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Using a specially designed high- and constant-pressure combustion chamber, the propagation and mor-
phology of spark-ignited expanding spherical methane flames were imaged using schlieren cinematography
and a high-speed digital camera. Stretch-free laminar burning velocities were subsequently determined
for methane/air flames up to 20 atm and methane/oxygen/helium flames up to 60 atm. Computational
simulation using GRI-MECH 3.0 showed satisfactory agreement with the experimental data up to 20 atm,
and moderate deviation for pressures above 40 atm. Markstein lengths, global activation energies, and
overall reaction orders were also determined as functions of pressure, with the latter two parameters
exhibiting non-monotonic behavior caused by the changeover from H-O2 to HO2 chemistry similar to that
of the explosion limits of homogeneous hydrogen/oxygen mixtures.

Introduction

Recent studies on combustion chemistry have
identified the need for high-pressure kinetics for ap-
plication in internal combustion engines, which typ-
ically operate under elevated pressures on the order
of 10–100 atm. Such a need can best be appreciated
by considering the potential limitations of the widely
used GRI-MECH developed for methane oxidation
[1]. Specifically, the development involves optimiz-
ing the subject mechanism against a set of known
performance targets covering combustion phenom-
ena ranging from low- to high-temperature chem-
istries [2,3]. These would include, for example, ig-
nition delays in shock tubes, ignition and extinction
limits in perfectly stirred reactors, laminar burning
velocities, and ignition, extinction, and structure of
premixed and non-premixed flames. Furthermore,
in order to be as extensive as possible in the ranges
of thermodynamic coverage, the mixture concentra-
tion should vary from very lean to very rich, while
the system pressure should also vary from moder-
ately subatmospheric to sufficiently superatmo-
spheric. Regarding the last point, it is then particu-
larly noteworthy that optimization of the
GRI-MECH has utilized only one experimental da-
tum for the high-pressure laminar burning velocities,
at 20 atm, while its determination also does not ap-
pear to carry the degree of accuracy [4] usually re-
quired for a study of the present nature. All the re-
maining targets lie below 5 atm. Because of the
inherently nonlinear nature of chemical reactions,

this inadequacy could limit the versatility of the
mechanism to simulate high-pressure combustion
processes with confidence.

In view of the above considerations, the first ob-
jective of the present study is to provide reliable lam-
inar burning velocity data for methane at elevated
pressures. To meet this goal, we note that laminar
burning velocities of methane/oxidizer mixtures at
elevated pressures and of high degree of fidelity have
been recently reported by several groups. Specifi-
cally, Hassan et al. [5] and Gu et al. [6] measured
the speeds of outwardly propagating flames in a win-
dowed bomb up to 4 and 10 atm, respectively, and
determined the associated laminar burning veloci-
ties through systematic subtraction of stretch effects.
Steady-state methods, such as those using the coun-
terflow [7,8], modified counterflow [9], and flat
flame burner [10], are well established to be quite
accurate in measuring the laminar burning velocity
with corrections for stretch and heat loss. Their op-
erational range, however, is limited to a few atmo-
spheres due to flame stability problems. Eberius and
Kick [11] developed a Bunsen burner in which rich
methane/air flames could be stabilized up to 100
atm, but did not correct the data for stretch effects.

In response to the need for high-pressure burning
velocity data, a windowed, dual-chambered bomb
was developed for the study of high-pressure com-
bustion phenomena up to 60 atm [12]. This appa-
ratus was employed to determine the laminar burn-
ing velocities of hydrogen mixtures up to 20 atm
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[12], with the upper range being limited by the pro-
fuse development of hydrodynamic and diffusional-
thermal cells over the flame surface. In the present
investigation, we used this apparatus to determine
the much-needed high-pressure laminar burning ve-
locity data for methane mixtures. Because of the re-
duced propensity of methane flames to form cells as
compared to hydrogen flames, we shall show in due
course that laminar burning velocities up to 60 atm
have been successfully determined.

Having determined the laminar burning velocities,
our second objective is to compare them with the
computed ones using GRI-MECH. Through such a
comparison, the performance of the mechanism in
terms of high-pressure application can be assessed.

