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Abstract  

An experimental study on laminar flame speed, Markstein length, and the onset of cellular 

instability was conducted by varying the equivalence ratio and ethylene/methane mixing ratio in 

spherically propagating premixed flames at ambient temperature and elevated pressures up to 0.8 MPa. 

Unstretched laminar burning velocities were first validated for methane−air flames by optimizing the 

range of the flame radius in testing linear and non-linear extrapolation models, and subsequently 

comparing the results with those simulated using four kinetic mechanisms. Based on the results, 

unstretched laminar burning velocities were determined for premixed flames of methane/ethylene 

mixture fuels. The predictability of theoretical Markstein lengths was appreciated by adopting a 

composite solution of the heat-release-weighted Lewis number and the temperature-dependent 

Zel’dovich number. Measured Markstein lengths were compared with those predicted based on a 

composite model for laminar flame speeds against flame radius. Depending on the fuels (methane or 

methane/ethylene mixture), pressure, and equivalence ratio, the predictability of the model varied. For 

methane − air flames, cellular instabilities were not observed within the observation window at 

pressures up to 0.6 MPa. Cell formation, caused by hydrodynamic instability, was enhanced by an 

increase in the ethylene ratio and chamber pressure. Theoretical critical flame radii for the onset of 
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cellular instability predicted by the composite model were consistent with the measured ones for both 

lean and rich mixtures. 

 

Keywords: Cellular instability, critical flame radius, laminar flame speed, Markstein length, 

methane/ethylene 



 

- 4 - 

1. Introduction  

Natural gas, with methane as a major constituent, supplies 22% of the energy used worldwide, 

and contributes nearly a quarter of the electricity generated [1]. The growth in the natural gas supply 

is linked, in part, to its environmental benefits relative to other hydrocarbon fuels, particularly for air 

quality as well as climate change. Various industrial burners and gas turbine combustors have been 

designed and developed to meet many requirements, including high efficiency over a wide range of 

operating conditions and low NOx and smoke emissions. Particularly, stringent regulations limit NOx 

emission for stationary sources (e.g., industrial burners, power plants, and boilers) and mobile sources 

(e.g., engines and gas turbines). Applying lean-burn technology with natural gas to such combustion 

systems may fulfill low NOx and CO2 emission requirements. However, lean-burn natural gas systems 

have been limited by flame stability [2–4]. Several proposals have been put forward to address the 

stability issue, such as blending hydrogen (or H2/CO syngas) with methane, resulting in an extension 

of lean flammable limit, and thereby a reduction of NO emission [5–7]. 

Ethylene, as one of the major components in practical fuels [8–10], has much better improved 

burning velocity and ignition temperature characteristics than methane [8–10]. In this regard, ethylene 

flames have been studied to understand the fundamental combustion characteristics, e.g., ignition 

temperature and laminar burning velocity [8] and chemical structures [9]. Although ethylene could 

play a role similar to hydrogen when mixed with methane, in terms of laminar burning velocity and 

ignition temperature, research on this has been rather limited; some studies have explored laminar 

burning velocities of the mixture fuels of methane and ethylene [8] and the effects of additional 

diluents (CO2 and He) and chamber pressure (up to 0.3 MPa) on unstretched laminar burning velocity 

and Markstein length in outwardly propagating spherical flames with the blended fuel of 50% CH4 

and 50% C2H4 in volume [11]. 

The present study focused on three important characteristics of premixed flame: laminar burning 

velocity, Markstein length, and cellular instability, by varying mixture composition, equivalence ratio, 

and ambient pressure (up to 0.8 MPa) in outwardly propagating spherical premixed flames for blended 

fuels of CH4 and C2H4 with an ethylene mixing ratio (in volume) ranging from 0 to 0.3. An 



 

- 5 - 

experimental determination of unstretched laminar burning velocity 𝑆  depends strongly on the choice 

of extrapolation method from the measured stretched flame speed [12–23]. The present study first 

examined extrapolation methods for methane–air premixed flames by comparing measured data with 

existing data [12–23]  and conducting numerical simulations with four kinetic mechanisms of GRI v-

3.0 [24], USC Mech II [25], Sung Mech [26], and Aramco 2.0 [27]. An optimized method was applied 

to the present methane/ethylene mixture flames. 

Laminar burning velocity is a key parameter in understanding flame characteristics in practical 

spark-ignition engines and gas turbine combustors. Because practical flames are either curved and/or 

propagate through a strained flow field, the Markstein length [28–36], which quantifies the response 

of flame speed to stretch rate, also plays an important role in characterizing flame behavior. Even in 

the absence of initial turbulence, spherical flames could form a cellular structure due to diffusive-

thermal and hydrodynamic instabilities [37–46], resulting in flame acceleration with an increase in 

flame surface area. In this regard, Markstein length and cellular instability have been studied 

extensively. These have been investigated for several blended fuels such as methane-hydrogen, and 

syngas and bio-syngas mixtures as well as diluted fuels [11, 47-50].  However, those for the blended 

fuels of methane and ethylene have not been investigated in detail, and are therefore the focus of the 

present study. Here, theoretical and measured Markstein lengths are compared and discussed, and 

cellular instabilities are evaluated by comparing theoretical and measured critical flame radii for cell 

formation. 

 

2. Experiment 

Details of a similar experimental setup and method are described in our previous work. Here, as 

schematically shown in Fig. 1 [11], a larger stainless steel cylindrical constant-volume combustion 

chamber (CVCC) was used (inner diameter: 300 mm; length: 390 mm). Two quartz windows (diameter: 

150 mm) were installed for visualization. Methane (purity 99.99%) and ethylene (99.99%) were used 

for the fuel, and zero air (99.95 %) was used as the oxidizer. Fuel and air were metered from partial 

pressures using a pressure gauge (LabDMM AEP, -1 to 40 bar, ± 0.5% FSO). Outwardly propagating 
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spherical flames were visualized using a Schlieren setup with a 300-W xenon light source and a pair 

of concave mirrors (diameter: 150 mm), taken by a high-speed camera (Phantom v-7.2) at 10,000 

frames per second (fps). The position of the flame front was determined by converting to a 

monochromatic image to accommodate the IMADJUST function in Matlab software for image 

enhancement [11]. The image was subsequently binarized (with a center intensity of 127 as a threshold 

from the monochromatic intensity range of 0255), from which the flame front position was identified. 

This arbitrary choice of the threshold value did not affect the determination of the laminar burning 

velocity. The initial pressure range covered up to 𝑃 = 0.8 MPa. 

  
Fig. 1. Schematic diagram of the experimental setup. 

 

3. Results and discussion 

3.1 Determination of unstretched laminar burning velocity 

The time history of the flame front radius, 𝑅 (𝑡), for an outwardly propagating spherical flame can be 

obtained using the Schlieren method. With the assumption of a static burnt gas inside the spherical 

flame, the stretched burnt flame speed, 𝑆 , becomes 𝑆 = 𝑑𝑅 /𝑑𝑡 . When the spherical flame is 

assumed to be infinitesimally thin, weakly stretched, quasi-steady, and zero-gravity in an unconfined 

environment, the unstretched laminar burning velocity, 𝑆 , with respect to the burnt mixture can be 

obtained via the following linear extrapolation model (LM) [11–23]: 
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𝑆 = 𝑆 − 𝐿 𝐾                                                                           (1) 

where 𝐿  denotes the Markstein length with respect to the burnt gas, which can be determined 

experimentally from the slope of 𝑆  with flame stretch, 𝐾 = 2𝑆 /𝑅 , and 𝑆  through the extrapolation 

to 𝐾 = 0. Then, the unstretched laminar burning velocity, 𝑆 , with respect to the unburned mixture 

can be determined from the mass conservation of 𝑆 = (𝜌 /𝜌 )𝑆 , where 𝜌  and 𝜌  are the densities 

of the burnt and unburned mixtures, respectively. 

