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Abstract

The filtered mass density function (FMDF) of mixture fraction and temperature used in large eddy sim-
ulation (LES) of turbulent combustion is studied experimentally using line images obtained in turbulent
partially premixed methane flames (Sandia flames D and E). Cross-stream filtering is employed to obtain
the FMDF and other filtered variables. The mean of the FMDF conditional on the subgrid-scale (SGS)
scalar variance at a given location are found to vary from unimodal to bimodal, corresponding to
quasi-equilibrium distributed reaction zones and laminar flamelets (including extinguished flamelets),
respectively. The conditionally filtered mixture fraction dissipation for small SGS variances has a relatively
weak dependence on the mixture fraction, and is not sensitive to temperature for extinguished samples. For
large SGS variance the large dissipation is concentrated in the cliffs and increases with decreasing temper-
ature. The conditionally filtered temperature dissipation for small SGS variances is the highest for interme-
diate temperature. For large SGS variance the dependence is more complex and the pilot gas appears to be
playing an important role. The different SGS mixture fraction structures for small and large SGS variances,
as reflected by the unimodal and bimodal FMDF, have a strong impact on the small-scale mixing and tur-
bulence–chemistry interaction, as reflected by the results for the conditionally filtered temperature dissipa-
tion. The results have implications for understanding and modeling multiple reactive scalar SGS mixing.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent mixing and turbulence–chemistry
interaction are key processes in turbulent combus-
tion. Accurate predictions of turbulent flames

depend critically on correct modeling of these pro-
cesses. Large-eddy simulation (LES) has been rec-
ognized as a very promising approach to modeling
turbulent combustion because mixing by the
large, resolved scales is computed. At the same
time, the instantaneous distribution of scalar val-
ues in each grid volume, the filtered mass density
function (FMDF), which depends strongly on
the subgrid-scale (SGS) scalar mixing and its
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interaction with chemistry, must be faithfully rep-
resented in order to accurately predict the chemi-
cal reaction rate [1,2].

The prevailing understanding of turbulent mix-
ing is largely based on the Kolmogorov–Obuk-
hov–Corrsin turbulence cascade theory, which
implies certain universal conditional SGS scalar
distributions. However, our recent studies of
SGS mixing in both reacting and non-reacting
flows showed, for the first time, that at a given
location the SGS mixture fraction has qualita-
tively different distributions and structures,
depending on the instantaneous SGS scalar vari-
ance [3,4]. When the SGS variance is small com-
pared to its mean value, the SGS scalar on
average has close-to-Gaussian distributions, simi-
lar to the scalar probability density function
(PDF) in a fully developed scalar field. The scalar
dissipation depends weakly on the SGS scalar,
indicating well-mixed SGS scalar fields. Such a
SGS scalar structure can result in distributed reac-
tion zones. However, when the SGS variance is
large compared to its mean value, the SGS scalar
on average has bimodal distributions, indicating
highly nonpremixed SGS scalar fields. The condi-
tionally filtered scalar dissipation has a bell-
shaped dependence on the scalar, resembling the
structure of a counter-flow diffusion flame, which
is a model for laminar flamelets[5]. This SGS sca-
lar structure is essentially a ramp–cliff structure
(see Ref.[6]), with the rich and lean mixtures form-
ing the ramps and the diffusion layer as the cliff.
Therefore, such a scalar structure is likely to result
in laminar flamelets. In this paper, the term lami-
nar flamelet is used as a general description of a
thin, quasi-laminar reaction–diffusion layer rather
than the counter-flow flamelet model. The bimo-
dal SGS distributions are similar to the scalar
PDF in the early stages of binary mixing, and
are contrary to the general considerations based
on Kolmogorov’s hypothesis.

Our previous results [4] also suggest that at a
given location the SGS flame fluctuates between
distributed reaction zones and laminar flamelets,
but for reasons different from previous arguments
based on scalar dissipation fluctuations resulting
from the turbulence cascade. In addition, a
significant amount of scalar dissipation rate in
the reaction zones, which, to the first-order
approximation, is proportional to the heat release,
comes from the ramp–cliff structure, highlighting
its importance in flames and the need for mixing
models to capture the bimodal FMDF to account
for the different flame structures.

