (NOx) emissions. Dilution gas, that is, the incorporation of a certain proportion of gas into 
the fuel, may improve the mixture's combustion characteristics by altering the fuel and oxidant 
concentrations as well as the mixture's physicochemical qualities [11].  
Some studies have shown [12,13] that mixed gas dilution or exhaust gas recirculation (EGR) 
technology is extensively employed in compression ignition engines to effectively mitigate NOx 
emissions and lower the combustion temperature. EGR mainly reduces the oxygen 
concentration and flame temperature by introducing part of the exhaust gas after combustion, 
thereby inhibiting the formation of NOx; nitrogen dilution reduces the activity of the 
combustion reaction by directly adding N2, and simultaneously lowers the flame temperature. 
These techniques have been demonstrated to be crucial for enhancing internal combustion 
engines' environmental performance by reducing the amount of nitrogen oxides produced 
during combustion. 
The LBV of NH3/syngas and air mixes at standard temperature and pressure was examined 
experimentally by  Han et al. [14] using the heat flux method. The LBV of many mixes, such as 
NH3/syngas/air, NH3/CO/air, and NH3/H2/air, was evaluated by Wang et al. [15] using the heat 
flux technique at 298 K and 5 atm pressure. Their study involved an in-depth kinetic analysis, 
focusing on how pressure influences the LBV. Under similar experimental circumstances, Lee 
et al. [11,16] used the spherical flame expansion technique to study the unstretched LBV and 
Markstein number of NH3/air premixed flames with hydrogen addition. The results 
demonstrated that the presence of H2 considerably increases the combustion velocity of 
NH3/air mixtures. However, the study also found that the injection of H2 raises NOX and N2O 
emissions. Furthermore, when the mixtures were fuel-rich, both NOX and N2O emissions were 
significantly lower compared to fuel-lean conditions. These findings suggest that employing a 
hydrogen enrichment strategy in NH3/air mixtures can effectively improve LBV while reducing 
nitrogen oxide production. After examining NOX emissions and combustion stability, Mousavi 
et al. [17,18] came to the conclusion that a larger NH3 content lowers the concentrations of OH 
radicals, which consequently increases the ignition delay time. Similarly. Kiani et al. [19] looked 
at how the equivalency ratio, CO concentration, and NH3 levels affected the mild combustion 
characteristics of syngas/NH3/air mixtures. Their findings, which showed a considerable 
increase in NOX generation under fuel-lean conditions, demonstrated the important function 
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that equivalency ratio plays in controlling pollutant emissions. In addition to analyzing the 
properties of NO production at different cracking ratios, Mei et al. [20,21] investigated into the 
LBV trends for NH3/H2/N2/air mixes at various cracking ratios and pressures. Compared with 
the studies by Han et al. and Wang et al., this study adopted different dilution rate ranges, 
equivalence ratio settings, and experimental conditions, providing more comprehensive 
nitrogen oxide emission data and more detailed reaction mechanism analysis. 
The combustion properties of ammonia-syngas mixtures with different N2 dilution levels are 
examined in this work. The aim is to better understand how these diluents affect flame behavior, 
thereby contributing to the optimization of combustion processes for enhanced performance 
and reduced emissions in future energy systems. When ammonia is used as a fuel, the N2 
present in NH3 is a major contributor to NOX emissions. Since there is a lack of experimental 
data on the basic properties of these flames, more research is needed to investigate how N2 
dilution affects the combustion performance of NH3/syngas/air mixes. 
This study investigates the properties of flame propagation in NH3/syngas/air mixtures across 
a range of dilution levels (X = 0–0.3), initial temperatures (Tu = 298K,373 K), initial pressures 
(P0 = 1atm, 3 atm), and equivalence ratios (Φ = 0.8–1.4). The study offers a comprehensive 
analysis of how the equivalence ratio, temperature, and dilution ratio affect the LBV. The study 
measures the impact of thermal-diffusive and hydrodynamic instabilities on flame behavior 
using linear stability theory. Additionally, numerical simulations are used to look at how N2 
dilution affects LBV chemically and thermally. 