Because errors with the LM could arise, especially when the equivalence ratio deviates 

appreciably from unity [12], the following two nonlinear models (NM I and NM II) are proposed: 

𝑆 = 𝑆 −
2𝑆 𝐿

𝑅
    or     𝑆 = 𝑆 − 𝐿 𝐾

𝑆

𝑆
   (NM I),                                      (2) 

𝑙𝑛 𝑆 = 𝑙𝑛 𝑆 − 𝑆 𝐿 ×
2

𝑅 𝑆
    (NM II).                                                   (3) 

NM I was proposed by Markstein [31] and analyzed by Frankel and Sivashinsky [32] in propagating 

spherical flames, where 𝑆  varies nonlinearly with 𝐾. Note that 𝑆  is linear with the flame curvature 

2/𝑅 , through which 𝐿  and 𝑆  can be determined from a linear extrapolation. NM II has been derived 

for quasi-steady and adiabatic flame conditions using an asymptotic method [33, 34], and its validity 

in predicting 𝑆  has been tested previously [35]. Here, ln 𝑆  varies linearly with 2/𝑅 𝑆 ; thus, 𝐿  and 

𝑆  can be determined by a linear extrapolation from the plot of ln 𝑆  against 2/𝑅 𝑆 .  Note that the 

LM and NM I can be derived readily from NM II in the limit of a large flame radius, with accuracies 

of the order of 𝑂(1/𝑅 ) representing the error [51, 52]. 

Choice of an appropriate extrapolation model depends on the size of the combustion chamber and 

the range of flame radius to be used in the extrapolation. When the smaller CCVC (as compared with 

the present one) was used previously [11], NM II provided the best performance in determining 

laminar burning velocities from simulated results using GRI v-3.0 for methane–air premixed flame 

under normal temperature and pressure (NTP) conditions. For further confirmation with the present 
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chamber size, we extensively re-evaluated the results for methane–air premixed flames at NTP by 

comparing measured data with existing data [12–23], along with simulation data with four kinetic 

mechanisms of GRI v-3.0 [24], USC Mech II [25], Sung Mech [26], and Aramco 2.0 [27]. By 

excluding the effects of spark-ignition transient, chamber confinement, and cellular instability, the 

flame radius monitored was taken over the range of 13.0 ≤ 𝑅  ≤ 31.0 mm (see the detailed discussion 

concerning Figs. S1–S5 and Table S1 in the Supplementary Material (SM)). At various equivalence 

ratios 𝜙 for 𝑃 = 0.1 and 0.6 MPa, the results revealed that NM II was appropriate in the present study 

and that Aramco Mech 2.0 best fit the measured laminar burning velocities.  

For further confirmation, measured laminar burning velocities with equivalence ratio for CH4–air 

premixed flames were compared with numerical simulations with Aramco Mech 2.0 (Fig. S6) at 

several ambient pressures. The measured data were in good agreement with numerical simulations. 

Given the validity of the present methodology for methane fuels, fuel mixtures of methane and 

ethylene were investigated as described in the following. 

 

3.2 Laminar flame speeds for CH4/C2H4–air premixed flames 

Instantaneous Schlieren images of CH4–air (first and second columns for 𝛺 =  0) and 

CH4/C2H4–air (third and fourth columns for 𝛺 = 0.3) premixed flames are compared in Fig. 2 at 

𝜙 = 0.7 and 1.2 for several initial chamber pressures. Here, the ethylene mixing ratio (𝛺 ) is 

defined as 𝛺 = 𝑋 /(𝑋 + 𝑋 ) where 𝑋  is the mole fraction of species 𝑖. The images 

were obtained when the radius of the uppermost flame edge was about 45 mm from the ignition point. 

The CH4–air cases generally had smooth flame surfaces, except for some large-scale cracks (typically 

observed in spherically propagating flames [41, 43–46]) up to 𝑃  = 0.6 MPa for both 𝜙 = 0.7 and 1.2. 

For the CH4/C2H4–air flames, the surfaces were smooth overall, with the exception of 𝑃  = 0.6 MPa 

and 𝜙 = 1.2, in which fine cellular structures were observed. These finding will be discussed in the 

sections that follow. 
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Fig. 2. Instantaneous Schlieren images of CH4–air (𝛺 = 0) and CH4/C2H4–air (𝛺 = 0.3) 
premixed flames with 𝜙 = 0.7 and 1.2 at various initial chamber pressures. 

 

Buoyancy effects in measuring unstretched laminar burning velocities are considered to be weak 

in cases with 𝑆 > 15 cm/s [16–27], compared with other error sources [12]. However, as the pressure 

becomes large, such a flame can be influenced appreciably by buoyancy, because 𝑆  decreases with 

pressure. This is exemplified by the cases of 𝜙 = 0.7 at 𝑃 = 0.4 and 0.6 MPa for 𝛺 = 0 in Fig. 

2. Although sphericity is reasonably maintained, the center of the flame moves upward appreciably. 

Figure 3a presents typical time histories of flame radii in the horizontal (𝑅 , ) and vertical (𝑅 , ) 

directions for 𝜙 = 0.7 and 𝑃 = 0.4 MPa when 𝛺 = 0; compared with the horizontal radius, the 

vertical flame radius accelerates over time, as marked with solid lines for 𝑅 =1.33.1 cm. Assuming 

that buoyancy-induced flow acts mainly in the vertical direction, the horizontal displacement velocity 

can be approximated as the burnt flame speed. In such a case, the magnitude of buoyancy-induced 

vertical velocity can be approximated as the difference between the vertical and horizontal burnt 

displacement speeds (𝑆 , − 𝑆 , ). 
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Fig. 3. Influence of buoyancy on flame speed with respect to burnt gas: (a) typical time histories of 
horizontal and vertical flame radii at 𝜙 = 0.7 and 𝑃 = 0.4 MPa for 𝛺 = 0 and (b) parameter 
dependence of the buoyancy-induced velocity component. 

 

For future data reduction on laminar burning velocity from outwardly propagating spherical flames, 

we correlated the buoyancy-induced vertical velocity based on our experimental data for 𝜙 = 0.6, 0.7, 

and 1.4 at various initial pressures and ethylene mixing ratios. The horizontal burnt flame speed was 

obtained from the rate of change of the flame front with time over the range of 13.0 ≤ 𝑅 ,  ≤ 31.0 

mm, excluding the effects of spark-ignition, and thereby ignition transient and chamber confinement 

effects. The vertical burnt flame speed was also obtained using a similar approach. Buoyancy effects 

can also be enhanced for a small laminar burning velocity (longer residence time for the buoyancy 

effect to develop), a large initial chamber pressure, and a large flame radius. The buoyancy-induced 

velocity component (𝑆 , − 𝑆 , ), is correlated with the parameters of 𝑃 , 𝑆  , and 𝑅 . The best fit 

corresponded to 𝑆 , − 𝑆 ,  [cm/s] = 13.0 × (𝑃 /𝑃 ) . (𝑆 ) .  𝑅 . − 4.7 with a correlation 

coefficient of R = 0.98, where 𝑃  is the atmospheric pressure (0.1 MPa) and 𝑆  and 𝑅  are given units 

of [cm/s] and [cm], respectively. The results presented in Fig. 3b show a satisfactory correlation. More 
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precise buoyancy-induced velocity may be obtained through the local flow velocity at the center, and 

this will be a future work.   

