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 The self-acceleration of lean hydrogen-air flames under various temperatures was studied 

 The quantitative relationship between self-acceleration and flame surface data was explored 

 The self-acceleration exponent of cellular flames increases progressively during propagation 

 The self-acceleration exponent derived from 3D cellular flame area stabilizes at 1.2-1.4 
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Abstract 13 

Due to the high diffusivity of hydrogen molecules, lean hydrogen-air premixed 14 

flames are more prone to cellular instability during combustion. This instability is 15 

known to often lead to self-acceleration of flame propagation, with the flame speed 16 

closely related to the cellular area on its surface. In this study, the relationship between 17 

quantitative cellular information and self-acceleration of lean hydrogen-air premixed 18 

spherically expanding flames was systematically analyzed under various initial 19 

temperatures. The focus was on equivalence ratios of 0.4, 0.5, and 0.6, with initial 20 

temperatures set at 300 K, 360 K, and 400 K. Quantitative cellular information, 21 

including cell number, two- and three-dimensional average cell area, and total cellular 22 

flame area, was obtained using an in-house developed image processing program. 23 
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Based on these quantitative data, the ratio of cellular flame surface area to laminar flame 24 

surface area was calculated, and the fractal dimension of the flame front along with the 25 

flame self-acceleration exponent was derived. Results indicate that with increasing 26 

equivalence ratio and initial temperature, the onset of cellular instability is delayed, 27 

while the self-acceleration exponent gradually increases with flame propagation, 28 

eventually stabilizing in the range of 1.2-1.4 after full cellularization. Under leaner 29 

conditions and lower initial temperatures, flames exhibited a higher self-acceleration 30 

exponent. The self-acceleration exponent obtained from the 3D-reconstructed cellular 31 

flame area offers a new perspective for developing accurate models of self-accelerating 32 

spherically cellular flame propagation, with significant potential applications in 33 

hydrogen combustion and explosion safety. 34 

Keywords: Hydrogen, Premixed combustion, Instability, Spherical flame, Self-35 

acceleration 36 

1 Introduction 37 

Hydrogen is a renewable energy source that can be produced sustainably, with the 38 

advantage of emitting no greenhouse gases when burned in air [1,2]. Meanwhile, 39 

hydrogen has certain unique characteristics, such as low ignition energy, a wide 40 

flammability range, and high diffusivity, which can pose significant risks of fire or 41 

explosion [3-5]. Additionally, lean fuel mixtures are particularly attractive in 42 

combustion systems, as they reduce flame temperature, thereby lowering thermal stress 43 

on combustion chamber walls, reducing fuel consumption, and decreasing NOx 44 
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emissions [6, 7]. However, the hydrogen-air combustion process under lean conditions 45 

is inherently unstable. Specifically, spherically propagating premixed hydrogen-air 46 

flames are prone to phenomena such as cellularization, self-acceleration, self-similarity, 47 

and even transition to self-turbulence. These instabilities in flame propagation pose 48 

serious threats to the safety and reliability of combustion equipment [8-10]. Therefore, 49 

it is crucial to study the instability behavior of near-limit lean hydrogen-air flames to 50 

ensure safe and reliable operation of combustion systems running on lean mixtures. 51 

A key question in the propagation of self-similar spherically expanding flames is 52 

the self-acceleration exponent, often estimated by the power-law relationship 𝑟𝑢~𝑡𝑎. 53 

Gostintsev et al. found the flame radius self-acceleration exponent to be 1.5, which they 54 

identified as the threshold for flame self-turbulence [11]. Subsequently, other 55 

researchers have further studied the self-acceleration exponent of expanding flames for 56 

various fuels, obtaining values consistent with Gostintsev’s 1.5 [12, 13]. Bradley et al. 57 

investigated the acceleration behavior of stoichiometric methane flames (equivalence 58 

ratio = 1.1) and propane flames (equivalence ratio = 1.06) under ambient temperature 59 

and pressure using large-scale constant volume combustion vessels, finding self-60 

acceleration exponent similar to those obtained by Gostintsev as well [14]. Kwon et al. 61 

also analyzed the self-acceleration of hydrogen flames under different combustion 62 

conditions in their studies on flame instability, reporting self-acceleration exponents 63 

between 1.23 and 1.36, which are lower than 1.5. They noted that the acceleration of 64 

spherically expanding flames remains a topic requiring further clarification [15]. 65 

