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Abstract

Premixed turbulent flames of methane–air and propane–air stabilized on a bunsen type burner were
studied using planar Rayleigh scattering and particle image velocimetry. The fuel–air equivalence ratio
range was from lean 0.6 to stoichiometric for methane flames, and from 0.7 to stoichiometric for propane
flames. The non-dimensional turbulence rms velocity, u0/SL, covered a range from 3 to 24, corresponding
to conditions of corrugated flamelets and thin reaction zones regimes. Flame front thickness increased
slightly with increasing non-dimensional turbulence rms velocity in both methane and propane flames,
although the flame thickening was more prominent in propane flames. The probability density function
of curvature showed a Gaussian-like distribution at all turbulence intensities in both methane and propane
flames, at all sections of the flame.

The value of the term Dj, the product of molecular diffusivity evaluated at reaction zone conditions and
the flame front curvature, has been shown to be smaller than the magnitude of the laminar burning veloc-
ity. This finding questions the validity of extending the level set formulation, developed for corrugated
flames region, into the thin reaction zone regime by increasing the local flame propagation by adding
the term Dj to laminar burning velocity.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

One of the essential pieces of information
required in simulation and modeling of the pre-
mixed turbulent flames is a measure of the scalar
gradient in the flame front [1]. In most modeling
approaches the local scalar gradient is through
some form of averaged scalar dissipation rate.
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The scalar gradient information requirement in
flamelet models is handled by assuming that the
flame front is a thin passive interface that locally
propagates with a laminar burning velocity and a
scalar structure of a laminar flame front. At
Damköhler numbers much larger than unity, a
premixed turbulent flame front is taken as con-
sisting of regions of reactants and products sepa-
rated by thin laminar flamelets. Since the
instantaneous behaviour of these thin layers is
the same as those of laminar flames, turbulent
burning velocity can be approximated by the
product of the flamelets surface area and laminar
ute. Published by Elsevier Inc. All rights reserved.
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burning velocity corrected for the effect of stretch
and flame curvature.

The most recent regime diagram for the pre-
mixed turbulent combustion [2] extends the tradi-
tional flamelet regime, i.e., wrinkled and
corrugated flame regions, further up to Ka = 100
from the previous upper limit of Ka = 1, where
Karlovitz number, Ka, is defined as the ratio of
chemical time scale to the Kolmogorov time scale.
The region between Ka = 1 and Ka = 100 is called
the ‘‘thin reaction zones”, and the similar flamelet
assumptions are claimed to be still valid [2]. In the
theory for the thin reaction zones regime [2] the
propagation speed of the instantaneous flame is
given by sj = Dj, where D is the diffusivity and
j is the local flame curvature. It is argued that this
value is much higher than the laminar burning
velocity in this regime. The proposal that sj

should be used instead of the laminar burning
velocity in the thin reaction zone regime is based
on the two-dimensional DNS data [3]. The pro-
posed level set equation for the thin reaction zone
regime is a modification of the G-equation, given
as [4]

oG
ot

v � rG ¼ sL;s j rG j �Dj j rG j; ð1Þ

where sL,s = sn + sr, and sn and sr are contribu-
tions due to normal diffusion and reaction to the
displacement speed of the thin reaction zone.
However, sL,s is the same order of magnitude as
the laminar burning velocity. Therefore the exper-
imentally observed high turbulent burning veloci-
ties are accounted for by the Dj, in the second
term on the right hand side of Eq. (1). It is conjec-
tured that the magnitude of Dj will be much
greater than the laminar burning velocity so that
the modified G-equation would be able to repre-
sent premixed turbulent combustion in the thin
reaction zone regime [4]. However, there is a
growing body of experimental evidence that the
approaches based on the flamelet hypothesis
may not be always valid over the range of condi-
tions corresponding to the thin reaction zones re-
gime, see for example [5–8]. To assess the validity
of Eq. (1), the term Dj in the equation can be
evaluated from the instantaneous flame front cur-
vatures and related statistics which can be mea-
sured by laser-based diagnostics.

