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ABSTRACT
Development of accurate combustion models is needed to
aid in the design of improved combustors in both the air-
craft and automotive industries. Numerical models capa-
ble of providing the necessary information must be able
to predict the highly unsteady behavior associated with
turbulent-chemistry interactions. One promising approach
to investigate flows of practical interest is large-eddy sim-
ulation(LES). However, relatively few extensions to react-
ing flows have been made since additional closure problems
arise from combustion related terms which are difficult to
model. One approach to combustion related subgrid clo-
sure is the linear-eddy mixing(LEM) model. This model
separately treats the physical process of molecular diffu-
sion and turbulent stirring so that an accurate picture of
the interaction of the turbulence and the chemistry can be
obtained. This paper investigates the LEM model for use
in LES simulations of diffusion flames.

1 INTRODUCTION
Accurate combustion models are needed for the design of
improved combustors in both the aircraft and automotive
industries. Designers seeking to improve combustor effi-
ciency and reduce pollution emissions, for example, are in-
creasingly limited by current modeling approaches. Tur-
bulence plays a major role in these designs and must be
treated carefully to yield accurate results. Numerical mod-
els for reacting flows capable of providing the necessary
information must be able to predict the highly unsteady
behavior associated with turbulent-chemistry interactions.

One approach for modeling turbulent reacting flows of
practical interest is large-eddy simulation(LES). The un-
derlying philosophy of LES is the explicit calculation of the
large energy containing scales of motion which are directly
affected by boundary conditions. These scales are difficult
to model due their variability from one problem geometry
to the next. The smaller scales of the flow are presumed to
be more universal in nature and therefore more amenable to
successful modeling. The LES equations of motion describe
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the evolution of the large scales and are derived by applying
a spatial filter function to the gas-phase Navier-Stokes re-
acting flow equations. This filtering process separates out
the effects of the highly geometry dependent large scales
from the more universal small scales. The filtering results
in a set of equations describing the evolution of the large
scale or resolved part of the flow variables. The effect of
the small unresolved scales appears as additional subgrid
terms in the resolved field equations. These subgrid terms
must be modeled or additional equations for these terms
derived hi order to close the equation set.

Models for the subgrid-scale(SGS) terms in nonreacting,
compressible flows have been developed (Erlebacher et al.,
1990; Moin et al., 1991; Menon, 1991). However, relatively
few extensions to reacting flows have been made. For this
case, additional closure problems arise from combustion re-
lated terms which are difficult to model. These additional
terms include: 1) the filtered reaction source terms, 2) the
terms describing species transport due to turbulence, 3) the
temperature-species correlations arising hi the state equa-
tions.

LES of reacting flows has been previously applied to both
premixed and nonpremixed combustion. For premixed fu-
els, Menon and Jou(1991) and Smith and Menon(1994)
used the "G" equation to track the propagation of a thin
flame front. The effect of chemical reactions on the propa-
gation of the flame front was modeled phenomenologically
in terms of a turbulent flame speed. This approach avoids
the evaluation of filtered reaction source terms. The flow
was also treated as a single component fluid with a heat
source term which avoids the temperature-species corre-
lations in the state equations. Menon et a/.(1993a) have
also investigated an innovative mixing model employing the
"G" equation as a subgrid model in LES.

In the realm of nonpremixed combustion, Schu-
mann(1989) and Sykes et a/.(1992) applied LES to incom-
pressible reacting atmospheric flows. For these simulations,
the filtered chemical source terms were approximated in
terms of the LES resolved field only and the effect of tur-
bulent subgrid fluctuations was neglected. This type of as-
sumption is valid for cases in which the chemistry is "slow"
compared to the time scale for the decay of the species
fluctuations. Fureby and M611er(1995) included first order
subgrid mixing effects through an extension of the eddy-
dissipation model of Magnussen and Hjertager(1976) to
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LES. Frankel et al. (1993) applied the assumed probabil-
ity density function(pdf) method(Bilger, 1980) to LES of
incompressible reacting flows with no heat release. A more
general approach was proposed by Gao and O'Brien (1993)
who advocated solving the pdf evolution equation(Pope,
1990) in the context of LES for incompressible flows.

Common in all these applications of LES to nonpremixed
combustion is the use of the gradient diffusion assump-
tion (Tennekes and Lumley, 1972) to model the species
transport terms due to turbulence. Use of this type of
assumption for reactive species is questionable(Dimotakis,
1989) and even dubious(Pope, 1979). An alternative sub-
grid modeling approach which avoids using this assump-
tion has been proposed by Menon et o/.(1993b) and Mc-
Murtry et at (1992). They investigated the application of
Kerstein's linear-eddy mixing(LEM.) model(Kerstein, 1988,
1989, 1990, 1991 1992) as a subgrid model in LES of turbu-
lent premixed and diffusion flames. These initial investiga-
tions demonstrated the good qualitative characteristics of
this approach for simulations in which the chemistry was
uncoupled from the fluid dynamics.

The LEM model used hi these calculations separately
treats the physical process of molecular diffusion and tur-
bulent stirring at the small scales so that an accurate pic-
ture of the interaction of the turbulence and the chemistry
can be obtained. The capabilities of the LEM model have
been demonstrated for mixing in grid turbulence(Kerstein,
1988), reacting mixing layers (Kerstein, 1989), jet diffusion
flames(Kerstein, 1990, 1992; Menon et al, 1994; Calhoon
et al., 1995) and for premixed flames(Menon and Kerstein,
1992). The advantages of this mixing model over other
formulations make it an excellent candidate as a subgrid
mixing model for use in LES.

This paper describes the application of Kerstein's LEM
model for use in LES simulations of diffusion flames. This
approach may be applied to the general case of compress-
ible flows with high heat release reactions. In this study,
however, the capabilities of the method to model mixing
and reaction of diluted fuels with low heat release reac-
tions is evaluated. The case of high heat release will be
investigated in a future study.

The following sections of this paper discuss the LES
equations of motion for reacting flows and describe the sub-
grid closure modeling. A brief description of the basic LEM
model is given and its application as a subgrid model is pre-
sented. The numerical method used in the calculations is
also described. Results of the method applied to turbulent
reacting mixing layers are presented and discussed.

2 LES SIMULATION MODEL
The LES reacting flow equations are derived by the con-
volution of a spatial filter function with the Navier-Stokes
equations describing mass, momentum, energy and species
conservation for a multi-component fluid. The filtering re-
sults in a set of equations for the large scale or resolved
part of the flow variables. The resolved part of any vari-

able M which varies in space
the convolution,

and time t is defined by

~M(xitt) = M(zj,t)G(xj - (1)

where G is the spatial function which has a characteristic
width ALES- In this study, the box filter is used so that
ALBS >s equal to the computation grid cell width. For com-
pressible flows, it is customary to introduce mass weighted
or Favre filtering(Erlebacher et al, 1990) and express the
resolved field as M = pMfp. The turbulent field variable
M can now be decomposed into the resolved and unre-
solved parts as M = M + M", where M" is the unresolved
or fluctuating subgrid component.

Applying the filtering defined in equation (1) to the gov-
erning equations results in the LES equations of motion for
reacting flows. These equations describe the temporal and
spatial evolution of the resolved variables {p, puj, pE, pYk}
where p, Uj, E and Yk are the density, jth component of
velocity, specific total energy and fcth species mass frac-
tion respectively. These equations are given in Fureby and
M611er(1995) and are not repeated here for brevity.

The effect of the small unresolved scales appears as ad-
ditional unknown terms in the resolved field equations. In
the momentum equation, two additional terms arise which
are the SGS stress tensor T*?* and the filtered viscous stress
tensor fy. The unclosed terms in the filtered energy equa-
tion are the SGS total enthalpy flux HJ9', the filtered heat
flux QJ and the SGS viscous work term o]8* • Other subgrid
terms representing convective species fluxes $tfff > speciesKjj

diffusive fluxes d^sj and the filtered species production rate
u>k also appear in the species conservation equations. See
Fureby and M611er(1995) for a description of these terms.

