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Abstract: The effects of radiative heat loss and pressure on premixed counterflow ammonia-air flames 

have been investigated as a function of equivalence ratio. Non-adiabatic counterflow premixed flame 

simulations incorporating detailed chemistry, transport and radiative heat transfer in the optically thin 

limit have been employed to elucidate important underlying physics and extinction characteristics. 

Non-adiabatic counterflow premixed computations show that the combined effects of positive flame 

stretch and radiative heat loss for sub-unity Lewis number mixtures lead to the extension of the lean 

flammability limit for ammonia-air flames, revealing a C-shaped curve near the lean flammability 

limit that exhibits both radiative-induced and stretch-induced extinction states. The computations 

compare favorably with the experimentally determined extinction stretch rate values for the stretch-

induced extinction states over a wide range of equivalence ratios at different pressures up to 6 atm. 
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1. Introduction 

Ammonia, a promising carbon-free fuel, requires significantly more energy to ignite and exhibits 

weaker flame stability as compared to typical hydrocarbon fuels. Although previous work has 

investigated some key features of ammonia combustion at elevated pressures [e.g., 1-4], 

fundamental combustion properties of pure ammonia flames at elevated pressures and 

temperatures in general, including burning velocities and extinction limits, are still sparse. The 

determination of the fundamental flammability limits for weakly burning premixed flames such as 

ultra lean hydrocarbon flames or ammonia flames is of practical importance. The counterflow 

technique has been widely used for experimentally determining fundamental premixed flame 

characteristics. In principle, the fundamental flammability limits could also be determined for 

counterflow premixed flames by measuring the extinction stretch rates with progressively weaker 

fuel concentrations. The major assumption in such an approach is that the extinction stretch rate 

varies linearly with concentration very near the fundamental flammability limit. As demonstrated 

in [5] using counterflow premixed flame simulations with detailed chemistry/transport and 

radiative heat loss, the authors were able to quantify the different extinction mechanisms for lean 

or rich hydrocarbon flames, assess the influence of stretch-radiation on the extinction of such near-

limit flames, and identify the modification of the fundamental limits. 

The current study aims to investigate the combined effects of stretch and radiative heat loss on the 

response and extinction of counterflow ammonia-air flames over a wide range of equivalence 

ratios and pressures, including the existence of dual-extinction states (stretch- and radiation-

induced) for near-limit lean flames and the extension of the fundamental lean flammability limit. 

Furthermore, while there are several chemical kinetic models in the literature for modelling 

ammonia flame behavior and structure, it is known that they vary substantially in their predictions. 
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These discrepancies, which can be especially large, prevent use of models to reliably predict 

ammonia flame structure and extinction limits without validation. As a result, another objective of 

this work is to provide extinction limit data on premixed ammonia-air flames at varying pressures 

and equivalence ratios to provide anchor points for model validation and refinement. 

2. Experimental Specifications 

Extinction conditions were determined experimentally in a co-axial nozzle counterflow 

configuration. The present opposed jet burner setup is described briefly here, and details can be 

found in [6]. The separation distance L between the nozzle exits was maintained at 10.4 mm. 

Experiments were performed with ammonia (>99.9% purity) and air from an in-house air supply 

equipped with dryer along with an in-line cleaner/dryer installed in the flow system. To prevent 

edge effects, nitrogen (99.99% purity) was introduced in both outer co-axial nozzle flows. The 

flow rates of the ammonia and air gases were set with mass flow controllers that had a full-scale 

accuracy of 0.2% and 0.8% reading. The initial temperature for the reactant temperature at the 

nozzle exits ranged from 294−298 K. The vessel pressure was measured with a pressure transducer 

with a reported ±0.05% accuracy of the reading. For a given equivalence ratio (), extinction was 

accomplished by gradually increasing the velocity of both the upper and lower nozzle streams, 

while maintaining the twin luminous flame locations midway between the nozzle exits. A global 

stretch rate experienced by the flame in a symmetric twin-flame configuration is defined as  =
4𝑉/𝐿, where 𝑉 is the the mean normal velocity at the nozzle exit taken as the area-averaged nozzle 

exit velocity based on the measured mass flowrate of the reactant mixture. For the conditions of 

this work, it is found that the local and global stretch rates differ by less than 4%. Propagation of 

error analyses and experimental repeatability were used to determine reported uncertainties. 