The third objective is to study the pressure de-
pendence of two additional global flame parameters
of interest, namely the Markstein length, which
quantifies the sensitivity of the flame to stretch, and
the overall reaction order, which yields the depen-
dence of the burning rate on pressure. The influence
of chemistry on these global parameters, especially
over the present extensive range of high-pressure
variation, will be identified.

In the following, we shall first discuss the experi-
mental and computational methods and then pre-
sent the results on flame morphology, laminar burn-
ing velocities, Markstein lengths, and overall
reaction orders.

Experimental and Computational Methods

The design and operation of the double-cham-
bered, near-constant-pressure apparatus utilized in
the present experiment is described in detail in Refs.
[12] and [13]. This design allows an order-of-
magnitude increase in the attainable experimental
pressure over single chamber designs [5,6] by filling
the outer chamber with an inert mixture to absorb
the pressure buildup during flame propagation and
to terminate the propagation before the pressure
buildup becomes substantial. Grade 4.0 methane
and gas chromatograph-calibrated oxidizer mixtures
were used in the experiments. Fuel-oxidizer
mixtures were periodically sampled for GC-concen-
tration verification, and the results presented were
averaged over three to four experiments for each
point. The initial gas temperature was kept at 298 K.
The ignition energy was kept to a minimum so as to
minimize initial flame acceleration. Data reduction
was performed only for flame radii (r) between 0.5
and 2 cm so as to avoid possible effects caused by
spark disturbance and wall interference.

For the outwardly propagating flame, the burned
gas is motionless. Thus, for weak stretch, the local
burned flame speed sb � ṙ � dr/dt can be linearly
related to the instantaneous stretch rate j � 2ṙ/r

via sb � � Lbj [14–16], where is the un-0 0s sb b

stretched downstream laminar burning velocity
� � f 0), Lb the burned Markstein0 0(q s q sb b u u

length, q the density, and f 0 the laminar burning
flux. Integrating this relation with respect to time
yields

0r � 2L ln(r) � s t � constant (1)b b

Thus, and Lb can be obtained by linear regression0s b

through the measurement of radius evolution with
time. Knowing the (unburned) laminar burning0s ,b

velocity can be readily evaluated from the density0s u

ratio across the flame.
Numerical simulation of adiabatic, one-dimen-

sional, planar flames was carried out with the
PREMIX code [17] using the GRI-MECH 3.0
mechanism [1] for all flames studied and also the
GRI-MECH 1.2 [18] for helium-diluted flames; the
need to use helium will be discussed shortly. The
GRI-MECH 2.11 version was not used because it is
essentially identical to the 1.2 version with respect
to the carbon-hydrogen-oxygen chemistry [19].

For both mechanisms, third-body efficiencies of
argon were used for helium, and reactions involving
nitrogen compounds were removed in the simula-
tion of He-diluted flames. Radiative heat loss
through CO2 and H2O were found to have little in-
fluence on the computed laminar flame speeds and
hence were neglected. Soot radiation was also not
included in the calculation because soot was not de-
tected in the experiments.

Results and Discussion

Flame Morphology

Figure 1 shows that the atmospheric CH4/air
flame has a smooth surface throughout propagation.
Wrinkling, however, emerges as pressure increases.
At 10 atm, Fig. 1 shows that these wrinkles are trig-
gered by the spark or electrode perturbations and
remain similar in morphology as the flame expands.
The absence of cell cracking to smaller scales and
hence flame acceleration due to self-similar propa-
gation [20–22] suggest that the linear relationship
between flame speed and stretch still holds, and
therefore the laminar burning velocities can be
meaningfully extracted at these pressures.

Above 20 atm, cell cracking is observed. Two strat-
egies were implemented in order to allow smooth
flame propagation at higher pressures: higher inert
dilution in the oxidizer and the use of helium as in-
ert. The former weakens the flame, increasing the
flame thickness d and decreasing the density ratio
across it, thereby delaying the onset of hydrody-
namic instability [23,24]. The latter, due to helium’s
higher diffusivity with respect to nitrogen, simulta-
neously increases d and the mixture Lewis number
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Fig. 1. Schlieren photographs (horizontal knife-edge) of CH4/O2/inert flames under stoichiometric and rich conditions.
Scale: frame width is 41.4 mm.