For further confirmation of the three extrapolation models in CH4/C2H4-air premixed flames, the 

burnt flame speed versus flame stretch was again tested at various equivalence ratios for 𝛺 = 0.3  

(see Fig. S7 at 𝑃 = 0.1 MPa and Fig. S8 at 𝑃 = 0.6 MPa in the SM). NM II best traced to measured 

burnt flame speeds, as shown in Figs. S7 and S8. The results of uncertainty were also summarized in 

Table S2 for CH4/C2H4–air premixed flames (𝛺 = 0.3) with 𝑃 = 0.1, 0.4, and 0.6 MPa, when the 

four kinetic mechanisms [2427] were adopted again. The results showed that using Aramco 2.0 

resulted in the smallest errors among them. Again, NM II and Aramco 2.0 were adopted again in 

CH4/C2H4-air premixed flames. 

Figure 4 presents laminar burning velocities as a function of equivalence ratio for the CH4/C2H4air 

premixed flames at several initial pressures and ethylene mixing ratios, along with simulation data 

using PREMIX code [51] by adopting Aramco Mech 2.0. The error bars denote the maximum and 

minimum values taken from six experiments for each condition. Note that the monitored range of 

flame radius was 13.0 ≤ 𝑅  ≤ 31.0 mm in the present experiment. As shall be shown later, even at 

𝜙 = 1.2 for 𝑃 = 0.6 MPa (Fig. 2), the experimental critical radius for the onset of cellular instability 

is larger than 31 mm (maximum flame radius monitored). Thus, unstretched laminar burning velocity 

could be measured. The laminar burning velocity increased (decreased) with the increase of 𝛺 (𝑃 ). 

The results also revealed that the numerical simulation results at various initial pressures and ethylene 

mixing ratios for CH4/C2H4air premixed flames were in good agreement with the present 

experimental ones, despite the appreciable deviation in the equivalence ratio from unity when 

determining 𝑆  from the horizontal radius. In the following, Aramco Mech 2.0 will be used in 

evaluating the theoretical Markstein length and critical flame radius for cellular instability. 
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Fig. 4. Experimental and predicted unstretched laminar burning velocities against equivalence ratio in 
CH4/C2H4air premixed flames at various 𝛺  for 𝑃 = 0.1 (a), 0.2 (b), 0.4 (c), and 0.6 (d) MPa. 
Solid lines represent simulated data using PREMIX code [49] with Aramco Mech 2.0 [27]. 

 

3.3. Markstein length in CH4/C2H4air premixed flames  

A Markstein length characterizes the effect of flame stretch on laminar flame speed. Two 

theoretical models [52, 55] for evaluating Markstein length with respect to burnt gas were applied to 

CO2- and He-diluted CH4/C2H4air premixed flames with 𝛺 = 0.5 [11] up to 𝑃 = 0.3 MPa. The 

results revealed that the model of Bechtold and Matalon [55] better predicted the measured Markstein 

length.  

However, these models are applicable for infinitely thin, weakly stretched flames. When 

considering the finite flame thickness, one must account for the variation of the flow field in the preheat 

zone such that the corresponding Markstein number along the flame thickness could vary by 𝑂(1) 

despite the small flame thickness. For comparison with experimental and/or numerical simulation data, 

the composite model valid within and outside the flame zone was derived by an asymptotic method 

[56]. Since the details of the composite solution can be found in [56], a brief explanation is made here.  

At any location within a flame zone in outwardly-propagating spherical flame, the theoretical 

Markstein length [56] can be obtained as:  
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𝐿∗ = 𝛼 −
𝜆(𝑥)

𝑥

∗

𝑑𝑥 −
𝜎 − 1

𝜎

𝜆(𝑥)

𝑥 − 1
𝑑𝑥

∗

,                                  (4) 

where  

𝛼 =
𝜎

𝜎 − 1

𝜆(𝑥)

𝑥
𝑑𝑥 +

𝛽(Le − 1)

2(𝜎 − 1)
ln (

𝜎 − 1

𝑥 − 1
)

𝜆(𝑥)

𝑥
𝑑𝑥 

Here 𝜎 = 𝜌 /𝜌  is the thermal expansion ratio, 𝛽 = 𝐸(𝑇 − 𝑇 )/𝑅𝑇  is the Zel’dovich number, 𝜃∗ =

𝑇∗/𝑇  is the dimensionless temperature at the location of iso-surface taken as the flame front, Le  is 

the effective Lewis number of the mixture, and 𝜆 is the thermal conductivity of the mixture scaled with 

respect to its value in the unburned gas, respectively.  

The errors for unstretched laminar burning velocity and Markstein length were previously shown 

to be within 10% and 200%, respectively [52]. This explains the relatively consistent laminar burning 

velocities measured by various groups (see Figs. S5 and S7, and [52]), whereas large discrepancies in 

the Markstein lengths were evident, even at normal pressure (see Fig. S6 and [52]). Evaluating 

theoretical Markstein lengths via a comparison with measured values has generally been conducted at 

normal pressure [13,14,17,18,20,52,55,56]. Special care must be taken at elevated pressures when 

using the theoretical model. 

The Zel’dovich number 𝛽 , with a temperature-dependent activation energy (𝐸𝑎 =

−2𝑅 𝜋[𝜕𝑙𝑛 (𝜌 𝑆 )/(𝜕(1/𝑇 )]) [4346] and a heat-release-weighted fuel Lewis number (Le , =

1 + (𝑞 Le − 1 + 𝑞 Le − 1 )/𝑞)  [4346], was used for the calculation of the 

theoretical Markstein length, because predictions using these have proven to be more accurate [11]. 

Here, q is the total heat release (𝑞 = 𝑞 + 𝑞 ), where 𝑞  is the non-dimensional heat release 

associated with the consumption of species 𝑖 (𝑞 = 𝑄𝑌 /𝐶 𝑇 ), 𝑄 is the heat of reaction, and 𝑌  is the 

mass fraction of species 𝑖. When a single-component fuel is used, the two fuel Lewis numbers become 

the same. Note that both theoretical models are derived based on a deficient reactant concept. Thus, 

using such fuel Lewis numbers (as an effective Lewis number) may yield a good prediction of 

Markstein length under lean mixture conditions. Although the capability of predicting Markstein 

length can be restricted near stoichiometric or rich conditions, such a problem can be mitigated using 
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the effective Lewis number Le  = 1 + (Le − 1) + 𝐴 (Le − 1)/(1 + 𝐴 ), through Le ,  [38]. Here, 

Le  and Le  are the Lewis numbers of abundant and deficient reactants, respectively. The parameter 

𝐴  is a measure of mixture strength, defined as 𝐴 = 1 + 𝛽(𝛷 − 1). 𝛷 is the ratio of the masses of 

abundant-to-deficient reactants in the fresh mixture relative to their stoichiometric ratio, i.e., 𝛷 = 1/𝜙 

for 𝜙 ≤ 1 and 𝛷 = 𝜙 for 𝜙 > 1. Heat-release-rate- and volume-weighted effective Lewis numbers 

(Le , Le ), constant and temperature-dependent Zel’dovich numbers (𝛽 , 𝛽 ), thermal expansion 

ratio (𝜎) used in predicting Markstein lengths in CH4-air and CH4/C2H4–air premixed flames at various 

equivalence ratios are presented in Table S3 in the SM. 

The theoretical Markstein lengths were first compared with the measured ones for CH4-air 

premixed flames at normal and elevated pressures (see Figs. S9-S12 in SM). The results show that the 

theoretical Markstein lengths are in good agreement with the present measured data when the iso-

temperature is 600 K, the non-dimensional thermal conductivity is taken as 𝜆(𝑥) = 𝑥, and the flame 

thickness is defined by 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) . Based on them, measured and predicted 

Markstein numbers against equivalence ratio were compared in terms of ambient pressure for CH4–air 

premixed flames with 𝜆(𝑥) = 𝑥 for 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) and (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  (see Fig. S13 

in the SM). When 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  is used, the theoretical Markstein numbers better 

traces the measured data. The measured Markstein number decreases appreciably (slightly) when the 

ambient pressure varies from 0.1 to 0.2 (0.2 to 0.6) MPa, while the theoretical Markstein numbers are 

not influenced by ambient pressure. This implies that the theoretical Markstein number does not reflect 

the effect of reducing flame thickness. Further discussion on the effect of using the different definitions 

in flame thickness will be made later. The effect of using different effective Lewis numbers on 

Markstein length was tested in terms of ambient pressures for CH4-air premixed flame (see Fig. S13 

in the SM). The results show that the effects are minor at normal and elevated pressures. 