The main objectives of the current study are to
evaluate the term Dj in the modified G-equation
in the thin reaction zone regime using the mea-
sured flame front structure data, and to investi-
gate the role of curvature in propagation of the
flame front. The flame front data were obtained
using planar Rayleigh scattering on a bunsen type
burner fueled by either premixed methane–air or
propane–air. The fuel–air equivalence ratio range
was from 0.6 to stoichiometric for methane
flames, and from 0.7 to stoichiometric for propane
flames. The non-dimensional turbulence rms
velocity, u 0/SL, covered a range from 3 to 24.
Experimental conditions correspond to conditions
of the corrugated flames and thin reaction zones
regimes as described in [4]. Particle image veloci-
metry was used to measure instantaneous velocity
field for the experimental conditions studied. In
this paper, first we present results related to the
structure of the premixed flame fronts in the thin
reaction zone regime. Then the term Dj was eval-
uated using experimental flame curvature data
and computed diffusivities corresponding to con-
ditions in the reaction zone of flame fronts.
2. Experimental methodology

Premixed turbulent conical flames were pro-
duced by an axisymmetric bunsen type burner
with an inner nozzle diameter of 11.2 mm. Pre-
mixed turbulent propane–air flames with equiva-
lence ratios from 0.7 to 1.0, and methane–air
flames with equivalence ratios from 0.6 to 1.0 were
stabilized by using an annular pilot flame. A pre-
mixed methane–air or propane–air flame is used
for low turbulence intensities; at higher turbulence
levels an ethylene–air flame was used as the annu-
lar pilot. Perforated plates positioned three nozzle
diameters upstream of the burner rim controlled
the turbulence levels.

Particle image velocimetry was used to
measure instantaneous velocity field for the exper-
imental conditions studied. Summary of experi-
mental conditions for all flames studied are
tabulated in Table 1. The PIV experiment was
conducted separately from the Rayleigh scattering
experiments. The system consisted a double-
pulsed second harmonic (532 nm) Nd:YAG laser
working at an energy level of 50 mJ/pulse and a
frequency of 15 Hz; a CCD camera with an array
size of 1600 � 1186 pixels and equipped with a 2.8
f-number 60 mm focal length camera objective.
This optical setup was used to capture the flow
condition above the nozzle exit with a view area
of 11.6 mm � 15.7 mm and a resolution of
9.8 lm/pixel. The time separation between the
two laser pulses was 10 ls. The submicron oil
droplets were generated by a nebulizer as seeding
particles. The image scale factor was 1.326; the
interrogation region was 32 � 32 pixels; and the
pixel pitch was 5.56 lm. The multiplication of
these terms gives the actual PIV resolution which
is about 0.24 mm. This is the smallest velocity
structure that can be resolved which is smaller
than the Taylor length scales in Table 1. The
length scales were estimated by using the velocity
field data from the PIV measurements which
yielded u0. The auto-correlation functions of u0

were calculated along the length of the image.
The integral length scales were found by integrat-
ing the auto-correlation functions to where they
first crossed zero. The Taylor length scales were



Table 1
Summary of experimental conditions

Flame U K (mm) k (mm) g (mm) u0/SL dL� (mm) ReK Ka D (cm2/s)