3. Computational Specifications 

The twin counterflow premixed flames were modelled using the CounterflowDiffusionFlame 

module of Cantera [7] adapted for the twin premixed flame configuration. In the optically-thin 

limit, the radiative heat loss per unit volume is modeled as 𝑞𝑟 =  −4𝜎𝑝(𝑇4 − 𝑇𝑜
4), where 𝜎 is the 

Stefan-Boltzmann constant, 𝑝 is the total Planck mean absorption coefficient of the gas, 𝑇 is the 

local temperature, and 𝑇𝑜 is the ambient temperature taken as the unburnt reactant temperature. In 

general, the total Planck mean absorption coefficient is given by 𝑝 =  ∑ 𝑖𝑝𝑖, where 𝑝𝑖 is partial 

pressure of the radiating gaseous species. Here, the only radiating species considered is gaseous 

water, the major combustion product species from ammonia-air combustion, and its Planck mean 

absorption coefficient was taken from Tien [8]. Recently, Nakamura and Shindo [9] used updated 

Planck mean absorption coefficients for H2O, NO, N2O, and NH3 to compute the unstretched 

laminar flame speeds for freely propagating ammonia-air flames with radiative heat loss in the 

optically thin limit. Using the same chemical kinetic model employed by [9] and only water as the 

radiating species, we were able to reproduce the laminar flame speeds for ammonia-air mixtures 

reported in [9] to well within 2%; thus, the radiative contributions from NO, N2O, and NH3 are 

negligible since their concentration levels are relatively low in the high-temperature flame regions. 

For the counterflow flame configuration, we employed an automated script to generate the unstable 

branches near the extinction turning points in an efficient manner. The nozzle separation distance 

was fixed at 10 cm to ensure there was no upstream conductive heat loss to the nozzle boundary 

for the near-limit flames studied. The reaction mechanism used for this counterflow ammonia 

combustion study was taken from Stagni et al. [10]. The other published chemical kinetic models 

for H/N/O systems that were implemented and considered were those developed by Glarborg and 

co-workers [11,12] and Powell et al. [13,14]. 
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4. Results and Discussion 

Figure 1(a) shows the maximum flame temperature calculated as a function of the stretch rate  

for lean ammonia-air (=0.7) flames at 1 atm, with and without radiative heat loss. The reported 

lean flammability limit for ammonia-air mixtures ranges from =0.59 [15] to =0.71 [16] at 

ambient conditions. As observed for lean methane-air flames with Lewis number < 1 [5], positively 

stretched flames can persist with burning beyond the lean flammability limit for the unstretched 

freely propagating flame. For the adiabatic condition without radiative heat loss, the maximum 

flame temperature initially increases with positive stretch due to the non-equidiffusion effects, and 

then decreases due to incomplete reaction as the extinction state ext,ad (87.6 s-1) is approached, 

as shown in Fig. 1(a). When unstretched, the maximum flame temperature degenerates to the 

adiabatic flame temperature Tad (1730.5 K). Whereas the non-adiabatic flames exhibit an isola 

response, with dual extinction turning points that are designated as ext,S and ext,R in Fig. 1(a) for 

the higher and lower values of , respectively. The higher or stretch-induced extinction state ext,S 

(81.2 s-1) arises from the additional radiative loss that facilitates extinction such that ext,S<ext,ad. 

The lower extinction turning point corresponds to the radiation-induced extinction state ext,R (1.3 

s-1) and arises due to progressively increasing radiative heat loss with decreasing stretch rate [5]. 

Consequently, steady burning solutions are not possible below ext,R at equivalence ratios less 

than the lean flammability limit for unstretched (freely propagating) flames. Figure 1(b) further 

shows the variation of the computed separation distance between the twin premixed flames, 

determined from the local maximum heat release rate location, with  for a fixed =0.7. It is seen 

from Fig. 1(b) that the adiabatic counterflow twin flames are far apart at low stretch rates and 

approach the stagnation surface with increasing stretch rate. On the other hand, the variation of the 

non-adiabatic flame separation distance shows a non-monotonic behavior with both stretch- and 

radiation-induced extinction states, ext,S and ext,R, occurring when the twin flames merge. 

(a)  (b)  

Figure 1. Computed (a) maximum flame temperature and (b) flame separation distance as a function of the stretch rate 

 for near-limit, lean ammonia-air (=0.7) flames at 1 atm with and without radiative heat loss. 