In this study we investigate the SGS mixing of
mixture fraction and temperature. We focus on
the effects of the two types of the SGS mixture
fraction structures on the scalar dissipation and
temperature dissipation. Temperature is arguably
the most important reactive scalar and is widely
measured in turbulent flames. Its mixing process

is expected to be very different from that of the
mixture fraction. Therefore, investigations of
these dissipation rates are an important step in
understanding the SGS mixing of multiple reac-
tive scalars and its interaction with combustion
chemistry. The results are also relevant for
improving several modeling approaches including
the laminar flamelets, the conditional moment clo-
sure, and the FMDF approaches.

The filtered mass density function of mixture
fraction and temperature is

F nTLðn̂; T̂ ; x; tÞ ¼ hqðx; tÞdðn� n̂ÞdðT � T̂ Þi‘

¼
Z

qðx0; tÞdðn� n̂ÞdðT � T̂ Þ

� Gðx� x0Þdx0; ð1Þ

where n, T, n̂, and T̂ are the mixture fraction, tem-
perature, and their sample-space variables, respec-
tively. q is the fluid density. The subscripts ‘ and L
denote conventional and Favre-filtered variables,
respectively. The two most important variables
evolving the FMDF are the conditionally filtered
scalar dissipation, hvjn; T i‘ ¼ hD on

oxj

on
oxj
jn; T i‘, and

the conditionally filtered temperature dissipation,
hvTjn; T i‘ ¼ hDT

oT
oxj

oT
oxj
jn; T i‘.

2. Experimental data

We use experimental data obtained in piloted
turbulent partially premixed methane flames with
a 1:3 ratio of CH4 to air by volume (Sandia flames
D and E, see Refs.[7–9]). The measurements
employed combined line-imaging of Raman scat-
tering, Rayleigh scattering, and laser-induced
CO fluorescence. Simultaneous measurements of
major species (CO2, O2, CO, N2, CH4, H2O, and
H2), mixture fraction (obtained from all major
species), temperature, and the radial component
of scalar dissipation rate were made. The mixture
fraction is calculated using a variation of Bilger’s
definition, which has been modified by excluding
the oxygen terms [7].

The issue of measurement uncertainty was
addressed in Ref.[7], which concluded that the
accuracies of the measured species mass fractions,
temperature, and mixture fraction are sufficient.
For example, the measured values of the scalar
variance in uniform calibration flows were 10�6

in air and 10�5 in flat stoichiometric flame prod-
ucts and in jet fluid, respectively.

The length of the imaging line is 6.13 mm with
a measurement spacing of 0.2044 mm. The actual
measurement resolution is larger (� 0.3 mm) due
to the blurring effects of the optical system and
data processing [10]. The mean scalar dissipation
rate for is fully resolved for flame D and is slightly
under-resolved for flame E at x=D ¼ 7:5 [10].
However, this resolution might still under-resolve
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very large dissipation fluctuations, thereby under-
estimating the conditionally filtered dissipation
rate in cliffs. Our analyses (will be published in a
separate paper) show that for this resolution the
conditionally filtered dissipation for small SGS
variance (computed from the gradient component
along the line images) is well resolved using sec-
ond-order finite differencing. However, for large
SGS variance a sixth-order finite difference stencil
is needed to resolve the ramp–cliff structure, whose
gradient has an average FWHM ranging from 0.5
to 0.75 mm. Therefore, we use sixth-order center
differencing to compute the dissipation rates. We
also corrected for the noise contribution to the sca-
lar dissipation rate. The method for noise correc-
tion and estimation of the scalar dissipation
length scales will be published in a separate paper.

Computing the FMDF and SGS variables
from experimental data requires spatial filtering
of scalar fields. In this work, one-dimensional fil-
tering is employed. While in LES the filtering is
generally performed in three dimensions, our pre-
vious results have shown that the scalar filtered
density function (FDF) obtained with one-dimen-
sional filters is similar to that obtained with two-
dimensional filters [3,11], which has been shown
to be a very good approximation of three-dimen-
sional filtering, with errors of approximately 5%
for the rms resolvable- and subgrid-scale variables
[12]. In general, the functional form of the condi-
tionally filtered variables and the filtered (mass)
density functions are not sensitive to the filter
dimension, a result of the random orientation of
the instantaneous flow and flame structure. The
main effect of the filter dimension is that the
SGS variance value is slightly altered. For a simi-
lar level of bimodality for the FDF, the SGS sca-
lar variance is somewhat larger for one-
dimensional filters, which are therefore expected
to yield similar results as three-dimensional filters.
To ensure that the results are relevant to LES the
filter sizes D employed in this work (3.07 and
4.91 mm) are significantly larger than the dissipa-
tive (Corrsin) scales (0.065–0.106 mm [10]), such
that the subgrid scales contain sufficient fluctua-
tions, allowing the physics of the SGS mixing
and its interaction with chemistry to be related
to inertial-range dynamics. Only when the filter
size approaches the dissipation scales does the
FDF depend more strongly on the filter scale.

