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Abstract 

 

Ammonia, which does not emit carbon dioxide even when it is burned, is expected as a new carbon-free fuel to replace 

coal and natural gas used in thermal power plant. However, the turbulent flame propagation characteristics have yet to be 

extensively investigated. This study aimed to clarify the extinction limits of ammonia/air flame in turbulent fields. To 

achieve this aim, the spherical flame propagation experiments using a fan-stirred constant volume vessel were conducted. 

The results revealed the unique feature of extinction limit of ammonia in a turbulent field. The ammonia/air mixture 

with a 0.9 equivalence ratio can propagate at the highest turbulence intensity even though the laminar burning velocity 

reaches a maximum around an equivalence ratio of 1.1. The fuel-lean mixture can propagate at high turbulence intensity 

because of the effect of Lewis number. For a lean ammonia/air mixture that has a Lewis number smaller than unity, the 

local burning velocity increases by the diffusional-thermal instability. On the other hand, the local burning velocity in rich 

ammonia/air mixtures with a Lewis number larger than unity did not increase in the turbulent field, and the flame was 

easily extinguished. Because of the diffusional-thermal instability, the turbulence Karlovitz number at the flame extinction 

limit increases as the Markstein number decreases. The obtained findings from this study can contribute to the optimal 

design of gas turbines fueled by ammonia as well as the safety use of ammonia. 
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1.   Introduction 1 
Ammonia is considered as one of the most promising candidates as a hydrogen energy carrier in Japan. Ammonia 2 

can be produced from renewable energy sources and various studies regarding the production of ammonia have been 3 
conducted [1–5]. Since the ammonia molecule has no carbon atom, it can be a CO2-free fuel if it was produced from 4 
renewable energy sources. The most significant advantage that ammonia has as an energy carrier is its ease of 5 
transport and storage due to its characteristics, i.e., ammonia can be liquified at room temperatures when it is 6 
pressurized. Because of these advantages, ammonia represents a potentially valuable CO2-free fuel in fuel cells [6, 7 
7], gas turbines [8–13], boilers, or internal-combustion engines [14–17]. Although the overall thermal efficiency 8 
increases when ammonia is used in fuel cells, the development of practical large-scale fuel cells that use ammonia as 9 
a fuel have yet to be fully developed. On the other hand, if ammonia can be directly combusted as a fuel in a more 10 
conventional large-scale thermal power plant, it would not take much time be begin utilizing ammonia as an energy 11 
source. Recently, various fundamental studies have been conducted on the laminar burning velocity [18–24], 12 
explosion behavior [25], chemical kinetics [26–32], extinction characteristics [33], effects of plasma [34], and 13 
stabilization of turbulent ammonia/air flame [35]. Previous researches showed that the laminar burning velocity of 14 
ammonia is much lower than that of general hydrocarbon fuels, such as methane and propane. Although the laminar 15 
flame propagation characteristics of ammonia/air mixtures have been investigated in many studies [18–24], the 16 
turbulent flame propagation characteristics of ammonia/air mixture have yet to be extensively investigated. For the 17 
efficient development of gas turbines that use ammonia as a fuel, the flame propagation characteristics in the turbulent 18 
field, which is different from that in the laminar flow field, must be investigated in detail. 19 

In this study, the spherical flame propagation characteristics in turbulent fields were investigated using a fan-20 
stirred closed vessel. Combustion experiments with various equivalence ratios and turbulence intensities were 21 
conducted, and the effects of changing these values on the propagation limit of the ammonia/air mixtures at 22 
atmospheric pressure were evaluated. The results of this study revealed the unique flame propagation characteristics 23 
of ammonia in a turbulent field. 24 
 25 
 26 
2.   Experimental apparatus and procedures 27 
   Fig. 1 shows a schematic diagram of the experimental apparatus used in this study. Experiments were carried out 28 
using a constant volume combustion chamber that has a volume of about 6.2 L [36]. The interior of the combustion 29 
chamber was spherical with a diameter of 200 mm. Mixture was ignited by an electric spark, and the spark electrode 30 
with a diameter of 1.8 mm was inserted into the center of the chamber with the spark gap set to 3 mm. A capacitor 31 
discharge ignition (CDI) circuit was adopted for spark ignition, and the electrostatic energy that was charged in the 32 
capacitors of the CDI circuit was set to 2.8 J. The two fans were mounted on the top and bottom of the chamber and 33 
were driven by electric motors (Maxon Motor, RE40), and the rotation speed was controlled by the motor controllers 34 
(Maxon Motor, ESCON 50/5). 35 