2. Experiment and Numerical Simulation 

2.1. Experimental Methods 
A constant-volume burning chamber, a pressure gauge, a gas distribution system, an igniting 
system, and a flame photography apparatus make up the experimental setup, which is 
schematically shown in Figure 1. Inside a 400 mm diameter by 400 mm high stainless steel 
cylindrical constant-volume combustion chamber, the flame burns and spreads.The gas 
distribution system consists of an air compressor, a vacuum pump, and cylinders for NH3, H2, 
CO, and N2. A digital pressure gauge that can withstand high temperatures carefully regulates 
the intake process. Fuel and oxidizer are added to the combustion chamber with 99% accuracy 
after it has been emptied prior to the tests. To ensure uniform gas temperature and mixing 
within the chamber, an agitator is included in the setup. In addition, a K-type thermocouple and 
a PID thermostat are employed to keep the combustion chamber's temperature uniform. [22].  
A focusing lens, an LED light source, a convex lens assembly, two linear stages, two concave 
mirrors, a high-speed camera (Phantom Miro M310), and a computer are all part of the high-
speed Schlieren photography system. With a resolution of 1024 × 768 pixels, the camera's 
frame rate can vary from 6000 to 10,000 frames per second, depending on how rapidly flames 
spread. The procedure for acquiring flame images is as follows: Light emitted from the LED 
source traverses the convex lens assembly and is directed towards one of the concave mirrors. 
The refracted light beam subsequently passes through a fixed-volume chamber before reaching 
the second concave mirror, where it is redirected into the focusing lens and ultimately captured 
by the high-speed camera. This setup enables efficient recording of transient phenomena 
during the experiment, with the collected flame images being processed and stored via the 
computer. 
A high-energy igniter and two tungsten wire electrodes placed in the middle of the combustion 
chamber make up the ignition system. To establish a high-temperature experimental 
environment, the combustion chamber is equipped with an electric heating belt capable of 
elevating the internal temperature to 373 K. Six K-type thermocouples are also positioned 
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thoughtfully around the combustion chamber to enable real-time temperature distribution 
monitoring. 
The experimental procedure begins by heating the constant-volume chamber to the target 
temperature and establishing a vacuum environment through evacuation with a vacuum pump. 
The beginning pressure, equivalence ratio, and Dalton's law of partial pressures under the 
specified experimental conditions are then used to determine the partial pressures of each gas. 
In order to produce the necessary mixture gas, fuel and air are then supplied into the 
combustion chamber in line with the ratio of partial pressures for each gas. Once filling is 
completed, a gas stirring device is activated for five minutes to ensure uniformity in gas 
temperature and mixture. Once homogeneity has been reached, a high-energy igniter is used to 
light an ignition electrode made of tungsten wire that is situated in the combustion chamber's 
center. Computer monitoring is used to gather experimental data in real time. Upon completion 
of data recording, gases inside the combustion chamber are evacuated using a vacuum pump 
followed by three minutes of air blowing utilizing an air compressor. This step aims to remove 
residual products generated during combustion and minimize NH3 adsorption residue that may 
potentially impact subsequent experimental results. 
The main reasons for the equivalency ratio error in this inquiry are the gas partial pressure 
technique and the accuracy digital pressure gauge. Typically, the inaccuracy falls between 1% 
and 3%. With an inaccuracy of less than 1%, the starting temperature precision is kept within 
the ± 3K range. The precision of the beginning pressure is kept within ± 3kPa with an error of 
less than 3%. Because of the high-speed camera's great resolution, the measurement error is 
deemed insignificant when extracting the flame radius. Lastly, this study's total experimental 
error is less than 5%. Considering inherent uncertainties associated with experiments 
conducted under identical initial conditions, to ensure that the experimental results are precise, 
each trial must be carried out at least three times. The evaluation of uncertainty for LBV varies 
from 0.5 to 2.1 cm/s, as shown by error bars, taking into account the measurement uncertainty 
of thermocouples, which is estimated at 5 K for temperature, and pressure regulated by high-
precision pressure transmitters, which has an uncertainty of 1 KPa. 
The combustion reaction equation for the NH3/CO/H2/N2/air flame combination is defined as 
follows: 
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The following defines the N2 volume percentage in the fuel mixture: 
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Here, Vi stands for the N2 volume fraction in the mixed fuel and xi for the volume percentage of 
component i in the blended fuel. 
The experimental setup employed in this investigation is shown in Table 1. With the beginning 
temperature set at 373 K and the initial pressure set at 3 atm, the research aims to investigate 
how the concentration of N2 affects the features of flame propagation under high temperature 
and pressure settings. 
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Figure 1. Schematic diagram of the experimental setup. 