Additionally, Gostintsev et al. revised their original conclusions in their later studies, 66 
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finding that the flame self-acceleration exponent was actually lower than the previously 67 

estimated 1.5, highlighting further uncertainty in understanding the self-acceleration 68 

exponent [16]. Recently, several small-scale [17-23] and large-scale field experiments 69 

[24-26] have shown that the self-acceleration exponent generally falls within the range 70 

of 1.1~1.4. Kim et al. observed that the value of the self-acceleration exponent increases 71 

with flame radius and eventually saturates at a critical value corresponding to the fractal 72 

dimension. In other words, a transitional state exists before the large-scale expanding 73 

flame reaches self-turbulence [24]. Cai et al. introduced two different acceleration 74 

exponents: the transitional and the self-similar acceleration exponents. They also 75 

proposed a potential empirical power-law correlation to capture the entire self-76 

acceleration process [27]. However, to date, there is no unified, precise conclusion 77 

regarding the self-acceleration characteristics of expanding flames. Moreover, localized 78 

cascade mechanisms within cellular structures may lead to fluctuations in surface area, 79 

with alternating phases of rapid and slow growth, resulting in a global pulsating mode 80 

that the classic power-law relationship cannot capture [28, 29]. 81 

Based on the literature review above, no studies to date have examined the 82 

relationship between the actual cellular flame area and flame self-acceleration under 83 

lean combustion conditions. This study aims to experimentally investigate the 84 

propagation of lean premixed spherically expanding hydrogen-air flames under 85 

different initial temperatures, focusing on quantitatively analyzing flame instability and 86 

the self-acceleration exponent from the perspective of cellular flame area. The 87 

organization of this work is as follows: first, the Schlieren optical diagnostics were used 88 
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to capture images of spherically expanding flames under various low equivalence ratios; 89 

then, an in-house developed image processing program was applied to segment cellular 90 

structures on the flame surface and reconstruct the flame area in 3D; finally, a 91 

quantitative analysis was conducted to explore the relationship between the self-92 

acceleration exponent of unstable spherically expanding flames and their cellular flame 93 

area. 94 

2 Experimental Equipment and Methods 95 

To capture images of the spherically propagating premixed flames of lean 96 

hydrogen-air mixtures, Schlieren optical diagnostics was employed in this study, as 97 

shown in Figure 1. The spherical constant volume combustion chamber has an inner 98 

diameter of 380 mm and is equipped with two pairs of circular optical windows, each 99 

150 mm in diameter, to allow observation of flame propagation. Additionally, four fans 100 

were installed at the corners of the combustion chamber to ensure uniform mixing of 101 

fuel and air. To achieve non-turbulent premixed combustion, the fans were used to 102 

homogenize the fuel-air mixture, and ignition was delayed for at least 15 seconds after 103 

mixing. The ignition system, located at the center of the chamber, consists of a standard 104 

12V transistorized automotive ignition coil that provides an ignition energy of 105 

approximately 1 mJ. Furthermore, two 2 kW electric heaters were installed on the 106 

chamber walls to heat the mixture, ensuring the desired initial temperature conditions. 107 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 



 108 

Fig. 1. Optical diagnostic arrangement for spherical premixed flame observation. 109 

In this study, to investigate the propagation characteristics of spherically 110 

expanding lean hydrogen-air premixed flames under different initial temperatures, the 111 

initial temperatures were set at 300 K, 360 K, and 400 K, with equivalence ratios of 0.4, 112 

0.5, and 0.6. A high-speed imaging system was employed to capture the flame 113 

propagation at a frame rate of 30,000 fps and a spatial scale of 0.27 mm/pixel, resulting 114 

in 768×768 resolution flame images for subsequent analysis. 115 

After obtaining images of the spherically expanding flame propagation, an in-116 

house developed image processing code was used to segment the cells on the flame 117 

surface, extracting quantitative cellular information, including cell number, centroid 118 

position, and two-dimensional (2D) average area [30]. Subsequently, a three-119 

dimensional (3D) reconstruction of the area for all cells distributed on the flame surface 120 

was conducted to calculate the cellular flame area [31]. Additional flame features, such 121 

as flame contour and equivalent radius, were also extracted at the same time. Details of 122 

the image processing logic and uncertainty analysis for the processing steps can be 123 

found in our previous publications [30, 31]. 124 

3 Results and Discussion 125 
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3.1 Basic flame characteristics and instability analysis 126 

