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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
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the measured ones for both lean and rich mixtures.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

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, emission requirements. However, lean-burn natural
gas systems have been limited by flame stability [2-4]. Several
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proposals have been put forward to address the stability issue,
such as blending hydrogen (or H,/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 ex-
plored laminar burning velocities of the mixture fuels of methane
and ethylene [8] and the effects of additional diluents (CO, 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% CyH,4
in volume [11].

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Schematic diagram of the experimental setup.

The present study focused on three important characteristics
of premixed flame: laminar burning velocity, Markstein length,
and cellular instability, by varying mixture composition, equiva-
lence ratio, and ambient pressure (up to 0.8 MPa) in outwardly
propagating spherical premixed flames for blended fuels of CHy
and C,H, with an ethylene mixing ratio (in volume) ranging
from 0 to 0.3. An 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 de-
scribed 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 40bar, + 0.5% FSO).
Outwardly propagating 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 cam-
era (Phantom v-7.2) at 10,000 frames per second (fps). The position
of the flame front was determined by converting to a monochro-
matic 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 0—255), from which the flame
front position was identified. This arbitrary choice of the thresh-
old value did not affect the determination of the laminar burning
velocity. The initial pressure range covered up to Py = 0.8 MPa.

3. Results and discussion
3.1. Determination of unstretched laminar burning velocity

The time history of the flame front radius, R¢(t), for an out-
wardly 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 infinites-
imally thin, weakly stretched, quasi-steady, and zero-gravity in
an unconfined environment, the unstretched laminar burning
velocity, Sp, with respect to the burnt mixture can be obtained via
the following linear extrapolation model (LM) [11-23]:

Sp =S — LK (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, S3, with
respect to the unburned mixture can be determined from the
mass conservation of S = (pp/pu)SP, where p, and p, 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:
250Ly,

0

S
or S, =S — LbK<"> (NM 1), (2)

— QO __
Sy =52 S

In 'S, =InS% — SOLy, x 2 (NM 1I). (3)
RSy

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 Sy is linear with the flame
curvature 2/Ry, through which L, and SP 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, InSy, varies linearly with 2/RSp; thus, L, and S can be
determined by a linear extrapolation from the plot of InS;, against
2/RsSp,. 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(l/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 chamber
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Fig. 2. Instantaneous Schlieren images of CHs-air (Qc,n, = 0) and CHy/CHy-air
(R¢,n, = 0.3) premixed flames with ¢ = 0.7 and 1.2 at various initial chamber pres-
sures.

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 <Rf < 31.0mm
(see the detailed discussion concerning Figs. S1-S5 and Table S1
in the Supplementary Material (SM)). At various equivalence ratios
¢ for Py = 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 CHy-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,/CyHy~air premixed flames

Instantaneous Schlieren images of CHy-air (first and second
columns for Qc,y, = 0) and CH4/CyHy-air (third and fourth
columns for Qc,y, = 0.3) premixed flames are compared in
Fig. 2 at ¢ = 0.7 and 1.2 for several initial chamber pres-
sures. Here, the ethylene mixing ratio (S2c,u,) is defined as
Qc,n, = Xc,H,/Xcn, +Xc,n,) 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 CHy4-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 Py=0.6 MPa for both ¢ = 0.7 and
1.2. For the CH4/CyHy-air flames, the surfaces were smooth over-
all, with the exception of Py=0.6 MPa and ¢ = 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 > 15cm/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 decreases with pressure. This is
exemplified by the cases of ¢ = 0.7 at Py = 0.4 and 0.6 MPa for
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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 ¢ =0.7 and P, = 0.4 MPa for
Qc,n, = 0 and (b) parameter dependence of the buoyancy-induced velocity compo-
nent.

Qc,n, = 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 (Rg y) directions for ¢ = 0.7 and P =
0.4MPa when ¢y, = 0; compared with the horizontal radius,
the vertical flame radius accelerates over time, as marked with
solid lines for Rf =13 —3.1cm. Assuming that buoyancy-induced
flow acts mainly in the vertical direction, the horizontal displace-
ment 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 (Sqy — Sq.n)-

For future data reduction on laminar burning velocity from out-
wardly propagating spherical flames, we correlated the buoyancy-
induced vertical velocity based on our experimental data for
¢ = 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 <Rfy < 31.0mm, excluding the effects of spark-
ignition, and thereby ignition transient and chamber confinement
effects. The vertical burnt flame speed was also obtained us-
ing 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 pres-
sure, and a large flame radius. The buoyancy-induced velocity
component (Sqy —Sq ), is correlated with the parameters of Py,
SE, and R. The best fit corresponded to (Sqy —Sqy) [cm/s]=
13.0 x (Py/Prep)®17(50) =017 R®-> — 4.7 with a correlation coefficient
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Fig. 4. Experimental and predicted unstretched laminar burning velocities against equivalence ratio in CH4/C;Hy—air premixed flames at various Qc,y, for Py = 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].