Further investigation on the capability of predicting Markstein length was made in CH4/C2H4-air 

premixed flames, by again varying the iso-temperature of flame front and using the different definition 

of flame thickness for  𝜆(𝑥) = 𝑥. Although not shown, we tested the effect of non-dimensional thermal 
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conductivity defined differently with 𝜆(𝑥) = 1, 𝑥 / , and 𝑥. When 𝜆(𝑥) = 𝑥 is used, the theoretical 

Markstein lengths better trace the measured ones. Thus, the effect of using the definitions of different 

flame thickness and elevated ambient pressures on Markstein length is investigated for CH4/C2H4-air 

premixed flames with 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) in Fig. 5 and with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  in Fig. 6. 

The theoretical Markstein lengths with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  are in better agreement with the 

measured data, compared with those with 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ). As shown in Fig. 6, when the iso-

temperature is taken to 600 K for 𝑃 = 0.1 MPa, the theoretical Markstein lengths slightly under-

predict the measured data for 𝛺 = 0.1, while for 𝛺 = 0.3, the theoretical Markstein lengths 

slightly over-predict (under-predict) the measured data for lean (rich) mixtures. With the increase of 

ambient pressure, the choice of iso-temperature surface in theoretical Markstein length becomes less 

sensitive while both theoretical and measured Markstein lengths decrease.  

 

Fig. 5. Measured (symbol) and predicted (lines) Markstein lengths against the equivalence ratio in 
CH4/C2H4air premixed flames with 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 )  at elevated pressures. For theoretical 
Markstein lengths, the temperature-dependent Zel’dovich number and the heat-release-weighted 
Lewis number are used.  
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Fig. 6. Measured (symbol) and predicted (lines) Markstein lengths against the equivalence ratio in 
CH4/C2H4air premixed flames with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  at elevated pressures. For 
theoretical Markstein lengths, the temperature-dependent Zel’dovich number and the heat-release-
weighted Lewis number are used.  

Based on them, we reproduced Markstein numbers from Markstein lengths in Fig. 6 and plotted 

them in Fig. 7. The theoretical (measured) Markstein numbers vary little (appreciably) with ambient 

pressure. This can be attributed to the flame thickness calculated numerically to obtain the measured 

Markstein lengths. Several points are worth mentioning here. The theoretical Markstein lengths adopt 

a global reaction scheme that may not accurately reflect the effects of pressure. Experimentally, the 

flame displacement speed is defined with respect to the Schlieren boundary. Markstein length can 

change from negative to positive values when an iso-temperature surface is taken from an unburned 

temperature to an adiabatic one (see Figs. 5-6 and Figs. S9-S13 in the SM) [56]. An empirical relation 

of the cold flame front radius (𝑟 ) to the Schlieren boundary radius (𝑟 , assumed to be the 600 K 

isotherm) was proposed as 𝑟 = 𝑟 + 1.95𝛿 𝜎 .  [36]. However, the application of this empirical 

relation at elevated pressure is not clear. As shown in Fig. 7, when theoretical and measured Markstein 

numbers are compared, the flame thickness is needed to obtain experimentally in identifying measured 

Markstein number. These issues will be explored in future work.   
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Fig. 7. Measured (symbol) and predicted (lines) Markstein numbers against the equivalence ratio in 
CH4/C2H4air premixed flames with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  at elevated pressures. For 
theoretical Markstein lengths, the temperature-dependent Zel’dovich number and the heat-release-
weighted Lewis number are used. 
 

3.4 Onset of cellular instability 

 Cellular instability in premixed flames is generated by hydrodynamic and/or diffusive-thermal 

instabilities [3746], leading to local flame acceleration. This can be roughly evaluated based on the 

effective Lewis number for diffusive-thermal instability and flame thickness and the thermal expansion 

ratio for hydrodynamic instability. Sequential images of outwardly propagating spherical premixed 

flames with CH4/C2H4air mixtures are shown in Fig. 8 at various 𝛺  for representative lean (𝜙 = 

0.8) and rich (𝜙 = 1.2) cases for 𝑃  = 0.6 (a, b) and 0.8 (c, d) MPa. The images were obtained at the 

moment when the uppermost flame edge reached a specified distance (marked as 𝑅  on the left side) 

from the center. The heat-release-weighted effective Lewis number, Le , the thermal expansion ratio 

𝜎, and the flame thickness 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) are specified for each image.  
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Fig. 8. Effect of ethylene ratio on cellular instability in CH4/C2H4air premixed flames at 𝜙 = 0.8 and 
1.2 for 𝑃 = 0.6 (a, b) and 0.8 MPa (c, d). 

 

The flame surfaces at 𝑃 <  0.6 MPa for 𝜙 = 0.8 and 1.2 were smooth during the propagation 

(although not shown), with the exception of some large cracks due to disturbance from the ignitor. 

However, fine cells formed over the flame surface at both 𝜙 = 0.8 and 1.2 for 𝑃 ≥ 0.6 MPa, as shown 

in Fig. 8. As 𝛺  increased for 𝑃 = 0.6 and 0.8 MPa, the effective Lewis number increased (but 

remained close to unity) for both 𝜙 = 0.8 and 1.2, such that the contribution of cellular instability due 

to the imbalance between mass and thermal diffusivities was mitigated. σ (𝛿 ) increased (decreased) 
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such that hydrodynamic instability was enhanced. Thus the instabilities observed in the present 

experiment can mainly be attributed to hydrodynamic instability. Increasing the ambient pressure at a 

fixed 𝛺  and 𝜙, decreases (increases) flame thickness (thermal expansion ratio), thereby enhancing 

hydrodynamic instabilities.  

Further analysis of cellular instability was conducted by investigating the critical flame radius at the 

onset of cellular instability. The theoretical analysis applied here was developed by Matalon's group 

[3739], considering both hydrodynamic and diffusive-thermal instabilities by adopting temperature-

dependent transport coefficients. Here, only a brief explanation is provided.  

A disturbed flame front can be described by 𝑟 = 𝑅 (𝑡)[1 + 𝑍(𝑡)𝑆 (𝜃, 𝜙)] , where 𝑍(𝑡)  is the 

amplitude of the disturbance and 𝑆  is the spherical surface harmonics having an integer 𝑘. As a flame 

is expanded, the growth rate (GR) is given by  

𝐺𝑅 =
1

𝑍

𝑑𝑍

𝑑𝑡
=

�̇�

𝑅
𝜔 −

𝛿

𝑅
[𝐵 + 𝛽(Le − 1)𝐵 + Pr𝐵 ] ,                        (5) 

where 𝜔 = (−𝜎 + √𝜎 + 𝜎 − 𝜎)/(𝜎 + 1)  represents the destabilizing effect via thermal 

expansion, because the thermal expansion ratio (𝜎) is larger than unity in exothermic reactions. Here, 

𝐵 , 𝐵 , and 𝐵  (refer to the definitions in [3739]) depend only on 𝜎 and 𝑘, and they are all positive 

with the exception of the small values of 𝑘. The terms multiplying 𝛿 /𝑅  denote, respectively, the 

influences of thermal, molecular, and viscous diffusions [37−39], and Pr  represents the Prandtl 

number. When the effective Lewis number is less than a critical value (Le∗ < 1), the amplitude grows 

over time for all wave numbers. In such a case, the instability, which can be developed from a small 

flame radius, can be judged as diffusive-thermal in nature. Based on these criteria, the cellular 

instabilities shown in Fig. 8 were not caused by diffusive-thermal ones. 

