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Abstract

Recent studies have shown that the subgrid-scale (SGS) mixture fraction has different structures and
probability distributions for different SGS scalar variances. We study the effects of these structures on
the scalar diffusion and temperature diffusion in the context of large-eddy simulation (LES) of turbulent
combustion. Line images obtained in turbulent partially premixed (Sandia) flames are used to analyze
the scalar and temperature diffusion filtered conditionally on the scalar and temperature, which must be
correctly modeled in LES. The results show that for small SGS variance the scalar and temperature diffu-
sion have a relatively simple structure. For large SGS variance the diffusion is much more complex, with
the flamelet structure and local extinction playing important roles. The results show that it is important
that mixing models for filtered density function methods be able to account for the different SGS mixture
fraction and temperature structures for small and large SGS variance.
� 2010 Published by Elsevier Inc. on behalf of The Combustion Institute.

Keywords: Turbulent flames; Large-eddy simulation; Filtered density function; Turbulent mixing
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. In large-eddy simulation (LES) of turbu-
lent combustion mixing by the large, resolved
scales is computed while the effects of the subgrid
scales are modeled. Specifically, the subgrid-scale
(SGS) scalar mixing and the resulting instanta-
neous distribution of scalar values in each grid
volume, which is the species filtered joint mass
1540-7489/$ - see front matter � 2010 Published by Elsevier I
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density function (FMDF), must be faithfully rep-
resented in order to accurately predict the chemi-
cal reaction rate [1,2]. Modeling the FMDF,
therefore, is the main challenge in LES and
requires knowledge of SGS mixing and its interac-
tion with chemistry.

Our recent studies [3–8] have shown that the
SGS mixture fraction at a fixed location has qual-
itatively different filtered density function (FDF)
shapes and structures depending on the instanta-
neous SGS scalar variance. When the SGS vari-
ance is small compared to its mean value, the
distribution of the SGS scalar is close to Gauss-
ian, indicating well mixed SGS scalar fields.
When the SGS variance is large compared to its
mean value, the distribution is bimodal, indicat-
ing highly non-premixed SGS scalar fields. In a
nc. on behalf of The Combustion Institute.
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flame this mixing scenario would indicate that the
fuel lean and rich regions of the SGS fields are
highly segregated. There is a sharp interface sep-
arating the two regions, across which there is a
large scalar value jump (can be as large as the
integral-scale fluctuations). The conditional SGS
structure on average resembles that of a coun-
ter-flow diffusion flame, which is a model for lam-
inar flamelets.

The well-mixed and the highly non-premixed
SGS mixture fraction fields have strong influences
on the flame structure. The former is likely to
result in distributed reaction zones while the latter
supports laminar flamelets [8,9]. The mixture frac-
tion–temperature filtered mass density function
(FMDF) and the conditionally filtered dissipation
rates of the mixture fraction and the temperature
also are consistent with distributed reaction zones
and laminar flamelets, respectively. Here we use
the term “flamelets” to describe the thin physical
flame structure rather than any modeling
approach; therefore, we simply refer to them as
flamelets hereafter. In this study we investigate
the effects of the SGS mixture fraction structure
on the conditional scalar diffusion and the temper-
ature diffusion in turbulent partially premixed
flames, which evolve the FMDF of mixture frac-
tion and temperature:

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

qðx0; tÞdðn� n̂ÞdðT � bT Þ
� Gðx� x0Þdx0; ð1Þ

where n, T, n̂, and bT 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 knowledge of these diffusion
terms is a first step in understanding the SGS tur-
bulence–chemistry interaction and an important
step toward understanding the SGS mixing of
multiple reactive scalars.
2. Experimental data and processing procedures

