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Abstract 

We investigate extinction/reignition events in two contrasting turbulent premixed flames of the Yale turbu- 
lent counterflow flame (TCF) burner, that are both qualitatively and quantitatively different. One of the 
two chosen flames is a high-burning (HB) flame with a low probability of local extinction while the other 
flame is a low-burning (LB) flame with a high probability of local extinction. In recent work, we successfully 
studied the turbulent premixed flames of the Yale TCF burner using the large-eddy simulation/probability 
density function (LES/PDF) methods. In this present study, the main motivation is to investigate how the 
compositional structure of the two turbulent flames are related to that of laminar flames. To this end, steady, 
one-dimensional, strained, opposed-jet laminar flame calculations are performed to investigate the effect of 
strain rates K on the laminar counterparts of HB and LB, and to evaluate the extinction strain rates S ext for 
the two flames. Subsequently, a normalized distance Z is defined in terms of the mixture fraction ξ , which 

is calculated based on the mass fraction of N 2 . The scatter plots from the particle data of (a) CH 2 O mass 
fraction Y 

∗
CH 2 O 

vs. progress variable p ∗ and (b) temperature T 

∗ vs. the normalized distance Z 

∗ are quite dif- 
ferent for the two flames with more samples close to the extinguished laminar profile for the LB flame than 

for the HB flame. The cell-mean profiles of T vs. Z resemble the laminar profiles at different strain rates even 

though the LES/PDF are non-trivially 3D and unsteady. These cell-mean profiles are used to evaluate the 
instantaneous equivalent steady strain rate (ESSR) S for the two flames. The cumulative distribution func- 
tion (CDF) of S , conditional on S < S ext (i.e., burning samples), is somewhat similar, with the distributions 
being broad without a peak close to the bulk strain rate. However, comparatively, more samples of the LB 

flame have the ESSR values above the extinction strain rate, i.e., S > S ext . The scatter plots of the ESSR S vs. 
the fresh product layer thickness �f quantify the thinning of the product layer as the strain rate S increases. 
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. Introduction 

Turbulent counterflow flames (TCFs) have gar-
ered significant attention in recent years in
he combustion community studying turbulence-
hemistry interactions due to their many advan-
ages, including, the achievement of high Reynolds
umbers, the realization of a range of combustion
egimes from stable to local extinction/reignition,
nd the fact that they are more compact than jet
ames [1–3] . The main motivation of computa-
ional studies on TCFs has been to test the under-
ying models for their validity and accuracy across
 broad range of flame con ditions [4–7] . 

Recently, we successfully applied the large-
ddy simulation/probability density function
LES/PDF) methodology [8–10] to study turbulent
remixed flames of the Yale TCF burner under
arious conditions that were previously studied
xperimentally [11,12] . The turbulence-chemistry
nteractions of the turbulent premixed flame with
he counterflowing hot stoichiometric combustion
roducts were investigated by comparing reveal-

ng conditional statistics from the simulations to
hose from the experiments. We found excellent
greement between the LES/PDF simulations and
xperiments for different flame conditions ranging
rom fully burning to nearly extinguished [12] .
urthermore, we investigated the LES/PDF equa-

ions in the direct numerical simulation (DNS)
imit [13] by considering two laminar premixed
ames. It is shown in [12] that when the conclu-
ions of this DNS limit study are applied to the 3D
ES/PDF simulations of the turbulent premixed
ounterflow flames, the calculated flame speed is
lose to the corresponding laminar flame speed for
he observed mixing rate. This observation likely
xplains the success of the models. 

In this present work, we consider two contrast-
ng turbulent premixed flames from this LES/PDF
omputational study that are very different, quali-
atively and quantitatively, to investigate the extinc-
ion/reignition events in more detail. The first flame
s a high-burning (HB) flame with a low probabil-
ty of extinction whereas the second one is a low-
urning (LB) flame with a high probability of ex-
inction. The main aim of the present work is to
nvestigate the extent to which the compositional
tructure of the turbulent flames is related to that
f strained laminar flames. This is achieved by ex-
inar profile quite closely, whereas, the thicknesses
inar prediction. 

er Inc. 

ethods; Turbulent premixed counterflow flames; 

amining the particle data on the centerline from the
unsteady, 3D LES/PDF simulations and compar-
ing the cell-mean profiles of temperature T to the
corresponding profiles from steady, 1D, strained,
opposed-jet laminar flame calculations. 