 
Table 1. Experimental conditions 

Fuel component(vol%) xN2(%) Equivalence ratio Temperature/K Pressure/atm 
NH3 CO H2 N2     
50 25 25 0 0 0.8,1.0,1.2,1.4 373 3 
45 22.5 22.5 10 10 0.8,1.0,1.2,1.4 373 3 
40 20 20 20 20 0.8,1.0,1.2,1.4 373 3 
35 17.5 17.5 30 30 0.8,1.0,1.2,1.4 373 3 

    0-30 1.0 273 1,3 

2.2. Data Processing 
To produce flame images, a high-speed camera captures the spread of mixed fuel flames. These 
images were captured using Schlieren technique and a high-speed camera, and the data was 
processed using computer software. Image-Pro Plus (IPP) software was used in this work to 
calculate the flame radius (Rf) and the exact location of the flame boundary. Accurate 
calculation of the LBV depends on the careful selection of the flame radius range. The unstable 
transition phase that a spherical flame goes through as it moves from the ignition core to the 
propagation front is responsible for this phenomena. In the early phases of flame creation, the 
ignition energy has a significant impact on the propagation dynamics. The impact of wall 
restrictions on flame propagation becomes more noticeable in later phases [23]. The flame 
propagation mechanism will be further impacted by the cylindrical combustion chamber's 
border when the flame radius is big [24]. To improve the precision of LBV calculation, extensive 
research has been devoted to determining an optimal range for the flame radius. This effort 
aims to refine the parameters critical for accurate LBV assessment, thereby enhancing the 
reliability of combustion models and analyses [25]. To ensure the exclusion of extraneous 
variables such as spark ignition, pressure increase, and system limitations, this study 
meticulously selected a range of flame radii from 5 to 30 mm. This approach facilitates a more 
controlled experimental environment, thereby enhancing the reliability and validity of the 
results [26,27]. The LBV based on laminar spherical flame theory was computed using the 
spherical expanding flame technique [28]. By computing the flame's instantaneous radius from 
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the image of the spherical spreading flame, the stretched flame velocity Sb is found, which is 
[29]. 
 

 f
b

dR
S

dt
                                                                       (4) 

 
where t represents time while Rf signifies the instantaneous radius of the flame. It is important 
to note, however, that the spherical propagation of flames can be influenced by aerodynamic 
strain or curvature-induced stretching effects, which may alter the flame's propagation 
dynamics. As a result, determining Sb  (stretched flame speed) for a given flame becomes 
contingent upon evaluating its overall stretchability represented by the flame stretching rate 
(κ)-an indicator denoting how rapidly its surface area changes with respect to time and unit 
area [30]. 
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where A is the spherical propagation area of the flame surface. 
Numerous relationships between Sb and κ have been proposed in the literature [31], which can 
eliminate the interference effect of stretching on measuring Sb by projecting Sb to zero stretch, 
and the propagation velocity of unstretched flame can be obtained by this method Sb

0. 
 

 0
b b bS S L k                                                                              (6) 

 
where Lb is the Markstein length. The mass conservation of the unstretched flame SL is used to 
compute the LBV.  [32]. 
 

 0
u L b bS S                                                                             (7) 

 
where ρu  and ρb , as determined by CHEMKIN, are the densities of unburned and burnt gas, 
respectively. 

2.3. Linear Stability Theory 
The types of flame instability include thermal diffusive instability, buoyancy instability, and 
hydrodynamic instability [33]. To more accurately quantify the effects of thermal diffusion 
instability and hydrodynamic instability [34], three important parameters have been 
introduced in studies [35]. These parameters are used to define the flame thickness (δf ), 
thereby providing a more specific and quantitative basis for analyzing related phenomena: 
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where Tad  denotes the adiabatic flame temperature, Tu represents the temperature of the 
unburned mixture, and (dT/dx) max signifies the maximum gradient of the temperature profile. 
The coefficient of thermal expansion (σ) is calculated by the following formula: 
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 /u b                                                                       (9) 