We use experimental data obtained in piloted
turbulent partially premixed methane with a 1:3
ratio of CH4 to air by volume (Sandia flame D
and E, see Refs. [10,11]). 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), and temperature were made. The mixture
fraction is calculated using a variation of Bilger’s
definition, which has been modified by excluding
the oxygen terms. The length of the imaging line
is 6.13 mm with a resolution of 0.2044 mm.
Measurements of the filtered density functions
require spatial filtering of scalar fields. In this
work one-dimensional filtering is employed. In
LES filtering is generally performed in three
dimensions. Our previous results [5] have shown,
however, that the FDF obtained with a one-
dimensional filter is qualitatively the same as
those with a two-dimensional filter, which has
been shown to be a very good approximation of
three-dimensional filters, with errors of approxi-
mately 5% for the rms resolvable- and subgrid-
scale variables [12]. For similar bimodality the
corresponding SGS variance is somewhat larger
for a one-dimensional filter. For conditional diffu-
sion (and dissipation), the primary effect of a
one-dimensional filter is a somewhat higher SGS
variance. But the increase is much smaller than
the change needed to affect the shape of the condi-
tional diffusion. Consequently, one-dimensional
filters are expected to yield similar results. To
ensure that the results are relevant to LES the fil-
ter sizes D employed in this work (3.0 and 4.9 mm)
are significantly larger than the dissipative (Corr-
sin) scales (0.065–0.106 mm [13]), such that the
subgrid scales contain sufficient fluctuations to
interact with chemistry, allowing the physics of
the SGS mixing and its interaction with chemistry
to be related to inertial-range dynamics. Previous
studies (e.g., Refs. [3,5]) have shown that when the
filter size is much larger than the dissipation scales
the properly scaled conditional statistics are not
sensitive to the filter size.
3. Results

The scalar diffusion and temperature diffusion
are analyzed using their conditional samples. We
use the Favre filtered mixture fraction, hniL ¼
hqni‘=hqi‘, and the Favre SGS scalar variance,

hn002iL �
1

hqi‘

Z
F nLðn̂; x; tÞðn� hniLÞ

2dn

¼ hqn2i‘=hqi‘ � hni
2
L; ð2Þ

as conditioning variables.
The scalar and temperature diffusion filtered

conditionally on both the mixture fraction and
temperature, hh1q @

@y ðqD @n
@yÞjn; T i‘jhniL; hn

002iLi and

hh1q @
@y ðqDT

@T
@yÞjn; T i‘jhniL; hn

002iLi are shown in

Figs. 1–5. In the FMDF equation these variables
appear in the terms transporting the FMDF in
the n and T spaces, respectively; therefore, they
are the two components of the diffusion velocity
of the FMDF in the n � T space. In the present
study we use streamlines and isocontours to repre-
sent the direction and the magnitude of the diffu-
sion velocity, respectively. The diffusion terms are
calculated using 10th-order central differencing.
The mixture fraction diffusion and the temperature
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Fig. 1. The scalar diffusion and temperature diffusion filtered conditionally on both the mixture fraction and
temperature for D ¼ 3:0 mm and hniL ¼ ns at x=D ¼ 7:5 in flame D. The two diffusion terms are given as streamlines with
the magnitude of the diffusion velocity in the n� T space in grayscales. (a) hn002iL ¼ 0:0013; (b) hn002iL ¼ 0:066.
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Fig. 2. The scalar diffusion and temperature diffusion filtered conditionally on both the mixture fraction and
temperature for D ¼ 3:0 mm and hniL ¼ ns at x=D ¼ 15 in flame D. (a) hn002iL ¼ 0:003 and (b) hn002iL ¼ 0:069.
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Fig. 3. The scalar diffusion and temperature diffusion filtered conditionally on both the mixture fraction and
temperature for hn002iL ¼ 0:003 and hniL ¼ ns at x=D ¼ 15 in flame D. D ¼ 3:0 mm. (a) hT iL > 1800 K and (b)
hT i < 1800 K.
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diffusion are normalized by the filtered scalar dissi-
pation rate, the SGS variance, and the maximum
values of the mixture fraction (1.0) and temperature
(2300 K), respectively.
The results for flame D at x=D ¼ 7:5 is shown
in Fig. 1. For small SGS variance, the streamlines
appear to move first towards a manifold close
to the ridgeline of the FMDF, in the direction
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Fig. 4. The scalar diffusion and temperature diffusion filtered conditionally on both the mixture fraction and
temperature for D ¼ 3:0 mm and hniL ¼ ns at x=D ¼ 30 in flame D. (a) hn002iL ¼ 0:0019; (b) hn002iL ¼ 0:059.
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perpendicular to the ridgeline. They then move
along the manifold towards a stagnation point
near n � 0:4 and T ¼ 2000 K. The velocity magni-
tude decreases as it approaches the ridgeline. The
ridgeline, therefore, appears to be a one-dimen-
sional manifold in a two-dimensional scalar space,
to which the streamlines first approach. After
approaching the ridgeline the diffusion becomes
one-dimensional in scalar space. The magnitude
of the diffusion velocity decreases upon approach-
ing the manifold; therefore, the diffusion towards
the manifold is a fast process whereas diffusion
along the manifold is a slow process.