Previous laminar flame calculations in the
opposed-jet configuration have been performed
[2,4,14,15] to shed light on the behavior of their
turbulent counterparts. A similar approach to that
employed in the current work was employed in
the previous works [2,4] , wherein the scatter plots
of species and temperature from the experiments
of turbulent partially premixed methane/air flame
are compared to laminar flame profiles at different
strain rates. The conditional mean of the experi-
mental data from the scatter plots of species and
temperature is well represented by a strained lami-
nar flamelet. It is also observed that close to extinc-
tion, the measured scatter is closer to the laminar
flamelet with the extinction strain rate. 

The remainder of the paper is organized as fol-
lows. In Section 2 , a brief description of the exper-
imental study of the Yale TCF burner is provided,
followed by a brief description of our previous
LES/PDF computational study. We then draw at-
tention to the two turbulent premixed flames stud-
ied in the present work. In Section 3 , the focus is on
differentiating the two turbulent premixed flames
by analyzing the particle data from the LES/PDF
simulations. The conclusions from the study are
drawn in Section 4 . 

2. Yale turbulent counterflow flame (TCF) burner 
in the premixed mode 

2.1. Yale/Sandia experimental study 

The experimental configuration [11] consists of 
two coaxial opposed nozzles placed at a distance
d apart. The top stream is a fresh, cold reactants
stream of homogenous premixed CH 4 / O 2 / N 2
mixture with equivalence ratio φu at turbulent
Reynolds number Re t and unburnt temperature
T u = 294 K. The bottom stream consists of hot sto-
ichiometric combustion products with measured
temperature T b , which is below the adiabatic flame
temperature. The turbulent reactants stream then
interacts with the counterflowing hot stoichiomet-
ric product stream to form a turbulent premixed
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counterflow flame propagating into the reactants
stream. In the experiments, the high-turbulence lev-
els in the reactants stream is generated by plac-
ing a turbulence generating plate (TGP) [16] inside
the top nozzle, whereas it is omitted in the bottom
nozzle. The bulk velocity U bulk in the top stream is
11.2 m/s, which results in a bulk strain rate K bulk (=
2 U bulk /d ) of 1400 s −1 . 

A parametric study is conducted to study the in-
teractions of turbulent premixed flames with sto-
ichiometric counterflowing hot combustion prod-
ucts by systematically varying the four identified
parameters, i.e., φu , Re t , T b and K bulk . The instanta-
neous profiles of OH mass fraction Y OH 

(from the
OH-LIF signal in the experiments) are used to iden-
tify the fresh product layer thickness �f in which
a binary progress variable c is taken to be 1. The
first peak in the |∇Y OH 

| profile (while traversing the
profile from the products stream to the reactants
stream) is defined as the gas mixing layer interface
(GMLI). The GMLI represents the interface be-
tween the two counterflowing streams. The fresh
product layer thickness �f represents the distance
between the end of flame region and the GMLI.
The conditional mean progress variable 〈 c | �〉 and
the PDF of fresh product layer thickness �f are
used to quantitatively study the effects of the crit-
ical parameters, where � is the distance measured
from the GMLI. It is important to note that 〈 c | �〉
represents the probability of finding fresh combus-
tion products from the premixed flame at a distance
� from the GMLI, and therefore 1 − 〈 c | � = 0 〉
represents the probability of localized extinction
at the GMLI. More details about the experimental
study can be found in [11] . 

In both of the flames considered in this work,
the upper stream is a homogeneous, lean, unburnt
fuel/air mixture, whereas the lower stream consists
of burnt stoichiometric products. As in the exper-
imental study [11] we refer to these flames as pre-
mixed, whereas in some terminologies they would
be called partially premixed. Because the mass frac-
tion of N 2 is different in the two streams (and N 2 is
taken to be inert) we can use this mass fraction to
define a mixture fraction, which is zero in the reac-
tants and unity in the products. This mixture frac-
tion obviously does not have the same significance
that it does in non-premixed combustion. 