Figure 2 shows the evolution of raw images of spherical flame propagation under 127 

various initial temperatures and fuel-air equivalence ratios. The equivalent flame radius 128 𝑟𝑢 was obtained through image processing and is defined as 𝑟𝑢 =  √𝐴/𝜋, where 𝐴 is 129 

the flame area determined by the sum of pixels of binarized flame image. Due to the 130 

limitations of the optical window in the constant volume combustion chamber, the 131 

maximum flame radius measurable in this study is approximately 60 mm. 132 

As shown in the figure, the flame front appears relatively smooth at smaller flame 133 

radius (𝑟𝑢 < 15 mm), primarily because the high stretch rate at this stage suppresses 134 

the rapid formation of cellular structures, helping to maintain flame stability. However, 135 

at the initial moment, interference from the electrodes causes noticeable large cracks on 136 

the flame surface. With increasing equivalence ratio and initial temperature, the relative 137 

impact of electrode interference on the initial flame morphology gradually decreases, 138 

and the flame surface exhibits a smoother spherical shape at small radius. As the flame 139 

continues to propagate, secondary cracks begin to appear, with smaller branches 140 

forming on the initial large cracks, eventually leading to a flame surface covered in cells 141 

of varying sizes. The formation of these cellular structures is mainly attributed to the 142 

interaction between thermal-diffusive and hydrodynamic instabilities [32]. Given the 143 

relatively small spatial scale in this study, the effect of buoyancy-induced instability is 144 

negligible under these conditions. The development of cellular structures is known to 145 

contribute to the self-acceleration of flame propagation. Observations show that, with 146 

increasing initial temperature and fuel-air equivalence ratio, the degree of 147 
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cellularization in lean flames tends to decrease. This variation in cellularization is 148 

clearly visible in the raw schlieren images, reflecting the instability evolution patterns 149 

of lean flames under different conditions. 150 

 151 

Fig. 2. Premixed combustion spherical flame propagation at various temperatures under lean 152 

combustion conditions. 153 

In the propagation of spherically expanding flames, the flame is continuously 154 

influenced by stretch, resulting in changes in its surface area, which in turn affects the 155 

flame propagation speed. The flame stretch rate 𝛼 is defined as the rate of change in 156 

surface area due to spherical expansion of the flame front. Its expression is given in 157 

Equation (1), where the stretched flame speed is defined as 𝑆𝑛 = 𝑑𝑟𝑢 𝑑𝑡⁄  [33]: 158 
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 𝛼 = 1𝐴 𝑑𝐴𝑑𝑡 = 14𝜋𝑟𝑢2 𝑑(4𝜋𝑟𝑢2)𝑑𝑡 = 2𝑟𝑢 𝑑𝑟𝑢𝑑𝑡 = 2𝑟𝑢 𝑆𝑛 (1) 159 

Figure 3 illustrates the variation of flame stretch rate with equivalent flame radius 160 

under various lean combustion conditions. Figures 3 (a) and 3 (b) specifically show the 161 

influence of fuel-air equivalence ratio and initial temperature on the stretch rate, 162 

respectively. The results indicate that as the flame radius increases, the stretch rate 163 

decreases approximately as a power-law function, with the rate of decrease accelerating 164 

with an increase in the fuel-air equivalence ratio. The effect of initial temperature 165 

variation is relatively minor. Overall, higher initial temperatures and greater initial 166 

equivalence ratios result in higher stretch rates. At the early stages of combustion, 167 

higher stretch rates suppress flame instability, whereas, in later stages, as the stretch 168 

rate gradually decreases, the flame increasingly exhibits cellular structures and 169 

becomes more unstable. This phenomenon highlights the significant impact of stretch 170 

on flame instability: at higher stretch rates, the flame structure remains relatively 171 

smooth, whereas, at lower stretch rates, thermal-diffusive and hydrodynamic 172 

instabilities become more pronounced, leading to cellularization of the flame surface. 173 

 174 

Fig. 3. Flame stretch rate at various temperatures under lean combustion conditions. 175 
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Figure 4 shows the stretched flame propagation speed under various lean 176 

combustion conditions, with Figures 4 (a) and (b) specifically illustrating the 177 

relationship between stretched flame propagation speed and flame stretch rate for 178 

different fuel-air equivalence ratios and initial temperatures in hydrogen-air combustion, 179 

respectively. As seen in the figure, the stretched flame propagation speed exhibits 180 

fluctuations during the initial ignition phase due to the influence of ignition energy [34]. 181 