 
A crucial metric for assessing the degree of heat-mass diffusion imbalance is the Lewis number 
(Le), which is commonly described as: 
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where multicomponent fuel mixtures, the thermal diffusion coefficients and mass diffusion 
coefficients are denoted as DT and DM. CP  stands for the unburned mixture's specific heat 
capacity at constant pressure. while λ indicates the unburned mixture's heat conductivity. To 
accurately describe the transport properties in multicomponent fuel mixtures, it is essential to 
introduce the concept of the effective Lewis number (Leeff), which can be defined through a 
mathematical expression [36]. 
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where LeE and LeD represent the Lewis numbers of reactant excess and reactant deficiency in 
the mixture, respectively. A is the mixing strength, which is obtained from the formula A = 1 + 
Ze(Φ-1), where Φ is the mass ratio of excess to insufficient active agent, and Ze is the number of 
Zel¢dovich. 
In addition, the non-dimensionalized perturbation growth rate Σ can be derived by utilizing the 
formula (12) 
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where Ma is the Markstein number. The Markstein can be obtained using Eq:(13) [37] 
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where r1 and r2 are calculated like this. 
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where x represents the dimensionless temperature T/Tu. When ω-Ω/Pe equals zero, the 
expression for the marginal stability curve can be derived:(16) 
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In the above equation, ω and Ω rely on the wave number n, effective Lewis number Leeff, Prandtl 
number Pr, and coefficient of thermal expansion "σ." The following formula can be used to 
obtain these coefficients, ω and Ω (17)~(21) 
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The symbols Ω1, Ω2, and Ω3 indicate the coefficients of heat conduction, molecular diffusion, and 
viscous diffusion, respectively. See References [37]. 
 

Table 2. Detailed information about numerical models 
Mechanism name Species number Reaction number Source 

Okafor 59 356 [38] 
Gri 53 325 [39] 

Zhou 21 150 [40] 
Mei 40 257 [41] 
Han 35 177 [42] 

2.4. Numerical Simulation 
To have a more profound comprehension of the experimental mechanism analysis, we 
employed CHEMKIN-Pro software to calculate the one-dimensional free-propagating premixed 
flame of an NH3/N2/syngas/air mixture. The calculation of LBV adopts Okafor-mech [38], Gri-
mech [39], Zhou-mech [40], Mei-mech [41], and Han-mech [42]. Table 2 displays the detailed 
details for each model. Multi-component transport models and thermal diffusion (Soret effect) 
were taken into account in the simulation. The equivalence ratio was calculated within the 
range of 0.8 to 1.4. To ensure complete convergence of flame velocity prediction, a starting grid 
point size of 700 was used for each case, with GRAD set to 0.02 and GRUV set to 0.05. 



Frontiers in Science and Engineering Volume 5 Issue 11, 2025

ISSN: 2710-0588 

 

130 

3. Results and Discussion 

3.1. Laminar Burning Velocity of NH3/N2/Syngas/Air Mixture 
3.1.1. Influence of Diluent N2 on LBV 
Figure 2 compares experimental and simulated results for the LBV of NH3/N2/syngas/air 
mixtures. The LBV demonstrates a non-monotonic trend, through simulation, it was discovered 
that increasing initially and peaking at Φ = 1.1 before declining as the equivalence ratio rises 
from 0.8 to 1.4. However, there is a discernible overall decrease in LBV along with a 
considerable drop in the peak LBV value when the N2 concentration rises from 0 to 0.3. 
Additionally, the peak shifts to equivalence ratios higher than Φ = 1.1. 
As N2 concentration rises, the inhibitory action of N2 becomes more pronounced, further 
lowering LBV. Figure 2 presents a comparison between experimentally measured LBVs and 
simulation results obtained using five different mechanisms. As N2 content increases, there is 
an improved agreement between simulation and experimental results. However, variations 
exist among the simulation results generated by different mechanisms. Three mechanisms 
(Zhou-Mech, Mei-Mech, and Han-Mech) predict higher LBVs than those observed 
experimentally, LBV is generally 5-10 points higher. whereas Gri-Mech predicts lower values 
compared to experimental data. 
In contrast, the Okafor mechanism demonstrates better capability in simulating LBVs for 
NH3/N2/syngas/air mixtures across various equivalence ratios and N2 concentration ranges 
when compared to other mechanisms as well as experimental findings. Therefore, Okafor 
mechanism was adopted in the subsequent simulation images. 
 