Le, suppressing thermal-diffusive instability [23,25].
Higher N2 dilution proved ineffective because of the
slower flame speed and consequently distortion of
the flame shape due to buoyancy. With high levels
of He dilution, smooth flames with only a few large
wrinkles were observed up to 60 atm, as shown in
Fig. 1.

Laminar Burning Velocities

The extracted laminar burning velocities of CH4/
air at 1 atm from the measured stretch-affected
flame propagation speeds are shown in Fig. 2a, along
with other recent experimental results in the litera-
ture [5,6,8–10]. The overall agreement among the

experimental data is quite satisfactory, providing a
benchmark for accuracy and reliability of the present
apparatus and experimental methodology. Fig. 3 de-
picts the laminar burning velocities at 2 and 5 atm,
along with other experimental results [5,6,26]. Good
agreement is again observed.

Figures 4 and 5 show the burning velocities of
CH4/air and CH4/O2/He mixtures at 10, 20, 40, and
60 atm, together with the data of Gu et al. [6] for
10 atm CH4/air mixtures. We first note that the data
of Gu et al. agree well with the present data. Since
there are basically no literature data available either
at higher pressures or for the special He-diluted
composition, comparison can only be conducted
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Fig. 2. (a) Laminar burning velocities and (b) Markstein
lengths of CH4/air mixtures at 1 atm as a function of equiv-
alence ratio. Measurements are from Hassan et al. [5], Gu
et al. [6], Vagelopoulos et al. [8], Van Maaren et al. [10],
and Vagelopoulos and Egolfopoulos [9]. Symbols represent
experimental data; lines represent calculation.

Fig. 4. Laminar burning velocities of CH4/air and CH4/
O2/He [O2/(O2 � He) � 17%] mixtures at 10 and 20 atm
as a function of equivalence ratio. Measurements are from
Gu et al. [6]. Symbols represent experimental data; lines
represent calculation with GRI-MECH 3.0 [1].

Fig. 5. Laminar burning velocities of CH4/O2/He
mixtures at 40 and 60 atm as a function of equivalence ratio
and with different O2 concentrations in the O2/He oxidizer
mixture. Symbols represent experimental data; thick lines
represent calculation with GRI-MECH 3.0 [1], while thin
lines represent calculation with GRI-MECH 1.2 [18].

Fig. 3. Laminar burning velocities of CH4/air mixtures
at 2 and 5 atm as a function of equivalence ratio. Mea-
surements are from Hassan et al. [5], Egolfopoulos et al.
[26], and Gu et al. [6]. Symbols represent experimental
data; lines represent calculation with GRI-MECH 3.0 [1].

with the computed results. It is seen that while the
comparison is mostly satisfactory for the 10–20 atm
flames, the agreement is not as good as those at
lower pressures. The extent of discrepancy progres-
sively increases, both in magnitude and the range of
the equivalence ratio, as the pressure is increased to
40 and 60 atm. While various postulates can be made
regarding the discrepancy, such as the efficiency of
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Fig. 6. Burned (open symbols) and unburned (closed
symbols, �10) Markstein lengths of CH4/air flames as a
function of pressure for fixed equivalence ratios.

Fig. 7. Calculated flame thicknesses (top) and Zeldovich
numbers (bottom) for the data of Fig. 6.

He as a third body in termination reactions and the
emphasis on NOx chemistry [1] in version 3.0, we
shall refrain from being specific because of the large
departure of the present pressure range from those
used in the mechanism development and conse-
quently the significant uncertainty involved in the
‘‘extrapolation.’’ These data are simply presented for
further studies by our colleagues.