This streamline pattern has some similarity to
non-reactive scalar mixing in that the temperature
is diffused towards its local mean. It can be under-
stood in terms of the SGS mixture fraction struc-
ture for small SGS variance and the resulting
quasi-equilibrium distributed reaction zones
(QEDR) proposed by Bilger [14]. Because the
SGS mixture fraction is well mixed, diffusion of
the SGS mixture fraction is towards its local
mean. With the dissipation-scale mixture fraction
fluctuations smaller than the reaction zone width
[8], the well-mixed SGS mixture fraction results
in QEDR. In such reaction zones the temperature
depends on the mixture fraction and the (local)
scalar dissipation rate. This situation is different
from flamelets, in which the temperature depends
on the mixture fraction and the scalar dissipation
rate at the stoichiometric mixture fraction.
Assuming unity Lewis number, the temperature
diffusion in a QEDR, therefore, depends on these
fields as:

1
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where v ¼ D @n
@xi

@n
@xi

and vv ¼ D @v
@xi

@v
@xi

are the scalar
dissipation rate and the dissipation rate of v,
respectively. In a QEDR, which is not far from
equilibrium, the first term is always negative, with
the magnitude diminishing towards the equilib-
rium temperature. This trend is inconsistent with
the sign change in the temperature diffusion shown
in Fig. 1. The second term is close to zero near the
local average mixture fraction, hniL, because the
scalar diffusion is small. The third term is more
complex but may be small due to the mixed
dissipation rate. The sign of the fourth term is
determined by @2T=@v2, which is chemistry depen-
dent. For the simple chemistry model used by Bil-
ger [14], the perturbation of a progress variable
from its equilibrium value is given as � �v1=2. If
we assume T � T e � �v1=n, then @2T=@v2 is posi-
tive, where T e is the equilibrium temperature,
and n > 1, reflecting a non-linear reaction rate.
While vv may increase when v increases (T de-
creases), @2T=@v2 decreases. Thus, the fourth term
also is likely to be inconsistent with the trend in
Fig. 1. In the last term, @T=@v is negative. Our pre-
vious study [4] shows that the dissipation rate dif-
fusion term in a well-mixed scalar field is similar to
the mixture fraction dissipation, being generally
negative for v > vL and positive for v < vL, where
vL is the local average of v. The contribution of the
last term to the temperature diffusion, therefore, is
negative for temperatures above the local mean
where v < vL, and is positive for temperatures be-
low the local mean where v > vL, resulting in con-
vergence of the streamlines to a manifold. Thus, it
appears that only this term is consistent with the
observed streamline pattern. Physically, since the
temperature field in a QEDR is closely related to
the scalar dissipation rate (in addition to the mix-
ture fraction), the temperature diffusion is con-
trolled partly by the diffusion of the scalar
dissipation rate.

The observed diffusion velocity streamline pat-
tern has some similarities to three-scalar mixing in
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Fig. 5. The scalar diffusion and temperature diffusion filtered conditionally on both the mixture fraction and
temperature for D ¼ 3:0 mm and hniL ¼ ns in flame E. (a), (c), and (e): x=D ¼ 7:5, 15 and 30, respectively. Small SGS
variance (hn002iL ¼ 0:0011, 0.0028, and 0.0018); (b), (d), and (f): the same locations. Large SGS variance (hn002iL ¼ 0:081,
0.064, and 0.044).
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a non-reacting flow. In our recent study of three-
scalar mixing in a co-axial jet, which will be pub-
lished in a separate paper, the three scalars are
introduced by a center jet, an annular flow, and
co-flow air, with the second scalar initially sepa-
rating the first and the third. The resulting diffu-
sion velocity streamline pattern in this jet is
qualitatively similar to that in Fig. 1a. There is a
manifold to which the streamlines converge
quickly. They then move at a slower velocity on
the manifold. During the convergence the diffu-
sion of the second scalar is faster than the first,
analogous to the fast diffusion of temperature
shown in Fig. 1a. In this jet the three scalars have
a similar spatial relationship to that among the
mixture fraction, the temperature, and the co-flow
air in a non-premixed flame; therefore, the tem-
perature in the QEDR has a similar physical-
space structure as the annulus flow, separating
the other two scalars. Such a structure is different
from three scalar mixing cases where the three sca-
lars are arranged symmetrically in physical space
[15]. Nevertheless, the mixing of temperature in
the QEDR is controlled by very different pro-
cesses (the chemistry and the diffusion of the sca-
lar dissipation rate).
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For large SGS variance (Fig. 1b) the stream-
lines for very rich (n > 0:6) and lean (n < 0:2)
mixtures generally move in the direction of the
ridgeline of the FMDF (see Ref. [9]) towards the
stoichiometric mixture fraction. Our previous
results have shown that for large SGS variance
the SGS flames are strained flamelets. Here the
mixture fraction profiles have approximately
error-function profiles (ramp-cliff structure).
Thus, the diffusion of the mixture fraction is
towards the center of the profiles (appears to be
near n ¼ 0:45). For very rich and lean mixtures
the temperature depends approximately linearly
on the mixture fraction; therefore, its diffusion is
proportional to the mixture fraction diffusion,
resulting in straight diffusion streamlines along
the ridgeline.