  

 

 

Figure 2. Variation of LBV with equivalence ratio for NH3/N2/syngas/air mixtures. 
3.1.2. Effects of Starting Temperature and Pressure on LBV 
With an equivalency ratio of Φ = 1, Figure 3 shows how the LBV value for the 
NH3/N2/syngas/air mixture varies as the N2 concentration varies with temperature and 
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pressure. The experimental conditions include P0 = 1 atm, Tu = 298 K; P0 = 3 atm, Tu = 373 K; 
and P0 = 3 atm, Tu = 298 K. Figure 3 illustrates the variation in LBV for NH3/N2/syngas/air 
mixture as the N2 concentration changes under varying temperature and pressure conditions, 
it is observed that the LBV value exhibits a gradual decrease as the N2 content increases. 
Furthermore, a larger LBV value results from a rise in temperature under conditions of constant 
pressure. These experimental findings align reasonably well with simulation results. A close 
analysis reveals that at 298 K, 3atm, the LBV value fluctuates between 15 cm/s and 10 cm/s. 
However, at 373 K, 3atm, the LBV value fluctuates between 25 cm/s and 15 cm/s. Conversely, 
when keeping temperature constant, variations in pressure have minimal impact on the LBV 
value. Notably though, experimental data obtained at 3 atm agrees well with simulation results 
using either Okafor-Mech or Gri-Mech mechanisms. Nevertheless, under atmospheric 
conditions (1 atm), experimentally determined LBV values are significantly lower than those 
predicted by simulations. To better understand fluctuations in LBV and enhance agreement 
between experiments and simulation results, this study examines various equivalence ratios 
under conditions of P0 = 3 atm and Tu = 373 K, providing deeper insights into LBV variation 
trends. 
 

  

 

Figure 3. LBV at different temperatures and pressures. 

3.2. Flame Instability Analysis 
3.2.1. Flame Image Analysis 
Figure 4. Flame image of NH3/N2/syngas/air mixture at different equivalence ratios. The 
experimental conditions were P0 = 3 atm, Tu = 373 K, and Xₙ = 0.1. When Φ was set to 0.8, 1.0, 
1.2, and 1.4, the premixed flame exhibited a spherical propagation mode that filled the entire 
chamber. The NH3/N2/syngas/air mixture's flame center stayed steady, as the figure makes 
evident, suggesting that buoyancy had very little effect on flame propagation. Increased flame 
propagation speeds usually lessen the effect of buoyancy. 
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In the flame image with N2 content of 0.1, when Φ = 0.8, the flame surface exhibits a pronounced 
folding phenomenon, while with the gradual increase of Φ to 1.0, 1.2, and 1.4, the flame surface 
gradually becomes smoother and the number of cracks decreases. According to the analysis in 
Figure 6, this is mainly because when Pu = 3 atm, T0 = 373 K, and Φ = 0.8, Leeff < 1, because of 
the combined action of the thermal diffusion effect and the hydrodynamic effect, the flame 
surface exhibits noticeable folds and cracks. As the equivalency ratio increases and Leeff > 1, 
the influence of diffusive instability steadily diminishes, leading to less folding of the flame 
surface and a smoother appearance of the flame structure overall. 
Figure 5 displays flame propagation images for varying N2 concentrations at Φ = 1.0. The 
expansion flame's surface smoothes down and the flame center stays the same as the N2 
concentration increases, indicating less flame instability. At low N2 concentration, flame 
instability is more obvious, while at high N2 concentration, flame instability is weakened. 
Overall, the increase in N2 concentration effectively suppresses thermal diffusion instability by 
reducing local temperature gradients, minimizing local concentration of reaction heat, and 
altering flame structure. This effect is particularly pronounced during high-temperature 
combustion, which is beneficial for improving flame stability, especially in the case of complex 
fuels (such as ammonia and hydrogen mixtures) combustion, where the influence of N2 is 
particularly prominent. Next, the specific analysis of flame instability will be further discussed. 
 

 
Figure 4. Flame image of NH3/N2/syngas/air mixture at different equivalence ratios. 
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Figure 5. Flame image of NH3/N2/syngas/air mixture at different N2 concentrations. 