Once the ignition effect diminishes, a clear linear relationship emerges between the 182 

stretched flame propagation speed and the stretch rate. This linear relationship has been 183 

confirmed through theoretical analysis, numerical simulations, and experimental 184 

methods [34-36]. The specific expression is given in Equation (2), where 𝑆𝐿 denotes the 185 

unstretched flame propagation speed, and 𝐿𝑏 represents the Markstein length: 186 

 𝑆𝐿 − 𝑆𝑛 = 𝐿𝑏 ∙ 𝛼 (2) 187 

As indicated by Equation (2), the slope of the linear fit of 𝑆𝑛 versus 𝛼  is −𝐿𝑏 . 188 

When 𝐿𝑏 = 0 , 𝛼  has no influence on 𝑆𝑛   When 𝛼 = 0 , 𝑆𝐿 = 𝑆𝑛 , meaning that the 189 

intersection of the extrapolated linear relationship at 𝛼 = 0 yields the value of 𝑆𝐿. The 190 

unstretched flame propagation speeds 𝑆𝐿  determined under various lean combustion 191 

conditions are labeled in Figure 4, showing an increase with higher initial equivalence 192 

ratios and a slight increase with higher initial temperatures. As the flame expands 193 

beyond the critical cellular radius (inflection point), cellular structures begin to appear 194 

on the flame front, and the propagation speed then increases significantly. The results 195 

also indicate that stretched flame propagation speed increases with both initial 196 

equivalence ratio and temperature, although it shows relatively low sensitivity to 197 
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temperature changes. 198 

 199 

Fig. 4. Stretched flame speed at various temperatures under lean combustion conditions. 200 

As the flame becomes thinner, its density gradient increases, making flame 201 

thickness a key factor in determining flame hydrodynamic stability. Flame thickness 202 

typically refers to the distance between the burned and unburned regions, representing 203 

the combined width of the preheat zone and the reaction zone. One common method 204 

for calculating flame thickness is based on the flame temperature profile, as expressed 205 

in Equation (3) [37], 𝑇𝑎𝑑  denotes the adiabatic flame temperature, 𝑇𝑢  represents the 206 

unburned mixture temperature, and (𝑑𝑇 𝑑𝑥⁄ )𝑚𝑎𝑥 is the maximum temperature gradient: 207 

 𝛿𝑇 = 𝑇𝑎𝑑−𝑇𝑢(𝑑𝑇 𝑑𝑥⁄ )𝑚𝑎𝑥 (3) 208 

The above definition of flame thickness is only applicable to flames with a 209 

chemically inert preheat zone, such as methane, propane, ethylene, and acetylene 210 

flames, where this definition can be easily related to the classical definition of flame 211 

thickness. However, recent studies have indicated that the applicability of traditional 212 

equations to hydrogen flames is questionable, as the fundamental assumption of a 213 

chemically inert preheat zone does not hold in this case [38]. In laminar flames, H atoms 214 
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rapidly diffuse toward the leading edge, where they trigger reactions much more 215 

intensely than in hydrocarbon flames, resulting in a significantly reduced preheat zone. 216 

Therefore, the preheat zone flame thickness discussed in this study is determined by the 217 

following expression [39]: 218 

 𝛿𝑘 = (𝑘 𝑐𝑝⁄ )𝑇0𝜌𝑢𝑆𝐿  (4) 219 

where (𝑘 𝑐𝑝⁄ )𝑇0 is the ratio of thermal conductivity and specific heat at a certain inner 220 

layer temperature 𝑇0. The values of  𝑇0 for different gases are presented in [39]. 221 

As shown in Figure 5, the results indicate that with an increasing equivalence ratio, 222 

flame thickness decreases, while an increase in initial temperature has little effect in 223 

flame thickness. This suggests that the hydrodynamic stability of lean flames decreases 224 

with higher equivalence ratios but remains unchanged with increasing initial 225 

temperatures. 226 

 227 

Fig. 5. Flame thickness at various temperatures under lean combustion conditions. 228 

The Markstein length can be used to describe the stability and sensitivity of the 229 

flame front in premixed combustion, reflecting the flame’s responsiveness to fluid flow 230 

or disturbances. Under lean combustion conditions, the sensitivity of Markstein length 231 
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to changes in fuel concentration is more pronounced [40]. The Markstein length can be 232 

derived inversely from the relationship for unstretched flame propagation speed 233 

(Equation 2), and the experimentally measured Markstein lengths are shown in Figure 234 