In addition to the conservation equations, the equa-
tion of state for a multi-component fluid must also be
filtered. The unfiltered state equation is given by p =
plfTY^i Yk/Wk where T is the temperature, K is the
total number of species, R° is the universal gas constant
and Wk is the £th species molecular weight. Applying the
filtering to this equation results in,

(2)
fc=i

where T£a* contains temperature-species correlations and
is given by T*k

3' = TYk- TYk-
The filtering must also be applied to the caloric equation

of state e = h — p/p with the mixture enthalpy h speci-
fied hi terms of the species heat of formation and specific
heats Cp)fc(Williams, 1985). Specifying the Cp^'s in terms
of polynomial approximations(Kee et al., 1989), higher or-
der temperature-species correlations appear in the filtered
caloric equation of state which are of the form,

K N^A (YkT»-
= 2^a*.«————„ (3)
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where ak,n is the nth coefficient of the JVth order polyno-
mial approximating Cptk-

In order to solve the LES conservation equations, all
these additional terms must be closed with appropriate
subgrid models. The SGS stress tensor r'3* and the en-
thalpy flux term Hj9" are not unique to reacting flows
but also appear in the compressible nonreacting LES equa-
tions. As a result, standard models for these terms may
be adopted. In this study, rf?' and Hj3' are modeled us-
ing the compressible extension(Nelson, 1995) of the Local-
ized Dynamic k-Equation Subgrid-Scale(LDKSGS) model
of Kirn and Menon(1995). This model requires the solution
of an additional modeled equation for the subgrid turbulent
kinetic energy defined as k*3' = (ujttj — Ui&i)/2. The sub-
grid terms related to diffusive processes(i.e. 9'k9J, a':9' and
the unresolved parts of Ty and qfj) are generally neglected
in both reacting and nonreacting simulations. This is true
even for high temperature flames where molecular prop-
erties may change rapidly(e.g. Fureby and Moller, 1995).
This approach is adopted for the present study of low heat
release flames.

The principle difficulty in reacting LES simulations is the
proper modeling of the combustion related terms involving
the temperature and species which are: 1) the convective
species fluxes $^J = p(Y^Uj— Y^Uj) due to turbulent fluc-
tuations, 2) the temperature-species correlations T£3* and
T^9''n and 3) the filtered species mass production rate Wk-

The transport term &'kaj is almost universally modeled
in LES using the gradient diffusion assumption. $£ff?
may then be approximated by a eddy viscosity type
model(Tennekes and Lumley, 1972) of the form $'k9j =
—p(i>r/Sct)dYk/dxj, where Set is the turbulent Schmidt
number and VT is the eddy viscosity expressed in terms
of k'9*. Application of the eddy viscosity type model
have been reasonably successful for approximating r'3'
and Hj9'- However it has been less successful when used
for species transport. Frankel et ai(1993) attributed use
of this assumption as the source of errors in comparison
of reacting LES simulations with direct numerical simu-
lation(DNS) data. Also, the magnitude of the modeled
^'ifj may overwhelm the physical molecular diffusion terms
causing the final solution to be invariant with the diffusion
process. This is a serious problem because molecular diffu-
sion is known to be a controlling phenomena in combustion
processes even at high Reynolds numbers(Re) (Broadwell
and Mungal,1991).

Subgrid modeling for the temperature-species correla-
tions T£9' and T£3''n appearing in the state equations has
received little or no attention. For low heat release these
correlations can be expected to be negligible. For simu-
lations with high heat release this is not expected to be
true. For example, Calhoon and Menon(1995) found T^9*
to be significant in an HI — air turbulent jet simulated us-
ing the LEM model. However, due to the difficulty and
uncertainty in modeling these terms they are generally ne-
glected(e.g. Fureby, 1995) with little justification. Alter-

natively, an evolution equation for Tf.3' can be derived but
the third order terms appearing in this equation are even
more difficult to model.

The final term requiring modeling is the filtered species
mass production rate to*. Proper treatment of this term
comprises most of the difficulty in LES subgrid modeling.
The difficulty results from the often highly nonlinear be-
havior of the rate expression used to describe «;&. Subgrid
fluctuations in species and temperature play a significant
role in this term. For example, Frankel et o£(1993) showed
that neglecting these fluctuations produced large errors in
reacting mixing layer simulations.

Among the most comprehensive approaches to approx-
imating Wk are the assumed pdf method of Frankel et
ai(1993) and the pdf evolution equation method of Gao
and O'Brien(1993). The assumed pdf method specifies sub-
grid species mixing in terms of an assumed pdf shape which
is a function of, at minimum, second order correlations of
the species such as (Vjfelfc — i^l^t). These correlations must
be predicted from equations which are difficult to model.
Frankel et ai(1993) sited the inadequacies in the prediction
of the high order species correlations as a primary source of
disagreement of the assumed pdf method with DNS data.

The pdf evolution equation method of Gao and
O'Brien(1993) is a more general alternative but has not yet
be fully developed and applied. A primary difficultly in this
approach is the accurate modeling of the subgrid molecu-
lar mixing terms appearing in the pdf equation. Proper
modeling of this term has consistently been a stumbling
block hi pdf methods. This problem is exacerbated by the
fact that the coupling of small scale stirring and molecu-
lar diffusion in turbulent reacting flows is one of the most
important effects.

An alternative approach to modeling the combustion re-
lated subgrid terms is to use the LEM model of Kerstein
as a subgrid model in LES. The next section gives a brief
description of the LEM model before its implementation
into LES is described.

3 LINEAR-EDDY MODEL
The LEM model has been described extensively by Ker-
stein(1988, 1989, 1990, 1991 1992) and is therefore only
briefly discussed here. This model is designed to sepa-
rately treat two fundamental physical processes which de-
scribe the evolution of chemical species in turbulent flames.
These two processes are molecular diffusion and turbulent
convective stirring. Molecular diffusion is treated within
the model deterministically by the numerical solution of
the species and temperature diffusion equations(Calhoon
et a/., 1995) which include the effects of chemical reactions.
Turbulent stirring, however, is modeled stochastically by a
series of instantaneous rearrangement events of the species
and temperature fields. These rearrangement events corre-
spond to mixing induced by turbulent eddies. The length
scale and frequency of these eddies are determined from re-
lationships derived by Kerstein (1992). These relationships
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were derived by equating the diffusivity of a random walk
of a fluid particle under the influence of the rearrangement
events with the scaling of turbulent diffusivity.

The strategy employed within the LEM model is to re-
solve all relevant fluid mechanical length scales of the flow,
as in direct numerical simulations. As a result, the reac-
tion rate terms in the species and temperature equations
appear in closed form and do not require additional model-
ing. Resolving all length scales of the flow, however, will in
general be computationally intractable in the foreseeable
future. As a result, the LEM model is implemented in only
one spatial dimension to keep the simulations affordable.

One underlying assumption in the model is constant
pressure. As a result, the LEM fluid elements will nec-
essarily expand with temperature increase. This expansion
will cause a decrease in the local scalar gradients in the
vicinity of the flame and thereby a reduction in molecular
diffusion. Algorithms for the implementation of volumet-
ric expansion within the LEM model have been described
by Kerstein(1991) and Goldin and Menon(1996). In this
study, however, heat release is assumed to be low so that
volumetric expansion may be neglected.

Inputs for the LEM model are the integral length scale
LLEM, the model Reynolds number ReLEM> pressure,
the species molecular diffusivities, thermal conductivity A,
species specific heats Cptk and the reaction rate constants.
With specification of appropriate initial and boundary con-
ditions, the species and temperature fields evolving in ho-
mogeneous, stationary turbulence can be determined(see
McMurty et aZ.(1993) for a description of the nonreacting
mixing case). These fields can be used to directly com-
pute subgrid temperature and species correlations needed
for the LES simulation. One striking advantage of this ap-
proach over other formulations is the explicit inclusion of
Reynolds number and molecular diffusivities hi the model.

4 LEM SUBGRID MODEL
The LEM model may be used as a subgrid model for the
small unresolved scales of the flow while the larger scales
are calculated directly from the LES equations of motion.
This approach requires the prescription of a method to cou-
ple the 1-D LEM model with the multi-dimensional LES
resolved field equations. At present, there are two ways to
accomplish this task. The first is called the LEM pdf spec-
ification(LEMS) approach. This is an extension to LES
of the work of Goldin and Menon(1996) for the Reynolds
averaged Navfer-Stokes equations. The second approach is
termed the LEM pdf calculation(LEMC) approach. The
LEMC method was first developed by Menon et a2.(1993b)
in the context of premixed flames. It has also been ap-
plied to describe diffusion flame structure by McMurtry et
a/.(1992).