3.2.2. Effective Lewis Number Analysis 
The theory of flame instability states that non-uniform mass diffusion and heat diffusion are 
the main causes of diffusion instability [43]. The Lewis number (Le), which is the ratio of the 
thermal diffusivity to the mass diffusivity of the inadequate reactant, is frequently used to 
characterize the instability of flames. It is generally accepted that when Le is greater than 1, 
diffusion contributes to flame stability; whereas when Le is less than 1, diffusion leads to flame 
instability. 
We examine the influence of thermal diffusion on instability using the effective Lewis number 
(Leeff) in order to better understand the cause of flame instability. Leeff changes with 
equivalency ratio at various N2 concentrations, as seen in Figure 6 (a). According to the findings, 
when the equivalency ratio is 0.8, Leeff reaches its lowest value and remains below 1. Leeff peaks 
at Φ = 1.0 and then progressively falls as the equivalency ratio rises, although it is always larger 
than 1. This suggests that a rich fuel mixture tends to maintain stability through thermal mass 
diffusion. Figure 6 (b) demonstrates how Leeff changes for NH3/N2/syngas/air mixtures as a 
function of Φ under conditions where P0 = 3 atm and Tu = 373 K. When the equivalency ratio 
rises, Leeff first rises until Φ = 1.0 and then falls once again. For both Φ = 0.8 and Φ = 1.4, Leeff 
remains less than one throughout this range of equivalence ratios. Furthermore, it was 
observed that increasing N2 dilution content leads to a decrease in Leeff since under similar 
equivalence ratios, different N2 concentrations result in gradually decreasing values for Leeff. 
The investigation of flame instability at various N2 concentrations therefore suggests that 
thermal diffusive instability diminishes as N2 concentration rises. The reason why the effective 
Lewis number is higher at equivalence ratio 1.0 but the flame is less stable than 1.2 and 1.4 can 
be attributed to a combination of factors: at high equivalence ratio, the increase in fuel 
concentration leads to a stronger exothermic reaction and a more stable flame propagation, and 
the higher fuel temperature and thermal diffusivity help maintain the flame stability. Excess 
fuel promotes favorable translation pathways and chain reactions. Thus, a more stable state of 
the flame appears in Figure 4. 
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Figure 6. Leeff variation of NH3/N2/syngas/air mixture with N2 concentration and 
equivalence ratio. 

3.2.3. Hydrodynamic Instability 

  

  

Figure 7. The variation of flame thickness and thermal expansion coefficient with the 
concentration of diluent N2. 

 
When a flame spreads across a larger area, hydrodynamic forces induce flame instability [42]. 
The hydrodynamic instability, which plays a crucial role in the dynamics of combustion, is 
influenced by two key parameters: the flame thickness, which determines the spatial scale over 
which chemical reactions occur, and the thermal expansion coefficient, which affects how the 
fluid's density changes with temperature and thus impacts the flow dynamics. Figure 7 (a) 
illustrates that both initial pressure and temperature impact the thickness of the flame. 
Specifically, higher initial temperatures result in smaller flame thicknesses, while higher initial 
pressures lead to reduced flame thicknesses. Furthermore, the impact of pressure on flame 
thickness is more pronounced compared to that of temperature. Under low pressure conditions, 
the flame exhibits a tendency towards increased thickness. Figure 7 (c) demonstrates that 
initial pressure and temperature also affect the coefficient of thermal expansion. Higher initial 



Frontiers in Science and Engineering Volume 5 Issue 11, 2025

ISSN: 2710-0588 

 

135 

temperatures correspond to smaller coefficients of thermal expansion. Conversely, larger initial 
pressures result in greater expansion coefficients; however, the effect of pressure on this 
coefficient is less pronounced compared to temperature variations. As initial temperatures 
increase, both the thermal expansion ratio and the flame thickness exhibit a decreasing trend. 
A more stable spherical flame expansion process is made possible by the reduced thermal 
expansion ratio on each side of the flame front. However, as the flame becomes thinner due to 
decreased thickness, it becomes more susceptible to baroclinic torque influences. Therefore, 
considering these interacting factors, it can be inferred that hydrodynamic instability may 
exhibit less sensitivity towards temperature. 
Figure 7 (b) shows that the flame thickness progressively increases as the N2 concentration 
rises. In the range of N2 concentrations from 0 to 0.3, the flame thickness is greater than that 
under normal fuel conditions (Φ = 1.0) on both the fuel-lean side (Φ = 0.8) and the fuel-rich side 
(Φ = 1.2). Figure 7 (d) demonstrates that with an increase in N2 concentration, the coefficient 
of thermal expansion initially rises, then slowly decreases, reaching a peak at a concentration 
of 0.1 N2. An increase in fuel volume causes the expansion coefficient to slightly decrease when 
the equivalency ratio changes; however, this change is minimal. Therefore, increasing N2 
concentration effectively inhibits hydrodynamic instability. 
3.2.4. The Logarithmic Rate of Perturbation Growth 