6 (a). The results indicate that Markstein length increases with the initial equivalence 235 

ratio but is relatively insensitive to changes in initial temperature. The Markstein 236 

number 𝑀𝑎𝑏 is a dimensionless parameter that relates flame propagation speed to its 237 

sensitivity to curvature, providing a measure of flame stability. It is defined as the ratio 238 

of Markstein length to flame thickness, with the calculation shown in Equation (5). A 239 

positive Markstein number indicates stability to curvature perturbations, while a 240 

negative Markstein number implies instability. The smaller the Markstein number, the 241 

earlier the flame becomes unstable and tends to cellularize [41]. 242 

 𝑀𝑎𝑏 = 𝐿𝑏 𝛿𝑘⁄  (5) 243 

The Markstein number can be determined using the flame thickness 𝛿𝑘 obtained 244 

from Eq. (4), as shown in Figure 6 (b). The results indicate that the trend in Markstein 245 

number with changes in initial equivalence ratio and temperature is consistent with that 246 

of the Markstein length. From the figure, it can be observed that at an initial temperature 247 

of 400 K, the Markstein number approaches zero when the equivalence ratio is close to 248 

0.5. For equivalence ratios ER<0.5, the Markstein number becomes negative, indicating 249 

that hydrogen-air premixed flames exhibit high instability to curvature perturbations 250 

under ultra-lean conditions, making the flame surface more prone to cellular structures. 251 
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 252 

Fig. 6. Markstein length and number at various temperatures under lean combustion conditions. 253 

Bechtold et al. successfully analyzed the transition of spherically expanding 254 

flames to a cellular instability state, finding that the Peclet number 𝑃𝑒  plays an 255 

important role in describing the evolution of flame instability [42, 43]. The 256 

dimensionless Peclet number is defined as the ratio of flame radius to corresponding 257 

flame thickness,  𝑃𝑒 = 𝑟𝑢 𝛿𝑘⁄ .  258 

Figures 7 (a) and (b) show the variation of Peclet number over time under various 259 

fuel-air equivalence ratios and initial temperature conditions, respectively. The results 260 

indicate that, at the same time point after ignition, the Peclet number increases with the 261 

initial equivalence ratio and shows an increase with higher initial temperatures (but the 262 

increase at 300K is not much compared to 360K). A low Peclet number typically 263 

corresponds to a smaller flame radius, where the convective effects at the flame front 264 

are weaker, resulting in a relatively smooth and stable flame surface. As the flame radius 265 

increases, the Peclet number gradually rises, enhancing convective effects and making 266 

the flame front more susceptible to disturbances, ultimately leading to the formation of 267 

a cellular instability structure. 268 
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 269 

Fig. 7. Peclet number at various temperatures under lean combustion conditions. 270 

3.2 Quantitative characteristics of flame cellularization  271 

Using an in-house developed deep-learning-driven cell detection program, the 272 

number and positions of cells on the flame surface were accurately obtained [30]. 273 

Figure 8 illustrates the variation in cell number with flame propagation under various 274 

initial temperatures in lean combustion conditions. When the flame radius has not yet 275 

reached the cellularization critical value, the flame front is primarily characterized by 276 

the growth and bifurcation of initial cracks, and the number of cells remains nearly 277 

constant. As the flame radius exceeds the critical cellularization radius, cell numbers 278 

rapidly increase due to the formation of numerous secondary cracks on the flame 279 

surface, which expand to form a cellular structure. It can also be observed in Figure 8 280 

that, under lean combustion conditions, the time at which cell numbers begin to increase 281 

is progressively delayed as the equivalence ratio rises, a behavior that differs from 282 

results seen under rich combustion conditions [44]. In particular, for an equivalence 283 

ratio of ER=0.6, the delay in cell number growth is more pronounced. For ER=0.4 and 284 

0 1 2 3 4 5 6 7 8
0

200

400

600

800

1000

1200

1400

1600

P
ec

le
t 

n
u

m
b

er
  
P

e

Time after ignition (ms)

 300K-ER0.6

 360K-ER0.6

 400K-ER0.6

0 2 4 6 8 10 12 14 16 18
0

200

400

600

800

1000

1200

1400

1600

P
ec

le
t 

n
u

m
b

er
 P

e

Time after ignition (ms)

 400K-ER0.4

 400K-ER0.5

 400K-ER0.6

(a) (b)

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 



0.5, cell numbers become nearly equal when the flame radius reaches approximately 50 285 

mm. 286 

Furthermore, it was observed that even as the flame propagates toward the 287 

combustion chamber wall, cell numbers continue to increase, indicating that the flame 288 

remains unstable at a radius of 60 mm. Although the chamber wall introduces some 289 

interference with flame development, which may cause slight errors in cell count near 290 

the wall, the onset time and growth rate of cellularization remain reliable. Additionally, 291 

the results show that the trends in cell number variation are similar under initial 292 

temperatures of 300 K and 360 K  when the initial temperature increases to 400 K, cell 293 

number growth is also delayed, but the growth rate remains high. 294 

 295 

Fig. 8. Cell number at various temperatures under lean combustion conditions. 296 