of R=0.98, where P, is the atmospheric pressure (0.1 MPa) and SE
and R¢ are given units of [cm/s] and [cm], respectively. The results
presented in Fig. 3b show a satisfactory correlation. More 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
CH,4/CyHy-air premixed flames, the burnt flame speed versus flame
stretch was again tested at various equivalence ratios for Qc,n, =
0.3 (see Fig. S7 at Py = 0.1MPa and Fig. S8 at Py = 0.6MPa 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 sum-
marized in Table S2 for CH4/C;Hy-air premixed flames (¢, =
0.3) with Py = 0.1, 0.4, and 0.6 MPa, when the four kinetic mecha-
nisms [24—27] were adopted again. The results showed that using
Aramco 2.0 resulted in the smallest errors among them. Again, NM
Il and Aramco 2.0 were adopted again in CH4/CyHy-air premixed
flames.

Figure 4 presents laminar burning velocities as a function of
equivalence ratio for the CHy/C,H4—air 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; < 31.0mm in the present
experiment. As shall be shown later, even at ¢ = 1.2 for Py =
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 Qc,y,(P). The results also revealed that
the numerical simulation results at various initial pressures and
ethylene mixing ratios for CHy/C,Hy—air 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.

3.3. Markstein length in CH,4/CyH,—air premixed flames

A Markstein length characterizes the effect of flame stretch on
laminar flame speed. Two theoretical models [52,53] for evaluating
Markstein length with respect to burnt gas were applied to CO,-
and He-diluted CHy/CHg—air premixed flames with Qc,p, =
0.5 [11] up to Py = 0.3 MPa. The results revealed that the model
of Bechtold and Matalon [53] 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 [54]. Since the details of the
composite solution can be found in [54], a brief explanation is
made here.

At any location within a flame zone in outwardly-propagating
spherical flame, the theoretical Markstein length [54| can be
obtained as:

o o
L*:{o;-/l Ai")dx—“;]/w jgxidx}, (4)
where
_ 0 [7i® Blegr—1) (7, (0 —T1\A(X)
a_a—1/1 x Bt 2(0 — 1) 11n(x—1>TdX

Here o = pu/p, is the thermal expansion ratio, 8 = E(T;, — Ty)/RT?
is the Zel'dovich number, 6* =T*/T, is the dimensionless
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temperature at the location of iso-surface taken as the flame front,
Leor is the effective Lewis number of the mixture, and A 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 A1, with a temperature-dependent
activation energy (Ear = —2R°m[dIn(puSY)/(0(1/T,q)]) [43—-46]
and a heat-release-weighted fuel Lewis number (Lepq=1+
(qcn, (Lecy, — 1) +qc,n, (Lec,n, — 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 = qcn, + qc,n, ), where ¢; is the non-dimensional
heat release associated with the consumption of species i (q; =
QY;/CpTy), Q is the heat of reaction, and Y; 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 Leg= 1+ (Leg — 1) + Ay (Lep — 1)/(1 +Ay), through Leg 4 [38].
Here, Leg and Lep are the Lewis numbers of abundant and de-
ficient reactants, respectively. The parameter A; is a measure of
mixture strength, defined as A; =1+ 8(® —1). @ is the ratio of
the masses of abundant-to-deficient reactants in the fresh mixture
relative to their stoichiometric ratio, i.e, ® =1/¢ for ¢ <1 and
® = ¢ for ¢ > 1. Heat-release-rate- and volume-weighted effective
Lewis numbers (Leq, Ley), constant and temperature-dependent
Zel'dovich numbers (Bconst, B1), thermal expansion ratio (o) used
in predicting Markstein lengths in CH4-air and CH,4/C;Hy-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 CHi-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 600K, the
non-dimensional thermal conductivity is taken as A(x) = x, and the
flame thickness is defined by 619 = (T, — Tu)/(3T/0X)max. Based on
them, measured and predicted Markstein numbers against equiv-
alence ratio were compared in terms of ambient pressure for
CHy4-air premixed flames with A(x) = x for 8? = (A/cp)/(puSY) and
(Ty — Tu)/(dT/0X)max (see Fig. S13 in the SM). When 82 = (T;, —
Tu)/(0T/0x)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 CHy-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
length was made in CH4/C;H4-air premixed flames, by again vary-
ing the iso-temperature of flame front and using the different
definition of flame thickness for A(x) =x. Although not shown,
we tested the effect of non-dimensional thermal conductivity de-
fined differently with A(x) = 1, x'/2, and x. When A(x) = x is used,
the theoretical Markstein lengths better trace the measured ones.
Thus, the effect of using the definitions of different flame thick-
ness and elevated ambient pressures on Markstein length is inves-
tigated for CH4/CyHy-air premixed flames with 8? = (A/cp)/(puSY)
in Fig. 5 and with 8? = (Ty — Tu)/(0T/0xX)max in Fig. 6. The theoret-
ical Markstein lengths with 6? = (T, — Tu)/(0T/0X)max are in bet-
ter agreement with the measured data, compared with those with
8? = (A/cp)/(puSY). As shown in Fig. 6, when the iso-temperature
is taken to 600K for Py = 0.1 MPa, the theoretical Markstein lengths
slightly under-predict the measured data for ¢y, = 0.1, while for
Qc,n, = 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.