Figure 9 shows the growth rate as a function of wavelength (𝛾 = 2𝜋𝑅 /𝑛, where 𝑛 is the wave 

number) for 𝜙 =  0.8 and 𝑃 =  0.6 MPa in case of 𝛺 =  0.0. Here, Pr  is not sensitive to 

temperature, pressure, or 𝛺 ; e.g., for 𝜙 = 0.8 and 𝑃 = 0.8 MPa, Pr = 0.716 at 298 K and 0.709 
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at 1200 K in the case of 𝛺 = 0.3 and 0.715 for 298 K in the case of 𝛺 = 0. Thus, Pr was 

reasonably fixed to 0.71. The flame thicknesses were calculated at 298 K. The results indicate that 

when 𝑅  is less than 6.9 cm for the CH4air premixed flame, the growth rate of the disturbance is 

always negative, meaning that instability is suppressed. When the flame radius exceeds 6.9 cm, there 

exists a range of wave lengths where the growth rate becomes positive and the flame becomes unstable 

due to hydrodynamic effects, e.g., 1.8 < 𝛾 < 12.5 mm for 𝑅 = 15 cm. The flames with shorter (longer) 

wavelengths can be stabilized by diffusion (flame stretch) [39]. 

 

 

Fig. 9. Growth rate versus wavelength at 𝜙 = 0.8 for 𝑃 = 0.6 MPa and 𝛺 = 0. 

 

Further details on the range of cell sizes observed during self-wrinkling can be deduced from Eq. 

(5), in the form of a marginal stability curve, which is obtained by taking the right-hand side to be zero. 

Figure 10 presents the results: C-shaped curves were obtained with 𝜆 = constant = 1  and 

𝜆 ~ (𝑇/𝑇 ) /  [38] in terms of the wave number n and Peclet number (Pe) defined as Pe = 𝑅 /𝛿 . 

Here, 𝜆 is the thermal conductivity scaled by its value for the unburned gas side. Thus, Fig. 10 plots 

results for 𝜆 = 1.0 and 6.0 (corresponding to the thermal expansion ratio for 𝑃 = 0.6 MPa and 𝜙 = 

0.8, respectively). The region enclosed by each peninsula of Fig. 10 identifies the range of 𝑛 <

𝑛 < 𝑛  for a flame radius or Peclet number. Long-wavelength disturbances (large corrugations on 
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the flame surface), corresponding to 𝑛 < 𝑛 , are stabilized by flame stretch. Short-wavelength 

disturbances (𝑛 > 𝑛 ) are stabilized by diffusion effects, which tend to smooth out temperature and 

concentration differences [38, 39]. A critical Peclet number, Pe = 𝑅 𝛿 , can be determined from the 

turning point of the instability peninsular. The upper branch of the peninsula asymptotes to a line, 

Pe/𝑛 = 𝐶 , where the constant 𝐶  depends on the effective Lewis number [38, 39]. The details of 

determining the constant 𝐶  have been reported [38]. Thus, the smallest cell size 𝛾 = 2𝜋𝑅 /

𝑛 ~ 2𝜋𝐶𝛿  scales on the diffusion length, which is dependent on mixture composition. Note that the 

neutral stability curve can be obtained by setting the right side of Eq. (9) to zero. The lower branch of 

the peninsula asymptotes to the line 𝑛∗  obtained by examining the limit Pe → ∞, namely by setting 

𝜔 = 0. Because the stabilizing mechanism is purely hydrodynamics, the 𝑛∗  depends only on 𝜎, 

and the 𝑛∗  asymptotes to 6.6 for all cases in Fig. 10. This value determines the largest theoretical 

cell size, 𝛾 = 2𝜋𝑅 /𝑛∗ , which increases linearly with flame radius. Due to the difficulty in 

experimentally defining cell size, we focused on the critical flame radius for hydrodynamic instability. 

 

 

Fig. 10. Peninsular of cellular instability with a functional dependence of wave number upon the Peclet 
number for 𝜙 = 0.8 and 𝑃 = 0.6 MPa in case of 𝛺 = 0. 

 

As mentioned previously (Fig. 8), the cellular instabilities are not attributed to diffusive-thermal 

instability but hydrodynamic instability. In such a case, the second terms inside the bracket in Eq. (9) 
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are positive. The growth rate thus depends on burnt flame speed and flame thickness as well as the 

first term, 𝜔 . Increasing the ambient pressure at a fixed 𝛺  and 𝜙 decreases (increases) flame 

thickness (thermal expansion ratio), thereby enhancing hydrodynamic instabilities despite reduction 

of flame speed. Increasing 𝛺  at a fixed 𝑃   and 𝜙 reduces (increases) flame thickness (flame speed) 

(see Fig. 4 and Figs. S15-16 in the SM). 

As shown in Fig. 11, the theoretical critical flame radii determined from Pe  were compared with 

measured ones against 𝛺  at 𝜙 = 0.8 and 1.2 for 𝑃 = 0.6 and 0.8 MPa. Here, the experimental 

critical flame radius is defined as the value at the moment when the burnt laminar propagation speed 

increases appreciably, and fine cells are simultaneously formed uniformly over a flame surface (see 

Fig. S9 in the SM) [41]. The error bars were taken as the maximum and minimum values from four 

experiments. Note that observing cell formation and measuring critical flame radius were limited 

experimentally within the view of 150-mm-diameter quartz window. The functional relationship of 

flame radius on chamber pressure [57] can be expressed as  

(𝑅 /𝑅) = 1 −
𝑃 − 𝑃

𝑃 − 𝑃

𝑃

𝑃
,                                                     (6) 

where 𝑅, 𝑃, and 𝛾 denote the chamber radius, the chamber pressure at flame radius 𝑅 , and the specific 

heat ratio, respectively. With the approximation of 𝛾 = 1.4 (air) and 𝑃 = 8𝑃 , the pressure rises at 

𝑅 = 30 and 70 mm (within the range of observed onset of instability) for 𝑃 = 0.8 MPa are 0.5 % and 

7.1%, respectively. Thus, the effect of chamber pressure rise is not appreciable in analyzing the onset 

of cellular instability. Also note that for the range of flame radius monitored, 13.0 ≤ 𝑅  ≤ 31.0 mm, 

the pressure rise effects on laminar flame speed and Markstein length are expected to be minimal. Note 

that the influence of chamber pressure rise can be larger in measuring the critical flame radius for the 

onset of cellular instability when the flame radius increases further. 

For 𝑃 < 0.6 MPa, the critical flame radius could not be obtained experimentally in the window 

view.  In the case of 𝜙 = 1.2, cellular instability was not observed in the window view at 𝛺 < 0.2 

for 𝑃 = 0.6 and 0.8 MPa. For 𝜙 = 0.8, the critical flame radius could not be obtained for 𝛺 <  
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0.1 at 𝑃 = 0.6 MPa, but it was observed in all cases for 𝑃 = 0.8 MPa. Both measured and theoretical 

critical flame radii decreased slightly (rather rapidly) with an increase in 𝛺  for 𝜙 = 0.8 (1.2), 

implying that increasing 𝛺  promotes cell formation. The calculated critical flame radii were in 

reasonably good agreement with the measured ones, while being slightly better than predicted when 

the temperature-dependent Zel’dovich numbers were used. For 𝜙 = 1.2, both predicted critical radii 

somewhat under-predicted the measured ones, whereas the prediction was close to the measured values 

for 𝜙 =  0.8, with good retracement. 