In our analyses 6000 line images are used at
each measurement location. Due to the limited
data size, we employ kernel methods for comput-
ing the FMDF and the conditionally filtered dissi-
pation rates. We use a bin width of Dlnhn002i ¼ 1:3
to achieve reasonable statistical convergence. Fur-
ther reduction of the bin size would slightly
increase the bimodality of the bimodal conditional
SGS scalar. Therefore, the conclusions regarding
the bimodal FMDF and the dissipation rates are
somewhat conservative.

3. Results and discussions

In this section the results of the measured
FMDF and the conditionally filtered dissipation
rates are presented. Unlike a PDF and the condi-
tional dissipation, the FMDF and the condition-
ally filtered dissipation rates are random
variables; therefore must be characterized by their
statistics. We employ the approach given in Ref.
[3]) which computes their conditional averages.
We use the Favre-filtered mixture fraction,

hniL ¼ hqni‘=hqi‘; ð2Þ
and the Favre SGS scalar variance,

hn002iL �
1

hqi‘

Z
F nLðn̂; x; tÞðn̂� hniLÞ

2 dn̂

¼ hqn2i‘=hqi‘ � hni
2
L ð3Þ

(also random variables) as conditioning variables,
which provide a measure of the unmixedness of
the mixture fraction and have proven to be very
effective for characterizing FMDF and for relat-
ing the FMDF to inertial-range dynamics [3],
both important for modeling SGS mixing.

3.1. The conditional mixture fraction-temperature
FMDF

The conditional mixture fraction FMDF,
hF nT jhniL; hn

002iLi, for flame D and E at 7.5 jet
diameters downstream of the jet exit ðx=D ¼ 7:5Þ
is shown in Fig. 1. The filtered mixture fraction,
hniL, is set to the stoichiometric mixture fraction,
nsð¼ 0:35Þ, to maximize the probability of the
SGS field containing reaction zones. For flame D
there is little local extinction at this location and
the FMDF for both small and large SGS variance
is concentrated not far from the equilibrium val-
ues. For small SGS variance, e.g. hn002iL � 0:0047
(Fig. 1a), the conditional FMDF is unimodal.
The peak of the FMDF (most samples) is near
the equilibrium values. Due to the well mixed
SGS scalar the SGS reactions are expected to be
in the quasi-equilibrium reaction zones regime.
For flame E there is some local extinction as
reflected by the low temperature but the results
are otherwise similar to those for flame D.

As the SGS variance increases, the FMDF
becomes bimodal (Fig. 1b and d) with the bimo-
dality stronger for larger SGS variance. The peaks
are at n ¼ 0:17 and 0.62, indicating that the rich
and lean mixtures in the SGS field (i.e., a grid cell)
are essentially segregated. Furthermore, there is a
sharp interface (diffusion-layer) separating the
two regions, across which there is a large scalar
value jump (also see the discussion on the condi-
tionally filtered scalar dissipation rate below).
For flame D although most samples are still far
from extinction, the temperature near n ¼ 0:4 is
already lower than that for the small SGS
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variance. For a bimodal FMDF the SGS scalar
contains two relatively well-mixed mixtures corre-
sponding to the two peaks of the FMDF. The dif-
ference between the n values of the two mixtures is
often greater than the reaction zone width in the n
space for these methane flames, DnRð� 0:23Þ,
defined by the lean and rich limits that correspond
to 10% of the peak CO oxidation reaction rate in
mildly strained laminar flames [13]. Therefore,
such a mixture fraction structure will limit the
reaction zones in thin diffusion layers, thereby
resulting in laminar flamelets. By contrast, for
the well-mixed SGS mixture fraction field, the tur-
bulence cascade is likely to dominate and the dis-
sipation-scale scalar fluctuations largely follow the
Kolmogorov–Obukhov–Corrsin predictions.
Therefore, such a SGS scalar is likely to result in
distributed reaction zones. For flame E the
FMDF values near equilibrium are lower than
for flame D and there is a relatively large proba-
bility of local extinction due to the large scalar dis-
sipation rate with temperature as low as 1000 K.
These results are consistent with the mixture frac-
tion FMDF [4].