Near the peak temperature the mixture frac-
tion diffusion is small because this region is close
to the center of the error-function profiles where
the curvature of the profiles is zero. The tempera-
ture diffusion is negative due to the negative cur-
vature of the temperature profiles as a function
of the mixture fraction and the approximately lin-
ear mixture fraction profiles. Consequently, the
streamlines starting from the equilibrium curve
near n ¼ 0:45 move nearly vertically towards
lower temperatures. As the streamlines move
towards lower temperatures, the scalar dissipation
rate increases, corresponding to more strongly
strained flamelets with stronger diffusion. The
largest magnitude of the diffusion velocity vector
occurs for temperatures near 1600–1800 K. Below
this temperature range the temperature profiles
become broader in the mixture fraction space with
smaller curvatures, resulting in lower temperature
diffusion. There appears to be a stagnation point
at n � 0:4 and T ¼ 1300 K. Note that although
this point appears to be the “center” of diffusion,
it does not correspond to the conditional mean
temperature for this mixture fraction value.

The streamlines starting from the very rich and
lean regions move up along the ridgeline and turn
near n � 0:27 and T ¼ 1600 K and near n � 0:55
and T ¼ 1600 K, respectively, towards the stagna-
tion point. The temperature diffusion changes sign
near these points, where the inflection points of
the temperature profiles are located. This result
is consistent with our previous study [9] which
shows that the temperature dissipation rate is
largest in this region. Below these points the diffu-
sion is dominated by mixing whereas above it the
diffusion is strongly influenced by both mixing
and reaction. This streamline pattern is also con-
sistent with the structure of flamelets.

Figure 1b also shows that in the very rich and
lean regions the streamlines generally first
approach the FMDF ridgeline and then move
along it. One possible reason for this trend is the
diffusion among flamelets in the direction along
the iso-mixture fraction surfaces. Because the
ridgeline represents the flamelets with the highest
probability of occurrence, the flamelets nearby
tend to diffuse towards the ridgeline. Another pos-
sibility is that in the SGS fields with large SGS
variance, in addition to the ramp-cliff structure,
there are also “background” mixture fluctuations,
which are generally well mixed and tend to have
smaller dissipation time scales, causing diffusion
streamlines to converge to those of the flamelets.
There also appears to be two diffusion processes
involved: in the fast process the streamlines
approach a one-dimensional manifold and the in
the slow process they move along the manifold.

At x=D ¼ 15 the results for small SGS variance
(Fig. 2a) are similar to those at x=D ¼ 7:5 for the
samples with temperatures higher than 1900 K,
where the mixing of temperature is dependent on
the mixture fraction, the scalar dissipation rate,
and the chemistry. There is, however, a second
manifold with a stagnation point near n ¼ 0:4
and T ¼ 1600 K, probably due to the mixing
between the burning and extinguished samples,
which have temperatures as low as 1000 K. The
mixing process at these temperatures is different
from that at higher temperatures. Here the reac-
tion rate has decreased significantly due to local
extinction. The temperature no longer strongly
depends on the scalar dissipation rate and the
chemistry. Its mixing (e.g., Ref. [16]), therefore,
becomes similar to that of a non-reactive scalar.
In addition, because the SGS mixture fraction is
well mixed, the mixing process is similar to
three-scalar mixing in a homogeneous scalar field.
The fast convergence to the manifold in the direc-
tion of temperature suggests that the mixing of
temperature is faster than that of mixture fraction.