2.2. LES/PDF computational study 

In recent work [12] , we studied the turbulent
premixed flames described in Section 2.1 using the
LES/PDF computational methodology [8–10] . The
low-Mach number, variable-density Navier–Stokes
equation solver, NGA [17] , is employed to solve
the filtered LES transport equations for mass and
momentum on a structured grid in cylindrical co-
ordinates. The Lagrangian dynamic sub-grid scale
model [18] is used to obtain the turbulent viscos-
ity and diffusivity. The particle/mesh code, HPDF
[19–21] , is employed to evolve the position and 

composition of many computational particles by 
solving a set of stochastic differential equations. 
Molecular transport is modeled as a random walk 

term in the stochastic differential equation for the 
particle position. The classical interaction by ex- 
change with the mean (IEM) mixing model [22] is 
employed to represent mixing in the differential 
equation for the particle composition. The value 
of the mixing model constant, C m 

, is 4. The nor- 
malized mixing rate, �R τL , (normalized by the 
laminar-flame time scale τL ), is found to be around 

20 for these flames. More details can also be found 

in [12] . A 16-species augmented reduced mecha- 
nism for methane oxidation is used for the chemical 
mechanism [23] . 

The computational domain is taken as the cylin- 
drical volume between the two nozzle exit planes. 
The specification of velocity boundary conditions 
at the inflows of the computational domain (i.e., 
at the nozzle exit planes) is non-trivial. The in- 
flow methodology described in [24] is employed 

to match the turbulent Reynolds number Re t in 

the simulations to that of the experiments. A to- 
tal of approximately 0.3M LES grid cells and 

6M particles (where 1M = 10 6 ) are used in the 
LES/PDF simulations. The normalized grid spac- 
ing, h / δL , (normalized by laminar flame thickness 
δL ), is found to yield calculated flame thickness 
twice the laminar value as the grid is coarser by 
about a factor of 4 compared to that required to re- 
solve the laminar flame thickness. However, the cal- 
culated flame speed is found to be close to the lam- 
inar flame speed. The same approach as employed 

in the experimental study for extracting the condi- 
tional statistics is used in the computational study. 
The simulation results are found to be in excellent 
agreement with the experimental data for the two 

key quantities, i.e., 〈 c | �〉 and the PDF of �f , for all 
the flame conditions of the parametric study. More 
details about the computational study and compar- 
isons of the simulation results to the experiments 
can be found in [12] . 

2.3. Flames considered 

In this present work, we consider two contrast- 
ing turbulent premixed flames from the computa- 
tional study of Section 2.2 to investigate the ex- 
tinction/reignition events in more detail. The two 

flames considered are: 

1. High-burning (HB) flame with φu = 0 . 85 and 

T b = 1850 K. 
2. Low-burning (LB) flame with φu = 0 . 7 and 

T b = 1800 K. 

The other two parameters, namely, K bulk and Re t 
have the values of 1400 s −1 and 1050, respectively, 
for both flames. 
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(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

Fig. 1. Instantaneous contour plots of temperature from the LES/PDF simulations of the HB (top row) and LB (bottom 

row) flames on two perpendicular planes intersecting the solution domain through the center. The products nozzle is at 
the left and the reactants nozzle at the right. The top frames are taken at time t = 17.3, 18.0, 18.6, 18.8, 19.0, and 19.3 ms, 
respectively. The bottom frames are taken at time t = 25.7, 26.0, 29.6, 37.2, 37.8, and 38.6 ms, respectively. 
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. Results from the LES/PDF simulations 

.1. Qualitative analysis 

Figure 1 shows the visualization of the two tur-
ulent premixed flames sandwiched between the
ozzles using the contour plots of temperature T
n two perpendicular planes intersecting the solu-
ion domain through the center. The top row in
ig. 1 shows the HB flame at different instants of 

ncreasing time, for one of the relatively rare local
xtinction events. The bottom row in Fig. 1 shows
he LB flame at different instants of increasing
ime, for a common local extinction event. Clearly,
he LB flame burns less vigorously when compared
o the HB flame. 

.2. Conditional statistics 

Figure 2 shows the conditional mean progress
ariable 〈 c | � 〉 as a function of distance � from the
MLI for the HB and LB flames. The HB flame has
 lower extinction probability of 10% at the GMLI
hereas the LB flame has a much higher value of 
0%. 

.3. Strained opposed-jet laminar flames 

To study the response of laminar premixed
ames to varying strain rates, two separate sets
f calculations are performed in CHEMKIN-PRO

25] for one-dimensional, strained, opposed-jet,
aminar premixed flames with the stream composi-
ions the same as those of the two studied flames
HB and LB). The chemical mechanism used is
RI-Mech version 1.2 [26] . As in the LES/PDF cal-

ulations, the molecular diffusivities of species are
aken to be same and equal to the thermal diffu-
ivity under the unity Lewis number assumption.
n the laminar flame calculations, the strain rate
s evaluated using the same equation as that used
for the bulk strain rate K bulk (see Section 2.1 ). The
strain rate is varied by varying the bulk velocities
in the two streams. For the HB flame, the strain
rate is varied from 375 to 2687 . 5 s −1 with extinction
occurring at a strain rate of S ext = 2650 s −1 . For
the LB flame, the strain rate is varied from 250 to
2125 s −1 and has a lower value of extinction strain
rate with S ext = 2000 s −1 . The laminar profiles for
varying strain rates are presented in Section 3.4 . 