At x=D ¼ 15, there are more extinguished sam-
ples for both flame D and E (Fig. S1). For small

SGS variance, the FMDF shape is similar to that
at x=D ¼ 7:5. For large SGS variance, the FMDF
peak on the rich side is broader due to the
increased temperature variations, therefore the
peak value is lower. The amount of local extinc-
tion in flame E (Fig. S2) is approximately five
times that in flame D. At x=D ¼ 30, the probabil-
ity of local extinction is approximately 2–3 times
lower than at x=D ¼ 15 because the scalar dissipa-
tion is reduced as the flames evolve downstream.

The filter scale is an important parameter in
LES and it is important to understand how the
FMDF varies with it. Our previous results have
shown that increasing the filter scale does not alter
the shape of the FMDF. The results in the present
study (not shown) are consistent with this finding.

3.2. The conditionally filtered scalar dissipation

The conditionally filtered scalar dissipation,
hhvjn; T i‘jhniL; hn

002iLi, for the same conditions as
Fig. 1 is shown in Fig. 2. Here we have limited
the domains of the conditioning variables n and
T to those of the corresponding FMDF shown
in Fig. 1. Similar to the FMDF, hvjn; T i‘ also
has qualitatively different functional forms for

Fig. 1. Conditional FMDF at x=D ¼ 7:5. (a) flame D, hn002iL ¼ 0:0013; (b) flame D, hn002iL ¼ 0:066; (c) flame E,
hn002iL ¼ 0:0011; (d) flame E, hn002iL ¼ 0:081.
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small and large SGS variance. At x=D ¼ 7:5, flame
D (Fig. 2a and b) has little local extinction. For
small hn002iL it has a relatively weak dependence
on n, consistent with the conditional FMDF being
unimodal. However, higher dissipation rate gener-
ally corresponds to lower temperature. The
observed temperature–scalar-dissipation correla-
tion for a fixed mixture fraction is consistent with
the expectation that in quasi-equilibrium distrib-
uted reaction zones the temperature decreases as
the scalar dissipation increases [14].

In flame E the samples close to equilibrium
have a similar dependence on n and T (Fig. 2c).
However, flame E already has a significant
amount of local extinction but the scalar dissipa-
tion near the stoichiometric mixture fraction at
lower temperature (1250–1750 K) does not
depend strongly on temperature.

For large hn002iL , the conditionally filtered dis-
sipation in flame D (Fig. 2b) is generally large
near n ¼ 0:4–0:45, where the maximum gradient
in the ramp–cliff structure is located[4]. The max-
imum value increasing with the SGS variance
value (not shown). Near the equilibrium values
the scalar dissipation is generally larger for lower
temperature, consistent with the characteristics of
strained laminar flamelets. Again, at x=D ¼ 7:5,

flame D has little local extinction; therefore the
conditional dissipation does not extend to very
low temperatures. For flame E, the samples close
to equilibrium are similar to those in flame D.
Further away from equilibrium at lower tempera-
tures the dissipation rate is larger and there is a
significant amount of local extinction. The highest
value (one component) of approximately 700 s�1

observed in some images (not shown), which well
exceeds the extinction dissipation rate for a steady
laminar flamelets, occurs at very low temperature
(approximately 750 K). Considering the reduced
diffusivity at these temperatures, the high dissipa-
tion rate is likely caused by very high strain rates.
Because the SGS scalar contains ramp–cliff struc-
ture, these samples are most likely extinguished
laminar flamelets.

