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a b s t r a c t 

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 propagat- 

ing 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 in- 

stability, was enhanced by an increase in the ethylene ratio and chamber pressure. Theoretical critical 

flame radii for the onset of cellular instability predicted by the composite model were consistent with 

the measured ones for both lean and rich mixtures. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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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 condi-

tions and low NOx and smoke emissions. Particularly, stringent

regulations limit NOx emission for stationary sources (e.g., in-

dustrial 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 CO 2 emission requirements. However, lean-burn natural

gas systems have been limited by flame stability [2–4] . Several
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roposals have been put forward to address the stability issue,

uch as blending hydrogen (or H 2 /CO syngas) with methane,

esulting in an extension of lean flammable limit, and thereby a

eduction 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

emperature characteristics than methane [8–10] . In this regard,

thylene flames have been studied to understand the fundamental

ombustion characteristics, e.g., ignition temperature and laminar

urning velocity [8] and chemical structures [9] . Although ethylene

ould play a role similar to hydrogen when mixed with methane,

n terms of laminar burning velocity and ignition temperature,

esearch on this has been rather limited; some studies have ex-

lored laminar burning velocities of the mixture fuels of methane

nd ethylene [8] and the effects of additional diluents (CO 2 and

e) and chamber pressure (up to 0.3 MPa) on unstretched laminar

urning velocity and Markstein length in outwardly propagating

pherical flames with the blended fuel of 50% CH 4 and 50% C 2 H 4 

n volume [11] . 
. 
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Fig. 1. Schematic diagram of the experimental setup. 
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The present study focused on three important characteristics

f premixed flame: laminar burning velocity, Markstein length,

nd cellular instability, by varying mixture composition, equiva-

ence ratio, and ambient pressure (up to 0.8 MPa) in outwardly

ropagating spherical premixed flames for blended fuels of CH 4 

nd C 2 H 4 with an ethylene mixing ratio (in volume) ranging

rom 0 to 0.3. An experimental determination of unstretched

aminar burning velocity S o u depends strongly on the choice of

xtrapolation method from the measured stretched flame speed

12–23] . The present study first examined extrapolation methods

or methane–air premixed flames by comparing measured data

ith existing data [12–23] and conducting numerical simulations

ith four kinetic mechanisms of GRI v-3.0 [24] , USC Mech II [25] ,

ung Mech [26] , and Aramco 2.0 [27] . An optimized method was

pplied to the present methane/ethylene mixture flames. 

Laminar burning velocity is a key parameter in understanding

ame characteristics in practical spark-ignition engines and gas

urbine combustors. Because practical flames are either curved

nd/or propagate through a strained flow field, the Markstein

ength [28–36] , which quantifies the response of flame speed

o stretch rate, also plays an important role in characterizing

ame behavior. Even in the absence of initial turbulence, spherical

ames could form a cellular structure due to diffusive-thermal and

ydrodynamic instabilities [37–46] , resulting in flame acceleration

ith an increase in flame surface area. In this regard, Markstein

ength and cellular instability have been studied extensively.

hese have been investigated for several blended fuels such as

ethane-hydrogen, and syngas and bio-syngas mixtures as well

s diluted fuels [11 , 47–50] . However, those for the blended fuels

f methane and ethylene have not been investigated in detail,

nd are therefore the focus of the present study. Here, theoretical

nd measured Markstein lengths are compared and discussed, and

ellular instabilities are evaluated by comparing theoretical and

easured critical flame radii for cell formation. 

. Experiment 

Details of a similar experimental setup and method are de-

cribed in our previous work. Here, as schematically shown in

ig. 1 [11] , a larger stainless steel cylindrical constant-volume

ombustion chamber (CVCC) was used (inner diameter: 300 mm;

ength: 390 mm). Two quartz windows (diameter: 150 mm) were

nstalled for visualization. Methane (purity 99.99%) and ethylene

99.99%) were used for the fuel, and zero air (99.95%) was used
s the oxidizer. Fuel and air were metered from partial pressures

sing a pressure gauge (LabDMM AEP, −1 to 40 bar, ± 0.5% FSO).

utwardly propagating spherical flames were visualized using a

chlieren setup with a 300-W xenon light source and a pair of

oncave mirrors (diameter: 150 mm), taken by a high-speed cam-

ra (Phantom v-7.2) at 10,0 0 0 frames per second (fps). The position

f the flame front was determined by converting to a monochro-

atic image to accommodate the IMADJUST function in Matlab

oftware for image enhancement [11] . The image was subsequently

inarized (with a center intensity of 127 as a threshold from the

onochromatic intensity range of 0 − 255), from which the flame

ront position was identified. This arbitrary choice of the thresh-

ld value did not affect the determination of the laminar burning

elocity. The initial pressure range covered up to P 0 = 0.8 MPa. 