3.4. Scatter plots 

Figure 3 shows the scatter plots of particle
CH 2 O mass fraction, Y 

∗
CH 2 O 

, vs. progress variable p ∗

on the centerline for the two flames. Note that the
superscript ‘ ∗’ denotes that the quantities are evalu-
ated at the particle position. The progress variable
p is defined as 

p = 

Y CO 2 + Y H 2 O 

max 
(
Y CO 2 + Y H 2 O 

) , (1)

where Y CO 2 and Y H 2 O 

are the mass fractions of CO 2
and H 2 O , respectively. Hence, the value of p is zero
in the reactants stream and unity in the products
stream. As can be seen from the figure, the two
scatter plots are quite different. The cell-mean pro-
files (solid red lines) for the HB flame are closer to
the laminar profiles (black dashed lines) at lower
strain rates whereas the cell-mean profiles of the LB
flame are closer to the flat, black dashed line cor-
responding to the extinguished profile. As a result,
the conditional mean (solid green line with circles)

of Y 

∗
CH 2 O 

conditioned on p ∗, 
〈 
Y 

∗
CH 2 O 

∣∣∣p ∗
〉 
, is different

for the two flames with the peak of the conditional
mean higher for the HB flame when compared to
that of the LB flame. We also observe the mixing
line between the peak of Y CH 2 O 

and the products
stream, especially in the HB case, and it is above
the laminar solution. 
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Fig. 2. Conditional mean progress variable 〈 c | �〉 as a function of distance � from the GMLI for the HB (blue) and LB 

(black) flames; lines: LES/PDF simulations, symbols: experimental data [11] . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. From the LES/PDF simulations, scatter plots of particle CH 2 O species mass fraction, Y 

∗
CH 2 O 

, vs. progress variable 
p ∗ on the centerline for the (a) HB and (b) LB flames for 20 randomly chosen samples. In each plot, the solid red line is the 
cell-mean profile of each sample, the solid green line with circles is the conditional mean of Y 

∗
CH 2 O 

conditioned on p ∗ and 
the black dashed lines are the laminar profiles ( Section 3.3 ). The lower strain rates have higher values of peak Y CH 2 O 

and 
the flat, black dashed line is the extinguished profile. The values of strain rates for the laminar profiles for the HB flame 
are 375, 2250, 2650, and 2687.5 s −1 . The values for the LB flame are 250, 1400, 2062.5, and 2125 s −1 . (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

We now define the mixture fraction ξ based on
the mass fraction of N 2 , Y N 2 , as follows: 

ξ = 

Y N 2 − Y N 2 ,min 

Y N 2 ,max − Y N 2 ,min 
, (2)

where Y N 2 ,min = 0.6274 and 0.6347 are the min-
imum values of Y N 2 , which occur in the reac-
tants stream, and Y N 2 ,max = 0.6658 and 0.7009 are
the maximum values, which occur in the prod-
ucts stream of the HB and LB flames, respectively.
Hence, ξ is zero in the reactants stream and unity
in the products stream. (Since equal diffusivities are
used, the mixture fractions based on each element 
( C, H, O, N ) are the same and equal to ξ , since N 2 
is taken to be inert.) The mixture fraction in this 
study signifies the amount of molecular mixing be- 
tween the two streams. 