At x=D ¼ 15 flame D (Figs. S3a and S3b) has a
larger number of extinguished samples with very
low temperatures (<1300 K) and the dissipation
is qualitatively similar to those for flame E at
x=D ¼ 7:5. When the SGS variance is small, the
dissipation rate increases with decreasing
temperature for the burning samples. The depen-
dence is insensitive to the n values, similar to the
results shown in Fig. 2c. For the extinguished
samples the peak conditional dissipation rate is

Fig. 2. Conditionally filtered mixture fraction dissipation. Conditions same as in Fig. 1.
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approximately 150 s�1, below the extinction rate
for steady laminar flamelets (� 400 s�1)[15].
Therefore these might be samples extinguished
upstream. As they are advected downstream to
the measurement location the scalar dissipation
rate has reduced but they have not yet mixed with
high temperature parcels to reignite. Therefore,
their temperatures remain low. The results for
Flame E show a similar trend (Fig. S4a). Previous
DNS of nonpremixed combustion in isotropic tur-
bulence [16] also showed a similar evolution
process.

For large SGS variance both flame D and E
( Figs. S3a and S4a) have extinguished samples,
with the latter having approximately five times
more but the scalar dissipation results are similar
to those at x=D ¼ 7:5. The maximum condition-
ally filtered dissipation rate is reduced to 500 s�1

for both flames.
At x=D ¼ 30 (Figs. S3c-d and S4c-d), there is a

significant amount of reignition and the probabil-
ity for extinguished samples is reduced. For small
SGS variance, the dependence of the dissipation
on n is weaker compared to x=D ¼ 7:5 and 15.
For large SGS variance the maximum condition-
ally filtered dissipation rate remains approxi-
mately 500 s�1 for both flames. However, the
probability of occurrence for the large variance
is smaller compared to the upstream locations,
consistent with the reignition and the reduced
degree of local extinction.

3.3. The conditionally filtered temperature
dissipation

The above results indicate that the different
structures of the SGS mixture fraction fields for
small and large SGS variances result in different
conditionally filtered scalar dissipation. Through
interaction with combustion chemistry, the SGS
mixture fraction fields will result in qualitatively
different temperature dissipation structure. We
now examine the conditionally filtered tempera-
ture dissipation, which is shown in Fig. 3. In
flame D at x=D ¼ 7:5 the temperature is close
to the equilibrium values for small SGS variance.
Near n ¼ 0:45 the flame reaches the local maxi-
mum temperature, leading to the lowest temper-
ature dissipation. Away from n ¼ 0:45 the
temperature dissipation is small near the equilib-
rium values and increases with decreasing the
temperature decreases. There is some similarities
between the conditional temperature dissipation
and the conditional scalar dissipation samples
for the rich and lean mixtures because for these
mixtures there exists correlation between n and
T near the equilibrium curve (positive for
n < 0:4 and negative for n > 0:4). Therefore,
the temperature dissipation increases with the
scalar dissipation for these mixture fraction val-
ues. In flame E there are some non-burning sam-

ples with higher vT but the results are otherwise
similar to those for flame D.

For large SGS variance, flame D is still close to
fully burning. For the samples not far from equi-
librium, large temperature dissipation values
occur in rich mixtures with n values ranging from
0.5 to 0.65, but not in the lean mixtures. This is a
result of the strained laminar flamelet structure.
For a flamelet far from extinction T ¼ T ðn; vsÞ
and oT

oy ¼ oT
on

on
oy, where vs is the scalar dissipation

rate at the stoichiometric mixture fraction.

Because oT
on is V-shaped with a minimum (zero)

near n ¼ 0:45 and at the same time on
oy is bell-

shaped with its peak value located near n ¼ 0:5

(Fig. 2b), large values of oT
on

on
oy and the temperature

dissipation occur for n values ranging from 0.5 to
0.65. Further away from equilibrium, there are
some large vT values on both the rich and lean side
of the flame. An examination of the line images
(Fig. S5a) indicates that the lean sides of the images
have the shape of strained laminar flamelets, indi-
cating that the lean sides of the laminar flamelets
are nearly fully burning. However, the large vT val-
ues on the rich sides come from images that contain
straight lines in the n� T space, running from ns to
the rich side, indicating that the samples are being
mixed but not burning. At this location a significant
portion of the SGS stoichiometric mixture for large
SGS variance may be the pilot flame gas, suggesting
that the high temperature dissipation values are lar-
gely due to the mixing of the pilot gas with the rich
mixtures. Because the scalar dissipation rate is high,
mixing is much faster than reaction, resulting a mix-
ing line (mixing without reaction). Similar straight
mixing lines have been observed in double scalar
mixing layers [17]. This observation suggests that
each of these laminar flamelets is split by the pilot
gas, effectively forming two flamelets, one lean
and one rich. It has been suggested [8,18] that the
pilot gas has been throughly mixed at x=D ¼ 7:5.
While on average the amount of pilot gas may be
small at this location, the conditional samples for
large SGS variance still contain a significant
amount because these conditional samples are
much less well mixed. In fact nearly pure pilot gas
can be found as far as x=D ¼ 15 (see the discussions
below).