M1 1.0 1.62 0.45 0.052 3.24 0.446 97.7 1.06
M2 0.9 1.62 0.45 0.052 3.66 0.476 97.4 1.35
M3 0.8 1.62 0.45 0.052 4.65 0.537 97.1 2.19
M4 0.7 1.62 0.45 0.052 6.43 0.677 96.8 4.20
M5 0.6 1.62 0.45 0.052 10.80 1.002 96.4 11.85 2.96
M6 1.0 1.64 0.44 0.052 3.30 0.446 100.5 1.09
M7 0.9 1.64 0.44 0.052 3.73 0.476 100.2 1.39
M8 0.8 1.64 0.44 0.052 4.73 0.537 99.9 2.24
M9 0.7 1.64 0.44 0.052 6.55 0.677 99.6 4.30
M10 0.6 1.64 0.44 0.052 11.00 1.002 99.2 12.14 2.96
M11 1.0 1.79 0.46 0.029 7.25 0.446 241.6 3.38
M12 0.9 1.79 0.46 0.029 8.18 0.476 240.9 4.31 3.37
M13 0.8 1.79 0.46 0.029 10.39 0.537 240.1 6.97 3.32
M14 0.7 1.79 0.46 0.029 14.38 0.677 239.3 13.37 3.26
M15 0.6 1.79 0.46 0.029 24.13 1.002 238.5 37.71 2.96
P1 1.0 1.61 0.42 0.058 2.67 0.337 84.2 0.78
P2 0.9 1.61 0.42 0.058 3.03 0.358 83.7 1.00
P3 0.8 1.61 0.42 0.058 3.71 0.399 83.2 1.51
P4 0.7 1.61 0.42 0.058 5.14 0.476 82.7 2.91
P5 1.0 1.53 0.41 0.048 3.41 0.337 101.9 1.15
P6 0.9 1.53 0.41 0.048 3.87 0.358 101.3 1.48
P7 0.8 1.53 0.41 0.048 4.74 0.399 100.7 2.23
P8 0.7 1.53 0.41 0.048 6.56 0.476 100.1 4.31
P9 1.0 1.75 0.44 0.030 6.68 0.337 228.8 2.95
P10 0.9 1.75 0.44 0.030 7.57 0.358 227.4 3.80
P11 0.8 1.75 0.44 0.030 9.28 0.399 226.1 5.72 3.33
P12 0.7 1.75 0.44 0.030 12.86 0.476 224.7 11.03 3.24
P13 0.7 1.83 0.46 0.031 12.49 0.476 228.8 10.31 3.24
P14 0.7 1.37 0.41 0.024 16.22 0.476 221.8 17.67 3.24
P15 0.7 1.77 0.43 0.024 17.50 0.476 309.4 17.42 3.24
P16 0.7 1.54 0.44 0.021 20.26 0.476 311.0 23.27 3.24

In the first column ‘‘M” refers to methane flames and ‘‘P” to propane flames.
U is fuel–air equivalence ratio; K, k, and g are integral, Taylor and Kolmogorov length scales, respectively; u 0/SL is non-
dimensional turbulence rms velocity; dL� is the unperturbed laminar flame thickness calculated by detailed kinetics [16];
ReK is the Reynolds number based on u0 and integral length scale K; Ka is the Karlovitz number; and D is the molecular
diffusivity calculated at 1800 K.
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estimated by constructing an osculating parabola
for the auto-correlation function. The distance
to which the parabola crosses zero is the Taylor
length scale.

Flame front images were captured using planar
Rayleigh scattering [9–11]. This setup consisted of
a third harmonic (355 nm) Nd:YAG laser work-
ing at an energy level of 305 mJ/pulse and a fre-
quency of 10 Hz; a set of beam-shaping optics
through which the laser beam passed to produce
a laser sheet of 60 mm high and 150 lm thick;
an intensified CCD camera with an array size of
1024 � 1280 pixels positioned at 90� to the scat-
tered light, and equipped with a 4.1 f-number
94 mm focal length camera objective. With this
setup, a capture area of 57 mm � 46 mm and a
resolution of 45 lm/pixel were achieved. The sig-
nal to noise ratio for the products is about 14.3,
and for the reactants 23.8. This is found by calcu-
lating the ratio between the mean and standard
deviation for an area of 2500 pixels in the product
and reaction regions of the flame. Typical Ray-
leigh scattering intensity is about 260 counts for
reactant pixels and 72 for product pixels. How-
ever, with this arrangement of the optical layout,
it was necessary to divide the flame into three sec-
tions along the flame centerline, and images were
captured for three sections separately. Each sec-
tion of the flame has a height of 44 mm and width
of 22 mm. The centers of the sections are 66.5,
96.5, and 121.5 mm above the burner rim; these
sections were referred as ‘‘low”, ‘‘middle”, and
‘‘top” sections of the flame, respectively, in Sec-
tion 3 of the paper. More than 300 images were
captured for each experimental conditions.