By conducting 3D reconstruction of all small-scale cells detected by the program 297 

[31], the total reconstructed area divided by the number of cells yields the average 3D 298 

cell area. Figure 9 presents the evolution of the average 3D cell area on the flame 299 

surface under lean combustion conditions and various initial temperatures. The results 300 

show that as the flame expands, the average 3D cell area initially increases, then 301 
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decreases, and eventually stabilizes within a certain range. Notably, for an equivalence 302 

ratio of ER=0.6, the curve exhibits two peaks, which occurs because the rate of cell 303 

number increase slows after rapid cellularization of the flame surface, as also evidenced 304 

in Figure 8. Additionally, as the equivalence ratio increases, the peak value of the 305 

average 3D cell area rises due to the delayed growth in cell number, resulting in 306 

relatively fewer cells at the same flame radius. Further analysis reveals that the effect 307 

of initial temperature on average 3D cell area is not significant. Under the lean 308 

combustion conditions of this study, the final average 3D cell area stabilizes between 309 

30 and 50 mm2. This indicates that the average cell size has reached a saturation limit, 310 

with the interaction between flame propagation and cell division achieving a balance. 311 

 312 

Fig. 9. Average 3D cell area at various temperatures under lean combustion conditions. 313 

Using the in-house developed program to perform 3D reconstruction of cell areas, 314 

the cellular flame area under lean combustion conditions and various initial 315 

temperatures was obtained, as shown in Figure 10. Under the same flame radius, the 316 

cellular flame area provides a direct measure of the wrinkle degree of flame front, 317 

indicating the instability level of the flame at that moment. The results show that, during 318 
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the early stages of flame development, the influence of different initial equivalence 319 

ratios and temperatures on the cellular flame area is minimal due to the initially low 320 

degree of cellularization, resulting in only slight differences in flame area. In 321 

comparison, under lean combustion conditions with ER=0.4 and 0.5, the flame exhibits 322 

a higher degree of cellularization  for ER=0.6, the flame shows more pronounced 323 

cellularization at initial temperatures of 300 K and 360 K. These quantitative cellular 324 

flame area data will be used in subsequent calculations of the flame self-acceleration 325 

exponent, marking the first exploration of the relationship between 3D-reconstructed 326 

flame area and flame self-acceleration behavior. 327 

 328 

Fig. 10. Cellular flame area at various temperatures under lean combustion conditions. 329 

3.3 Flame self-acceleration analysis 330 

The wave number 𝑛  is defined as the ratio of the flame circumference to the 331 

corresponding wavelength Λ  (i.e., cell diameter) at a given moment and serves as a 332 

critical parameter for assessing flame instability [42]. For spherically expanding flames, 333 

the flame front exhibits a range of wavelengths that may trigger instabilities. The wave 334 
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number can be calculated using Equation (6), where 𝛿𝑘 Λ⁄  represents the dimensionless 335 

ratio of wavelength to flame thickness. 336 

 𝑛 = 2π 𝑃𝑒Λ = 2π 𝑟𝑢𝛿𝑘 Λ⁄  (6) 337 

In cellular instability, the maximum wavelength Λ𝑚𝑎𝑥  (corresponding to the 338 

minimum wave number n𝑚𝑖𝑛) is related to the size of the flame front and represents the 339 

longest unstable wavelength that can occur along the flame front, determining the 340 

largest scale of flame wrinkling. Conversely, the shortest unstable wavelength Λ𝑚𝑖𝑛 341 

(corresponding to the maximum wave number n𝑚𝑎𝑥) is primarily influenced by flame 342 

thickness and is approximately 50 times the flame thickness [41]. As the spherically 343 

expanding flame grows, the range of wavelengths on the flame surface continuously 344 

changes. Before the onset of cellular structures, the flame remains stable for all 345 

wavelengths [42]  however, once cellular structures start forming on the flame front, 346 

the flame cannot maintain stability across all wavelengths, resulting in instability [32]. 347 