Flame propagation was observed through quartz windows that have a diameter of 50 mm and was recorded by 36 
Schlieren photography. These optical windows were located opposite each other. Schlieren photography was taken 37 
by a high-speed camera (Phantom, Miro C210) in combination with an LED light source (HAYASHI-REPIC CO., 38 



LTD., LA-HDF5010C). To create a spotlight effect, a pinhole was mounted in front of the light source. A lens (Nikon, 39 
AI Nikkor 50 mm f/1.2S) was mounted on the high-speed camera, and the resolution of the Schlieren photography 40 
was 512 × 512 at a frame rate of 3500 fps. 41 
   The pressure inside the chamber during flame propagation was measured with a pressure sensor (Valcom, 42 
VPRTF-A4-(−0.1–2 MPa) S-5, P1), and pressures were recorded by a memory recorder (GRAPHTEC, GL900) with 43 
a sampling interval of 10 µs. 44 
   Ammonia was used as the fuel, and dry air was used as the oxidizer. Table 1 shows the experimental conditions. 45 
The turbulence intensity, 𝑢𝑢′, was estimated from the relationship between the rotational speed of the two fans, and 46 
the turbulence intensity measurements were obtained by the particle image velocimetry (PIV), which is described 47 
later. The equivalence ratio, 𝜙𝜙, was varied from 0.6 to 1.3. The mixture was prepared by the partial pressure of 48 
ammonia and air with a pressure sensor (Valcom, VPRTF-A4-(−0.1–1 MPa)-5, P2). In all experiments, the initial 49 
pressure and temperature were 1 atm and 298 K, respectively. After filling the ammonia/air mixture, it was thoroughly 50 
stirred by the two fans installed in the combustion chamber, and a homogeneous mixture was prepared. In the laminar 51 
combustion experiments, the rotation of the two fans was halted after enough stirring, i.e. over 5 min, was conducted, 52 
and 5 min after stopping the fans, the mixture was ignited. By contrast, in the turbulent combustion experiment, the 53 
mixture was ignited while the two fans were running. All the experiments were carried out at least six times under 54 

 

Fig. 1 Schematic figure of experimental apparatus 

Table 1. Experimental condition of ammonia/air premixture combustion 

Equivalence ratio, 𝜙𝜙 (-) 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3 

Turbulence intensity, 𝑢𝑢′ (m/s) 0.32, 0.65, 0.97, 1.29, 1.61 

Initial mixture pressure (atm) 1 

Initial mixture temperature (K) 298 

 

Table 2.Properties of the ammonia/air mixtures 

𝜙𝜙 [-] 𝜌𝜌𝑢𝑢 [kg/m3] 𝜌𝜌𝑏𝑏 [kg/m3] 𝜆𝜆 [10-3W/m/K] 𝑐𝑐𝑝𝑝 [J/kg/K] 𝛼𝛼  [10-5m2/s] 𝜈𝜈 [10-5m2/s] 𝐿𝐿𝐿𝐿 [-] 

0.6 1.115 0.202 27.08 1099 2.210 1.564 0.95 

0.7 1.105 0.183 27.19 1114 2.210 1.562 0.95 

0.8 1.095 0.168 27.29 1128 2.209 1.561 0.94 

0.9 1.087 0.156 27.39 1141 2.208 1.559 0.93 

1.0 1.078 0.147 27.48 1155 2.208 1.558 = 

1.1 1.070 0.147 27.56 1168 2.207 1.557 1.10 

1.2 1.062 0.148 27.64 1180 2.205 1.556 1.10 

1.3 1.055 0.150 27.71 1192 2.204 1.554 1.09 

 



each condition.  55 
Table 2 shows the properties of the ammonia/air mixture. Here, 𝜌𝜌𝑢𝑢  and 𝜌𝜌𝑏𝑏  present the unburned mixture 56 

density and burned gas density, respectively. The densities were evaluated using the equilibrium calculation from the 57 
NASA computer program Chemical Equilibrium with Applications [37]. 𝜆𝜆 , 𝑐𝑐𝑝𝑝 , 𝛼𝛼 , 𝜈𝜈 , and 𝐿𝐿𝐿𝐿  are the thermal 58 
conductivity, specific heat at constant pressure, thermal diffusivity, kinematic viscosity, and the Lewis number, 59 
respectively, which were calculated using the Dandy research group’s website at Colorado State University [38]. As 60 
shown in Table 2, the Lewis number of fuel-lean mixtures is lower than unity and that of fuel-rich mixtures are higher 61 
than unity. 62 
 63 
 64 
3.   Unstretched laminar burning velocity and Markstein number 65 
3.1.   Analysis of laminar flame 66 
   In the laminar combustion experiment, the flame propagated through the entire combustion chamber under 67 
equivalence ratio conditions from 0.7 to 1.2. 68 
   The radius of the spherical propagating laminar flame at each time interval was determined from the captured 69 
Schlieren images, and the flame propagation velocity, 𝑆𝑆𝑛𝑛, evaluated by Eq. (1): 70 