. Results and discussion 

.1. Determination of unstretched laminar burning velocity 

The time history of the flame front radius, R f ( t ), for an out-

ardly propagating spherical flame can be obtained using the

chlieren method. With the assumption of a static burnt gas inside

he spherical flame, the stretched burnt flame speed, S b , becomes

 b = d R f /dt . When the spherical flame is assumed to be infinites-

mally thin, weakly stretched, quasi-steady, and zero-gravity in

n unconfined environment, the unstretched laminar burning

elocity, S o 
b 
, with respect to the burnt mixture can be obtained via

he following linear extrapolation model (LM) [11–23] : 

 b = S o b − L b K (1) 

here L b denotes the Markstein length with respect to the burnt

as, which can be determined experimentally from the slope of S b 
ith flame stretch, K = 2 S b / R f , and S o 

b 
through the extrapolation

o K = 0 . Then, the unstretched laminar burning velocity, S o u , with

espect to the unburned mixture can be determined from the

ass conservation of S o u = ( ρb / ρu ) S 
o 
b 
, where ρb and ρu are the

ensities of the burnt and unburned mixtures, respectively. 

Because errors with the LM could arise, especially when

he equivalence ratio deviates appreciably from unity [12] , the

ollowing two nonlinear models (NM I and NM II) are proposed: 

 b = S o b −
2 S o 

b 
L b 

R f 

or S b = S o b − L b K 

(
S o 

b 

S b 

)
( NM I ) , (2)

n S b = ln S o b − S o b L b ×
2 

R f S b 
( NM II ) . (3) 

M I was proposed by Markstein [31] and analyzed by Frankel

nd Sivashinsky [32] in propagating spherical flames, where S b 
aries nonlinearly with K . Note that S b is linear with the flame

urvature 2/ R f , through which L b and S o 
b 

can be determined from a

inear extrapolation. NM II has been derived for quasi-steady and

diabatic flame conditions using an asymptotic method [33 , 34] ,

nd its validity in predicting S o 
b 

has been tested previously [35] .

ere, ln S b varies linearly with 2/ R f S b ; thus, L b and S o 
b 

can be

etermined by a linear extrapolation from the plot of ln S b against

/ R f S b . Note that the LM and NM I can be derived readily from

M II in the limit of a large flame radius, with accuracies of the

rder of O ( 1 /R 2 
f 
) representing the error [51 , 52] . 

Choice of an appropriate extrapolation model depends on the

ize of the combustion chamber and the range of flame radius

o be used in the extrapolation. When the smaller CCVC (as

ompared with the present one) was used previously [11] , NM II

rovided the best performance in determining laminar burning

elocities from simulated results using GRI v-3.0 for methane–air

remixed flame under normal temperature and pressure (NTP)

onditions. For further confirmation with the present chamber
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Fig. 2. Instantaneous Schlieren images of CH 4 –air ( �C 2 H 4 = 0) and CH 4 /C 2 H 4 –air 

( �C 2 H 4 = 0.3) premixed flames with φ = 0.7 and 1.2 at various initial chamber pres- 

sures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 = 0.4 MPa for 

�C 2 H 4 = 0 and (b) parameter dependence of the buoyancy-induced velocity compo- 

nent. 
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size, we extensively re-evaluated the results for methane–air

premixed flames at NTP by comparing measured data with ex-

isting 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 f ≤ 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 = 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 CH 4 –air premixed flames were com-

pared 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 CH 4 /C 2 H 4 –air premixed flames 

Instantaneous Schlieren images of CH 4 –air (first and second

columns for �C 2 H 4 
= 0) and CH 4 /C 2 H 4 –air (third and fourth

columns for �C 2 H 4 
= 0.3) premixed flames are compared in

Fig. 2 at φ = 0.7 and 1.2 for several initial chamber pres-

sures. Here, the ethylene mixing ratio ( �C 2 H 4 
) is defined as

�C 2 H 4 
= X C 2 H 4 / ( X C H 4 + X C 2 H 4 ) where X i 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 CH 4 –air cases generally had smooth flame surfaces, except for

some large-scale cracks (typically observed in spherically propa-

gating flames [41 , 43–46] ) up to P 0 = 0.6 MPa for both φ = 0.7 and

1.2. For the CH 4 /C 2 H 4 –air flames, the surfaces were smooth over-

all, with the exception of P 0 = 0.6 MPa and φ = 1.2, in which fine

cellular structures were observed. These finding will be discussed

in the sections that follow. 