Figure 11 shows the relationship between wave numbers and Peclet number. The 348 

peninsula-shaped region (the shaded area) represents the range of wave numbers at 349 

which the flame becomes unstable at a given Peclet number (or flame radius). The 350 

leftmost point of the shaded region corresponds to the critical Peclet number, indicating 351 

that within the range below this critical Peclet number, the flame is stable for all 352 

wavelengths. Once the Peclet number exceeds this critical value, a range of unstable 353 

wave numbers appears, showing wave number dependence. Since the maximum 354 

wavelength is determined by the size of the flame front, the minimum wave number 355 

remains nearly constant, while the minimum wavelength is related to flame thickness, 356 
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causing the maximum wave number to increase linearly with Peclet number. 357 

Disturbances due to large wavelengths are stabilized by the stretch effect of the 358 

flame, as large wrinkles on the flame front flatten out during flame expansion and 359 

disappear over time. Small wavelengths are stabilized by the diffusion effect of the fuel 360 

gas, as diffusion tends to reduce temperature and concentration gradients [43]. The 361 

results show that the range of unstable wavelengths increases with Peclet number, and 362 

this increase in flame wrinkling consequently accelerates flame propagation. 363 

Furthermore, the results indicate that under lean combustion conditions, initial 364 

temperature has little effect on the wave number distribution in the peninsula-shaped 365 

region. With an increase in the initial equivalence ratio, the minimum wave number in 366 

the peninsula-shaped region remains unchanged, but the maximum wave number 367 

decreases significantly, and the critical Peclet number slightly increases. This is because 368 

flames with higher equivalence ratios are more readily stabilized by non-uniform 369 

diffusion effects, which impacts the range of unstable wave numbers, a phenomenon 370 

that is also verified by the quantitative cellular information of the cellular flame. 371 

 372 

Fig. 11. Wave number at various temperatures under lean combustion conditions. 373 

After the formation of a uniformly distributed cellular structure, the flame 374 
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propagation speed (burning velocity) gradually accelerates with increasing combustion 375 

time. However, there is still no unified conclusion regarding the acceleration in the 376 

flame propagation process. Following the onset of instability, as the flame radius 377 

increases, the size of each cell also expands  when the cell size grows too large to 378 

counterbalance the effects of instability, cells split into smaller units, and the flame front 379 

gradually evolves into a self-similar fractal structure. For spherically expanding fractal 380 

flames, this fractal geometric structure is characterized by the flame front being covered 381 

with cells of varying sizes. At this stage, the fractal dimension of the flame front, 1 + 𝑑, 382 

can be calculated using Equation (7), where 𝑑 is the fractal excess, 𝐴𝑁 represents the 383 

cellular flame area, and 𝐴0 is the laminar flame front area at that moment, defined as 384 𝐴0 = 4𝜋𝑟𝑢2 3⁄ . 385 

 𝐴𝑁 = 𝐴0(𝑛𝑚𝑎𝑥 𝑛𝑚𝑖𝑛⁄ )𝑑 (7) 386 

Additionally, the self-acceleration exponent 𝑎  of the cellular flame is directly 387 

related to the fractal excess 𝑑 and can be further calculated using Equation (8) [18]: 388 

 𝑎 = 1 (1 − 𝑑)⁄  (8) 389 

 390 

Fig. 12. Acceleration exponent at various temperatures under lean combustion conditions. 391 
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The calculated self-acceleration exponent of the flame is shown in Figure 12. 392 

When the self-acceleration exponent is greater than 1, the flame exhibits fractal 393 

characteristics, with the flame surface rapidly cellularizing and the flame propagation 394 

speed increasing significantly over time in a power-law relationship. The experimental 395 

setup is compact in this work, with minimal buoyancy effects, making it well-suited for 396 

studying the self-acceleration exponent. The results indicate that the self-acceleration 397 

exponent is not constant  instead, it increases gradually with flame propagation and 398 

eventually stabilizes within a specific range. Under the lean combustion conditions in 399 

this study, the self-acceleration exponent stabilizes between 1.2 and 1.4 as the flame 400 

propagates to the edge of the viewing window, which is lower than the suggested value 401 

for self-turbulence (1.5) [45]. This trend and range align closely with previous fitted 402 

results, further confirming the strong correlation between cellular flame area and self-403 

acceleration behavior [20]. 404 

4 Conclusions 405 

The self-acceleration of spherically expanding premixed flames is closely related 406 

to the cellular area on the flame surface. In this study, the cellular flame area of lean 407 

premixed hydrogen-air flames under various initial temperatures was reconstructed in 408 

3D using an in-house image processing program, and the relationship between self-409 

acceleration and quantitative cellular characteristics was further derived. The main 410 

findings are as follows: 411 

(1) Raw schlieren images show that with increasing initial temperature and fuel-412 
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air equivalence ratio, the cellularization degree in lean flames tends to decrease. 413 