Markstein Lengths

The Markstein length characterizes the flame re-
sponse to stretch [25,27,28] and was determined
along with the laminar burning velocity according to
equation 1. Fig. 2b shows that for CH4/air at 1 atm,
the burned Markstein lengths agree very well with
the results of Gu et al. [6]. Fig. 6 plots the variation
of the Markstein length with pressure, for a lean
(� � 0.7), a rich (� � 1.3), and the stoichiometric
flames, showing that Lb decreases with pressure for
a given equivalence ratio. To interpret this behavior,
we consider the expression for the Markstein length
[25,28], Lb � Ze(Le � 1)d, where Ze � �

0E (Ta b

is the Zeldovich number, Ea the activa-0 2T )/R(T )u b

tion energy, the adiabatic flame temperature, Tu
0T b

the freestream temperature, and R the universal gas
constant. The expression for Lb shows the three
main factors that determine the response of the
burning velocity to stretch variations, namely Le, d,
and Ze. Non-equidiffusion, represented by Le � 1,
determines the sign of Lb and hence the trend of the
flame response to stretch. For the present positively
stretched, outwardly propagating flame, Lb � 0 (�0)
corresponds to Le � 1 (�1). The flame thickness d
controls the transit time of the reactants in crossing
the flame. Fig. 7 (top) plots the calculated values of
d from the temperature profile of the numerical so-
lution according to the gradient definition, d �

� Tu)/(dT/dx)max [27,28] and shows that d con-0(T b

tinuously decreases with pressure. This is to be ex-
pected because the laminar burning flux continu-
ously increases with pressure. The Zeldovich
number measures the sensitivity of the reaction rate
to the flame temperature and is plotted in Fig. 7
(bottom), with Ea determined from the variation of
the laminar burning flux with the adiabatic flame
temperature [27,28]. It is seen that Ze increases with
pressure for the lean mixture, reflecting the pro-
gressive importance of the three-body termination
reactions. For rich mixtures, however, Ze first in-
creases and then decreases. This indicates the influ-
ence of some additional competing chemistry, which
turns out to be that involving the branching reactions
of HO2 and H2O2 radicals, as will be discussed to-
gether with the reaction orders in Figs. 8 and 9. We
also note that Ea, and hence Ze, were not deter-
mined for the stoichiometric mixture because of the
significant inaccuracy associated with extracting Ea

around the maximum laminar burning flux. How-
ever, regardless of the behavior of Ze, the trend for
the variation of Lu should be dominated by that of d
because the extent of variation of Ze within the range
of pressure investigated is much smaller than that
of d.

Based on the above considerations, and recogniz-
ing that Le for lean and rich CH4/air mixtures is
respectively smaller and greater than unity, it is then
reasonable that Lb is positive and decreases with
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Fig. 8. Overall reaction orders of CH4/air flames as a function of pressure for fixed equivalence ratios. Results of
Egolfopoulos and Law [29] are plotted for comparison. The insets show the normalized sensitivity on mass burning rate
(S) for the most important elementary reactions at � � 0.9 and 1.2.

pressure for the rich mixture and is negative for the
lean mixture. The result that the magnitude of the
Lb for the lean mixture actually slightly increases
with pressure, as previously observed by Hassan et
al. [5], cannot be readily explained. Since the flame
response is expected to be very sensitive to devia-
tions of Le from unity for such near diffusively neu-
tral situations, the flame response can also be af-
fected by other non-equidiffusive factors beyond the
single Le consideration.

Figure 6 also plots the unburned Markstein
lengths (Lu). The definition of Lu follows from the
behavior of the burning velocity with respect to the
unburned gas, according to Ref. [26] su � � Luj.0s u

Using continuity across the flame and allowing for
mass accumulation within the finite flame thickness,
it can be shown [13,27] that Lu � rLb � (� � r)d,
where r � qb/qu is the density ratio across the flame
and � � is the factor accounting for1� (q/q )d(x/d)0 u

mass accumulation within the flame, which can be
calculated based on the density profile obtained
from the numerical solution of the unstretched
flame. It is seen that Lu basically behaves similarly
as Lb.