𝑆𝑆𝑛𝑛 =
𝑑𝑑𝑟𝑟𝑠𝑠𝑠𝑠ℎ
𝑑𝑑𝑑𝑑

,      (1) 71 

where 𝑟𝑟𝑠𝑠𝑠𝑠ℎ is the equivalent radius obtained from the area of the flame images, and 𝑡𝑡 is time. Since the spherically 72 
shaped flame generated with the premixed fuel has a curvature, the influence of flame stretch must be considered. In 73 
the case of a spherical propagation of flames, the flame stretch rate, 𝜀𝜀, is defined by Eq. (2) [18, 39, 40]: 74 

𝜀𝜀 =
1
𝐴𝐴
∙
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
2
𝑟𝑟𝑠𝑠𝑠𝑠ℎ

∙
𝑑𝑑𝑟𝑟𝑠𝑠𝑠𝑠ℎ
𝑑𝑑𝑑𝑑

,     (2) 75 

where 𝐴𝐴 (= 4𝜋𝜋𝑟𝑟𝑠𝑠𝑠𝑠ℎ2, for spherically flame) is the front of the flame area. The flame propagation velocity is different 76 
from the unstretched flame propagation velocity due to flame stretch. According to asymptotic analysis, the difference 77 
between the unstretched flame propagation velocity, 𝑆𝑆𝑠𝑠 , and stretched flame propagation velocity, 𝑆𝑆𝑛𝑛 , can be 78 
considered to be proportional to the flame stretch rate, as shown by Eq. (3) [18, 39, 40]: 79 

𝑆𝑆𝑠𝑠 − 𝑆𝑆𝑛𝑛 = 𝐿𝐿𝑏𝑏 ∙ 𝜀𝜀,     (3) 80 
where 𝐿𝐿𝑏𝑏 is the burned gas Markstein length. The unstretched flame propagation velocity, 𝑆𝑆𝑠𝑠, can be obtained by 81 
the extrapolation of 𝜀𝜀 → 0 (or 𝑟𝑟𝑠𝑠𝑠𝑠ℎ → ∞), and the unstretched laminar burning velocity, 𝑆𝑆𝑙𝑙 , can be calculated by Eq. 82 
(4) [18, 39, 40]: 83 

𝑆𝑆𝑙𝑙 =
𝜌𝜌𝑏𝑏
𝜌𝜌𝑢𝑢

∙ 𝑆𝑆𝑠𝑠,     (4) 84 

where 𝜌𝜌𝑢𝑢 and 𝜌𝜌𝑏𝑏 are the unburned mixture density and burned gas density, respectively. 85 
   Eq. (3) can be rewritten as dimensionless using the unstretched laminar burning velocity and the preheat zone 86 
thickness, 𝛿𝛿𝑙𝑙, as shown by Eq. (5): 87 

𝑆𝑆𝑙𝑙 − 𝑆𝑆𝑛𝑛
𝑆𝑆𝑙𝑙

= 𝐾𝐾 ∙ 𝑀𝑀𝑀𝑀,     (5) 88 



where 𝐾𝐾 (= 𝛼𝛼 𝛿𝛿𝑙𝑙 𝑆𝑆𝑙𝑙⁄ ) is the flame stretch factor and 𝑀𝑀𝑀𝑀(= 𝐿𝐿 𝛿𝛿𝑙𝑙⁄ ) is the Markstein number [41]. The preheat zone 89 
thickness of laminar flames is determined by 𝛿𝛿𝑙𝑙 = 𝜆𝜆 𝜌𝜌𝑢𝑢𝑐𝑐𝑝𝑝𝑆𝑆𝑙𝑙⁄ , where 𝜆𝜆 and 𝑐𝑐𝑝𝑝 are the thermal conductivity and 90 
specific heat at a constant mixture pressure. The unstretched laminar burning velocity, 𝑆𝑆𝑙𝑙, was calculated from the 91 
numerical simulation by Okafor's mechanism [22].  92 
 93 
3.2.   Experimental results 94 
   Experiments of laminar flames of ammonia/air mixture were conducted at various equivalence ratios ranging 95 
from 0.6 to 1.3. Fig. 2 shows the Schlieren images of ammonia/air mixture flames at an equivalence ratio of 𝜙𝜙 =96 
0.8, 1.0, 1.2. Although the flames moved to the upper end of the combustion chamber due to a buoyancy effect, the 97 