Rayleigh scattering images were first processed
using a 3 � 3 non-linear sliding average filter to
reduce noise in the raw images. The total number
density of the molecules is directly proportional to
temperature by using the ideal gas law and assum-
ing constant pressure conditions. The raw Ray-
leigh scattering density images were then
converted into temperature field using the follow-
ing expression [12,13]
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Fig. 1. Instantaneous Rayleigh scattering temperature
image for flame condition M9 (Table 1) at an equiva-
lence ratio 0.7 and u0/SL = 6.55.
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Fig. 2. An example of local temperature profile for the
same condition of Fig. 1. Circles are the raw data and
line represents 3 � 3 non-linear sliding average filtered
data.
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T flame ¼
P

irivi

� �
mixP

irivi

� �
air|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

k

T air

ðIair � IbackÞ
ðI flame � IbackÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

I

; ð2Þ

where Tflame is calculated for each pixel in each
image, ri is the Rayleigh scattering cross section
for each molecule i, vi is the mole fraction of dif-
ferent species, Iflame and Iair are the Rayleigh scat-
tering signal intensities of the flame and a
calibration image with air at temperature Tair.
Iback is the background signal intensity which con-
sisted of the dark noise of the ICCD camera, the
laboratory background light and laser reflections.
Due to its parasitic nature in the experimental set-
up, Iback was estimated by setting the flame tem-
perature to that of the adiabatic flame and
solving Eq. (2) in the product region of the each
flame image. Iback for each image was calculated
so that the flame temperature in the product
region was equivalent to adiabatic flame tempera-
ture [14]. The background signal was approxi-
mately 26 counts and the variation was less than
±3 counts throughout the flame image. So it is
reasonable to use a single background count for
the entire image.

The Rayleigh scattering cross sections that
have been tabulated in [15] were used. The varia-
tion of the different combustion species across
flame front was obtained through a 1D laminar
flame simulation with the Cantera package which
uses the GRI-3.0 mechanism [16]. From these
data, the variations of the effective Rayleigh scat-
tering cross sections (k, first fraction on the right
hand side of Eq. (2)) with temperature were calcu-
lated for methane and propane flames. The peaks
of the probability density functions of the inten-
sity ratio (I, last fraction on the right hand side
of Eq. (2)) which correspond to the burnt and
unburned gases were determined. These peak
intensity ratio values were then related to the
burnt and unburned gas temperatures. In this
way, relationships of k versus I were established
for different equivalence ratios and fuels. So for
each I value, there was a corresponding k value
for calculating the flame temperature at each
pixel. An instantaneous Rayleigh scattering tem-
perature image is shown in Fig. 1, and an example
of a local temperature profile across the flame
front is shown in Fig. 2.

The maximum resolution of the Rayleigh
imaging system was found using the contrast
transfer function (CTF) which corresponds to 22
line-pairs/mm at CTF of 10%. Thus, the limiting
resolution for the Rayleigh scattering measure-
ments would be the laser sheet thickness which
is 150 lm.

The Rayleigh scattering images were processed
to provide instantaneous temperature gradients,
$T, at progress variable c = 0.5 and 0.3, where
c = (T � Tu)/(Tb � Tu). T is the instantaneous
temperature, Tb is the burnt gas temperature, set
equal to the flame temperature calculated from
Eq. (2), and Tu is the unburned gas temperature.
Thicknesses were calculated using the following
expression:



Fig. 3. Flame front thickness at c = 0.5 for methane
flames as a function of non-dimensional turbulence rms
velocity at different sections of the flame.
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dth ¼
T b � T u

j rT jmax

: ð3Þ

The term |$T|max is the maximum temperature
gradient along the direction which is normal to
the flame front. The flame thickness evaluated at
c = 0.5 can be considered as the reaction zone
thickness, while the one at c = 0.3 can be treated
as the preheat zone thickness [12,13]. The c con-
tours were found using an edge detection algo-
rithm. Two dimensional $T was extracted at
each point along those contours. Tu and Tb were
found from the probability density function of
the temperature distribution of each image. Lam-
inar thermal flame thicknesses ðd0

LÞ were calcu-
lated from the temperature profiles across a 1D
laminar flame simulation. This was performed
with the Cantera package which uses the GRI-
3.0 mechanism [16].