A normalized distance Z is then defined based 

on the mixture fraction ξ as follows: 

Z = erfc −1 ( 2 ξ ) , (3) 

where erfc −1 is the inverse of the complementary 
error function. The reason for using Z (instead of 
ξ ) in plots below is that it stretches the region close 
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Fig. 4. From the LES/PDF simulations, scatter plots of particle temperature T 

∗ vs. normalized distance Z 

∗ on the center- 
line, color-coded by OH species mass fraction Y 

∗
OH 

. The left and right columns are for the HB and LB flames, respectively. 
The top row shows the 20 chosen samples. The bottom row shows the subset of the 20 samples that are extinguished. In 
each plot, the black dashed line is the cell-mean profile of each sample and the solid magenta lines are the laminar profiles 
from the study of Section 3.3 in the increasing order of strain rate from right to left. The values of strain rates used in the 
laminar flame calculations for the HB flame are 375, 750, 1400, 2250, 2650, and 2687.5 s −1 . The values for the LB flame 
are 250, 375, 750, 1400, 2062.5, and 2125 s −1 . (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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o ξ = 0 ( Z → ∞ ) where mildly-strained partially-
remixed flames are located. (Note that, for a diffu-
ive layer with constant diffusivity D and strain rate
 , the distance through the layer is proportional to
 ( D / K ) 1/2 .) 

Figure 4 shows the scatter plots of particle tem-
erature T 

∗ vs. particle normalized distance Z 

∗ on
he centerline, color-coded by the particle OH mass
raction Y 

∗
OH 

. The left and right columns show the
catter plots for the HB and LB flames, respec-
ively. The scatter plots in the first row are plot-
ed for the same 20 samples shown in Fig. 3 . The
ell-mean profiles from the particle data at the
ame time instants are shown as black dashed lines.
he magenta lines are the laminar profiles from
ection 3.3 with strain rate increasing from right to
left in the plots. The leftmost magenta line shows
the laminar profile for the extinguished case. 

The shift of the laminar profiles from right to
left as the strain rate is increased can be understood
through the following rough argument. A premixed
laminar flame with flame speed s L (assumed to be
independent of the strain rate K ) propagates a dis-
tance z into the reactants such that s L = Kz, i.e.,
the incoming flow velocity equals the laminar flame
speed. Hence, the normalized distance is 

Z = z 
(

K 

D 

)1 / 2 

= 

s L 
( KD ) 1 / 2 

, (4)

so that the profile of T vs. Z moves to the left (i.e.,
to smaller values of Z ) as K increases. For the ex-
tinguished flame, if the diffusivity were uniform,
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Fig. 5. Empirical cumulative distribution function (CDF) of the ESSR S , conditional on S < S ext , from the LES/PDF 

simulations of the HB (blue) and LB (red) flames. The extinction strain rates S ext for the HB and LB flames are 2650 and 
2000 s −1 , respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Table 1 
Extinction probabilities of the HB and LB flames. 

Method HB flame (%) LB flame (%) 

GMLI 10 80 
Y OH ,cut 6 64 
ESSR 20 71 
T ( Z ) would be the shape of the complimentary er-
ror function, centered at Z = 0 . 

It can be inferred from the plots that the cell-
mean profiles of T generally look quite similar to
the laminar profiles at different strain rates. It is em-
phasized, however, that the LES/PDF simulations
are non-trivially 3D and unsteady, and indeed some
of the profiles have multiple temperature maxima. 

A cutoff value equal to 10 times the value of 
 OH 

in the products stream is used to distinguish
a burning sample from an extinguished sample. If 
the maximum of the cell-mean profile of Y OH 

is be-
low this cutoff value, then the sample is considered
to be extinguished. 

It can be inferred from Fig. 4 (a) that the HB
flame has more samples away from the extinguished
laminar profile and the sample density tends to-
wards lower strain rates. In contrast, Fig. 4 (b)
shows that the LB flame has more samples close to
the extinguished laminar profile as can be seen with
the increased sample density and hence, has a high
value of probability of local extinction. Further,
the extinguished samples (bottom row) are closer
to the extinguished laminar profiles with more sam-
ples present for the LB case (12 samples) as com-
pared to that of the HB flame (1 sample). 

3.5. Equivalent steady strain rate (ESSR) 

Let ˆ T (Z, K ) denote the temperature as a func-
tion of Z for the laminar flame with strain rate K .
We define T o = 1250 K as a reference temperature,
and for a burning flame we define Z o to be the value
of Z at which the cell-mean temperature equals T o .
Then the “equivalent steady strain rate” (ESSR) S
is defined implicitly by ˆ T (Z o , S) = T o . That is, the
turbulent flame and the laminar flame with strain 

rate S both have temperature T o at Z = Z o . The 
laminar flame is extinguished for K ≥ S ext , and we 
define Z ext implicitly by T o = 

ˆ T (Z ext , S ext ) . A tur- 
bulent flame with Z o ≤ Z ext is deemed to be extin- 
guished, and S is defined to be S ext . 