 
Fig. 2 Schlieren images of ammonia/air mixture laminar flames at various equivalence ratios 

 
Fig. 3 Pressure history inside the combustion chamber for 𝜙𝜙 = 1.0 
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flames were almost spherical at each equivalence ratio when the mixture was able to propagate. The edges of the 98 
flames in the case of 𝜙𝜙 = 0.8− 1.1 were clearly observed so that the equivalent flame radius was relatively easy to 99 
calculate. However, in the case of 𝜙𝜙 = 0.7 and 1.2, the bottom boundary of the flame was not entirely obvious. 100 
   Fig. 3 shows the time history of pressure for 𝜙𝜙 = 1.0 inside the combustion chamber. The pressure was almost 101 
constant at an atmospheric pressure from the point of ignition to 50 ms. Therefore, the pressure in the chamber during 102 
the flame propagation within the observation range of the flame radius measurement was assumed to be atmospheric 103 
pressure. 104 

Fig. 4 shows the variations of unstretched laminar burning velocities, 𝑆𝑆𝑙𝑙 , with equivalence ratio, 𝜙𝜙 . The 105 
unstretched laminar burning velocity was at its maximum near 𝜙𝜙 = 1.1. The flame propagation was observed for 106 
equivalence ratios from 0.7 to 1.2. However, under the conditions of 𝜙𝜙 = 0.7  and 1.2, the unstretched laminar 107 
burning velocity could not be obtained because the flame surface was unclear because of the large buoyancy effect. 108 
Fig. 4 also shows the results obtained from experiments by Hayakawa et al. [18] using the same method to calculate 109 
the unstretched laminar burning velocity. The results obtained experimentally by Takizawa et al. [20], Pfahl et al. 110 
[21] and Zakaznov et al. [42] are also plotted in Fig. 4. It is important to note that all these studies obtained a laminar 111 
burning velocity for an ammonia/air mixture with each method that revealed similar results. In addition, Fig. 4 also 112 
shows the results of numerical simulation of the laminar burning velocity using Okafor's mechanism [22]. From these 113 
results, the reproducibility of the flame propagation experiment of an ammonia/air mixture was confirmed in these 114 
experimental conditions of our study. 115 
   Fig. 5 shows the relationship between the Markstein number, 𝑀𝑀𝑀𝑀, and the equivalence ratio, 𝜙𝜙. The Markstein 116 
number increased with increases in the equivalence ratio. This trend is similar to the premixed methane/air flame 117 
[43] and premixed hydrogen/air flame [44]. On the other hand, the premixed iso-octane/air flame [18] and premixed 118 
propane/air flame [45] displayed an opposite trend. The value of the Markstein number for 𝜙𝜙 = 0.8  and 0.9 is 119 
negative. In the case of fuel-lean ammonia/air mixtures with a Lewis number less than unity, the Markstein number 120 
has a negative value; therefore, the unstretched laminar burning velocity was lower than stretched laminar burning 121 
velocity. On the other hand, the unstretched laminar burning velocity is higher than the stretched laminar burning 122 

 
Fig. 4 Experimental results of the variations of unstretched laminar 
burning velocities, 𝑆𝑆𝑙𝑙, with equivalence ratio, 𝜙𝜙 

 
Fig. 5 Relationship between Markstein number, 𝑀𝑀𝑀𝑀, and 
equivalence ratio, 𝜙𝜙 
 



velocity of fuel-rich mixture because of the positive Markstein number. 123 
 124 
 125 
4.   Turbulence characteristics 126 

To evaluate the turbulence characteristics, such as turbulence intensity and turbulence scales, PIV measurement 127 
was conducted. The analysis conditions are shown in Table 3. The observation ranges were set to 64.9 mm × 86.5 128 
mm (large) and 8.6 mm × 11.5 mm (small) for analysis in wide area measurement and with high resolution. The 129 
relationship between the turbulence intensity, 𝑢𝑢′, and the fan rotation speed, N, is shown in Fig. 6. The turbulence 130 
intensity was generally proportional to the fan rotation speed. The turbulence intensity was estimated from the fan 131 
rotation speed to determine the experimental conditions. 132 