Buoyancy effects in measuring unstretched laminar burning

velocities are considered to be weak in cases with S o u > 15 cm/s

[16–27] , compared with other error sources [12] . However, as the

pressure becomes large, such a flame can be influenced appre-

ciably by buoyancy, because S o u decreases with pressure. This is

exemplified by the cases of φ = 0.7 at P = 0.4 and 0.6 MPa for
0 
C 2 H 4 
= 0 in Fig. 2 . Although sphericity is reasonably maintained,

he center of the flame moves upward appreciably. 

Figure 3 a presents typical time histories of flame radii in the

orizontal ( R f, H ) and vertical ( R f, V ) directions for φ = 0.7 and P 0 =
.4 MPa when �C 2 H 4 

= 0; compared with the horizontal radius,

he vertical flame radius accelerates over time, as marked with

olid lines for R f = 1.3 − 3.1 cm. Assuming that buoyancy-induced

ow acts mainly in the vertical direction, the horizontal displace-

ent velocity can be approximated as the burnt flame speed. In

uch a case, the magnitude of buoyancy-induced vertical velocity

an be approximated as the difference between the vertical and

orizontal burnt displacement speeds ( S d , V − S d , H ) . 

For future data reduction on laminar burning velocity from out-

ardly propagating spherical flames, we correlated the buoyancy-

nduced vertical velocity based on our experimental data for

= 0.6, 0.7, and 1.4 at various initial pressures and ethylene

ixing ratios. The horizontal burnt flame speed was obtained

rom the rate of change of the flame front with time over the

ange of 13.0 ≤ R f, H ≤ 31.0 mm, excluding the effects of spark-

gnition, and thereby ignition transient and chamber confinement

ffects. The vertical burnt flame speed was also obtained us-

ng a similar approach. Buoyancy effects can also be enhanced

or a small laminar burning velocity (longer residence time for

he buoyancy effect to develop), a large initial chamber pres-

ure, and a large flame radius. The buoyancy-induced velocity

omponent ( S d , V − S d , H ) , is correlated with the parameters of P 0 ,

 

0 
L 

, and R f . The best fit corresponded to ( S d , V − S d , H ) [ cm / s ] =
3 . 0 × ( P 0 / P ref ) 

0 . 17 ( S 0 
L 
) −0 . 17 R 0 . 5 

f 
− 4 . 7 with a correlation coefficient
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Fig. 4. Experimental and predicted unstretched laminar burning velocities against equivalence ratio in CH 4 /C 2 H 4 −air premixed flames at various �C 2 H 4 for P 0 = 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] . 
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f R = 0.98, where P ref is the atmospheric pressure (0.1 MPa) and S 0 
L 

nd R f are given units of [cm/s] and [cm], respectively. The results

resented in Fig. 3 b show a satisfactory correlation. More precise

uoyancy-induced velocity may be obtained through the local flow

elocity at the center, and this will be a future work. 

For further confirmation of the three extrapolation models in

H 4 /C 2 H 4 -air premixed flames, the burnt flame speed versus flame

tretch was again tested at various equivalence ratios for �C 2 H 4 
=

.3 (see Fig. S7 at P 0 = 0.1 MPa and Fig. S8 at P 0 = 0.6 MPa in

he SM). NM II best traced to measured burnt flame speeds, as

hown in Figs. S7 and S8. The results of uncertainty were also sum-

arized in Table S2 for CH 4 /C 2 H 4 –air premixed flames ( �C 2 H 4 
=

.3) with P 0 = 0.1, 0.4, and 0.6 MPa, when the four kinetic mecha-

isms [24 −27] were adopted again. The results showed that using

ramco 2.0 resulted in the smallest errors among them. Again, NM

I and Aramco 2.0 were adopted again in CH 4 /C 2 H 4 -air premixed

ames. 