The LEMS approach, though very useful, employs the
use of the gradient diffusion assumption to model $£s* as
described above. The LEMC approach, on the other hand,
avoids this assumption completely. As a consequence, the

remainder of this study is concerned only with the LEMC
approach. The LEMS procedure is described and discussed
in Calhoon(1996). The LEMC method has been described
in detail by Menon et ol(1993b), McMurtry et ai.(1992)
and Calhoon(1996). As a result, LEMC the method is only
outlined and the proposed improvements to the algorithm
noted here for brevity.

The strategy adopted in the LEMC approach is to ex-
plicitly implement a 1-D LEM spatial domain within the
subgrid of each LES grid cell. Given the processes that
effect the LEM subgrid fluid elements, the evolution of the
subgrid species and temperature fields and their associated
subgrid joint pdf is then calculated directly during the LES
simulation. This scheme is therefore denoted the LEM pdf
calculation procedure.

The LEMC procedure seeks to model all the processes,
both large and small scale, which influence the evolution
of the subgrid 1* fields. As a result, the filtered species
Yk may be calculated directly by filtering the subgrid Yk
fields. This obviates the need to solve the LES filtered
equations for Yk. Consequently, use of conventional mod-
els for $'k9j employing the gradient diffusion assumption is
completely avoided. Within the LEMC approach, model-
ing of the small scale processes is accomplished using the
LEM model. The Yk fields are also influenced by large
scale convection. This process is modeled by employing a
modified version of the "splicing" algorithm developed by
Menon et a/.(1993b) which convects subgrid fluid elements
from one LES cell to another.

The processes effecting the evolution of the subgrid scalar
fields are 1) molecular diffusion, 2) chemical reaction, 3)
subgrid turbulent stirring and 4) large scale convection.
These processes can be characterized by the tune scales
Aid.//, AtcAem, At,£jr and Atom,, respectively. Given
these time scales, the temporal evolution of the subgrid
scalar fields is represented within the LEMC procedure as
follows. Given the initial subgrid scalar fields in each LES
cell, the processes of molecular diffusion, chemical reac-
tion, turbulent stirring and large scale convection are im-
plemented as discrete events occurring in time. The epochs
of these events are determined by the respective tune scales
of each process. This type of discrete implementation is
similar to the fractional step method used to solve differ-
ential equations.

As the subgrid T and Yj, fields evolve under the action of
these processes, the LES equations for {p, pUj, pE} are also
solved concurrently on the acoustic time scale At LES- The
subgrid scalar fields are coupled to the resolved scales in
the following ways. First, the subgrid length scale LLEM
is specified equal to the LES characteristic filter size ALES-
Second, LEM model Reynolds number RJBLEM is specified
in terms of k'9' as K.CLEM = Vk'^'LiEM/^ with v being
the kinematic viscosity based on the resolved field. Third,
the subgrid molecular diffusivities, thermal conductivity,
specific heats and reaction rate constants are set equal to
the resolved field values. Fourth, the resolved species mass
fractions Yk are calculated by a direct filtering of the sub-
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grid fields. Finally, the subgrid T field may be coupled
to the resolved scales as described by Menon et a/.(1993a)
or by a modified scheme described by Calhoon(1995). In
this study, however, heat release is assumed negligible so
that the subgrid T is equal to the resolved value T. This
completes the outline of the method. Modifications to the
algorithm originally proposed by Menon et at(1993b) and
McMurtry et o/.(1992) are described below.

The LEM model requires boundary and initial condi-
tions for the subgrid diffusion equations to be specified. In
previous applications of the LEMC method, the subgrid
LEM spatial coordinate s was assumed to be periodic. In
this study, however, zero gradient boundary conditions are
used on both Yk and T. These conditions are consistent
with the notion that species and heat diffusion at the large
scales(i.e. scales of the order of ALES and larger) are negli-
gible for high Re flows. Initial conditions for subgrid fields
are determined from the splicing or large scale convection
events occurring on the time scale Atcom,. Each splicing
event transfers subgrid fluid elements from one LES cell to
another generating new Yk and T distributions which then
evolve as prescribed by the LEM model.

The subgrid integral length scale LLEM has been speci-
fied equal to the local characteristic filter size ALES as in
previous LEMC implementations. It should be recognized,
however, that LLEM plays an important role in subgrid
mixing. LLEM determines the magnitude of the subgrid
scalar gradients and the diffusion time scale Atdi/f- LLEM
also determines R&LEM which in turn prescribes the sub-
grid stirring time scale At,tir. Taking LLEM = ALES may
not be appropriate because the LEM spatial coordinate s
has been interpreted by Kerstein(1991) as a space curve
aligned with the local scalar gradients. LLEM may there-
fore be much longer than ALES- The lack of a precise def-
inition of LLEM results in the need to calibrate the mixing
model. Calibration of the model is also necessary because
coefficients in the expressions of other subgrid LEM param-
eters have been set to one, following historical precedent.

In order to calibrate the mixing model, LLEM could be
specified, for example, as ALES times some calibration co-
efficient. Another approach is to specify new time scales
for the diffusion and stirring processes in the LEM model
as.

At*diff = CrAtdiff (4)

(5)

where CT is a calibration coefficient and Atdiff and At,tir
are specified taking LLEM — ALES- Equations (4) and (5)
result from recognizing that LLEM determines the tempo-
ral rate of mixing. Use of these equations rescales the time
coordinate of the subgrid diffusion and stirring processes
to match those of the condition chosen to calibrate the
model. This time scaling approach, however, is not applied
to the chemistry. The chemical processes are not explicitly
a function of the subgrid length scale and should therefore

have the same temporal coordinate as the LES resolved
field equations.

A similar time scaling procedure was implemented by
McMurtry et at (1993) who used the LEM model to pre-
dict passive scalar mixing in homogeneous, stationary tur-
bulence. Other mixing models employed in various schemes
also include calibration coefficients. These coefficients may
appear explicitly(e.g. pdf mixing model closure) or im-
plicitly through other models which influence species mix-
ing(e.g. eddy viscosity models for $kaj)-

Other modifications to the original algorithm of Menon
et a/.(1993b) and McMurtry et a/.(1992) deal with the large
scale convection or splicing algorithm. This algorithm is
discussed hi detail by Menon et al(1993b) and is only
briefly described here. This algorithm moves subgrid fluid
elements from one LES cell to another based on the local
velocity field Uj. The local velocity consists of the revolved
velocity Uj plus a fluctuating component u,-. The resolved
velocity is calculated from the LES equations while the fluc-
tuating component is estimated in terms of k'a' similar to
Menon et aJ.(1993b). The splicing events are implemented
discretely in time on the tune scale Ai,^,,. Each splicing
event involves several steps which are: (1) determination of
volume transfer between adjacent LES grid cells, (2) iden-
tification of the subgrid elements to be transferred given
the volume transfer, and (3) splicing of the identified fluid
elements across LES cell boundaries into the subgrid LEM
domains.

Step (1) of the splicing process has been modified from
that suggested by Menon et a/.(1993b) hi two ways. First,
the volume transfers due to both Uj and Uj are calculated
in a conservative manner. The previous algorithm calcu-
lated these transfers nonconservatively which may result
in significant mass conservation errors. Second, the con-
tributions from both iij and u^ are treated as a single
volume transfer. Menon et a/.(1993b) treated these con-
tributions separately which may result in a nonphysical
upstream propagation of species.

Step (2) of the algorithm has also been modified. This
step involves 1) calculating the number of subgrid fluid el-
ements to be transferred given the volume fluxes between
LES cells, and 2) identifying which specific elements are to
be transferred. The number of elements to be transferred is
calculated here as described by Menon et al(1993b). The
manner in which elements are chosen for transfer, however,
has been modified. Menon et aZ.(1993b) chose these ele-
ments in a random fashion in order to model the random
behavior of turbulent transport. In this study, however,
these subgrid elements are specified in an ordered fashion.
This is done so that the splicing algorithm may recover
laminar convection when the turbulent kinetic energy is
zero. The previous splicing algorithm does not have this
property.