Overall Reaction Orders

Knowing the variation of the laminar burning ve-
locity with pressure ( p) and from the relation0(s )u

� w1/2/qu � the overall reaction orders0 (n/2)�1s p ,u

(n) can be computed [29] from

0� ln(s )un � 2 � 2 (2)
� ln(p)

where qu is the unburned gas density and w the re-
action rate. Egolfopoulos and Law [29] obtained val-
ues of n for CH4/air mixtures up to 3 atm, finding
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Fig. 9. Overall reaction orders for lean and rich H2/air flames with Tb � 1760 K as a function of pressure. The insets
show the normalized sensitivity on mass burning rate (S) for the most important elementary reactions.

that n decreases with pressure for a given � due to
the progressive importance of termination reactions
over branching reactions. In the present study, the
range of pressures was extended by almost an order
of magnitude, and it was found that, after reaching
a minimum, n increases again with increasing pres-
sure. The increase is particularly prominent for the
� � 1.2 case, as shown in Fig. 8 for several � and
those of Ref. [29] for � � 1.0. It is seen that this
non-monotonic behavior was not previously de-
tected [29] due to the limited pressure range stud-
ied. The fact that the present results on � � 1.0
quantitatively deviate from those of Ref. [29] is due
to the different mechanisms used and the sensitivity
in the extraction of n. Furthermore, the different
experimental methods used in the determination of
the laminar burning velocities could have also con-
tributed to the difference.

This non-monotonic behavior of n with pressure
suggests an analogy with the three explosion limits

of hydrogen/oxygen mixtures. The second limit,
which corresponds to the increasing importance of
termination over branching reactions, leads to the
initial decrease of n with pressure, as identified in
Ref. [29]. The third limit corresponds to the regime
in which n increases with pressure and would be due
to the new branching pathways at high pressures
[30].

To identify the cause for this increase, sensitivity
analysis [Si � (ki/f 0)�f 0/�ki, where ki is the reaction
rate for the ith elementary reaction] was carried out
[17], and the influence of the main branching and
termination reactions on the mass burning rate was
evaluated. It was found that the increasing sensitivity
of the termination reactions H � O2 � M r HO2

� M and H � CH3(�M) r CH4(�M) as com-
pared to that of the main branching reaction, H �

O2 r O � OH, causes the initial decrease in n,
which reaches a minimum between 3 and 5 atm.
Above 5 atm, the new branching reaction HO2 �
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CH3 r OH � CH3O becomes very active and con-
tributes to the subsequent increase in n again by
supplying the flame with the OH radical, which is
further used by the chain carrying step OH � CO
r H � CO2. This new branching pathway is also
responsible for the observed non-monotonic behav-
ior of Ea and hence Ze shown in Fig. 7, as noted
earlier.

The finding of the behavior of n with pressure for
methane mixtures prompted the investigation of
whether the same phenomenon also applies to hy-
drogen flames. Since hydrogen flames are highly
wrinkled above a few atmospheres [12,13], compu-
tations were performed with one lean (� � 0.56)
and one rich (� � 3.00) H2/air mixture up to
100 atm, both having the same adiabatic flame tem-
perature (1760 K). The overall reaction orders ex-
tracted from the numerical results are presented in
Fig. 9, which shows the same non-monotonic be-
havior of n with pressure, but now the minimum n
takes place at much higher pressures. Sensitivity
analysis showed that the initial decrease of n with
pressure is due to the competition between the
branching reaction H � O2 r O � OH and the
termination reactions H � O2 � M r HO2 � M,
HO2 � OH r H2O � O2 (for lean flames), and
HO2 � H r H2 � O2 (for rich flames). As pressure
further increases, HO2 reactions generate new rad-
icals [31,32] through 2HO2 r H2O2 � O2, H2O2 �

M r 2OH � M, and HO2 � H r 2OH. This mech-
anism for the recovery of n with pressure is com-
pletely analogous to that of the explosion limits for
H2/O2 mixtures.

Concluding Remarks

In the present investigation, we have experimen-
tally determined stretch-free laminar burning veloc-
ities of methane/air flames up to 20 atm, and
methane/oxygen/helium flames up to 60 atm. These
pressure levels are substantially higher than those
associated with the laminar burning velocities in the
literature. As such, the data are useful in their own
right for engine simulations (up to 20 atm) and for
the compilation and validation of methane kinetics
up to 60 atm. Our own simulations using the well-
developed GRI-MECH 3.0 show substantial devia-
tions for pressures above the range of 20–40 atm.
Further work is needed to identify the causes of
these deviations and avenues for remedy.