 

 

Fig. 11. Measured and theoretical critical radii against 𝛺  at 𝜙 = 0.8 (a) and 1.2 (b) for 𝑃 = 0.6 
and 0.8 MPa. 
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4. Conclusions 

An experimental study was conducted to investigate unstretched laminar burning velocity, 

Markstein length, and cellular instability by varying the ethylene mixing ratio and the chamber 

pressure up to 0.8 MPa in outwardly propagating spherical CH4/C2H4air premixed flames. The 

following conclusions can be made. 

1) The range of flame radius monitored was determined to be 13.0 ≤ 𝑅 ≤ 31.0 mm in the present 

experiment in measuring unstretched laminar burning velocities. The extrapolation model of NM 

II yielded the best results. Unstretched laminar burning velocities of CH4/C2H4 mixtures were in 

satisfactory agreement with the numerical results when adopting Aramco Mech 2.0, up to a 

pressure of 0.6 MPa. Measured laminar flame speeds with respect to the burnt mixture against 

flame stretch were in reasonable agreement with NM II in both CH4air and CH4/C2H4air 

premixed flames at normal and elevated pressures. 

2) For the CH4air premixed flame, the theoretical Markstein lengths evaluated from the composite 

model with an iso-temperature of 600 K, 𝜆(𝑥) = 𝑥, and 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  were in 

good agreement with the present measured data. The measured Markstein number decreases 

appreciably (slightly) when the ambient pressure varies from 0.1 to 0.2 (0.2 to 0.6) MPa, while 

the theoretical Markstein number remains nearly the same with ambient pressure. For 

CH4/C2H4air premixed flame at 𝑃 = 0.1 MPa, the theoretical Markstein lengths slightly under-

predict the measured data for 𝛺 = 0.1, while they slightly over-predict (under-predict) the 

measured data for lean (rich) mixtures for 𝛺 = 0.3. With the increase of ambient pressure, 

theoretical Markstein length becomes less sensitive to the choice of iso-temperature surface while 

both theoretical and measured Markstein lengths decrease. The theoretical (measured) Markstein 

numbers vary little (appreciably) with ambient pressure. 

3) For the CH4air premixed flame, cellular instability was not observed at elevated pressures up to 

0.6 (0.8) MPa for 𝜙 = 0.8 (1.2). For the CH4/C2H4air premixed flame, cellular instability was 

enhanced with an increases in the chamber pressure and ethylene/methane mixing ratio, such that 
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the critical flame radius for the onset of cellular instability could be reduced. These findings were 

mainly attributed to hydrodynamic instability, whereas the effect of diffusive-thermal instability 

was minor. The theoretical critical flame radii for cellular instability against ethylene mixing ratio 

were in good agreement with measured values for both lean and rich flame conditions, based on 

the theoretical model developed by Matalon's group. 
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The flame radius range monitored must be optimized to minimize errors in measuring unstretched laminar 

burning velocities. The behavior of a spherically propagating flame with respect to burnt gas can be categorized 

into four propagation regimes: spark-assisted, unsteady transition, quasi-steady, and chamber-influencing, 

based on Refs. [12, 53], as demonstrated in Figs. S1 and S2 as a function of flame stretch for methane–air 

premixed flames. Quasi-steady flame propagation is achieved for 𝑅 ≥ 13 mm. Note that the flame propagation 

may be independent of the ignition energies for radii exceeding 6 mm, based on numerical simulations [12, 36].  

The results also reveal that the effect of chamber confinement occurs for radii larger than say 58 mm (Figs. 

S1 and S2), whereas the reduction in Su
o due to the effect of confinement with the equivalent chamber radius, 

𝑅 = (3𝑉/4𝜋) /  for a non-spherical chamber could be within 3% for 𝑅 /𝑅 < 0.25 [12], corresponding to 

𝑅 = 31 mm in the present chamber. For the chamber pressure of 𝑃 = 0.6 MPa with 𝜙 = 0.7 in Fig. S1, a 

cellular instability occurs at 𝑅 = 34.6 mm, accelerating the flame propagation. Thus, the available range of 

flame radius monitored can be taken reasonably to be in the range of 13.0 ≤ 𝑅 ≤ 31.0 mm in the present 

experiment. 

The extrapolation models including LM, NM I and NM II were tested by measuring burnt flame speeds over 

the range of 13.0 ≤ 𝑅 ≤ 31.0 mm for CH4–air premixed flames at several equivalence ratios at 𝑃 = 0.1 (Fig. 

S3) and 0.6 (Fig. S4) MPa. The present results demonstrate that NM II traces the measured burnt flame speed 

as a function of flame stretch satisfactorily, as compared with those of LM and NM I. 
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Fig. S1. Flame speed with respect to burnt gas against flame stretch at several chamber pressures for 𝜙 = 0.7 in methane–

air premixed flames at normal temperature. To minimize the buoyancy effects, burnt flame speeds were measured based 

on the rate of change in horizontal flame front position with time. 
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Fig. S2. Flame speed with respect to burnt gas against flame stretch at several chamber pressures for 𝜙 =1.4 in methane–

air premixed flames at normal temperature. To minimize the buoyancy effects, burnt flame speeds were measured based 

on the rate of change in horizontal flame front position with time. 
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Fig. S3. Flame speed versus flame stretch for (a) 𝜙 = 0.7, (b) 0.8, (c) 1.2, and (d) 1.4 in methane–air premixed flames at 
normal temperature and pressure. Data was acquired in range of 13.0 ≤ 𝑅 ≤ 31.0 mm.   
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Fig. S4. Flame speed versus flame stretch for (a) 𝜙 = 0.7, (b) 0.8, (c) 1.2, and (d) 1.4 in methane–air premixed flames at 
𝑃 = 0.6 MPa for normal temperature. Data was acquired in the range of 13.0 ≤ 𝑅 ≤ 31.0 mm. 
 

Extrapolated unstretched laminar burning velocity data were compared with numerical results using 

PREMIX code [54] by adopting several detailed kinetic mechanisms: GRI v-3.0 [24], USC Mech II [25], Sung 

Mech [26], and Aramco Mech 2.0 [27]. In Table S1, the deviation is defined as 𝑆 ,
o − 𝑆 ,

o /𝑆 ,
o , 

where 𝑆 ,
o  and 𝑆 ,

o  are the measured and calculated unstretched laminar burning velocities, respectively. 

Generally, Aramco Mech 2.0 best fits to the measured laminar burning velocity with equivalence ratios at all 

ambient pressures. 

 

 

 

 

 

 

 

 

Table S1. Deviation between measured and predicted unstretched laminar burning velocities in CH4–air premixed flames 
for 𝑃  = 0.1, 0.4, and 0.6 MPa. (Numbers denote the deviation (%) of numerical result from the experimental result). 

𝜙 
Aramco 2.0 GRI 3.0 Sung Mech USC II 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.7 3.09 2.71 5.51 11.26 5.36 4.61 2.11 18.09 21.62 17.41 23.09 24.63 
0.8 0.17 2.35 3.69 5.89 4.25 1.99 4.15 7.64 15.40 7.66 12.99 10.60 
0.9 3.65 0.87 3.96 7.93 1.00 5.22 2.34 4.89 11.45 5.94 5.00 0.46 
1.0 1.01 2.18 1.19 8.03 0.19 0.92 4.19 2.95 3.42 2.85 1.84 1.53 
1.1 0.24 3.98 0.66 4.26 5.83 1.02 2.54 6.83 1.91 1.68 10.11 7.66 
1.2 0.38 6.98 2.08 2.75 1.70 5.46 3.64 2.30 7.77 3.26 5.29 12.32 
1.3 5.98 0.03 6.69 2.11 3.22 4.31 4.20 8.17 8.96 1.28 8.15 11.70 
1.4 1.51 4.55 7.19 0.75 9.07 7.75 0.82 1.92 0.76 1.73 2.51 3.84 

 

Based on the optimal range of flame radius (13.0 ≤ 𝑅 ≤ 31.0 mm) and NM II for the extrapolation model, 

the measured unstretched laminar burning velocities as a function of equivalence ratio are compared along with 

several existing datasets [12–23]. In Fig. S5 the error is defined as the deviation from the predicted result using 

Aramco Mech 2.0. Overall, the present measured unstretched laminar burning velocities yielded satisfactory 

results. 
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Fig. S5. Comparison of errors for the measured unstretched laminar burning velocities with several previous datasets. Here, 
the error is defined as the deviation from predicted results using Aramco 2.0. 