To describe how the subgrid transfer elements are cho-
sen, first recall that in this study the LEM domain has a
length LLEM and is not periodic in a. Here, the 8 = 0
and s = LLEM extremities of the domain are interpreted
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as inflow and outflow boundaries, respectively, of the sub-
grid with neighboring LES grid cells. With this interpre-
tation, the outgoing subgrid elements are chosen from the
a = LLEM end of the domain while incoming elements
enter from the s = 0 end. Step (3) of the splicing algo-
rithm accomplishes the actual transfer of subgrid elements.
This inflow/outflow interpretation results in elements en-
tering a LEM domain from the 5 = 0 boundary. They are
then convected through the domain and out the s = LLEM
boundary by successive splicing events. During this "flow
through" process, subgrid fluid elements, and their associ-
ated 1% and T values, are stirred, diffused, etc. by the LEM
model. This new ordered splicing approach eliminates the
conservation error described by Menon et oi(1993b) of the
previous random algorithm.

One artifact of the splicing algorithm implemented here
and in the approach of Menon et a/.(1993b) is the genera-
tion of discontinuities in the subgrid fields. These disconti-
nuities appear between the incoming subgrid elements and
the original field. As noted by McMurtry et al. (1992), these
discontinuities are unphysical and result in spurious diffu-
sion in their vicinity. Previously, this error was neglected.
In this study, however, this error is removed by not al-
lowing diffusion across these discontinuities. The subgrid
domain is then effectively partitioned into sub-subgrid do-
mains. This partitioning only affects the solution of the
diffusion equations and has no effect on the subgrid stir-
ring events. The subgrid stirring process may overlap the
subgrid partitions transferring species from one partition
to another.

The splicing algorithm described here has the important
property that species convection is treated in a similar man-
ner as in Lagrangian schemes. That is, convection is inde-
pendent of the magnitude or gradient of the species which
are transported. Convection in the splicing algorithm only
depends on the velocity field. As a result, subgrid ele-
ments are transported without changing their species and
temperature magnitudes. This property allows the splicing
algorithm to avoid the classic difficulty of false numerical
diffusion associated with the numerical approximation of
convective terms in differential equations. By avoiding nu-
merical diffusion, and also the gradient diffusion assump-
tion, the splicing algorithm allows an accurate picture of
the small scale effects of molecular diffusion to be captured,
including differential diffusion effects.

5 NUMERICAL FORMULATION
The modeled LES equations for {p, p&j,pE} are solved nu-
merically in finite volume form. The inviscid cell face fluxes
are approximated using the AUSM flux split scheme(Liou
and Steffen, 1993) extended to fiah order using the MUSCL
approach. The fifth order interpolation is upwind-biased
with a stencil given by Hariharan and Sankar(1994). The
viscous stresses and heat flux terms are evaluated with the
fourth order scheme of Bayliss et a/.(1985). All other spa-
tial derivatives in the LES equations are approximated to

fourth order using central differences. Time advancement
is accomplished using a second order Rugga-Kutta scheme.
The pressure gradient scaling technique of Ramshaw et
ai(1985) is used to ensure temporal stability of the scheme
for a fixed time step Ai^ss- The time steps specified in
all simulations, however, correspond to a CFL number of
«.3.

The subgrid LEM diffusion equations are discretized us-
ing second order central differences on an equally spaced
grid. The grid spacing is specified as As = LLEM/NLEM
where NLEM is the number of subgrid fluid elements. The
subgrid equations are time advanced using the backward
Euler scheme. The tune scales Afdi// and Atchem are spec-
ified from stability considerations with CFL numbers of
.25 and « .01 respectively. The time scale At,tjr of the
LEM model is specified following Menon et o/.(1993b) with
LLEM = ALES- The velocity time scale of the splicing
algorithm is specified as,

(6)

where Ax< is the grid cell width in the ith coordinate di-
rection and £ijtk is the Levi-chi-vita tensor.

Several DNS test cases where conducted in order to vali-
date the implementation of the AUSM discretization. The
LDKSGS subgrid model was also validated by comparing
LES simulations of decaying isotropic turbulence with DNS
data. The subgrid discretization was validated with an
exact solution of the diffusion equation. It should also
be noted that a test conducted using a sixth order com-
pact scheme to solve the diffusion equation showed only a
small improvement over the second order central difference
scheme. As a result, the second order scheme was adopted
due to its simplicity. The splicing algorithm implementa-
tion was also validated though a series of convection tests.

6 MODEL APPLICATION: REACTING
MIXING LAYER

This section describes the application of the LEMC sub-
grid approach to the LES modeling of mixing and reac-
tion in high Reynolds number mixing layers. The com-
bined modeling approach will be denoted the LES-LEMC
method. Reacting mixing layers have been extensively
studied experimentally for a wide range of conditions (see
Dimotakis(1989) for a recent review). The results of these
experiments provide an opportunity to demonstrate the
capabilities of the LES-LEMC approach. In this initial
study, the simulations are restricted to temporally evolving
layers in only two spatial dimensions. The 2-D assump-
tion may be justifiable because experiments have shown
the early stages of development of many mixing layers to
be dominated by large two dimensional coherent struc-
tures(Roshko, 1976; Dimotakis, 1989). These structures
may also persist to considerable downstream distances.
Three dimensional mixing in the early stages occurs at the
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small scales. Further downstream, however, 3-D mixing
becomes a dominant effect.

Within the 2-D application of the LES-LEMC approach,
the development of the large scale coherent structures in
the mixing layer are modeled by the LES resolved field
equations. The 3-D small scale mixing effects are mod-
eled by the LEMC subgrid approach which relies on the
LEM mixing model. The LEM model, though only a 1-
D approximation, has been shown to capture 3-D mixing
effects in homogeneous, stationary turbulence(McMurty et
al., 1993). This 2-D large scale/3-D small scale formula-
tion of the LES-LEMC method may therefore provide a
realistic representation of the early stages of development
of physical mixing layers. This formulation also makes it
possible to predict the post turbulent transition behavior
of high Reynolds number layers. This is unattainable in a
purely 2-D simulation because there is no mechanism for
3-D small scale mixing.

The simulations presented here seek to model mixing
layers with dilute reactant species and low heat release
reactions. Within this restriction, several simplifying as-
sumptions are made. To begin with, Fickian diffusion
with equal diffusivities for all species is assumed. With
this assumption the mixing process can be completely de-
scribed in terms of the Shvab-Zeldovich mixture fraction
^(Williams, 1985). £ is the normalized mass fraction of an
atomic species originating in the fuel stream. £ is therefore
one in the fuel stream and zero in the oxidizer stream. The
LEM subgrid diffusion equation for £ is given by,

dt da (7)

where the diffusion coefficient is taken as D = v/Sc. The
Schmidt number Sc for all simulations is set equal to .7
which is characteristic of gases. The unreacted species in
the subgrid are linearly related to £ and can be found given
their values in the fuel and oxidizer streams. With D given
as above, the Lewis number, Le = X/pCpD, is also assumed
to be equal to one.

The reaction chemistry in the layer is assumed to be gov-
erned by the elementary irreversible reaction F + O —* P.
This reaction is also taken to have negligible heat release.
This allows the subgrid temperature equation to be elim-
inated from the LEM formulation. The subgrid tempera-
ture is then specified equal to the LES resolved temperature
f. The subgrid correlations T^9* and T£9''n in the state
equations are then zero.

Both the cases of infinite and finite reaction rate are con-
sidered. For infinite rate chemistry, the product formation
can be calculated given £ by assuming complete conversion
of all reactant species. For the finite rate case, equation
(7) must be supplemented by an equation to describe the
product formation given by,

with,
Wp = Apf?YpYo (9)

where the rate Ap is assumed constant. Yp and YQ are
calculated from the mixture fraction as,

YP

Yo = (1- 0*0,0 --

(10)

(11)
where Yp,0 and YQ,O are the mass fraction values of F and
O in the fuel and oxidizer streams respectively. These ex-
pressions assume the species molecular weights are Wp =
Wo = constant and Wp = 2Wp by atom conservation.

The reactant species in the model problem are diluted in
an inert fluid. This fluid is assumed to have the thermody-
namic properties of air so that,

K
— °p,atr (12)

8Yp pD (8)

and similarly for the other properties except for the viscos-
ity. The viscosity is taken as a constant specified in terms
of Reynolds number. The thermal conductivity A is then
specified given the Prandlt number Pr equal to .72. Spec-
ifying the thermodynamic properties in this manner and
neglecting heat release decouples the fluid dynamics from
the chemistry.