Using the analysis method described in Wang
and Clemens [17], dissipation structures which
are larger than laser sheet thickness of 150 lm
were found to have a relative error of 9% in flame
thickness and 8% relative error for temperature
gradients.

After the c = 0.5 contour was found, local cur-
vature, j, at each pixel point along the flame con-
tour was calculated using

j ¼ _x€y � _y€x

ð _x2 þ _y2Þ3=2
; ð4Þ

where _x ¼ dx=ds and €x ¼ d2x=ds2 are the first and
second derivatives with respect to s which is the
flame contour length measured from a fixed origin
on the flame front [18–20]. After the c = 0.5 con-
tours were found, these contours were filtered by
a zero-phase digital filter which processed the con-
tours in both forward and reverse direction. These
provided no phase distortion and doubled the
filter order. The filter length was chosen to be
5-points which provide a filter order of 8. These
filtered contours were then differentiated to give
their respective first and second derivatives. The
derivative curves were filtered again using the
same filter and then curvatures were found using
Eq. (4). The minimum radius of curvature that
can be resolved was found to be limited by the
laser sheet thickness which was 0.15 mm. The
uncertainty in determining flame front curvature
was about 25%. To evaluate the term Dj, diffusiv-
ities are calculated at about 1800 K by using [16]
and assuming that the Schmidt number is unity.

It should be noted that the flame front mea-
surements with planar Rayleigh scattering are
two-dimensional and there is a concern that pla-
nar measurements may not be representative of
the three-dimensional flame front structure. How-
ever, recently Chen et al. [21] demonstrated that
probability density distributions of two and three
dimensional flame curvatures are similar although
their experiments were done at relatively lower
turbulence intensities. This finding suggests that
the planar measurements would be sufficient to
determine the curvature statistics of the premixed
turbulent flames.
3. Results and discussion

Flame front thicknesses evaluated from tem-
perature gradients obtained from two-dimen-
sional Rayleigh scattering measurements show a
very mild, if any, sensitivity to non-dimensional
turbulence intensity, u0/SL. The variation of the
flame front thickness based on the temperature
gradient at progress variable c = 0.5 and c = 0.3
with methane flames are shown in Figs. 3 and 4,
respectively. At all three sections of the flame,
the flame front thickness seems to increase slightly
with non-dimensional turbulence intensity. Figure
5 shows the same trend in flame front thickness
for propane flames at c = 0.5, although the
increase in flame front thickness with non-dimen-
sional turbulence rms velocity is more pronounced
in propane flames than that of methane flames. At
c = 0.3, the thickness is more related to the thick-
ness of the preheat layer. Figures 5 and 6 indicate
that the thickening process with increasing turbu-
lence is more or less the same for both the reaction
zone and the preheat zone for propane flames,
although the thickness change appears to be more
prominent in the reaction zone. In a recent numer-
ical simulation, however, it is found that the thick-
ening process in the reaction zone is much weaker
than that in the preheat zone [22].

The probability density functions of methane
flame surface curvatures for the middle section
of the flames are shown in Fig. 7 at various non-
dimensional turbulence intensities. Curvature pdfs
display a Gaussian behaviour at all turbulence
intensities. Similar trends are also reported in



Fig. 4. Flame front thickness at c = 0.3 for methane
flames as a function of non-dimensional turbulence rms
velocity at different sections of the flame.

Fig. 5. Flame front thickness at c = 0.5 for propane
flames as a function of non-dimensional turbulence rms
velocity at different sections of the flame.

Fig. 6. Flame front thickness at c = 0.3 for propane
flames as a function of non-dimensional turbulence rms
velocity at different sections of the flame.

Fig. 7. Probability density functions of curvature for
methane flames at various non-dimensional turbulence
rms velocities at the middle section of the flame.

Fig. 8. Mean flame curvature as a function of the non-
dimensional turbulence rms velocity for methane flames
at different sections of the flame.
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[18,23]. Similar curvature pdfs were obtained with
propane flames as well as with the lower and top
sections of methane flames.