The measured unstretched laminar burning velocities by varying equivalence ratio and pressure are shown 

in Fig. S6 for CH4–air premixed flames, exhibiting satisfactory agreement. 
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Fig. S6. Measured and predicted unstretched laminar burning velocities with equivalence ratio at several elevated pressures 
for CH4–air flame. 

 

The extrapolation models, including LM, NM I and NM II, were also tested by measuring burnt flame 

speeds over the range of 13.0 ≤ 𝑅 ≤ 31.0 mm for a CH4/C2H4–air premixed flame (𝛺 = 0.3) at several 

equivalence ratios in Fig. S7 at 0.1 MPa and in Fig. S8 at 0.6 MPa for normal temperature. The results show 

that NM II traces the measured burnt flame speed as a function of flame stretch satisfactorily, as compared with 

those of LM and NM I, similarly to those for methane-air premixed flames shown in Figs. S3 and S4. 

Extrapolated unstretched laminar burning velocity data for a CH4/C2H4–air premixed flame (𝛺 = 0.3) 

at several ambient pressures for normal temperature were compared with numerical results using PREMIX code 

[50] by adopting several detailed kinetic mechanisms: GRI v-3.0 [24], USC Mech II [25], Sung Mech [26], and 

Aramco Mech 2.0 [27]. In Table S2, the same definition (Table S1) for the deviation was here used. Generally, 

Aramco Mech 2.0 best fits to the measured laminar burning velocity with equivalence ratios at all ambient 

pressures. The data used in predicting Markstein lengths for CH4/C2H4–air premixed flames were list in Table 

S3. 

 

Fig. S7. Flame speed versus flame stretch for (a) 𝜙 = 0.7, (b) 0.8, (c) 1.2, and (d) 1.4 in methane/ethylene–air premixed 
flames for normal temperature and pressure. Data was acquired in the range of 13.0 ≤ 𝑅 ≤ 31.0 mm. 
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Fig. S8. Flame speed versus flame stretch for (a) 𝜙 = 0.7, (b) 0.8, (c) 1.2, and (d) 1.4 in methane/ethylene–air premixed 
flames at 0.6 MPa for normal temperature. Data was acquired in the range of 13.0 ≤ 𝑅 ≤ 31.0 mm. 
Table S2. Deviation between measured and predicted unstretched laminar burning velocities in CH4/C2H4–air premixed 
flames 𝛺 = 0.3) for 𝑃 = 0.1, 0.4, and 0.6 MPa. (Numbers denote the deviation (%) of numerical result from the 
experimental result).  
 

Table S2. Deviation between measured and predicted unstretched laminar burning velocities in CH4/C2H4–air premixed 
flames for 𝑃  = 0.1, 0.4, and 0.6 MPa. (Numbers denote the deviation (%) of numerical result from the experimental result). 

𝜙 
Aramco 2.0 GRI 3.0 Sung Mech USC II 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.1 
MPa 

0.4 
MPa 

0.6 
MPa 

0.7 2.98 0.35 2.76 15.51 7.76 5.03 3.99 15.43 22.90 7.62 9.28 9.50 
0.8 3.20 5.35 1.48 15.96 13.30 9.62 2.70 2.32 7.75 0.12 7.38 7.22 
0.9 3.76 2.34 1.19 16.56 11.21 6.99 5.27 0.53 5.07 3.07 1.83 0.06 
1 2.67 0.73 0.14 16.43 11.77 9.83 6.34 2.86 0.84 0.42 2.88 3.42 

1.1 3.35 3.87 3.18 17.44 9.07 15.06 8.25 0.52 5.67 1.84 10.18 2.99 
1.2 2.81 2.67 3.09 18.19 15.62 11.15 8.83 6.60 0.44 2.77 6.49 11.43 
1.3 0.20 0.39 4.84 16.51 11.90 6.67 8.70 2.58 5.23 5.75 10.14 16.22 
1.4 4.38 8.04 5.74 13.86 9.84 16.62 3.82 3.49 1.83 8.64 12.71 5.84 

 

Table S3. Heat-release-rate- and volume-weighted effective Lewis numbers (Leq, LeV), constant and temperature-
dependent Zel’dovich numbers (𝛽 , 𝛽 ), thermal expansion ratio (σ) used in predicting Markstein lengths in CH4/C2H4–
air premixed flames at various equivalence ratios. 

𝜙 
𝛺 = 0 0.1 

Leq LeV 𝛽  𝛽  σ Leq LeV 𝛽  𝛽  σ 
0.7 1.007 1.008 11.55 14.64 6.17 1.056 1.057 11.41 13.94 6.26 
0.8 1.013 1.014 10.79 13.67 6.71 1.057 1.058 10.66 13.03 6.80 
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0.9 1.022 1.023 10.20 12.93 7.20 1.059 1.059 10.09 12.33 7.29 
1.0 1.037 1.037 9.84 12.47 7.54 1.061 1.061 9.76 11.93 7.61 
1.1 1.050 1.049 9.88 12.53 7.61 1.063 1.062 9.77 11.94 7.71 
1.2 1.057 1.057 10.19 12.92 7.45 1.063 1.063 10.07 12.31 7.57 
1.3 1.063 1.062 10.53 13.35 7.30 1,064 1.064 10.37 12.67 7.43 
1.4 1.066 1.065 10.91 13.83 7.13 1.064 1.064 10.71 13.09 7.30 

𝜙 
0.2 0.3 

Leq LeV 𝛽  𝛽  σ Leq LeV 𝛽  𝛽  σ 
0.7 1.099 1.098 11.12 13.27 6.34 1.135 1.133 11.16 12.60 6.42 
0.8 1.094 1.094 10.41 12.42 6.88 1.126 1.124 10.47 11.82 6.69 
0.9 1.089 1.088 9.83 11.74 7.38 1.116 1.113 9.89 11.18 7.46 
1.0 1.081 1.081 9.54 11.38 7.69 1.098 1.098 9.61 10.86 7.75 
1.1 1.073 1.074 9.53 11.37 7.80 1.081 1.081 9.59 10.83 7.88 
1.2 1.068 1.069 9.80 11.70 7.67 1.071 1.071 9.84 11.12 7.77 
1.3 1.065 1.066 10.09 12.04 7.55 1.065 1.065 10.11 11.42 7.67 
1.4 1.064 1.064 10.40 12.41 7.43 1.061 1.061 10.41 11.76 7.55 
 

The theoretical Markstein lengths were first compared with measured ones for CH4-air premixed flames in 

Figs. S9-S13 (SM) at normal pressure. For better understanding, the raw data of Markstein length used in Figs. 

S9-S13 for 0.1 MPa were and those of Markstein number in Fig. S14 for 0.1, 0.2, 0.4 and 0.6 MPa were 

presented in Table S4. The non-dimensional thermal conductivity was tested for 𝜆(𝑥) = 1 and 𝑥, and the two 

different definitions for flame thickness, 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) and 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  were tested, 

respectively. Four iso-temperatures was taken as the flame front to compare the theoretical Markstein lengths 

with the measured ones. Because the present study adopt the Schlieren imaging, 600 K was taken approximately 

as the Schlieren boundary [36]. Here, the heat-release-rate weighted effective Lewis number and the Zel’dovich 

number with the temperature-dependent activation energy were used to obtain theoretical Markstein lengths. 