The computational domain for all simulations is a
H x(H + A/f) box where H = 2ir. Periodic boundary
conditions are applied in the streamwise Xi direction while
slip wall conditions are applied at x^ = ±(H + A.H)/2.
The grid is equally spaced on the range —H/2 < x\ < H/2
and -H/2 <x2< H/2 with Azi = Ao;2 = H/NLEs- For
H/2 < |z21 < (H + A/f)/2, the grid is stretched and the
AUSM scheme is reduced from fifth to third order. This
grid stretching and order reduction of the scheme are used
in order to damp acoustic reflections from the upper and
lower slip wall boundary conditions. The upper and lower
boundaries are also set far enough away so that the simu-
lations model unconfined mixing layers. NLES for all sim-
ulations is 128. The stretched portion of the grid contains
20 additional points on both the top and bottom which are
distributed using a stretching factor of 1.5.

The subgrid LEM resolution NLEM is chosen based on
the criteria that the smallest length scales of the flow be
resolved. With Sc = .7, the Batchelor scale is larger than
the Kolmogorov scale T]K. The LEM grid is then specified
assuming a minimum resolution of six subgrid elements per
Kolmogorov scale. T]K is estimated from the scaling rela-
tion LLEM/^K — ̂ LEM- This resolution requirement is
checked throughout the simulations to ensure the quality of
the solution. A subgrid resolution of NLEM = 300 — 600,
depending on the specific simulation, was found to ade-
quately resolve T]K- For the mixing layer simulations, the
largest value of RELEM in the domain occurs in the early
tunes and decays as the simulation proceeds. As a result,
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the resolution oirjn in the subgrid improves throughout the
simulation. It should also be noted that with proper reso-
lution of TJK the subgrid scalar statistics will be converged.
This results from the fact that no additional scalar fluc-
tuations will exist below rjK • However, if Sc were greater
than one, the resolution requirement would be based on the
Batchelor scale.

The resolved velocity field Uj is initialized as a mean field
plus a perturbation. The mean velocity is specified by,

fraction is similarly initialized as constant in each LES cell
and equal to a mean value specified by,

= -£ tanh(x2/a)
= 0

(13)

where (M)mean denotes the mean value of M averaged in
the periodic direction. U0 is the velocity difference across
the layer and a is a constant related to the initial vorticity
thickness 5W>0. The vorticity thickness is defined by,

[«<«!>*
-i

(14)

Applying this definition to (ui)meon in equation (13) yields
^o>,o = 2a. In all the simulations presented in this study
a = .1496. From linear stability analysis (Michalke, 1964),
this value of a causes the third spatial mode of the layer
to be the most unstable.

The perturbation velocity added to {'Uj)mean is speci-
fied in a similar manner to Riley and Metcalfe(1980). The
perturbation is taken as an isotropic velocity field with an
energy spectrum which decays as k~2 where k is the mag-
nitude of the spectral wave number vector fcj. This velocity
field is then modified by a form function which preserves
the divergence free property and gives a streamwise velocity
fluctuation (ui)rma of the form(Riley and Metcalfe,1980),

(15)

where S1/^ is the velocity half width of (ui)meon.
U0 for all simulations is set to 71 TO/ sec, except where

noted. This corresponds to a Mach number of .2. The
resolved pressure p and temperature f are initialized con-
stant in the computational domain and equal to 1 aim and
300K respectively. Based on these conditions, the viscos-
ity is set so that Re^o = U06Wt0/v - 7000. The subgrid
kinetic energy is initialized using the approximation(Kim
and Menon, 1995),

k'a* £* CKkrei (16)
where CK is a constant and kre' is given by kre* =
(u/fi/ — ujttj)/2. «j is the resolved velocity explicitly Favre
filtered on the filter size 2^iES- Kirn and Menon(1995) de-
rived an expression for CK and found it to have a value of
approximately .45 for 3-D stationary isotropic turbulence.
This value is also adopted in this study.

Since heat release is neglected, the LEM subgrid density
is set equal to its corresponding LES filtered value p ini-
tially and throughout the simulation. The subgrid mixture

1
(17)

For the case of finite reaction rate chemistry, the prod-
uct field Yp is initialized to zero following McMurtry et
oi(1989).

The final parameter to be specified is the LEMC time
scaling coefficient CT. This coefficient is specified as CT =
100 for all simulations. The reasoning behind this choice
will be discussed below.

7 RESULTS AND DISCUSSION
7.1 INFINITE RATE CHEMICAL REACTION
As mentioned above, by assuming negligible heat release
and dilute reactant species, the fluid dynamics become de-
coupled from the subgrid scalar fields. The velocity field
therefore evolves in the same manner for both the infinite
and finite reaction rate cases. Consequently, the evolution
of the velocity field is discussed only in this section.

Figure 1 shows a plot of the growth of the ki modal
energies E^ of the mixing layer during the simulation. The
modal energies are calculated by integrating the spectral
energy in the periodic direction across the layer as,

(18)

where Hi and u^ are the Fourier transform of the ith com-
ponent of the filtered velocity and its complex conjugate
respectively. Time in the figure is nondimensionalized by
t>u>,o/Uo- From the figure, the third mode of the layer be-
gins to grow rapidly shortly after the start of the simula-
tion. The first and second modes, however, do not exhibit
significant growth until somewhat later times. This behav-
ior results from the initialization in which the third mode
was set as the most unstable from linear stability analy-
sis(Michalke, 1964). It is also apparent that both the sec-
ond and third modes have linear growth regions as expected
for unconfined mixing layers. The third mode saturates at
r ~ 20 and begins to loose energy. By the end of the sim-
ulation, the second mode is dominant but with significant
energy in the first mode as well.

Vorticity contours, not shown here, show that at r ~ 19
there are three well defined structures in the layer which
are approximately colinear. Further in the simulation these
structures begin to pair as the first and second modal en-
ergies become significant. Vorticity contours also show the
smaller structures of the layer becoming more obscure as
the simulation continues. This is consistent with DNS sim-
ulations of 2-D, decaying isotropic turbulence(Fornberg,
1977; McWilliams, 1984) in which isolated vorticity con-
centrations developed. This behavior occurs by a process
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in which energy is transferred to the large scales while en-
strophy is transferred to smaller scales where it is dissi-
pated(McWilliams, 1984).

The streamwise velocity field evolves self-similarly as is
expected for unconfined mixing layers. Figure 2 shows a
plot of the mean velocity (ui)mean across the layer plot-
ted in terms of the similarity coordinate x$/6m. 8m is the
momentum thickness defined by,

+00

_ I (P)me

J P|x2-
(19)

where,
V = i/mtan "j I''—00 (20)

«1 Un-H-oo — «1 |xa«-oo
The predicted mean velocity has also been averaged hi tune
for r > 5. Included hi the figure is the experimental data of
Bell and Mehta(1990) who measured the velocity profile hi
a turbulent mixing layer at several downstream locations.
As seen in the figure, the predicted velocity profile is hi
excellent agreement with the experiment data.

The simulation is at a high enough Reynolds number to
be beyond the mixing transition. The mixing transition is
characterized by the appearance of small scale 3-D motions
which significantly increase mixing and product formation
above that obtained for pre-transition mixing layers. From
the data of Koochesfahani and Dimotakis(1986), the mix-
ing transition is complete by Re^ ~ 7000. Figure 3 shows a
plot of Reynolds number evolution in time. Several values
of Re based on different transverse length scales are shown.
The velocity scale of these Reynolds numbers is U0. The
viscosity ft is a constant equal to the reference value and
the density is taken as the domain averaged value.

The length scales for the different values of Re in Figure 3
are the vorticity^), momentum (8m), mixture fraction^)
and mixed probability(£pm) thickness. 8U and 8m are de-
fined above in equations (14) and (19). However, the ve-
locity in equation (14) must be replaced with the filtered
value since Ui is not known from the LES equations. The
mixture fraction thickness 6% is defined as the width of the
region .01 < (£)mean < .99. (£>mean may be calculated
by directly averaging the subgrid LEM £ field avoiding the
spatial Favre filtering in the expressions for 8a and 8m. The
mixed probability thickness is calculated as the width of the
region (Pm)^an > .99 where (Pm)mean is the mean mixed
fluid probability defined by(Koochesfahani and Dimotakis,
1986), -r (21)

to'3'}\*^ 'mean
tne m®an subgrid mixture fraction pdf calcu-

lated from all the subgrid fields at a particular xz station.
Note that the integral in equation (21) excludes the pure
unmixed fluid outside the range e < £ < 1—e. In this study
e is taken as .033.