 

Figure 8. At Φ = 1.0, Tu = 373 K, the critical stability curve and logarithmic growth period of 
the premix flame in NH3/N2/syngas/air mixture (a) the critical stability curve and (b) the 

relationship between the growth rate and N2 content. 
 
The wave number and Peclet number (Pe) stability curves for the NH3/N2/syngas/air 
combination are shown in Figure 8 (a). The equation Σ = 0 defines the crucial stability curve, 
where Σ < 0 indicates a stable condition and Σ > 0 indicates an unstable state. As the flame 
advances, both the wave number and the number of cells on the flame surface rise. The flame 
is stable when Pe is less than Pec, but becomes unstable when Pe is more than Pec because of 
strong flame-stretching effects. Figure 8(b) illustrates the variation in the logarithmic growth 
rate of disturbances with changes in N2 content under conditions of Tu = 373 K, Φ = 1.0, and P0 
= 3 atm. The logarithmic growth rate comprises hydrodynamic instability (ω) and diffusion 
instability (−Ω/Pe) components. Thermal diffusion instability encompasses molecular diffusion 
(−Ze(Leeff−1) Ω2/(s−1)Pe),thermal diffusion (−Ω1/Pe), and viscous diffusion (−Ω3Pr/Pe). 
Disturbances with positive values indicate a stable flame state, while negative values represent 
an unstable state. All data presented in Figure 8(b) were obtained under nc = 11 conditions 
with Pec = 663 [44]. Thermal diffusion, molecular diffusion, and viscous diffusion all exert 
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significant effects on diffusion-thermal instability. The instability is mainly affected by 
diffusion-thermal instability, among which molecular diffusion instability and thermal diffusion 
instability have the greatest influence. Hydrodynamic instability remains consistently positive 
and exhibits minimal variation with changes in N2 concentration. This results in the flame 
instability of the mixed fuel (∑) gradually decreasing as the N2 concentration increases, 
becoming negative when N2 > 0.2. These observations indicate that overall flame stability 
improves with increasing N2 concentration, the flame gradually changed from wrinkled to 
smooth, which aligns with the analysis presented in Figure 5. 

3.3. Chemical Kinetics Analysis 
3.3.1. Sensitivity Analysis 
Figure 9 illustrates the fluctuation in the normalized sensitivity coefficient of LBV for 
NH3/N2/syngas/air mixture under circumstances of Φ = 0.8, 1.0, 1.2, and 1.4 at P0 = 3 atm and 
Tu = 373 K in order to examine the impact of diluent N2 on the LBV. The sensitivity coefficient 
is represented by the horizontal axis; positive and negative values show that the initial reaction 
rate had both promoting and inhibitory impacts on LBV [43]. 
As depicted in Figure 9, a main reaction steps significantly influence the LBV of the mixture: 
H2/O2 reaction. Among these reactions, the chain-branching reaction R39: H + O2 → O + OH 
demonstrates the highest sensitivity coefficient. In conjunction with reactions R85 and R102, 
this process generates a significant quantity of H radicals that positively affect LBV. Conversely, 
reaction R36 exhibits a pronounced negative sensitivity due to its role in reducing fuel 
reactivity through the production of reactive HO2 radicals, an effect that is particularly evident 
at low equivalence ratios. 
 

 

 

  

Figure 9. Sensitivity analysis of different N2 concentrations of NH3/N2/syngas/air mixtures at 
P0 = 3 atm, Tu = 373 K. 