Based on them, we reproduced Markstein numbers from Mark-
stein lengths in Fig. 6 and plotted them in Fig. 7. The theoreti-
cal (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 Mark-
stein lengths adopt a global reaction scheme that may not accu-
rately reflect the effects of pressure. Experimentally, the flame dis-
placement 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 tempera-
ture 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 (ry) to the
Schlieren boundary radius (r,.,, assumed to be the 600K isotherm)
was proposed as 1y = rge, + 1.95800°%-> [36]. However, the applica-
tion of this empirical relation at elevated pressure is not clear. As
shown in Fig. 7, when theoretical and measured Markstein num-
bers are compared, the flame thickness is needed to obtain exper-
imentally in identifying measured Markstein number. These issues
will be explored in future work.

3.4. Onset of cellular instability

Cellular instability in premixed flames is generated by hydrody-
namic and/or diffusive-thermal instabilities [37—46], leading to lo-
cal 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 insta-
bility. Sequential images of outwardly propagating spherical pre-
mixed flames with CH4/C;Hs—air mixtures are shown in Fig. 8 at
various Qc,y, for representative lean (¢ = 0.8) and rich (¢ = 1.2)
cases for P, =0.6 (a, b) and 0.8 (c, d) MPa. The images were ob-
tained at the moment when the uppermost flame edge reached a
specified distance (marked as Ry on the left side) from the center.
The heat-release-weighted effective Lewis number, Leg, the ther-
mal expansion ratio o, and the flame thickness 8? = (A/cp)/(PuSY)
are specified for each image.

The flame surfaces at Py < 0.6MPa for ¢ = 0.8 and 1.2 were
smooth during the propagation (although not shown), with the ex-
ception of some large cracks due to disturbance from the ignitor.
However, fine cells formed over the flame surface at both ¢ = 0.8
and 1.2 for Py > 0.6 MPa, as shown in Fig. 8. As Qc,y, increased for
Py = 0.6 and 0.8 MPa, the effective Lewis number increased (but
remained close to unity) for both ¢ = 0.8 and 1.2, such that the
contribution of cellular instability due to the imbalance between
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mass and thermal diffusivities was mitigated. o (8?) 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 Qc,y, and @, 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=
Re(O)[1 +Z(t)S, (0, )], where Z(t) is the amplitude of the dis-
turbance and S is the spherical surface harmonics having an
integer k. As a flame is expanded, the growth rate (GR) is given by

dz R
GR=~— =

80
R{wDL_Rf[Bl"‘.B(Leeff_])BZ'i‘Pl'B?,]}’ (5)
£ f

1
~Z

where wp; = (-0 ++/034+02 —0)/(0 +1) represents the desta-
bilizing effect via thermal expansion, because the thermal expan-
sion ratio (o) is larger than unity in exothermic reactions. Here,
B4, By, and B3 (refer to the definitions in [37-39]) depend only on
o and k, and they are all positive with the exception of the small
values of k. The terms multiplying 819/Rf 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 (Lej < 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
(y = 2mR¢/n, where n is the wave number) for ¢ = 0.8 and Py =
0.6 MPa in case of ¢y, = 0.0. Here, Pr is not sensitive to tem-
perature, pressure, or Qc,y,; €.8., for ¢ = 0.8 and Py = 0.8 MPa,
Pr=0.716 at 298K and 0.709 at 1200K in the case of Qc,u, =
0.3 and 0.715 for 298K in the case of Qc,y, = 0. Thus, Pr was
reasonably fixed to 0.71. The flame thicknesses were calculated
at 298 K. The results indicate that when Ry is less than 6.9 cm for
the CH4—air 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 <y < 12.5mm for
Rf = 15cm. The flames with shorter (longer) wavelengths can be
stabilized by diffusion (flame stretch) [39].

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 ob-
tained with A = constant =1 and A ~ (T/T,)"/2 [38] in terms of
the wave number n and Peclet number (Pe) defined as Pe = Rf/(S?.