Figure 2(a) plots the computed maximum flame temperature as a function of the stretch rate  for 

lean and stoichiometric ammonia-air flames. For each equivalence ratio, the solid and dashed lines 

correspond to adiabatic and non-adiabatic (with radiative heat loss) flames, respectively. As 

discussed previously, the stretch-induced extinction state ext,S<ext,ad for a given  because the 

additional radiative heat loss facilitates extinction. For the stoichiometric case, the non-adiabatic 

stretch rate at extinction is 5% lower than that of the corresponding adiabatic flame and increases 

to about 24% lower for the =0.6 condition. Also, both the fuel-lean flames of =0.6 and 0.7 

exhibit radiative-induced extinction states, ext,R, whereas the =0.8 and 1.0 flames do not. 

Figure 2(b) plots the computed ext,S and ext,R as a function of  for counterflow ammonia-air 

flames at both 1 atm (black color) and 5 atm (blue color), as well as the extinction stretch rate data 
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reported by Colson et al. [4] (solid symbols) and the experimental data obtained in this study (open 

symbols). Figure 3(a) replots the stretch-induced extinction data in Fig. 2(b) using a linear y-axis 

scale. At 1 atm, the computed non-adiabatic results at the stretch-induced extinction state 

overpredict these data by up to 30%. At 5 atm, on the other hand, the computed stretch-induced 

extinction stretch rates fall between the Colson et al. [4] and current data sets. From =0.58 to 

about =0.73 at 1 atm, Fig. 2(b) shows that both computed stretch-induced and radiation-induced 

extinction states exist, whereas only stretch-induced extinction states exist for >0.73. The 

variation of these dual extinction stretch rates forms a C-curve, whereby steady burning 

counterflow ammonia-air flames cannot be established below =0.58. This predicted lean-limit of 

=0.58 at 1 atm for the stretched counterflow premixed ammonia-air flames is lower (“extended”) 

than that for planar, freely propagating premixed flames without stretch, computed to be around 

=0.73. Furthermore, Fig. 2(b) shows that although experimental and computed stretch-induced 

extinction stretch rates at 5 atm are much higher than those at 1 atm, the extended lean limits of 

flammability for counterflow ammonia-air flames are close in the pressure range investigated. 

(a)  (b)  

Figure 2. (a) Computed maximum flame temperature as a function of the stretch rate  for lean and stoichiometric 

ammonia-air flames with and without radiative heat loss. (b) C-shaped curves for counterflow premixed fuel-lean, 

ammonia-air flames at 1 and 5 atm showing computed ext,ad (solid lines), ext,S (dashed lines), and ext,R (dashed 

lines with +). Experimental data from [4] (solid symbols) and this study (open symbols) are shown for comparison. 
 

(a)      (b)  
Figure 3. (a) Extinction stretch rate versus equivalence ratio at 1 and 5 atm comparing computed results (line) as well 

as experimental data of Colson et al. [4] (filled symbols) and the current work (open symbols). (b) Computed (lines) 

and experimental data (symbols) extinction stretch rate versus pressure for stoichiometric ammonia-air flames. 

Figure 3(b) compiles a series of numerical simulations from this study utilizing various kinetic 

models and compares them against our experimental data as well as the data from Colson et al. 

[4]. The comparison shows that the predictions from chemical kinetic models of Stagni et al. [10] 

and Powell et al. [13] agree with experimental data, whereas the other chemical kinetic models 

overpredict the extinction stretch rate data for the conditions studied. Notably, it is shown that the 

models of Stagni et al. [10] and Powell et al. [13] also capture the “bending” in the extinction 

stretch rate curve with respect to pressure shown in Fig. 3(b). More experimental datasets covering 

a wider range of flame conditions are required to guide future model refinement efforts. 

                                 
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                    

                    

                

                

                
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5. Conclusions 

Both numerical and experimental studies of counterflow premixed ammonia-air flame extinction 

were conducted at elevated system pressures. Numerical simulations using detailed chemical and 

transport descriptions with an optically thin radiation model incorporated were used to elucidate 

the effects of radiative heat loss on the extinction state. Non-adiabatic counterflow premixed flame 

computations reveal the existence of both radiation-induced as well as stretch-induced extinction 

states near the fuel lean limit for ammonia-air flames, giving rise to a C-shaped curve when plotting 

extinction stretch rate as a function of equivalence ratio. The extension of the lean flammability 

limit for stretched ammonia-air flames, even at high pressures, may have practical implications for 

the operability and stability of ammonia combustors. In consideration of experimental 

uncertainties, our experimentally determined extinction stretch rate values for the stretched-

induced extinction state at system pressures up to 6 atm compare favorably with computations 

using the baseline chemical kinetic model selected. Additional work is required, however, to 

validate comprehensive N/H mechanisms at elevated temperature and pressure conditions. 
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