To understand this streamline pattern further,
we compute the conditionally filtered diffusion
with the Favre filtered temperature as a third con-
ditioning variable, in addition to the Favre filtered
mixture fraction and the Favre SGS scalar vari-
ance. The samples used to obtain Fig. 2a are sep-
arated into two groups, one with hT iL > 1800 K
and the other with hT iL < 1800 K. The streamline
pattern for the former (Fig. 3a) is similar to that at
x=D ¼ 7:5. There is one manifold, to which the
streamlines converge. The streamlines for the lat-
ter (Fig. 3b) converge to approximately 1600 K,
corresponding to the second stagnation point in
Fig. 2a. The diffusion vector pattern shown in
Fig. 2a, therefore, can be viewed as a superposi-
tion of two different states of the SGS flames: mix-
ing in nearly fully burning distributed reaction
zones and mixing between fully burning and extin-
guished distributed reaction zones. Between the
stagnation point near n ¼ 0:4 and T ¼ 1600 K
and the one near 2000 K, there appears to be a
saddle point (or a saddle line) separating the two
regions. The location of the saddle point probably
depends on the relative strength of the two stagna-
tion points.
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For large SGS variance (Fig. 2b) the overall
diffusion pattern for burning samples are similar
to that at x=D ¼ 7:5. For the lean mixtures the
streamlines turn towards the stagnation point as
early as n � 0:15 and T ¼ 1300 K. There are more
extinguished samples, for which the streamlines
move primarily in the direction of mixture frac-
tion towards n � 0:4, with only modest increases
in temperature. These trends indicate that for
these samples the mixture fraction diffusion is ini-
tially much faster than the temperature diffusion.
An examination of the instantaneous profiles in
the scalar space shows straight lines running from
the lean side to the rich side, largely in the same
direction of the diffusion vectors; therefore, these
lines are extinguished flamelets, hence the smaller
temperature diffusion. For these extinguished
flamelets, temperature diffusion can occur in the
direction of the mixture fraction gradient as well
as along the iso-mixture fraction surface. The lat-
ter is diffusion among burning and extinguished
flamelets (flamelet–flamelet interaction). Near
n ¼ 0:4 the scalar is close to the center of the
error-function profiles (ramp-cliff structure) where
mixture fraction diffusion is zero; therefore, the
streamlines move largely in the direction of
temperature.

For rich samples there are a significant number
of nearly straight streamlines running from very
rich region (n � 0:9, T � 500 K) towards the
region corresponding to the pilot. These stream-
lines may be due to the pilot flame separating
the rich and lean mixtures, and are essentially a
result of mixing between the pilot and the fuel/
air streams without reactions. The pilot flame,
therefore, appears to have some influence on the
diffusion. Our previous results [9] have shown that
it also has some influence on the temperature dis-
sipation. These streamlines turn near n ¼ 0:5 and
T ¼ 1600 K towards the stagnation point, a result
of the strained flamelets. Similar to the results at
x=D ¼ 7:5, the rich samples close to equilibrium
diffuse first towards a manifold (the ridgeline of
the FMDF) and then follow the manifold. The
approach to the manifold is faster than at
x=D ¼ 7:5. In the low temperature region the tem-
perature diffusion is faster than for the lean
samples.

At x=D ¼ 30 the results for small SGS variance
(Fig. 4a) are similar to those at x=D ¼ 15. For
large SGS variance (Fig. 4b) the influence of the
pilot is much less evident with the streamlines
from the rich side with temperature below
1200 K moving in a direction much closer to the
horizontal direction toward n � 0:4, indicating
that the SGS mixing has progressed much further
and that there is little pure pilot gas left. These
streamlines are a result of mixing along scalar pro-
files running from the rich to the lean side (extin-
guished flamelets). Note that at x=D ¼ 15 the
streamlines in this region are closer to the direc-
tion of the mixing line between the pilot and the
fuel stream, suggesting that the influence of the
pilot on the diffusion is stronger than the effects
of the extinguished flamelets.

The results for flame E (Fig. 5) are qualitatively
similar to those for flame D. Due to the higher
Reynolds number, flame E already has a significant
amount of local extinction at x=D ¼ 7:5, with the
largest amount occurring at x=D ¼ 15. For small
SGS variance, the temperature decreases to as low
as 1000 K at x=D ¼ 7:5 and x=D ¼ 15. The amount
of local extinction is also much larger than in flame
D. The diffusion streamlines at x=D ¼ 15 is similar
to those for flame D. But the lower stagnation point
occurs at a slightly lower temperature. In addition,
the stagnation point near 2000 K appears to be
weaker, which may be due to the stronger stagna-
tion point near 1600 K resulting from the larger
amount of local extinction.