Figure 4 presents laminar burning velocities as a function of

quivalence ratio for the CH 4 /C 2 H 4 −air premixed flames at several

nitial pressures and ethylene mixing ratios, along with simulation

ata using PREMIX code [51] by adopting Aramco Mech 2.0.

he error bars denote the maximum and minimum values taken

rom six experiments for each condition. Note that the monitored

ange of flame radius was 13.0 ≤ R f ≤ 31.0 mm in the present

xperiment. 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

ellular instability is larger than 31 mm (maximum flame radius

onitored). Thus, unstretched laminar burning velocity could be

easured. The laminar burning velocity increased (decreased)

ith the increase of �C 2 H 4 
( P 0 ) . The results also revealed that

he numerical simulation results at various initial pressures and

thylene mixing ratios for CH 4 /C 2 H 4 −air premixed flames were in

ood agreement with the present experimental ones, despite the

ppreciable deviation in the equivalence ratio from unity when
etermining S o u from the horizontal radius. In the following,

ramco Mech 2.0 will be used in evaluating the theoretical

arkstein length and critical flame radius for cellular instability. 

.3. Markstein length in CH 4 /C 2 H 4 −air premixed flames 

A Markstein length characterizes the effect of flame stretch on

aminar flame speed. Two theoretical models [52 , 53] for evaluating

arkstein length with respect to burnt gas were applied to CO 2 -

nd He-diluted CH 4 /C 2 H 4 −air premixed flames with �C 2 H 4 
=

.5 [11] up to P 0 = 0.3 MPa. The results revealed that the model

f Bechtold and Matalon [53] better predicted the measured

arkstein length. 

However, these models are applicable for infinitely thin, weakly

tretched flames. When considering the finite flame thickness, one

ust account for the variation of the flow field in the preheat zone

uch that the corresponding Markstein number along the flame

hickness could vary by O (1) despite the small flame thickness. For

omparison with experimental and/or numerical simulation data,

he composite model valid within and outside the flame zone was

erived by an asymptotic method [54] . Since the details of the

omposite solution can be found in [54] , a brief explanation is

ade here. 

At any location within a flame zone in outwardly-propagating

pherical flame, the theoretical Markstein length [54] can be

btained as: 

 

∗ = 

{
α −

∫ θ ∗

1 

λ( x ) 

x 
dx − σ − 1 

σ

∫ σ

θ ∗

λ( x ) 

x − 1 

dx 

}
, (4) 

here 

= 

σ

σ − 1 

∫ σ

1 

λ( x ) 

x 
dx + 

β( L e eff − 1 ) 

2 ( σ − 1 ) 

∫ σ

1 

ln 

(
σ − 1 

x − 1 

)
λ( x ) 

x 
dx 

ere σ = ρu / ρb is the thermal expansion ratio, β = E( T b − T u ) /RT 2 
b 

s the Zel’dovich number, θ ∗ = T ∗/ T u is the dimensionless
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temperature at the location of iso-surface taken as the flame front,

Le eff 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 Mark-

stein 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] ). Eval-

uating theoretical Markstein lengths via a comparison with mea-

sured values has generally been conducted at normal pressure

[13 , 14 , 17 , 18 , 20 , 52 , 53 , 54] . Special care must be taken at elevated

pressures when using the theoretical model. 

The Zel’dovich number βT , with a temperature-dependent

activation energy (E a T = −2 R o π [ ∂ ln ( ρu S 
o 
u ) / ( ∂( 1 / T ad ) ] ) [43 −46]

and a heat-release-weighted fuel Lewis number ( L e F , q = 1 +
( q C H 4 ( L e C H 4 − 1 ) + q C 2 H 4 ( L e C 2 H 4 − 1 ) ) /q ) [43 −46] , 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 to-

tal heat release ( q = q C H 4 + q C 2 H 4 ), where q i is the non-dimensional

heat release associated with the consumption of species i ( q i =
Q Y i / C p T u ), Q is the heat of reaction, and Y i is the mass frac-

tion 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 mix-

ture conditions. Although the capability of predicting Markstein

length can be restricted near stoichiometric or rich conditions,

such a problem can be mitigated using the effective Lewis num-

ber Le q = 1 + ( L e E − 1 ) + A 1 ( L e D − 1 ) / ( 1 + A 1 ) , through Le E, q [38] .