To analyze the turbulent field, the longitudinal integral length scale, the longitudinal Taylor microscale and the 133 
Kolmogorov length scale were evaluated from the result of PIV measurement. 134 

The longitudinal integral length scale was calculated from the measurement of the large field. The longitudinal 135 
correlation coefficients, 𝑅𝑅11(𝑟𝑟), in terms of separation distance,  𝑟𝑟, were calculated using the fluctuation component 136 
of velocity. Fig. 7 shows 𝑅𝑅11(𝑟𝑟) for all fan rotation speeds for large measurement field. The measured 𝑅𝑅11(𝑟𝑟) was 137 
approximated by one exponential function, as expressed by Eq. (6) [40]: 138 

𝑅𝑅11(𝑟𝑟) = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑝𝑝𝑝𝑝𝑞𝑞) ,      (6) 139 
where the constants 𝑝𝑝 = 7.80 × 10−3 and 𝑞𝑞 = 1.54 were determined from least-square fitting. The longitudinal 140 
integral length scale, 𝐿𝐿𝑓𝑓 , is defined as the integration of 𝑅𝑅11(𝑟𝑟)  with respect to 𝑟𝑟  from zero to infinity. The 141 
integration can be calculated using the Gamma function, Γ, as expressed by Eq. (7): 142 

𝐿𝐿𝑓𝑓 = ∫ 𝑅𝑅11(𝑟𝑟)𝑑𝑑𝑑𝑑 = 𝑝𝑝−1 𝑞𝑞⁄ ∙ Γ �1 + 1
𝑞𝑞
�∞

0 .     (7) 143 

 
Fig. 6 Relationship between the turbulence intensity, 𝑢𝑢′, and the fan 
rotation speed, N [36] 

 
Fig. 7 Variation of longitudinal velocity correlation coefficient, 
𝑅𝑅11(𝑟𝑟), with distance, 𝑟𝑟 [36] 

Table 3. Experimental condition of PIV measurement 

Measurement field Pressure (atm) Fan rotation speed (rpm) 

Small (8.6 mm × 11.5 mm) 1 500, 1000, 1500, 2000 

Large (64.9 mm × 86.5 mm) 1 500, 1000, 1500, 2000 

 



The longitudinal integral length scale, 𝐿𝐿𝑓𝑓, was calculated as 𝐿𝐿𝑓𝑓 = 20.9 mm regardless of the turbulence intensity 144 
[36]. 145 
   The longitudinal Taylor microscale and Kolmogorov length scale were calculated from the measurement of the 146 
small field. The longitudinal Taylor microscale, 𝜆𝜆𝑓𝑓, and Kolmogorov length scale, 𝜂𝜂𝑘𝑘, are defined by Eqs. (8) and 147 
(9), respectively: 148 

1
𝜆𝜆𝑓𝑓

= 1
𝑢𝑢′
�𝑢𝑢1,1

2������,      (8) 149 

𝜂𝜂𝑘𝑘 = � 𝜈𝜈2

15∙𝑢𝑢1,12��������
1 4⁄

,     (9) 150 

where 𝑢𝑢′ and 𝜈𝜈 are the turbulence intensity and the kinematic viscosity and 𝑢𝑢𝑖𝑖,𝑗𝑗 shows the gradient of the velocity 151 
fluctuation component, i.e., the differentiation of 𝑢𝑢𝑖𝑖 with respect to 𝑗𝑗 direction and “￣” represents the ensemble 152 
value. The longitudinal Taylor microscale obtained by Eq. (8) is plotted in Fig. 8(a), and the Kolmogorov length scale 153 
obtained by Eq. (9) is plotted in Fig. 8(b). 154 
   The PIV measurements were only conducted in air under the experimental conditions summarized in Table 3. 155 
However, the actual experiments were conducted with an ammonia/air mixture. The physical properties, such as the 156 
kinematic viscosity of an ammonia/air mixture are different from pure air. For small scale measurements, the 157 
difference of these values should be considered, and thus, to consider the physical properties of the ammonia/air 158 
mixture, the following formulas were employed:  159 

𝜆𝜆𝑓𝑓
2

𝐿𝐿𝑓𝑓
= 𝐴𝐴0 ∙

𝜈𝜈
𝑢𝑢′

,       (10) 160 

𝜂𝜂𝑘𝑘 = �𝐴𝐴0
15
∙ 𝜈𝜈

3

𝑢𝑢′3
∙ 𝐿𝐿𝑓𝑓�

1 4⁄
,     (11) 161 

where 𝐴𝐴0 is an empirical constant and 𝐿𝐿𝑓𝑓 is the longitudinal integral length scale obtained by Eq. (7). An empirical 162 
constant, 𝐴𝐴0 was approximated by the least squares method from the result at each scale by Eqs. (8) and (9), and 163 