The mean flame curvatures were observed to
decline with non-dimensional turbulence intensity
in methane flames, Fig. 8. For all three sections of
the flame, flame curvatures showed the similar
declining trend with u0/SL. The dependence of
flame curvature on u0/SL was observed to be more
modest in propane flames, Fig. 9. Using the mea-
sured curvature statistics the term Dj in the mod-
ified G-equation, proposed for the thin reaction
zone regime, has been evaluated for methane
and propane flames studied in this work. The
results of this exercise are shown in Figs. 10 and
11, for methane and propane flames, respectively.
Note that Dj data are presented for conditions
where the non-dimensional turbulence rms veloc-
ity is larger than about 8. The magnitude of the



Fig. 9. Mean flame curvature as a function of the non-
dimensional turbulence rms velocity for propane flames
at different sections of the flame.

Fig. 10. Product of molecular diffusivity and flame
curvature as a function of non-dimensional turbulence
rms velocity for methane flames.

Fig. 11. Product of molecular diffusivity and flame
curvature as a function of non-dimensional turbulence
rms velocity for propane flames.
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term Dj is much smaller than the laminar burning
velocity for both methane and propane flames,
Figs. 10 and 11.

It is proposed that the magnitude of Dj would
be much greater than the laminar burning velocity
so that the modified G-equation, Eq. (1), would be
able to represent premixed turbulent combustion
in the thin reaction zone regime [4]. However,
results presented in Figs. 10 and 11 do not support
this proposition. The basis of the level set equa-
tions for premixed turbulent combustion has its
origin in the assumption of thin flame structures
with a passive surface character. Equation (1) is
an extension of the level set equation, derived
for corrugated flame region, to thin reaction zones
regime. Current findings and the experimental evi-
dence reported previously, e.g., [5–8], suggest that
the validity range of thin flame assumption with a
passive surface should not be extended to higher
turbulence intensities and Karlovitz numbers,
and the significant deviations in the scalar struc-
ture of the flame front from that of a laminar
flamelet should be taken into consideration.

The derivation of Eq. (1) [4] relies on the
numerical data from 2D direct simulations of pre-
mixed turbulent combustion reported in [3]. Then,
for purely mechanistic purposes, 2D measure-
ments reported here for comparison purposes
should be appropriate. However, as explicitly sta-
ted in the experimental section, 2D measurements
may not capture all aspects of the 3D structure.
But, as demonstrated in [21], the differences are
not significant enough to change the main conclu-
sion of this work. Further, it was shown in [24], by
separate 2D and 3D Rayleigh scattering measure-
ments on methane–air flames, 2D and 3D flame
thickness results displayed almost the same behav-
iour with turbulence intensity. 2D results were sys-
tematically higher, about 10–20%, than 3D results
at turbulence intensities of u0/SL � 5 to about 19.
4. Concluding remarks

Premixed turbulent flames of methane–air and
propane–air stabilized on a bunsen type burner
were studied in order to understand the structure
of the flame front in the thin reaction zone regime.
The flame front data were obtained using planar
Rayleigh scattering, and particle image velocime-
try was used to measure instantaneous velocity
field for the experimental conditions studied.
The fuel–air equivalence ratio range was from
lean 0.6 to stoichiometric for methane flames,
and from 0.7 to stoichiometric for propane flames.
The non-dimensional turbulent rms velocity,
u0/SL, covered a range from 3 to 24.

Flame front thickness increased slightly with
increasing non-dimensional turbulence rms veloc-
ity in both methane and propane flames, although
the flame thickening was more prominent in
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propane flames. There was not any significant dif-
ference in flame thickening whether the flame
thickness is evaluated at progress variable 0.5 or
0.3.

The probability density function of curvature
showed a Gaussian-like distribution at all turbu-
lence intensities in both methane and propane
flames, at all sections of the flame.

The value of the term Dj, the product of
molecular diffusivity evaluated at reaction zone
conditions and the flame front curvature, has been
shown to be smaller than the magnitude of the
laminar burning velocity. This finding questions
the validity of extending the level set formulation,
developed for corrugated flames region, into the
thin reaction zone regime by modifying the local
flame propagation by the term Dj in addition to
laminar burning velocity.
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