Figure 5 shows the empirical cumulative distri- 
bution function (CDF) of the ESSR S , conditional 
on S < S ext , for the two flames. It can be seen that 
the conditional CDFs of S for the two flames are 
somewhat similar, but not convincingly the same. 
There is a broad, almost flat distribution, with no 

discernible concentration around the bulk strain 

rate K bulk . 
Table 1 shows the extinction probabilities of the 

HB and LB flames using three different definitions 
of an extinguished sample – (i) the GMLI method 

(see Section 3.2 ), (ii) the cutoff value Y OH ,cut equal 
to 10 times the value of Y OH 

in the products stream 

(see Section 3.4 ), and (iii) the number of samples 
for which Z o ≤ Z ext using the ESSR method. As 
may be seen, all three criteria clearly distinguish be- 
tween low and high probabilities of extinction in 

the two flames, with the differences between them 

being of order ± 8%. 
Figure 6 (a) and (b) shows the scatter plots of 

the equivalent steady strain rate S vs. the fresh 
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Fig. 6. Scatter plots of the ESSR S vs. fresh product layer thickness �f for the burning samples ( S < S ext ) from the 
LES/PDF simulations of the (a) HB and (b) LB flames, respectively. The solid red line is the laminar profile from the study 
of Section 3.3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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roduct layer thickness �f from the GMLI method
or the burning samples (i.e., S < S ext ) of the HB
nd LB flame, respectively. The red solid lines are
he laminar profiles from the laminar study of 
ection 3.3 . It can be inferred from the figures that
s the value of the strain rate increases, the product
ayer thickness becomes thinner, as expected. Due
o the difference in the extinction probabilities, the
B flame has more burning samples compared to

he LB flame. The scatter for the HB flame follows
he corresponding laminar profile closely; however,
or the LB flame, the product layer thickness ob-
erved for a particular strain rate is thicker than
hat predicted by the laminar profile. We observe
 horizontal band at S = 375 s −1 for the HB case.
n fact, this band represents all ESSR values which
re below 375 s −1 as it is difficult to determine the
SSR value from interpolation when S < 375 s −1 

ue to the asymptotic limits of the complemen-
ary error function. The two other horizontal bands
round S = 1000 and 2500 s −1 occur for a certain
ype of the profile of centerline OH mass fraction,
 OH 

. These bands occur when there are multiple
rossings of the OH profile for a given cutoff value
f Y OH 

while determining the product layer thick-
ess. Therefore, for such cases, the estimate of �f is
igher. On the other hand, the ESSR is calculated
ased on the temperature condition, T o = 1250 K. 

. Conclusions 

The following conclusions can be drawn: 

1. Two contrasting turbulent premixed (or
partially-premixed) counterflow flames that
have different probabilities of extinction are
studied using the LES/PDF methodology to
examine extinction/reignition events. 
2. One-dimensional, steady, strained, opposed-
jet laminar flame calculations are performed
to investigate the effects of strain rates on
their laminar counterparts and to find the ex-
tinction strain rates S ext for the HB and LB
flames. 

3. The scatter plots from the particle data of (a)
CH 2 O mass fraction Y 

∗
CH 2 O 

vs. progress vari-
able p ∗, and (b) temperature T 

∗ vs. normal-
ized distance Z 

∗ for the two flames are quite
different with more samples close to the ex-
tinguished laminar profile for the LB flame.
Additionally, the cell-mean profiles of T vs.
Z generally look quite similar to the laminar
profiles at different strain rates although the
LES/PDF simulations are non-trivially 3D
and unsteady. 

4. The instantaneous equivalent steady strain
rates (ESSRs) for the two flames are cal-
culated using the cell-mean profiles of tem-
perature T vs. the normalized distance Z .
The CDF of S , conditional on S < S ext , for
the two flames are somewhat similar, with
the distributions being broad without a peak
close to the bulk strain rate K bulk . 

5. The probabilities of extinction calculated for
the two flames using the distribution of the
ESSR compare well with the correspond-
ing probabilities evaluated using the GMLI
method. This confirms the validity of the
experimental approach based solely on OH
mass fraction. 

6. The scatter plots of the ESSR S vs. fresh
product layer thickness �f for the burning
samples ( S < S ext ) reveal that the increase in
strain rate leads to a decrease in the prod-
uct layer thickness. The scatter for the HB
flame follow the laminar profile quite closely,
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whereas the thicknesses observed for the LB
flame for a particular strain rate are higher
compared to its laminar prediction. 
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