Here, Le E and Le D are the Lewis numbers of abundant and de-

ficient reactants, respectively. The parameter A 1 is a measure of

mixture strength, defined as A 1 = 1 + β( � − 1 ) . � is the ratio of

the masses of abundant-to-deficient reactants in the fresh mixture

relative to their stoichiometric ratio, i.e., � = 1 /φ for φ ≤ 1 and

� = φ for φ > 1. Heat-release-rate- and volume-weighted effective

Lewis numbers (Le q , Le V ), constant and temperature-dependent

Zel’dovich numbers ( βconst , βT ), thermal expansion ratio ( σ ) used

in predicting Markstein lengths in CH 4 -air and CH 4 /C 2 H 4 –air pre-

mixed 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 CH 4 -air premixed flames at normal and ele-

vated 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 δ0 
f 

= ( T b − T u ) / ( ∂ T /∂ x ) max . Based on

them, measured and predicted Markstein numbers against equiv-

alence ratio were compared in terms of ambient pressure for

CH 4 –air premixed flames with λ(x ) = x for δ0 
f 

= ( λ/ c p ) / ( ρu S 
o 
u ) and

( T b − T u ) / ( ∂ T /∂ x ) max (see Fig. S13 in the SM). When δ0 
f 

= ( T b −
T u ) / ( ∂ T /∂ x ) max is used, the theoretical Markstein numbers better

traces the measured data. The measured Markstein number de-

creases 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 us-

ing 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 CH 4 -air pre-

mixed 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

ength was made in CH 4 /C 2 H 4 -air premixed flames, by again vary-

ng the iso-temperature of flame front and using the different

efinition of flame thickness for λ(x ) = x. Although not shown,

e tested the effect of non-dimensional thermal conductivity de-

ned differently with λ(x ) = 1 , x 1/2 , and x . When λ(x ) = x is used,

he theoretical Markstein lengths better trace the measured ones.

hus, the effect of using the definitions of different flame thick-

ess and elevated ambient pressures on Markstein length is inves-

igated for CH 4 /C 2 H 4 -air premixed flames with δ0 
f 

= ( λ/ c p ) / ( ρu S 
o 
u )

n Fig. 5 and with δ0 
f 

= ( T b − T u ) / ( ∂ T /∂ x ) max in Fig. 6 . The theoret-

cal Markstein lengths with δ0 
f 

= ( T b − T u ) / ( ∂ T /∂ x ) max are in bet-

er agreement with the measured data, compared with those with
0 
f 

= ( λ/ c p ) / ( ρu S 
o 
u ) . As shown in Fig. 6 , when the iso-temperature

s taken to 600 K for P 0 = 0.1 MPa, the theoretical Markstein lengths

lightly under-predict the measured data for �C 2 H 4 
= 0.1, while for

C 2 H 4 
= 0.3, the theoretical Markstein lengths slightly over-predict

under-predict) the measured data for lean (rich) mixtures. With

he increase of ambient pressure, the choice of iso-temperature

urface in theoretical Markstein length becomes less sensitive

hile both theoretical and measured Markstein lengths decrease. 

Based on them, we reproduced Markstein numbers from Mark-

tein lengths in Fig. 6 and plotted them in Fig. 7 . The theoreti-

al (measured) Markstein numbers vary little (appreciably) with

mbient pressure. This can be attributed to the flame thickness

alculated numerically to obtain the measured Markstein lengths.

everal points are worth mentioning here. The theoretical Mark-

tein lengths adopt a global reaction scheme that may not accu-

ately reflect the effects of pressure. Experimentally, the flame dis-

lacement speed is defined with respect to the Schlieren boundary.

arkstein length can change from negative to positive values when

n iso-temperature surface is taken from an unburned tempera-

ure to an adiabatic one (see Figs. 5 , 6 and Figs. S9-S13 in the SM)

54] . An empirical relation of the cold flame front radius ( r u ) to the

chlieren boundary radius ( r sch , assumed to be the 600 K isotherm)

as proposed as r u = r sch + 1 . 95 δ0 
f 
σ 0 . 5 [36] . However, the applica-

ion of this empirical relation at elevated pressure is not clear. As

hown in Fig. 7 , when theoretical and measured Markstein num-

ers are compared, the flame thickness is needed to obtain exper-

mentally in identifying measured Markstein number. These issues

ill be explored in future work. 