The results for the near equilibrium samples in
flame E are similar except that the largest vT

comes from the mixing of the pilot and the lean
mixtures. For the extinguished samples at much
lower temperature (<1200 K) the line images in
the n� T space include ones running from near
stoichiometric mixture to both sides as well as
straight lines running from the lean side to the rich
side of the equilibrium curve, consistent with
extinguished laminar flamelets.

At x=D ¼ 15 a number of extinction events
occur for both small and large SGS variance values.

1522 J. Cai et al. / Proceedings of the Combustion Institute 32 (2009) 1517–1525
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In flame D for small SGS variance the samples close
to equilibrium have similar temperature dissipation
structures to those at x=D ¼ 7:5 with low vT

near n ¼ 0:45 (Fig. 3e). The extinguished samples
with very low temperatures (<1300 K) generally
have small temperature dissipation because
the temperature gradient is reduced by mixing. In
addition, lower diffusivities resulted from the
reduced temperature can also contribute to the
lower dissipation rates. The samples with interme-
diate temperatures (1300–1600 K) have the

highest temperature dissipation which is likely
a result of mixing between the burning and
extinguished samples. The dependence on the
mixture fraction is relatively weak compared to
samples with higher temperature because T and n
no longer follow the equilibrium relationship.
Therefore, these samples have high vT but relatively
low v.

For large SGS variance, vT for the burning
samples (close to equilibrium) is similar to that
at x=D ¼ 7:5 with large values near n ¼ 0:55.

Fig. 3. Conditionally filtered temperature dissipation. (a–d) Conditions same as in Fig. 1, (e) flame D, x=D ¼ 15,
hn002iL ¼ 0:0030, and (f) flame D, x=D ¼ 15, hn002iL ¼ 0:069.
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The dissipation is maximum near n ¼ 0:5 and
T ¼ 1600 K. The line images going through this
region in the n� T space (Fig. S5b) show that
the lean sides of the images mostly have the shape
of strained laminar flamelets. There are a few
straight lines, suggesting more intense mixing
between the pilot and the air than at x=D ¼ 7:5,
probably due to the spreading of the turbulence
towards the lean side. The rich sides contain more
straight lines in the n� T space than at x=D ¼ 7:5,
running from ns to the rich sides, again indicating
that these samples are being mixed but not burn-
ing. At this location we expect that the proportion
of pilot gas at the stoichiometric mixture to be
much smaller compared to x=D ¼ 7:5, but appar-
ently there is still a sufficient amount to form a
mixing line on the rich side. Therefore, the high
temperature dissipation is largely due to the rapid
mixing of the pilot gas with the rich mixtures. The
mixing is faster than the reactions, resulting a mix-
ing line. Again, the results suggest that each of
these laminar flamelet is split by the pilot gas to
form two flamelets with one on the lean side burn-
ing and the one on the rich side extinguished. For
the samples at much lower temperature (<1200 K)
the line images in the n� T space are straight line
from the lean to the rich side, consistent with
extinguished laminar flamelets. There is no appar-
ent evidence of the pilot separating the lean and
rich side. This is probably because the pilot gas
is already mixed with the rest of the fluid due to
large v in these flamelets. The results for flame E
(Fig. S7a-b) are similar.

At x=D ¼ 30 (Figs. S6a and Fig. S7c) for small
SGS variance vT is low for high temperatures and
is higher for intermediate temperatures (1500–
1800 K). Due to reignition there are fewer samples
with temperature below 1500 K. For large SGS
variance (Figs. S6b and Fig. S7d), vT has two
peaks near n ¼ 0:3 and 0.5 and T ¼ 1600 K
although the peak values are smaller. These are
again due to mixing of near stoichiometric mix-
ture with lean and rich mixtures. The dissipation
rate is approximately the same for both peaks
whereas at x=D ¼ 7:5 and 15, one peak dominates.