The results show that the theoretical Markstein lengths vary from negative to positive values in terms of the ios-

temperature surface taken, similarly to previous results [56], emphasizing the strong dependence of selected 

flame front on Markstein length. As the selected iso-temperature surface approaches to the burnt zone, the 

Markstein length increases. The theoretical Markstein lengths better trace measured data for 𝜆(𝑥) = 𝑥 (Figs. 

S10 and S12), while these underpredict the present measured data for 𝜆(𝑥) = 1 (Figs. S9 and S11). In Figs. S10 

and S12, the theoretic Markstein lengths with 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) are slightly larger than those with 𝛿 =

(𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) , while the theoretic Markstein lengths with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  better traces 

the measured data at high pressures. For 𝜆(𝑥) = 𝑥 , when the iso-temperature is larger than 1100K, the 

Markstein length changes little. With 600 K (estimated to be the temperature of Schlieren boundary [36]) in 

Figs. S10 and S12, the theoretical Markstein lengths with 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) better traces in comparison with 

those with (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  while the theoretical Markstein lengths with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  

are less sensitive to the choice of the iso-temperature of flame front (≥ 600 K) and overall better trace the 

measured data at high pressures. 

 

Table S4. Measured Markstein length and number against equivalence ratio in a CH4-air premixed flame for P0 = 0.1, 0.2, 
0.4 and 0.6 MPa. Here, the Markstein numbers using different definitions of flame thicknesses 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) 
and (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  were presented. The latter was expressed as numbers in the parenthesis.  
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𝜙 

0.1 MPa 0.2 MPa 0.4 MPa 0.6 MPa 

Markstein 
length (cm) 

Markstein 
number 

Markstein 
length (cm) 

Markstein 
number 

Markstein 
length 
(cm) 

Markstein 
number 

Markstein 
length (cm) 

Markstein 
number 

0.7 0.043 
3.543 

(6.471) 
0.025 

2.052 
(3.748) 

0.023 
1.905 

(3.479) 
0.019 

1.567 
(2.863) 

0.8 0.055 
6.506 

(10.665) 
0.029 

3.468 
(5.684) 

0.025 
2.917 

(4.781) 
0.020 

2.342 
(3.840) 

0.9 0.064 
9.520 

(14.551) 
0.033 

4.852 
(7.416) 

0.027 
3.964 

(6.060) 
0.022 

3.230 
(4.937) 

1 0.065 
10.775 

(15.499) 
0.034 

5.703 
(8.202) 

0.029 
4.854 

(6.982) 
0.024 

3.932 
(5.656) 

1.1 0.071 
12.331 

(17.927) 
0.040 

6.876 
(9.997) 

0.034 
5.935 

(8.629) 
0.028 

4.771 
(6.937) 

1.2 0.087 
13.196 

(20.575) 
0.051 

7.797 
(12.156) 

0.042 
6.406 

(9.988) 
0.033 

4.943 
(7.707) 

1.3 0.118 
13.359 

(20.526) 
0.067 

7.646 
(11.748) 

0.057 
6.484 

(9.963) 
0.049 

5.522 
(8.484) 

1.4 0.188 
12.243 

(20.968) 
0.113 

7.400 
(12.673) 

0.086 
5.584 

(9.562) 
0.067 

4.371 
(7.486) 

 

 

 

Fig. S9. Measured and predicted Markstein lengths against equivalence ratio in a CH4–air premixed flame. Here 𝜆(𝑥) =

1 and the flame thickness was calculated by 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ). 
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Fig. S10. Measured and predicted Markstein lengths against equivalence ratio in a CH4–air premixed flame. Here 𝜆(𝑥) =

𝑥 and the flame thickness was calculated by 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ). 

 

 

Fig. S11. Measured and predicted Markstein lengths against equivalence ratio in a CH4–air premixed flame. Here 𝜆(𝑥) =

1 and the flame thickness was calculated by 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) .  
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Fig. S12. Measured and predicted Markstein lengths against equivalence ratio in a CH4–air premixed flame. Here 𝜆(𝑥) =
𝑥 and the flame thickness was calculated by 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) . 
 

The effect of using different effective Lewis numbers (Leq, Lev) on Markstein length is tested in terms of 

ambient pressures in Fig. S13 for CH4-air premixed flame. The results show that the effects are minor at normal 

and elevated pressures (up to 0.6 MPa). 

Measured and predicted Markstein numbers against equivalence ratio were compared in terms of ambient 

pressure in Fig. S14 for CH4–air premixed flames with 𝜆(𝑥) = 𝑥 for 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 )   (a) and (𝑇 −

𝑇 )/(𝜕𝑇/𝜕𝑥)  (b). Here, the flame thicknesses are given later in Figs. S15 and S16. For the theoretical 

Markstein lengths, the temperature-dependent Zel’dovich number and the heat-release-weighted Lewis number 

are used. Overall, the tendency of theoretical Markstein length versus equivalence ratio better traces 

the measured ones when the definition of flame thickness is used as (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) . The 

measured Markstein number decreases appreciably (slightly) when the ambient pressure varies from 0.1(0.2) to 

0.2 (0.6) MPa. While the theoretical Markstein numbers are not influenced by ambient pressure. When the iso-

temperature is larger than 1100 K, the Markstein length varies only a little. 
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Fig. S13. Measured and predicted Markstein lengths against equivalence ratio in a CH4–air premixed flame. Here 𝜆(𝑥) =

𝑥 and the flame thickness was calculated by 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ).  
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Fig. S14. Measured and predicted Markstein numbers against equivalence ratio in terms of ambient pressure in a CH4–air 

premixed flame with 𝜆(𝑥) = 𝑥 for (a) 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) and (b) (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) .  

 

As shown in Figs. S15 and S16, both flame thicknesses, 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ) and (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  

decreased and then increased with the equivalence ratio for all chamber pressures, whereas it decreased with an 

increase in pressure. While the values with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥)  are somehow smaller than 𝛿 =

(𝜆/𝑐 )/(𝜌 𝑆 ). Note that the flame thicknesses for CH4/C2H4–air premixed flames with an ethylene ratio of 

𝛺  were thinner than those for CH4–air premixed flames, due to the increases in laminar burning velocity, 

as discussed in Section 3.2. 
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Fig. S15. Calculated flame thickness against equivalence ratio in CH4/C2H4–air premixed flames with (a) 𝛺 = 0, (b) 

0.1, and (c) 0.3 at several chamber pressures. Here the flame thickness was used with 𝛿 = (𝜆/𝑐 )/(𝜌 𝑆 ). 
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Figure S16. Calculated flame thickness against equivalence ratio in CH4/C2H4–air premixed flames with (a) 𝛺 = 0, 

(b) 0.1, and (c) 0.3 at several chamber pressures. Here the flame thickness was used with 𝛿 = (𝑇 − 𝑇 )/(𝜕𝑇/𝜕𝑥) . 
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The critical flame radius (𝑅 ) for the onset of cellular instability is defined as the flame radius at which 

cells start to grow in Schlieren images [41,43]. In the present measurement, we first observed the instant of 

transition to fine cells on flame surface via high-speed Schlieren images. As shown on a 𝑆 − 𝐾 plot in Fig. S9, 

the critical flame radius for the onset of cellular instability exhibited appreciable increases in 𝑆  as 𝐾 decreased 

(𝑅  increased) due to the onset of cellular instability. 

 

 

 

Figure S17. Burnt flame speed against flame stretch at 𝜙 = 0.8 (a) and 1.2 (b) for 𝑃 = 0.8 MPa in CH4/C2H4–air premixed 

flames. 

 