.4. Onset of cellular instability 

Cellular instability in premixed flames is generated by hydrody-

amic and/or diffusive-thermal instabilities [37 −46] , leading to lo-

al flame acceleration. This can be roughly evaluated based on the

ffective Lewis number for diffusive-thermal instability and flame

hickness and the thermal expansion ratio for hydrodynamic insta-

ility. Sequential images of outwardly propagating spherical pre-

ixed flames with CH 4 /C 2 H 4 −air mixtures are shown in Fig. 8 at

arious �C 2 H 4 
for representative lean ( φ = 0.8) and rich ( φ = 1.2)

ases for P u = 0.6 (a, b) and 0.8 (c, d) MPa. The images were ob-

ained at the moment when the uppermost flame edge reached a

pecified distance (marked as R f on the left side) from the center.

he heat-release-weighted effective Lewis number, Le q , the ther-

al expansion ratio σ , and the flame thickness δ0 
f 

= ( λ/ c p ) / ( ρu S 
o 
u )

re specified for each image. 

The flame surfaces at P 0 < 0.6 MPa for φ = 0.8 and 1.2 were

mooth during the propagation (although not shown), with the ex-

eption of some large cracks due to disturbance from the ignitor.

owever, fine cells formed over the flame surface at both φ = 0.8

nd 1.2 for P 0 ≥ 0.6 MPa, as shown in Fig. 8 . As �C 2 H 4 
increased for

 0 = 0.6 and 0.8 MPa, the effective Lewis number increased (but

emained close to unity) for both φ = 0.8 and 1.2, such that the

ontribution of cellular instability due to the imbalance between
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Fig. 5. Measured (symbol) and predicted (lines) Markstein lengths against the equivalence ratio in CH 4 /C 2 H 4 −air premixed flames with δ0 
f 

= ( λ/ c p ) / ( ρu S 
o 
u ) at elevated 

pressures. For theoretical Markstein lengths, the temperature-dependent Zel’dovich number and the heat-release-weighted Lewis number are used. 

Fig. 6. Measured (symbol) and predicted (lines) Markstein lengths against the equivalence ratio in CH 4 /C 2 H 4 −air premixed flames with δ0 
f 

= ( T b − T u ) / ( ∂ T /∂ x ) max 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. 7. Measured (symbol) and predicted (lines) Markstein numbers against the equivalence ratio in CH 4 /C 2 H 4 −air premixed flames with δ0 
f 

= ( T b − T u ) / ( ∂ T /∂ x ) max at ele- 

vated pressures. For theoretical Markstein lengths, the temperature-dependent Zel’dovich number and the heat-release-weighted Lewis number are used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i  

o

 

(  

0  

p  

P  

0  

r  

a  

t  

a  

fl  

w  

u  

R  

s

 

w  

s  

b  

t  

t  

H  

u  

(  

φ  

F  

P  

o  

b  

s  

p  

n  
mass and thermal diffusivities was mitigated. σ ( δ0 
f 

) increased (de-

creased) 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 �C 2 H 4 
and φ, decreases (increases) flame thick-

ness (thermal expansion ratio), thereby enhancing hydrodynamic

instabilities. 

Further analysis of cellular instability was conducted by in-

vestigating the critical flame radius at the onset of cellular in-

stability. The theoretical analysis applied here was developed by

Matalon’s group [37 −39] , 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 f (t)[ 1 + Z(t) S k ( θ, φ) ] , where Z ( t ) is the amplitude of the dis-

turbance and S k 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 f 

R f 

{
ω DL −

δ0 
f 

R f 

[ B 1 + β( L e eff − 1 ) B 2 + Pr B 3 ] 

}
, (5)

where ω DL = ( −σ + 

√ 

σ 3 + σ 2 − σ ) / ( σ + 1 ) represents the desta-

bilizing effect via thermal expansion, because the thermal expan-

sion ratio ( σ ) is larger than unity in exothermic reactions. Here,

B 1 , B 2 , and B 3 (refer to the definitions in [37 −39] ) depend only on

σ and k , and they are all positive with the exception of the small

values of k . The terms multiplying δ0 
f 
/ R f 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 ∗q < 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
nstabilities shown in Fig. 8 were not caused by diffusive-thermal

nes. 

Figure 9 shows the growth rate as a function of wavelength

 γ = 2 πR f /n , where n is the wave number) for φ = 0.8 and P 0 =
.6 MPa in case of �C 2 H 4 

= 0.0. Here, Pr is not sensitive to tem-

erature, pressure, or �C 2 H 4 
; e.g., for φ = 0.8 and P 0 = 0.8 MPa,

r = 0.716 at 298 K and 0.709 at 1200 K in the case of �C 2 H 4 
=

.3 and 0.715 for 298 K in the case of �C 2 H 4 
= 0. Thus, Pr was

easonably fixed to 0.71. The flame thicknesses were calculated

t 298 K. The results indicate that when R f is less than 6.9 cm for

he CH 4 −air premixed flame, the growth rate of the disturbance is

lways negative, meaning that instability is suppressed. When the

ame radius exceeds 6.9 cm, there exists a range of wave lengths

here the growth rate becomes positive and the flame becomes

nstable due to hydrodynamic effects, e.g., 1.8 < γ < 12.5 mm for

 f = 15 cm. The flames with shorter (longer) wavelengths can be

tabilized by diffusion (flame stretch) [39] . 