 
Fig. 8 Variations of (a) longitudinal Taylor microscale, 𝜆𝜆𝑓𝑓,and (b) Kolmogorov length scale, 𝜂𝜂𝑘𝑘, with turbulence intensity, 𝑢𝑢′ 

 



𝐴𝐴0 was calculated as 18.5. The longitudinal Taylor microscale according to Eq. (10) with 𝐴𝐴0 = 18.5 is shown in 164 
Fig. 8(a). Similarly, the Kolmogorov length scale according to Eq. (11) with 𝐴𝐴0 = 18.5 is also shown in Fig. 8(b). 165 
The results estimated from the calculations are close to the results from PIV measurements on both scales. By 166 
assuming the empirical constant, 𝐴𝐴0, the values did not change significantly regardless of the mixture gas, and thus, 167 
the Taylor microscale can be calculated for any gas mixture. Therefore, the longitudinal Taylor microscale and 168 
Kolmogorov length scale of ammonia/air mixtures were determined by Eqs. (10) and (11) with 𝐴𝐴0 = 18.5 and 𝐿𝐿𝑓𝑓 =169 
20.9 mm. The longitudinal Taylor microscale, which was calculated in this section, was used to obtain the turbulence 170 
Karlovitz number, which is described later. 171 

The energy spectrum function of turbulence, 𝐸𝐸(𝑘𝑘) was calculated by the following equation, 172 

𝐸𝐸(𝑘𝑘) = 𝑘𝑘2

𝜋𝜋 ∫ 𝑟𝑟2𝑢𝑢′2𝑅𝑅11(𝑟𝑟) ∙ �sin𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘

− cos𝑘𝑘𝑘𝑘�𝑑𝑑𝑑𝑑∞
0 ,   (12) 173 

where 𝑘𝑘  is wavenumber, and 𝑟𝑟  is separation distance, and 𝑢𝑢′  is turbulence intensity, and 𝑅𝑅11(𝑟𝑟)  is the 174 
longitudinal correlation coefficients [46]. Fig. 9 shows the energy spectrum function of turbulence divided by total 175 
kinetic energy of turbulence, 𝐸𝐸(𝑘𝑘)/[(3 2⁄ )𝑢𝑢′2]. In the local isotropic turbulence field, Kolmogorov's −5 3⁄  law is 176 
common for the inertial sub-region. Although there is some discrepancy, the inclination of the slope of the inertial 177 
sub-region is close to -5/3. 178 
 179 
5.   Experiments of turbulent flame 180 
5.1.   Extinction limits of turbulent flame 181 
   Flame propagation experiments using ammonia/air mixtures were carried out in a turbulent flow field. Fig. 10 182 
shows the flame propagation probability map of the ammonia/air flames at the turbulence intensity for each 183 
equivalence ratio. In this map, the turbulence intensity with 𝑢𝑢′ = 0 m/s shows the laminar combustion experiment, 184 
and the other turbulence intensity cases show the turbulence combustion experiments. In the case of the combustion 185 
experiments, the same result was not necessarily obtained under the same conditions. Therefore, the flame 186 
propagation probabilities were organized into four categories, i.e., the circle plots for 100% propagation, the square 187 
plots for 50–99% propagation, the triangle plots for 1–49% propagation, and the cross-mark plots for 0% propagation. 188 

 
Fig. 9 Variation of energy spectrum function of turbulence, 𝐸𝐸(𝑘𝑘), 
with wavenumber, 𝑘𝑘 