As seen in Figure 3, Re ,̂ evolves from an initial value
of 7000 and increases in time. As a result, the entire sim-
ulation is beyond the mixing transition. Also note from

the figure that the different length scales grow approxi-
mately linearly after an initial development period. This
linear growth is characteristic of self-similar mixing layers.
Ref>m is found to be more sensitive to the evolution of the
subgrid fields than Re^ due to the sensitivity of (Pm}metm
to intennittency at the edge of the layer. 6pm exhibits a
longer development region than 6% and begins approximate
linear growth by r ~ 7. At the end of the simulation the
growth of all length scales taper off due to the saturation
of the &i = 3 mode shown in Figure 1. Further in time,
linear growth will resume as the energy of the ki = 2 mode
grows(Figure 1) and the primary vortices pair. Figure 3
also shows that the linear growth rates of 8% and 6pm are
approximately twice the rate of 8^. This is in agreement
with experimental data of Brown and Roshko(1974) not-
ing that 6$ and Spm are comparable to the visual thick-
ness(Brown and Roshko,1974; Koochesfahani and Dimo-
takis, 1986) commonly measured in experimental investi-
gations.

The relatively large values of global mixing layer Re
in Figure 3 translate into large subgrid Reynolds number
R&LEM • As discussed above, RC^SM is used to determine
the required resolution hi the subgrid based on the crite-
ria that at least six subgrid elements are needed to resolve
T}K- Given this criteria and the Kolmogorov scaling relation
for r]K, a relationship for the required subgrid resolution
can be derived as NLEM, mm = 6(ReL£M,max)3/4. Figure 4
presents a plot of NLEM ,min calculated over the entire do-
main as a function of tune. Initially NLEM,min — 313 and
begins to drop quite rapidly shortly after the start of the
simulation. NLEM — 400 has been used for this simulation
so that the subgrid is well resolved. Using NLEM = 300,
however, would be adequate for this simulation because
only two LES cells in the entire domain were found to con-
tribute to NLEM being greater than 300. Figure 4 also
shows Ni,EM,mm to exhibit an approximate power law de-
cay as the simulation continues. This is related to the de-
cay of RcijjAf in the layer which results from the decay of
k'9* . Figure 5 shows a plot of the evolution of the total
mean subgrid kinetic energy k^' in time, k^' is defined
by,

+°° (22)

After a short development period, fc£f* shows a power law
decay as indicated by the linear slope in Figure 5 after
r ~ 1. This behavior of k'$f is due to the self-similarity of
the layer.

Turning now to the evolution of the chemically react-
ing fields, several cases were considered in which the con-
centration of the reactants were varied in the fuel and
oxidizer streams. These cases were specified hi terms of
the equivalence ratio if> defined by Mungal and Dimo-
takis(1984) (hereafter referred to as M-D). (j> is the ratio
of the low speed side reactant concentration to the high
speed reactant concentration, divided by the stoichiomet-
ric low speed to high speed reactant concentration ratio.
For the simulations in this study, the high speed side is
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taken as the upper side of the layer carrying species F. For
the elementary reaction considered here, the stoichiometric
ratio of F to O is equal to one. Recalling that Wp — WQ
and that the diluent properties are the same on both sides
of the layer, tj> reduces to,

Yo,e
YF,0

(23)

The values of 0 considered in this study are given in Ta-
ble 1. This table also gives the corresponding stoichiomet-
ric values of mixture fraction and product mass fraction
for each case(the subscript "st" denotes the stoichiomet-
ric value). These cases correspond to the experiments of
M-D who investigated hydrogen-fluorine reaction in a tur-
bulent gaseous mixing layer. The reactants in these ex-
periments were sufficiently diluted in an inert fluid so that
the chemistry did not effect the evolution of the velocity
field(Mungal and Dimotakis, 1984).

Table 1
Infinite rate cases
0 £st Yp,st
1/8 .111 .0178
1/4 .200 .0160
1/2 .333 .0133
1 .500 .0100
2 .667 .0133
4 .800 .0160
8 .889 .0178

For reacting mixing layers Mungal et at (1985) showed
that the product field does not evolve self-similarly due
to a Reynolds number dependence of the mean product.
This result also implies that the mixture fraction pdf is
also not self-similar because Mungal et oi.'s experiments
were conducted in the limit of fast chemistry(Mungal et
aL, 1985). As a result, time averages of Yp and £ may
not be calculated as done for the velocity field in Figure 2.
Only spatial averages at instants in time are relevant.

Figure 6 shows the spatial averaged values of Yp across
the layer at a time of r = 19 for the cases listed in Table
1. The transverse coordinate has been nondimensionalized
by Spm- The fuel stream in this figure is on the zg -»-Hx>
side and the oxidizer on the x% —> -co side. The time
of T = 19 is in the linear growth region shown in Figure
3 and just prior to the saturation of the &i = 3 spatial
mode seen in Figure 1. At this time there are three well
defined large scale structures which are approximately col-
inear. The product profiles in Figure 6 exhibit several qual-
itative trends observed in the experiments of M-D. First,
the profiles are asymmetric for tf> ^ 1 and skewed toward
the side of the layer which is lean in freestream reactants.
For (j> < 1 the profiles are biased to the lower side and
for <j> > 1 toward the upper side. Second, as <j> —» 1, the
profiles increasingly become more symmetric until at $ = 1
the mean product is approximately symmetric. The data of
M-D, however, showed the peak value for <j> = 8 to be much

larger than for <j> = 1/8 where Figure 6 shows these values
to be approximately the same. This disagreement reflects
the difference in the entrainment ratio(Dimotakis, 1989) of
fluid into the layer for the present temporal simulation and
for the experiments. The entrainment ratio ET is the ratio
of the volume of high speed to low speed fluid drawn into
the layer. M-D estimated their layer to have ET = 1.3.
Temporal simulations, however, are know to entrain fluid
in a symmetric manner so that ET = l(Dimotakis, 1989).

Figure 7 is a re-plot of the data in Figure 6 normalized
by the stoichiometric values of Yp given in Table 1 for each
value of 4>- This figure shows the peak mean product to
be a maximum for <j> = 1 and to drop off for ^ 7^ 1. This
trend was also observed by M-D. They found the maximum
peak product to occur for <f> equal to the entrainment ratio
and to be less for <f> off this condition. The peak values
of mean product from the present simulations are in the
range .57 < ((YP)mean/YP,.t)max < .65. This range is
in good agreement with that measured by M-D of .54 <
((Yp)mean /*P,«t)max < -67. The range predicted from the
simulations is slightly narrower than for the experiment,
again reflecting the difference in entrainment ratio. Figure
7 also shows the shift of the peak values for <p = 1/8 to
4> = 8 to span approximately 25% of the layer width, in
agreement with M-D.

Figure 8 shows a direct comparison of the present results
for mean product at <j> = 1 to the experimental results of
M-D for two different runs. The experimental product data
has been calculated from the measured mean temperature
profiles as described by M-D. The agreement between the
present simulation and the experiment is quite good. The
peak value as well as the shape of the profile have been cap-
tured in the simulation. The data of M-D is for a mixing
layer at a comparable but slightly larger Reynolds number.
RePm = 6.5X104 for the experiment and ~ 4.1xl04 for the
simulation. The product formation in a turbulent mixing
layer is known to be a function of Re(Mungal et al, 1985).
However, it is a slow function of Re(approximately 6% de-
crease for a factor of 2 increase in Re). As a result, the
comparison in Figure 8 is legitimate.

The source of the asymmetry of the mean product pro-
files for (j) 7^ 1 can be seen in Figure 9. This figure is a plot
in the spatial domain of the filtered product Yp normalized
by Ypt,t for 4> = 1/8, 1 and 8, at a tune of r = 19. For
<t> = 1, high values of product mainly occur in the cores
of the large scale structures. For this case the product
in the cores is somewhat uniformly distributed in agree-
ment with experimental observations. This is seen more
clearly in the central structure than for the outer ones.
The outer structures have evolved from relatively recent
pairing events while the central structure was formed ear-
lier and has had more time for small scale mixing to break
down mixture gradients in the core. The somewhat uni-
form distribution of product in the core regions results in
the symmetric mean product profiles seen in Figure 7 and
8 for 4> = 1.

For <j> = 1/8 and 8, however, Figure 9 shows the large
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values of Yp to shift toward the lower and upper sides of
the layer respectively. This shift reflects the change in £,t
for these cases given in Table 1. Although the flame shifts
toward the lean side, the core regions still produce a large
amount of product. Also note that the flame shifts to the
left and right sides of the structures for <j> = 1/8 and 8
respectively. This behavior is indicative of streamwise gra-
dients in the mixed fluid of the layer as will be discussed
below.