Experimental observations also showed that the
outwardly propagating methane/air flames are either
not wrinkled at the lower pressures or moderately
wrinkled at higher pressures. This is in sharp con-
trast to hydrogen/air flames that showed profuse
wrinkling even at pressures of a few atmospheres.
The lack of strong wrinkling, ostensibly due to the
larger flame thickness, implies the relative difficulty

of expanding methane/air flames to attain the state
of self-acceleration [22] and hence transition to ei-
ther turbulent flames or detonation waves.

Through the extraction of the global activation en-
ergies and overall reaction orders, we have also dem-
onstrated that hydrogen/air and methane/air flames
exhibit the same second and third explosion limit
behavior commonly associated with homogeneous
hydrogen/oxygen mixtures. In particular, with in-
creasing pressure and for suitable mixtures, the
global activation energy can increase and then de-
crease, while the overall reaction order can decrease
and then increase. It is particularly noteworthy that
the changeover in behavior for methane/air flames
occurs at the relatively low pressures of a few at-
mospheres. The need to consider intricate chemistry
in the simulation of practical phenomena cannot be
overemphasized.
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COMMENTS

Ralph Aldredge, University of California, Davis, USA.
How large was the confinement of the outwardly propa-
gating flames? Was the growth rate of the Darriens-Landau
instability estimated? Could it be that the flames were hy-
drodynamically unstable but that the instability was not ex-
pressed because there wasn’t enough time (the confine-
ment wasn’t large enough?)

Author’s Reply. The diameter of the inner chamber was
82.5 mm. We did not estimate the growth rate of the
Darrieus-Landau instability, but we did observe instabili-
ties for flames that were smooth up to a certain diameter
(our maximum radius for measurements was 20 mm) and
cracked beyond that limit. It is reasonable to expect that
all flames will eventually become unstable when they have
grown to a sufficiently large size so that stretch effects are
minimized and the instabilities have enough time to grow.

●

V. Karlin, University of Central Lancashire, UK. Can you
estimate the amplitude of velocity fluctuations in the mix-
ture before ignition?

Author’s Reply. We waited from 10 to 30 min for the
velocity fluctuations from turbulent mixing to die down.
Mixture homogeneity was verified by the Schlieren images.

●

Jan P. Hessler, Argonne National Laboratory, USA. I
would like to comment on the issue of simply replacing the
efficiency for collisional deactivation by helium by the ef-
ficiency for argon. Several years ago, Assa Lifshitz provided
a prescription for estimating the change in efficiencies for
different colliders. These scale as the square root of the
ratio of the reduced masses. Albert F. Wagner has dis-
cussed this in his plenary lecture [1]. I would like to suggest
that these ideas might easily be incorporated into your re-
action mechanism.

REFERENCE

1. Wagner, Albert F., Proc. Combust. Inst. 29:1173 (2002).

Author’s Reply. We carried out a comprehensive litera-
ture search on the third-body efficiency of helium but
could not incorporate the information into our model since
the results in the literature are for measured reactions,
while the GRI is a mathematically optimized reaction
mechanism. Therefore, the individual elementary reactions
cannot be replaced or modified separately because they
have no physical meaning outside of the mechanism. We
appreciate your suggestion and will incorporate this effi-
ciency estimation in the reaction mechanism in our future
simulations.

●
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Hong G. Im, University of Michigan, USA. Have you
tried to normalize the Markstein length by the flame thick-
ness to obtain the Markstein number? If the normalized
Markstein number is insensitive to stretch, then this result
may suggest that the real flame thickness (instead of the
nominal thickness based on diffusivity and flame speed) is
a more appropriate quantity to define the Markstein num-
ber.

Author’s Reply. For weakly stretched flames, the Mark-
stein length is a constant in itself and hence is insensitive
to stretch. Since the actual flame thickness and the nominal
flame thickness (as defined in the comment) are both con-
stants, normalization using either of them would yield a
constant.