The probability was calculated using the results with more than six tests for the same conditions. In some experiments 189 
with a high degree of turbulence intensity, the flame propagated while the flame kernel was blown away from the 190 
center of the combustion chamber after ignition. That type of result was defined as the flame propagation for the 191 
purposes of this study. From the results of the flame propagation experiments in quiescent environment, the laminar 192 
burning velocity takes the maximum for 𝜙𝜙 = 1.1, as indicated in Fig. 4. However, in Fig. 10, the range of turbulence 193 
intensity that the flame can propagate for 𝜙𝜙 = 0.9 was the widest. 194 
   Fig. 11 shows the region of the turbulent flame structure on the regime diagram from Peters [47] in the 195 
experimental condition from 𝜙𝜙 = 0.6 to 1.3. In this figure, 𝛿𝛿𝐹𝐹 is the premixed flame thickness. According to the 196 
regime diagram of Peters, in some cases of flame extinction, the turbulent flames were in the broken reaction zone 197 
regime. In the broken reaction zone regime, the flame structure is disturbed by the turbulent flow on a fine scale. 198 
Therefore, the flame surface no longer exists. All the turbulent flames that can propagate in this study were in the 199 
thin reaction zone regime. In the thin reaction zones regime, the smallest turbulent eddies become smaller than the 200 
preheating zone of the flame, but the flame structures are still larger than the reaction zone. In other words, the effect 201 
of turbulence only appears in the preheating zone of the flame and mixes the substances in the preheating zone. 202 
 203 
 204 
5.2.   Discussion on extinction limits 205 
   The turbulence Karlovitz number at each condition was obtained by Eq. (13) as a characteristic value of the flame 206 
stretch given to the turbulent flame by the turbulent flow [45]: 207 

𝐾𝐾𝐾𝐾 = 𝛿𝛿𝑙𝑙 𝑆𝑆𝑙𝑙⁄
𝜆𝜆𝑓𝑓 𝑢𝑢′⁄  ,     (13) 208 

where 𝜆𝜆𝑓𝑓 is the longitudinal Taylor microscale in the ammonia/air mixture calculated using Eq. (10). When the 209 
turbulence Karlovitz number is large, the characteristic time of the chemical reaction becomes larger than the 210 
characteristic time of the disturbance. Therefore, the chemical reaction cannot be completed at the flame surface and 211 
eventually the flame is extinguished [48]. 212 

 
Fig. 10 Flame propagation probability map of the ammonia/air 
flames at the turbulence intensity, 𝑢𝑢′ 

 
Fig. 11 Regime diagram by Peters [46] 



   Fig. 12 shows the relationship between the turbulence Karlovitz number and the equivalence ratio. The turbulence 213 
Karlovitz number increases with increasing turbulence intensity. The value of 𝐾𝐾𝐾𝐾 under the conditions on flame 214 
propagation was in the range of about 0.1 to 1.7. When the equivalence ratio was less than unity, the flame propagation 215 
limit expanded to large turbulence Karlovitz number conditions. However, when the equivalence ratio was more than 216 
unity, the range of the turbulence Karlovitz number under which a flame can propagate is limited even though the 217 
laminar burning velocity is high. In the rich fuel mixture case of 𝜙𝜙 = 1.2, the turbulent flame was extinguished at a 218 
turbulence intensity of 0.65 m/s. In the case of fuel-lean combustion at 𝜙𝜙 = 0.9 with the same turbulence intensity, 219 
the turbulent flame propagated even though the turbulence Karlovitz number was virtually the same and the laminar 220 
burning velocity was 0.8 times lower compared with 𝜙𝜙 = 1.2. Fig. 13(a) shows the Schlieren images from ignition 221 
under lean and rich fuel conditions. The observation range of each image is 50 mm in diameter, i.e., the size of the 222 
observation window. In the case of 𝜙𝜙 = 0.9, flame propagation was observed from the center of the combustion 223 
chamber. In the case of 𝜙𝜙 = 1.2, the flame was observed in the same as 𝜙𝜙 = 0.9. However, a part of the boundary 224 
between the unburned mixture and burned gas becomes blurred around 10 ms after ignition. Thereafter, the blurred 225 
area increases with time, and the flame was almost extinguished around 20 ms after ignition. 226 
   The fuel-lean mixture can propagate even at a high turbulence Karlovitz number, which is most likely due to the 227 
effect of the Lewis number. When the flame surface is deformed by the turbulent eddies, the local burning velocity 228 
increases by the diffusional-thermal instability [49] for the lean ammonia/air mixture, which has a Lewis number less 229 
than unity, 𝐿𝐿𝐿𝐿 < 1. At the local flame surface, which is convex toward the unburned mixture side, the mass diffusion 230 
toward the burned gas side excels more than the thermal diffusion from the burned gas side to the unburned mixture 231 
side. Consequently, the local flame temperature and burning velocity increases and a convex shape develops. In an 232 
opposite way, the flame temperature decreases at the local flame surface and a concave shape is also developed. 233 
Because of these developments of convex and concave structures due to the diffusional-thermal instability, the overall 234 
flame surface area increases, and the burning velocity also increases. Therefore, the flame with the fuel-lean mixture 235 
was not extinguished even in a turbulent field with higher turbulence intensity. On the other hand, the development 236 
of convex and concave structures created by the turbulent eddies were suppressed for the fuel-rich ammonia/air 237 