The asymmetry of the mean profiles for tj> ^ 1 seen in
Figure 7 results from the vertical shift of the flame to-
ward the side lean in reactants, as expected from intuition.
However, the degree of the asymmetry is moderated by the
product formed due to the streamwise shift of the flame
relative to the large scale structures. Product formed in
the braid and core regions also moderate the asymmetry.
These effects keep the shift in peak mean product from
(j> = 1/8 to 8 to a relatively small value of ~ 25% the width
of the layer, even with the factor of 64 change in <£.

The streamwise shift of the flame observed in Figure 9
manifests itself as ramp structures in time trace plots of
product or temperature commonly measured in experimen-
tal investigations. Ramp structures have been observed in
the mixing layer experiments of M-D and Fiedler(1975)
among others. Figure 10 is a trace plot through the spatial
domain of the normalized product for <j> = 1/8 at T = 19.
Traces for eight locations across the layer are show in the
figure. Each trace has been normalized by the maximum
Yp observed at all transverse locations. The vertical dis-
tance between the axes is therefore Fp,mBX- The top of
the figure is the +X2/5pm side of the layer and the bot-
tom is the —%2/Spm side. The Yp values in this figure
are taken directly from the subgrid LEM fields and are not
filtered. Two cycles of the spatial domain are shown in
the figure and the horizontal axis is plotted as —xi to cor-
respond with the experimental time traces of M-D. From
the figure, large fluctuations in product are evident across
the entire width of the layer in agreement with the obser-
vations of Brown and Roshko(1974). These fluctuations
appear discontinuous due to the sampling technique used
to generate the figure. The data plotted in Figure 10 only
represents about 6% of the available subgrid data. As dis-
cussed earlier, these fluctuations are well resolved in the
subgrid spatial domain. Streamwise ramp structures are
also apparent across the layer. These ramps decrease from
left to right in the figure but are hard to visualize owing to
the large fluctuations.

The streamwise ramp structures in the layer are more
evident in Figure 11. This is a similar trace plot but of the
LES filtered product Yp. Included in this figure are the
traces for both <j> = 1/8 and 8. Also included are the tune
trace plots of M-D for the same values of 4>. The data of
M-D is the normalized temperature instead of the product.
The simulated and experimental data may be compared,
however, because, for the flow considered, the experimen-
tally measured temperature is proportional to the product
as described by M-D. The spatial filtering of the present

results removes many of the fluctuations seen in Figure 10
and smooths the trace plots. This smoothing effect has
also removed many of the product fluctuations in Figure 9
as well. The experimental results have also been filtered
locally as explained by M-D due to the low spatial resolu-
tion of the measuring probe. From Figure 11 note that the
simulations have captured the ramp structures observed in
the experiments. These structures have been highlighted
with arrows in the predicted results for clarity(M-D shaded
their ramp structures as seen in the figure). The simula-
tions also capture the change in sign of the gradient of the
ramps with a change from 0 = 1/8 to 8. The ramps in the
simulations also appear more pronounced toward the center
of the layer than at the edges as seen in the experiment.

Another subtle feature captured by the simulations can
also be seen hi Figure 11. In both the experimental and
computational results, note that the product/temperature
fluctuations are greater on the side of the layer lean in
reactants than on the rich side. The lean side is on the top
for 0 = 8 and the bottom for <j> = 1/8. This feature can also
be seen in Figure 10. This behavior results for the skewness
of £,f toward £ = 0 or 1 for (f> = 1/8 or 8, respectively,
as seen in Table 1. For example, with tf> = 1/8, a small
change A£ for £ < £tt results in a much larger change in
product than for £ > £,t. As a result, the fluctuations in
£ on the lean reactant side produce larger fluctuations in
product/temperature.

M-D noted that the observed ramp structures result
from streamwise gradients in the composition of mixed fluid
in the layer. The mixed fluid can be quantified in terms of
the mean mixed mixture fraction £m defined by,

fl-t.
(24)

where p*9* is the subgrid mixture fraction pdf. £m is a
measure of the mean value of the mixed fluid at a point.
Figure 12 presents the predicted trace plots of £m which
correspond to the product traces in Figure 11. The figure
shows that the streamwise gradients in £m do appear in
the simulations as ramp structures. These structures are
decreasing in the figure from left to right. The sawtooth
character of £m on the top results from entrainment of pure
fluid tongues into the layer. This also occurs on the lower
side but is less evident since £m are closer to zero.

Figure 12 also shows a transverse gradient in £m across
the layer in addition to the streamwise gradient. This
is more clearly seen in Figure 13 which is a plot of the
(£m}roean. vWmeon has been calculated «» 'm equation
(24) but using ( p*ff*)meon instead of p'8*. Also included
in the figure is the experimental data of Konrad(1976)
and Koochesfahani and Dimotakis(1986) for mixing lay-
ers at comparable Reynolds numbers. This figure shows
the present result to agree quite well with the experiments.
Both the magnitude and gradient of (£m)mean

 are "* g°°d
agreement over most of the layer. At the extremities, the
present results deviate from the experimental data. Kon-
rad's data does not extend to the extremities of the layer
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and does not provide any guidance. The (£m}meon
from Koochesfahani and Dimotakis was calculated from
the mean temperature data of M-D using an approximate
technique(Koochesfahani and Dimotakis, 1986). The relia-
bility of this technique at the extremities of the layer, where
£m is intermittent, is not known. As a result, additional
experimental data is necessary to resolve the discrepancy
at the layer edges between the predicted and experimental
results.

M-D proposed an explanation for the development of
the large scale gradients in £m in terms of an idealized
picture of vortex structure within mixing layers described
by Bernal(1981). In this description, the primary large
scale structures seen in Figure 9 are supplemented with
small scale streamwise vortices embedded in the braid re-
gions. These structures are commonly called "rib" vortices
and partially wrap around the large scale primary struc-
tures. The rib vortices draw in and promote mixing of
pure freestream fluid from the outside to the inside of the
primary structures. This biases the local mixture toward
the freestream fluid to which it is closest establishing the
gradients in fm-

The DNS simulations of Park et a/. (1994) for pre-
transitional mixing layers confirmed the importance of rib
mixing in establishing the transverse gradient of {£m)mean
seen in Figure 13. Park et aL also showed that purely 2-
D simulations may produce a gradient in (£m)mean oppo-
site to that shown in Figure 13 due to the lack of the 3-D
small scale rib stirring. The LES-LEMC approach pre-
sented here, though only formulated in 2-D, models the
effect of the 3-D rib stirring via the subgrid LEM stirring
events and by the fluctuating velocity component included
in the subgrid convection algorithm. This enables the LES-
LEMC approach to capture the proper transverse gradients
in <£m>m«m-

Figure 14 presents a spatial plot of the predicted subgrid
£m throughout the layer. An enlarged view of the central
structure is also shown. As seen in the figure, there is a
significant amount of mixing in the braid regions owing to
the small scale stirring of the model. Small scale stirring
around the edges of the primary structures is also seen to
promote the transverse as well as streamwise large scale
gradients in £m. From the enlarged view of the central
structure, an additional effect is apparent which also pro-
motes the streamwise gradients. Most of the fluid from the
lower side of the layer enters the primary structure from its
lower left quadrant along the bottom side of the left-hand
braid. The majority of fluid from the top stream conversely
enters from the upper right-hand quadrant. A streamwise
gradient in £ across the structure is set up by this entrain-
ment process. This gradient is then broken down by small
scale stirring in the braids and by stirring in the outer
streamwise extremities of the core. As a consequence, a
streamwise gradient in £m is generated. The combination
of the small scale stirring around the edges of the primary
structure and the streamwise entrainment of the bulk of
freestream fluid result in an overall large scale gradient

in £m which is aligned diagonally across the layer. This
diagonal gradient contains the transverse and streamwise
components observed in Figures 12 and 13.

This diagonally aligned gradient in £m is made possi-
ble by the relatively small value of Schmidt number for
gases. For liquids, Sc is of the order of 600 and molecu-
lar diffusion is therefore much less effective in mixing the
freestream fluids. As a result, fluid entrained into the layer
may circulate within the primary vortex core relatively un-
mixed for a significant amount of time. All the while small
scale effects stir the fluid so that upon mixing £m is al-
most uniform across the layer. This effectively eliminates
both the streamwise and transverse gradients of £m as has
been observed in the liquid experiments of Koochesfahani
and Dimotakis(1986). This emphasizes the importance of
accurately capturing the effects of small scale stirring and
diffusion even at high Reynolds numbers.