 

The figure demonstrates that part radical reactions' absolute value of sensitivity coefficients 
increases with N2 dilution under different equivalence ratios. This phenomenon can be 
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attributed to temperature's influence on reaction rates; adding diluent decreases flame 
temperature, thereby slowing down reactions and enhancing free radical reactions' rate-
limiting effect. Overall results indicate that the rate-limiting effect caused by original reactions 
is enhanced by the addition of diluent. 
3.3.2. Impact of Diluent N2 on Intermediate Species 
Different radical pools will affect the oxidation process of fuel and the formation of NOx. Figure 
10. analyzes the influence of the N2 dilution on radicals and key intermediate products, 
highlighting difference in the concentration of the primary product and critical intermediate 
radical at Φ = 1.0 and 1.4 and N2 concentrations of 0 and 0.3. The concentrations of 
intermediates and radicals drop in tandem with a decrease in the reactant concentration. Figure 
10. (a) and (c) illustrates that the concentrations of O, OH, and NO radicals in the radical pool 
are elevated under low fuel conditions. This occurrence is due to an insufficient fuel supply, 
which encourages the further oxidation of intermediate H2, leading in the creation of OH 
radicals and the synthesis of end products. According to Figure 10. (b) and (d), under fuel-rich 
conditions, NH3 decomposed to form more NH2 radicals and N2H3 products, which influenced 
the formation of NO. In general, the addition of N2 thinner can effectively reduce the generation 
of NO pollutants. 
Figure 11 illustrates the net reaction rate of the mixture under two conditions: diluent N2 = 0 
and 0.3. Notably, R39 and R102 exhibited higher net reaction rates compared to other reactions. 
Additionally, the net reaction rate of NH3 decomposition branch chain reactions R271 and R257 
was also significant. The elevated net reaction rate of R39 primarily resulted from the 
substantial consumption of OH radicals, which facilitated the production of H radicals. As the 
content of diluent N2 increased, there was a substantial decrease in the net branched chain 
reaction rate, leading to a decline in peak value for maximum reaction rate from 0.023 
mole/cm3/s to 0.011 mole/cm3/s. 
 

  

  

Figure 10. Key intermediate species of N1 and N400 mixtures. 
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Figure 11. Net reaction rate of NH3/N2/syngas/air mixtures with N2 = 0 and 0.3(Φ = 1.0, Tu = 
373 K). 

4. Conclusion 

The effects of the equivalence ratio (Φ = 0.8-1.4), starting temperature (Tu = 298 K, 373 K), 
initial pressure (P0 = 1 atm, 3 atm), and diluent nitrogen (X = 0-0.3) on the LBV and flame 
instability of NH3/syngas/air flames were investigated in detail using the spherical flame 
propagation technique. Combustion of NH3/syngas/air flame mixtures has enormous industrial 
potential. The quick overview is summarized as follows. 
(1) The LBV of the NH3/N2/syngas/air combination swings non-monotonically with respect to 
the equivalency ratio (Φ), increasing first and then reducing as Φ increases. The peak LBV value 
is observed at Φ = 1.1, and this peak equivalence ratio shifts towards higher values with an 
increase in diluent N2 concentration, and LBV shows a significant enhancement with rising 
temperature. 
(2) Through the analysis of flame instability, it has been observed that the Leeff (effective Lewis 
number) of NH3/N2/syngas/air mixture flame is not significantly influenced by the 
concentration of diluent N2. Furthermore, the variation in the equivalence ratio does not display 
a monotonic trend; in contrast, it first rises and then falls as the value of Φ grows. Temperature 
is found to have a significant impact on hydrodynamic instability, with an increase in starting 
temperature suppressing the onset of hydrodynamic instability. 
(3) The thermal diffusivity of the NH3/syngas/air flame initially intensifies and subsequently 
diminishes as diluent N2 is added. This phenomenon is mainly due to the interaction between 
the concentration of reactive components and the specific heat capacity of the mixture. In lean 
mixtures, diffusion thermal instability is observed, while stability is achieved in rich mixtures. 
(4) The logarithmic growth rate of disturbances diminishes as diluent N2 content increases, 
indicating a reduction in flame instability. 
For NH3/N2/syngas/air mixture, the main reaction that affects LBV is that H+O2=O+OH, 
OH+H2=H+H2O, OH+CO=H+CO2, which positively influences LBV. Diluent N2 strengthens the 
reaction's rate-limiting impact while preventing the production of H/OH free radicals. 
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