Here, A is the thermal conductivity scaled by its value for the
unburned gas side. Thus, Fig. 10 plots results for A = 1.0 and 6.0
(corresponding to the thermal expansion ratio for Py = 0.6 MPa and
¢ = 0.8, respectively). The region enclosed by each peninsula of
Fig. 10 identifies the range of n,;, <n <nmax for a flame radius or
Peclet number. Long-wavelength disturbances (large corrugations
on the flame surface), corresponding to n <nmax, are stabilized
by flame stretch. Short-wavelength disturbances (n>nmax) are
stabilized by diffusion effects, which tend to smooth out tem-
perature and concentration differences [38,39]. A critical Peclet
number, Pec =Rcr8?, can be determined from the turning point
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Fig. 8. Effect of ethylene ratio on cellular instability in CH,/C;Hs—air premixed flames at ¢ = 0.8 and 1.2 for Py = 0.6 (a, b) and 0.8 MPa (c, d).

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
Ymin = 27T Re/n ~ ZnC(S? 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. (5) to zero.
The lower branch of the peninsula asymptotes to the line n¥ .
obtained by examining the limit Pe — oo, namely by setting wp;, =
0. Because the stabilizing mechanism is purely hydrodynamics,
the n} . depends only on o, and the n}. asymptotes to 6.6 for
all cases in Fig. 10. This value determines the largest theoretical
cell size, ymax =27 Ry/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.
As mentioned previously (Fig. 8), the cellular instabilities are
not attributed to diffusive-thermal instability but hydrodynamic in-
stability. In such a case, the second terms inside the bracket in
Eq. (5) are positive. The growth rate thus depends on burnt flame

speed and flame thickness as well as the first term, wp;. Increasing

the ambient pressure at a fixed Qc,y, and ¢ decreases (increases)
flame thickness (thermal expansion ratio), thereby enhancing hy-
drodynamic instabilities despite reduction of flame speed. Increas-
ing Qc,y, at a fixed Py and ¢ 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-
mined from Pec were compared with measured ones against Qc,p,
at ¢ = 0.8 and 1.2 for Py = 0.6 and 0.8 MPa. Here, the experi-
mental critical flame radius is defined as the value at the mo-
ment when the burnt laminar propagation speed increases appre-
ciably, 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 experi-
ments. 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 [55] can be expressed as

Poax — P (Py\”
Ri/R)? =1— 2 (—0) 6
(Re/R) P B\ P (6)
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Fig. 10. Peninsular of cellular instability with a functional dependence of wave
number upon the Peclet number for ¢ = 0.8 and Py = 0.6 MPa in case of Qc,y, = 0.

where R, P, and y denote the chamber radius, the chamber pres-
sure at flame radius Ry, and the specific heat ratio, respectively.
With the approximation of y = 1.4 (air) and Pmax = 8P, the
pressure rises at R = 30 and 70 mm (within the range of observed
onset of instability) for Py = 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; < 31.0mm, 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 Py < 0.6 MPa, the critical flame radius could not be obtained
experimentally in the window view. In the case of ¢ = 1.2, cellular
instability was not observed in the window view at Qc,y, < 0.2
for Py = 0.6 and 0.8 MPa. For ¢ = 0.8, the critical flame radius
could not be obtained for Qc,y, < 0.1 at Py = 0.6 MPa, but it was
observed in all cases for Py = 0.8 MPa. Both measured and theoret-
ical critical flame radii decreased slightly (rather rapidly) with an
increase in Qc,y, for ¢ = 0.8 (1.2), implying that increasing Qc,,
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 ¢ = 1.2, both predicted critical
radii somewhat under-predicted the measured ones, whereas the
prediction was close to the measured values for ¢ = 0.8, with
good retracement.
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Fig. 11. Measured and theoretical critical radii against Qc,u, at ¢ = 0.8 (a) and 1.2
(b) for Py = 0.6 and 0.8 MPa.

4. Conclusions

An experimental study was conducted to investigate un-
stretched laminar burning velocity, Markstein length, and cellular
instability by varying the ethylene mixing ratio and the cham-
ber pressure up to 0.8 MPa in outwardly propagating spherical
CH,4/CyHy—air premixed flames. The following conclusions can be
made.

(1) The range of flame radius monitored was determined to be
13.0 <Rf< 31.0mm 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 CH4/C,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 CHy—air and CH4/C,Hs—air premixed flames at
normal and elevated pressures.

(2) For the CHy—air premixed flame, the theoretical Mark-
stein lengths evaluated from the composite model
with an iso-temperature of 600K, A(x)=%x and

819 = (T, — Tu)/(0T/0x)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 CH4/C;Hy—air premixed flame
at Py = 0.1 MPa, the theoretical Markstein lengths slightly
under-predict the measured data for Qc,y, = 0.1, while
they slightly over-predict (under-predict) the measured data
for lean (rich) mixtures for Qc,y, = 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.

For the CH4—air premixed flame, cellular instability was not
observed at elevated pressures up to 0.6 (0.8) MPa for ¢ =
0.8 (1.2). For the CH4/CyH4—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.
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