 
Fig. 12  Relationship between the turbulence Karlovitz number, 𝑲𝑲𝑲𝑲 , and 
the equivalence ratio, 𝝓𝝓 

 



mixture, in which 𝐿𝐿𝐿𝐿 > 1. Therefore, in the case of a rich fuel mixture, the burning velocity did not increase, and 238 
the flame was easily extinguished. Fig. 13(b) shows the Schlieren images of the ammonia/air mixture for the lean 239 
and rich fuel conditions in 𝑢𝑢′ = 0.97 m/s. In both cases, the flame was finally extinguished. The differences in the 240 
process of flame extinction explained above can be observed by the Schlieren images. In the case of the fuel-lean 241 
mixture (𝜙𝜙 = 0.7), the local deformations of the flame surface by the turbulent eddies increased because of the Lewis 242 
number effect. In tens of milliseconds, the boundary between the unburned mixture and burned gas becomes unclear. 243 
On the other hand, the deformations of the flame surface were not grown in the fuel-rich mixture case (𝜙𝜙 = 1.1), 244 
which was caused by the effect of having a Lewis number that was more than unity [49].  245 
   Fig. 14 shows the relationship between the Markstein number and turbulence Karlovitz number under various 246 
experimental conditions. The Markstein number was obtained from the results of Hayakawa et al. [18], with an 247 
equivalence ratio range from 𝜙𝜙 = 0.8  to  1.2 . The Markstein number is defined as normalized flame stretch 248 
sensitivity [50]. The flame was extinguished in the case of fuel-rich mixtures with a positive value of the Markstein 249 
number even when the turbulence Karlovitz number was relatively small. As the Markstein number increases above 250 
unity, the effect of suppressing the development of irregularities on the flame surface appears remarkably, and 251 

 
Fig. 13 Schlieren images of ammonia/air mixture flame at each equivalence ratio in (a) 𝑢𝑢′ = 0.65 m/s, and (b) 𝑢𝑢′ = 0.97 m/s 



consequently, the rich fuel mixture is extinguished easily in turbulent field around 𝐾𝐾𝐾𝐾 = 0.5. On the other hand, in 252 
the case of fuel-lean mixtures with a negative value of Markstein number, the ammonia/air mixture propagated 253 
throughout the entire combustion chamber in spite of higher turbulence Karlovitz number. As the Markstein number 254 
decreases below unity, the developments of convex and concave structures due to the diffusional-thermal instability 255 
appear remarkably on the flame surface and the flame surface area is increased. Consequently, the flame propagation 256 
velocity increases with increases in the turbulence intensity. Therefore, the fuel-lean mixture can propagate at higher 257 
turbulence Karlovitz number compared with the fuel-rich mixture. Because of the diffusional-thermal instability 258 
mentioned above, the turbulence Karlovitz number at the flame extinction limit for the fuel-lean mixture (around 259 
𝐾𝐾𝐾𝐾 = 1.5) is higher than that for the fuel rich mixture.  260 
 261 
 262 
6.   Conclusions 263 
   The flame extinction characteristics of ammonia/air mixtures in a turbulent flow field were investigated by 264 
observing the flame propagation with Schlieren images. In this study, the flame extinction limit and its factor were 265 
investigated from the point of view of flame stretch and the effect of the Lewis number, using the turbulence Karlovitz 266 
number and Markstein number. The principal findings include the following. 267 
1. The flame propagated at the highest turbulence intensity for 𝜙𝜙 = 0.9 even though the laminar burning velocity 268 

was at its maximum of 𝜙𝜙 = 1.1. 269 
2. In the case of lean ammonia/air mixtures, the burning velocity increases with expanding flame surface area 270 

caused by the effect of the Lewis number, and the flame propagated at higher turbulence intensities. On the other 271 
hand, the burning velocity did not increase because of the effect of the Lewis number in the case of rich fuel 272 
mixtures, and the flame of the rich mixture was extinguished even at a relatively small turbulence intensity.  273 

3. The flame extinction limit was identified by the relationship between the Karlovitz number and Markstein 274 
number. The turbulence Karlovitz number at the flame extinction limit increases with decreases in the Markstein 275 
number. This is explained by the diffusional-thermal instability of the flame surface deformed by the turbulent 276 

 
Fig. 14 Variation in the turbulence Karlovitz number, 𝐾𝐾𝐾𝐾, with Marstein 
number, 𝑀𝑀𝑀𝑀 



eddies.  277 
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