For large SGS variance, the streamline pat-
terns also are generally similar to those for flame
D. At x=D ¼ 7:5 the streamlines for the extin-
guished samples are approximately symmetric
with respect to n ¼ 0:4. These streamlines become
asymmetric at x=D ¼ 15, again perhaps due to the
influence of the pilot flame. They become more
symmetric at x=D ¼ 30.

The results for the diffusion streamlines in
Figs. 1a and 2a suggest that the SGS mixing pro-
cesses for small SGS variance can be modeled in a
way similar to non-reactive scalars. For QEDRs,
which have temperatures not far from the equilib-
rium values, the mixing can be modeled through
the mixing of mixture fraction and the scalar dis-
sipation rate, due to the strong influence of the
latter on the temperature. The similarities of the
streamline pattern to those of three-scalar mixing
in a co-axial jet suggest that the mixing process
needs to be modeled in a way that reflects the sep-
aration of two of the scalars (the mixture fraction
and the co-flow) by the third (the scalar dissipa-
tion rate) in physics. For SGS fields with lower
temperature (e.g., hT iL < 1800 K), the SGS mix-
ing can be modeled as the mixing of mixture frac-
tion and the non-reactive temperature due to the
decoupling of temperature from the chemistry
and the scalar dissipation rate as a result of much
reduced reaction rate. In contrast to the mixing in
QEDRs, the mixing process for these SGS fields
resembles three-scalar mixing in a homogeneous
scalar field, and therefore can be modeled as such.
For large SGS variance, mixing models need to
incorporate the physics of the more complex diffu-
sion velocity pattern resulting from the flamelet
structure and local extinction.

In the present study the mixture fraction is cal-
culated using Bilger’s definition, which maintains
the stoichiometric mixture fraction in the presence
of differential diffusion. In the Sandia flames the
diffusivities for n and T are very close, therefore,
we expect the differential diffusion effects on the
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conditionally filtered diffusion of these two vari-
ables to be weak. For the conditionally filtered
diffusion of spectis mass fractions the effects may
be stronger due to the wide range of diffusivities.
On the other hand, differential diffusion effects
are weaker (at least in the average sense) in turbu-
lent flames than in laminar flames. It is unclear at
this time how strong they will be for the species
mass fraction diffusion.
4. Conclusions

In the present work we used data obtained in
turbulent partially premixed flames (Sandia flames
D and E) to study the influence of the SGS mix-
ture fraction structure on the diffusion of the mix-
ture fraction and temperature. The Favre filtered
mixture fraction and the Favre SGS scalar vari-
ance were used as conditioning variables for ana-
lyzing the scalar filtered mass density function and
other SGS variables. The main findings are:

� For small SGS scalar variance, at high temper-
ature (the burning samples) the conditionally
filtered diffusion of the mixture fraction and
temperature, represented by streamlines, gen-
erally move towards the ridgeline of the
FMDF and then move along it. There are,
therefore, two mixing process, one fast and
one slow. The mixing of temperature is con-
trolled by the scalar dissipation rate and the
chemistry.
� Mixing between burning and extinguished

samples generally causes the streamlines to
converge to an intermediate temperature of
approximately 1600 K. The mixing of tempera-
ture is more similar to that of a non-reactive
scalar.
� For large SGS scalar variance, the mixing pro-

cesses are more complex. Part of the streamline
pattern is consistent with flamelets. The
streamlines for very rich and lean mixtures
generally converge towards the ridgeline of
the FMDF and move upward along it, again
indicating two mixing precesses, one fast and
one slow.
� Low temperature samples are largely extin-

guished flamelets, which cause the streamlines
to move in straight lines predominately in the
direction of the mixture fraction towards
n ¼ 0:4, approximately the center of the
ramp-cliff structure.
� At x=D ¼ 15 the mixing of the pilot flame and

the fuel stream also appear have some impact
on the streamline pattern, resulting in nearly
straight streamlines connecting the fuel and
the pilot in the scalar space, indicating that
the dissipation rate is large and that there is
essentially no reaction in this region.
The present study shows that the mixing
regimes and the resulting streamline patterns for
the conditionally filtered diffusion are important
SGS mixing characteristics of the flames. These
patterns are challenging tests for mixing models.
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