(2) As the flame radius increases, the stretch rate decreases approximately as a 414 

power-law function, with the rate of decrease accelerating with an increase in 415 

the fuel-air equivalence ratio, while the effect of initial temperature variations 416 

is relatively minor. Overall, higher initial temperatures and greater equivalence 417 

ratios lead to higher stretch rates. 418 

(3) With increasing initial equivalence ratio and temperature, the stretched flame 419 

propagation speed increases accordingly, though it exhibits low sensitivity to 420 

temperature changes. Furthermore, a negative Markstein number indicates 421 

high instability to curvature perturbations under ultra-lean conditions 422 

(ER<0.5), making the flame surface more prone to cellular structures. 423 

(4) The range of unstable wavelengths increases with Peclet number (flame 424 

radius). Under lean combustion conditions, initial temperature has minimal 425 

effect on the wave number distribution in the peninsula region. However, with 426 

increasing initial equivalence ratio, the minimum wave number remains 427 

unchanged, while the maximum wave number decreases significantly, and the 428 

critical Peclet number slightly increases. 429 

(5) Under lean combustion conditions, the self-acceleration exponent derived is 430 

not constant  instead, it increases gradually with flame propagation and 431 

eventually stabilizes in the range of 1.2 to 1.4, which is below the suggested 432 

value for self-turbulence (1.5). 433 
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Nomenclature 438 

2D two-dimensional 

3D three-dimensional 

ER equivalence ratios 

LED light emitting diode 

HSV High-speed video 𝑟𝑢 equivalent flame radius 𝑎 self-acceleration exponents 

A flame area determined by the sum of pixels in binarized image 

N cell number 

T initial temperature 𝑇𝑎𝑑 adiabatic flame temperature 𝑇𝑢 unburned mixture temperature (𝑑𝑇 𝑑𝑥⁄ )𝑚𝑎𝑥 maximum temperature gradient 𝑟𝑐𝑙 critical radius 𝛼 flame stretch rate 𝑆𝑛 laminar stretch flame speed 𝑆𝐿 unstretched flame speed 𝐿𝑏 Markstein length 𝑀𝑎𝑏 Markstein number 
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𝛿𝑘 flame thickness 𝑃𝑒 Peclet number 𝑛 wave number n𝑚𝑖𝑛 minimum wave number n𝑚𝑎𝑥 maximum wave number Λ corresponding wavelength (i.e., cell diameter) Λ𝑚𝑎𝑥 maximum wavelength Λ𝑚𝑖𝑛 shortest unstable wavelength 𝑑 fractal excess 𝐴𝑁 cellular flame area 𝐴0 laminar flame front area 
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Dear esteemed Editors, 

We would like to submit the enclosed manuscript entitled “Relationship investigation 

between quantitative cellular information and self-acceleration of lean hydrogen-air 

spherical premixed flame”, which we wish could be considered for publication in 

Energy. 

Hydrogen energy has gained significant attention in recent years due to its potential as 

a clean fuel, but its combustion characteristics, particularly flame propagation and 

explosion safety, remain critical challenges. Due to the high diffusivity of hydrogen 

molecules, lean hydrogen-air premixed flames are more prone to cellular instability 

during combustion. This instability is known to often lead to self-acceleration of flame 

propagation, with the flame speed closely related to the cellular area on its surface. In 

this study, the relationship between quantitative cellular information and self-

acceleration of lean hydrogen-air premixed spherically expanding flames was 

systematically analyzed under various initial temperatures. Quantitative cellular 

information, including cell number, two- and three-dimensional average cell area, and 

total cellular flame area, was obtained using an in-house developed image processing 

program. Based on these quantitative data, the ratio of cellular flame surface area to 

laminar flame surface area was calculated, and the fractal dimension of the flame front 

along with the flame self-acceleration exponent was derived. Results indicate that with 

increasing equivalence ratio and initial temperature, the onset of cellular instability is 

delayed, while the self-acceleration exponent gradually increases with flame 

propagation, eventually stabilizing in the range of 1.2-1.4 after full cellularization (As 

shown in the Figure below). Under leaner conditions and lower initial temperatures, 

flames exhibited a higher self-acceleration exponent. The self-acceleration exponent 

obtained from the 3D-reconstructed cellular flame area offers a new perspective for 
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developing accurate models of self-accelerating spherically cellular flame propagation, 

with significant potential applications in hydrogen combustion and explosion safety. 
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