The temperature dissipation results indicate
that for small SGS variance, which corresponds
to distributed reaction zones, there is temperature
mixing in the absence of significant mixture frac-
tion mixing. On the other hand, for large SGS
variance, mixture fraction mixing and tempera-
ture mixing proceed simultaneously as in laminar
flamelets. These qualitatively different properties
of SGS mixing must be reflected by mixing
models.

4. Conclusions

The filtered mass density function of mixture
fraction and temperature and the conditionally fil-

tered mixture fraction and temperature dissipa-
tion rates which evolve the FMDF are studied
experimentally. Data obtained in turbulent par-
tially premixed flames (Sandia flames D and E)
are used to compute SGS statistics conditional
on Favre filtered mixture fraction and the Favre
SGS scalar variance.

The results show that the FMDF has qualita-
tively different shapes for small and large SGS var-
iance. For small SGS variance the FMDF is
unimodal but for large SGS variance it is bimodal
with the two peaks outside of the reaction zone.
These FMDF shapes correspond to quasi-equilib-
rium distributed reaction zones and laminar
flamelets (including extinguished flamelets), respec-
tively. Changing the filter scale from 3.07 to
4.91 mm does not alter the shapes of the FMDF.

The conditionally filtered mixture fraction dis-
sipation for small SGS variances is generally con-
sistent with quasi-equilibrium distributed reaction
zones with a relatively weak dependence on the
mixture fraction. For the extinguished samples it
is not very large and is not sensitive to the temper-
ature, suggesting that these may be samples extin-
guished at some upstream locations. For large
SGS variance, the dissipation is large near
n ¼ 0:4, where the maximum gradient in a cliff is
located. The dissipation is higher for lower tem-
peratures, consistent with strained laminar flam-
elets. For the extinguished samples, the
measured dissipation rate component exceeds the
extinction dissipation rate. The results are consis-
tent with extinguished flamelets.

The conditionally filtered temperature dissipa-
tion for small SGS variances has a minimum
(close to zero) near the peak temperature at
approximately n ¼ 0:45. Away from this mixture
fraction value the dissipation increases. For the
extinguished samples with very low temperatures
(<1300 K), the dissipation is lower compared to
those with intermediate temperatures (1300–1600
K). The latter is due to the mixing between burn-
ing and very low temperature samples. Therefore,
the mixture fraction is well mixed but temperature
is not.

For large SGS variance, the dissipation indi-
cates strained or extinguished laminar flamelets.
However, the pilot flame plays an important role.
For samples not far from equilibrium, the dissipa-
tion is consistent with strained laminar flamelets
with the maximum dissipation occurring near
n ¼ 0:55. Further away from equilibrium at mod-
erate temperature (as high as 1700 K) there are
dissipation peaks which are probably a result of
the rapid mixing between the pilot gas and the
lean or rich mixtures, corresponding to extin-
guished flamelets. There is also evidence that each
of these flamelets is split by the pilot gas. At much
lower temperature the dissipation is lower because
the temperatures of the extinguished flamelets are
lower, corresponding to lower dissipation.
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We note that there have previous efforts to
infer v from vT experimentally. The present work
shows that although there are some similarities
between the two dissipation rates, in the reaction
zone they are qualitatively different with the latter
being dependent on both the turbulence and tur-
bulence–chemistry interaction. Therefore, the
mixture fraction structure near the stoichiometric
mixture fraction, arguably the most important
part of the structure, cannot be inferred from
the temperature dissipation. The implications are
that the two variables are related to different pro-
cesses and that they cannot be modeled the same
way.

The results in the present study show that the
different mixture fraction structures for small
and large SGS variances as reflected by the uni-
modal and bimodal FMDF have a strong impact
on the small-scale mixing as reflected by the
results for conditionally filtered mixture fraction
dissipation and turbulence–chemistry interaction
as reflected by the results for the conditionally fil-
tered temperature dissipation. The results have
implications for understanding multiple reactive
scalar SGS mixing and for modeling SGS mixing.
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