Further details on the range of cell sizes observed during self-

rinkling can be deduced from Eq. (5) , in the form of a marginal

tability curve, which is obtained by taking the right-hand side to

e zero. Figure 10 presents the results: C-shaped curves were ob-

ained with 

˜ λ = constant = 1 and 

˜ λ ∼ ( T / T u ) 
1 / 2 [38] in terms of

he wave number n and Peclet number (Pe) defined as Pe = R f /δ
0 
f 

.

ere, ˜ λ is the thermal conductivity scaled by its value for the

nburned gas side. Thus, Fig. 10 plots results for ˜ λ = 1.0 and 6.0

corresponding to the thermal expansion ratio for P 0 = 0.6 MPa and

= 0.8, respectively). The region enclosed by each peninsula of

ig. 10 identifies the range of n min < n < n max for a flame radius or

eclet number. Long-wavelength disturbances (large corrugations

n the flame surface), corresponding to n < n max , are stabilized

y flame stretch. Short-wavelength disturbances ( n > n max ) are

tabilized by diffusion effects, which tend to smooth out tem-

erature and concentration differences [38 , 39] . A critical Peclet

umber, P e c = R cr δ0 
f 

, can be determined from the turning point
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Fig. 8. Effect of ethylene ratio on cellular instability in CH 4 /C 2 H 4 −air premixed flames at φ = 0.8 and 1.2 for P 0 = 0.6 (a, b) and 0.8 MPa (c, d). 
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f the instability peninsular. The upper branch of the peninsula

symptotes to a line, Pe /n = C, where the constant C depends on

he effective Lewis number [38 , 39] . The details of determining the

onstant C have been reported [38] . Thus, the smallest cell size

min = 2 πR f /n ∼ 2 πCδ0 
f 

scales on the diffusion length, which is

ependent on mixture composition. Note that the neutral stability

urve can be obtained by setting the right side of Eq. (5) to zero.

he lower branch of the peninsula asymptotes to the line n ∗
min 

btained by examining the limit Pe → ∞ , namely by setting ω DL =
. Because the stabilizing mechanism is purely hydrodynamics,

he n ∗
min 

depends only on σ , and the n ∗
min 

asymptotes to 6.6 for

ll cases in Fig. 10 . This value determines the largest theoretical

ell size, γmax = 2 πR f /n ∗
min 

, which increases linearly with flame

adius. Due to the difficulty in experimentally defining cell size, we

ocused on the critical flame radius for hydrodynamic instability. 

As mentioned previously ( Fig. 8 ), the cellular instabilities are

ot attributed to diffusive-thermal instability but hydrodynamic in-

tability. In such a case, the second terms inside the bracket in

q. (5) are positive. The growth rate thus depends on burnt flame 

peed and flame thickness as well as the first term, ω . Increasing
DL 
he ambient pressure at a fixed �C 2 H 4 
and φ decreases (increases)

ame thickness (thermal expansion ratio), thereby enhancing hy-

rodynamic instabilities despite reduction of flame speed. Increas-

ng �C 2 H 4 
at a fixed P 0 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 deter-

ined from Pe c were compared with measured ones against �C 2 H 4 
t φ = 0.8 and 1.2 for P 0 = 0.6 and 0.8 MPa. Here, the experi-

ental critical flame radius is defined as the value at the mo-

ent when the burnt laminar propagation speed increases appre-

iably, and fine cells are simultaneously formed uniformly over a

ame surface (see Fig. S9 in the SM) [41] . The error bars were

aken as the maximum and minimum values from four experi-

ents. Note that observing cell formation and measuring critical

ame radius were limited experimentally within the view of 150-

m-diameter quartz window. The functional relationship of flame

adius on chamber pressure [55] can be expressed as 

( R f /R ) 
3 = 1 − P max − P 

P − P 

(
P 0 
P 

)γ

, (6) 

max 0 
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Fig. 9. Growth rate versus wavelength at φ = 0.8 for P 0 = 0.6 MPa and �C 2 H 4 = 0. 

Fig. 10. Peninsular of cellular instability with a functional dependence of wave 

number upon the Peclet number for φ = 0.8 and P 0 = 0.6 MPa in case of �C 2 H 4 = 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Measured and theoretical critical radii against �C 2 H 4 at φ = 0.8 (a) and 1.2 

(b) for P 0 = 0.6 and 0.8 MPa. 
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where R, P , and γ denote the chamber radius, the chamber pres-

sure at flame radius R f , and the specific heat ratio, respectively.

With the approximation of γ = 1.4 (air) and P max = 8 P 0 , the

pressure rises at R f = 30 and 70 mm (within the range of observed

onset of instability) for P 0 = 0.8 MPa are 0.5% and 7.1%, respectively.

Thus, the effect of chamber pressure rise is not appreciable in ana-

lyzing the onset of cellular instability. Also note that for the range

of flame radius monitored, 13.0 ≤ R f ≤ 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 < 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 �C 2 H 4 
< 0.2

for P 0 = 0.6 and 0.8 MPa. For φ = 0.8, the critical flame radius

could not be obtained for �C 2 H 4 
< 0.1 at P 0 = 0.6 MPa, but it was

observed in all cases for P 0 = 0.8 MPa. Both measured and theoret-

ical critical flame radii decreased slightly (rather rapidly) with an

increase in �C 2 H 4 
for φ = 0.8 (1.2), implying that increasing �C 2 H 4 

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. 
. Conclusions 

An experimental study was conducted to investigate un-

tretched laminar burning velocity, Markstein length, and cellular

nstability by varying the ethylene mixing ratio and the cham-

er pressure up to 0.8 MPa in outwardly propagating spherical

H 4 /C 2 H 4 −air premixed flames. The following conclusions can be

ade. 

(1) The range of flame radius monitored was determined to be

13.0 ≤ R f ≤ 31.0 mm in the present experiment in measuring

unstretched laminar burning velocities. The extrapolation

model of NM II yielded the best results. Unstretched lami-

nar burning velocities of CH 4 /C 2 H 4 mixtures were in satis-

factory agreement with the numerical results when adopt-

ing 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 CH 4 −air and CH 4 /C 2 H 4 −air premixed flames at

normal and elevated pressures. 

(2) For the CH 4 −air premixed flame, the theoretical Mark-

stein lengths evaluated from the composite model

with an iso-temperature of 600 K, λ(x ) = x , and

δ0 
f 

= ( T b − T u ) / ( ∂ T /∂ x ) max were in good agreement with the

present measured data. The measured Markstein number

decreases appreciably (slightly) when the ambient pres-

sure varies from 0.1 to 0.2 (0.2 to 0.6) MPa, while the

theoretical Markstein number remains nearly the same
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with ambient pressure. For CH 4 /C 2 H 4 −air premixed flame

at P 0 = 0.1 MPa, the theoretical Markstein lengths slightly

under-predict the measured data for �C 2 H 4 
= 0.1, while

they slightly over-predict (under-predict) the measured data

for lean (rich) mixtures for �C 2 H 4 
= 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 CH 4 −air 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 CH 4 /C 2 H 4 −air premixed flame, cellular in-

stability was enhanced with an increases in the chamber

pressure and ethylene/methane mixing ratio, such that the

critical flame radius for the onset of cellular instability could

be reduced. These findings were mainly attributed to hydro-

dynamic 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. 

eclaration of Competing Interest 

(1) Very few data on unstretched laminar burning velocities,

Markstein length, and cellular instabilities have been so far

reported in CH 4 /C 2 H 4 -air premixed flames. This study covers

them in terms of ambient pressure and equivalence ratio, by

varying C 2 H 4 mixing ratio. 

(2) The theoretical Markstein lengths using the composite

model from Matalon group were compared with measured

data. The capability of predicting the Markstein lengths us-

ing the composite model was evaluated by using different

definitions of the flame thickness and effective Lewis num-

ber, using four iso-surface temperatures, and using three dif-

ferent functional forms of non-dimensional thermal conduc-

tivities. 

(3) Three different extrapolation models in extracting un-

stretched laminar burning velocities were tested and the

optimized flame radius monitored was investigated. Uncer-

tainty analyses in unstretched laminar burning velocities

were made by comparing simulated results using four dif-

ferent reaction mechanisms with measured data. 

(4) Measured critical flame radii for cellular instabilities were

also compared with those theoretical ones from Matalon’s

group. 
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