A parameter commonly measured in reacting mixing
layer experiments is the product thickness Sp defined by,

SP -rJ — oa
M '-dx-2 (25)

where [M] denotes is the concentration of species M. 6p is
a measure of the total product in the layer divided by the
concentration of freestream reactants on the lower speed
side. In the present simulation, the low speed side cor-
responds to lower side containing species O. Given the
molecular weights and density specified in these simula-
tions, equation (25) reduces to,

-rJ — oo 2Y,0,o
(26)

Figure 15 shows the variation of 6p with equivalence ra-
tio for the present simulations at a time of r — 19. In
this figure Sp has been nondimensionalized by 61 which
is the length between the two points at which the mean
product profile attains a value of 1% its peak mean
value. Also included in this figure are predictions from the
Broadwell-Breidenthal(B-B) model proposed by Broad-
well and Breidenthal(1982) and modified by Broadwell and
Mungal(1988).

The B-B model is an idealized description of react-
ing mixing layers in which product is produced from two
sources. The first is homogeneously mixed lumps of fluid
which correspond to the cores of the large scale coherent
structures. The composition of these lumps is determined
by mixing freestream fluid at the entrainment ratio. The
second source of product is a flame sheet embedded in the
braid region which separates unmixed fluid from the two
sides of the layer. Following Broadwell and Mungal(1988)
the normalized product thickness from the B—B model may
be written as,

_
Si (27)

where Pffom and Pp/m are the homogeneous and flame
sheet contributions, respectively, and C//om and Cpim are

12

American Institute of Aeronautics and Astronautics



calibration constants. Broadwell and Mungal(1988) give
expressions for P#om and Ppim f°r both infinite and fi-
nite rate chemistry. Given these expressions, the calibra-
tion constants must be determined from two independently
specified conditions. The first of these conditions is to fix
the value of Sp/Si in equation (27) equal to the predicted
value from the present simulations at <£ = 1/8. The second
condition is to specify the ratio of the flame sheet product
to the total at <j> = 1/8. This ratio is denoted by the symbol
JB an<i is defined by,

fB = (28)

Given these two conditions, the results of the B-B model
have been plotted in Figure 15 for fg = 0, .5 and 1 along
with the present data.

From Figure 15 note that the B-B model shows a corner
at <j> = 1 for the case when there is no flame sheet con-
tribution, i.e. fs = 0. This corner results from burn out
of the lean reactant in the homogeneous cores for <f> less
than the entrainment ratio, i.e. <j> < 1. This is discussed
by M-D. From the figure, note that the present data is in
good agreement with the B-B model for fB = .5, except
at (j> = 1 where the present data is lower. Figure 16 is
a plot of the same data except Sp/5i has been multiplied
by £*t and plotted as a function of £,t. This figure shows
the symmetry of the present data about £,t = 1 indicat-
ing an entrainment ratio of one expected for the temporal
simulations. This figure again shows that the present data
compares well with the B-B model for fs = .5. M-D also
found then- experimental data to agree closely with the B-
B model for fs — .5. Their data showed a large scatter
around <j> = 1 with some data falling below that of the B-B
model as observed in the present simulations.

The final topic investigated for the infinite rate chemistry
cases is the variation of product formation with Reynolds
number. This topic was investigated experimentally by
Mungal et a/. (1985) for the same hydrogen-fluorine chem-
istry used by M-D. Mungal et a/.'s experiments showed
that in the limit of fast chemistry the peak of the mean
temperature/product profiles across the layer exhibits a de-
creasing trend with increasing Reynolds number. Mungal
et al. also observed the product thickness to decay approx-
imately linearly with the logarithm of Re. This behavior
of the product thickness was investigated using the LES-
LEMC approach assuming infinite rate chemistry. Re in
the simulations was varied by changing the velocity differ-
ence U0 as did Mungal et al. Five cases were considered
having U0 = 7l, 84, 100, 121 and 148 m/sec. The viscosity
was held constant for each run and equal to the value used
in the previously described runs. 4> for all cases was 1/8
as in the experiments. NLEM was taken as 400 except for
the two cases of U0 = 121 and 148 m/sec which required
NLEM = 600 in order to properly resolve the subgrid. The
initialization for each case was identical to the previously
described runs except the velocity field(including the fluc-
tuating component) was scaled to the proper value of U0.

Figure 17 is a plot of the product thickness as a func-
tion of Reynolds number for these five cases. All data from
these simulations was taken at a nondimensional time of
T = 19. This corresponds to collecting data at a fixed
downstream station in a spatial problem as in the exper-
iments of Mungal et oJ.(1985). The product thickness in
Figure 17 has been nondimensionalized by 6$ which is the
1% thickness of the mean product profile normalized by
the stoichiometric value listed in Table 1. The abscissa
of this figure is in terms of the logarithm(base 10) of Re2
where Res = U0falv. Included in the figure is the exper-
imental data of Mungal et al The experimental data was
originally nondimensionalized by the thickness Si (defined
below equation (26)) but has been rescaled in Figure 17 by
Sy. This has been done because the thickness 62 is less sen-
sitive to statistical errors than 8\ for both the experimental
and numerical data.

The experimental data in Figure 17 has been fit with
a line of slope -.05 following Mungal et a/.(1985). The
figure shows the present simulations are in general good
agreement with the experimental data. The present re-
sults slightly over predict the product thickness owing to
the dependence of the mean product profile on the entrain-
ment ratio, as discussed above. The predicted results also
show an approximate linear decay of product thickness with
Reynolds number as does the experimental data. A linear
fit of the simulated data yields a slope of —.0523 in good
agreement with the slope suggested by Mungal et al.

The slope of the product decay in Figure 17 has been
used to determine the calibration coefficient CT in the LES-
LEMC method. Recall from section 4 that CT determines
the calibration of the subgrid stirring and diffusion pro-
cesses in the LEM model. CT = 100 has been used for
all simulations. Varying CT was found to change the lin-
ear slope of the product decay. For CT > 100 the slope
became steeper than —.0523 and for CT < 100 the slope
became shallower. All tested values of Cr produced an ap-
proximate linear decay of the product thickness. This lends
some support to the notion that CT may be universal. CT
could be adjusted to more closely match the slope of the
present data to that of the experiments. Further refine-
ments are futile, however, because of the limited amount
and scatter of the experimental data. Additional experi-
mental results are necessary in order to further refine the
calibration of CT.

7.2 FINITE RATE CHEMICAL REACTION
Finite rate effects are included within the LES-LEMC ap-
proach through the production source terms hi the sub-
grid diffusion equations. In the present context, the sub-
grid mixture fraction equation (7) is supplemented by the
diffusion-production equation for the product species given
in equation (8). The production rate in this equation is de-
termined from equations (9)-(ll) as described above. The
rate parameter Ap is specified in terms of the Damkohler
number which is defined as Da = rcon^lTc^m. Tconv is a

characteristic fluid-mechanical time scale taken here as the
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time from the beginning of the simulation to the nondi-
mensional time r = 19. The chemical time scale r^n, is
specified following Broadwell and Mungal(1988) as,

Tchem = PoApYpi0/2 (29)

where p0 is the density of the inert diluent fluid. The factor
of two in the denominator results from the fact that Wp —
2WF.

Several simulations were conducted for various Dam-
kohler numbers in the range 2.5 < Da < 80. For these
simulations, the fluid properties and the initialization for
the velocity field, subgrid mixture fraction, etc. were the
same as for the infinite rate case with U0 = 71m/sec. In
addition, the subgrid product mass fraction was initialized
to zero. The equivalence ratio for these runs is specified as
0 = 1/8. Also, NLEM was taken as 300 which was found
to be adequate to properly resolve the subgrid fields, as
described above.

Results for the normalized mean product across the layer
at a time of r = 19 are shown in Figure 18 for Da = 2.5, 5,
10 and 40. Also included in the figure is the result for the
infinite rate case from Figure 7. Figure 18 shows that the
area under the mean product curves decreases significantly
with a decrease in Da. Also, note the progressive shift from
the asymmetric profile at Da = oo to a more symmetric
profile as Da is decreased. These two trends are in agree-
ment with the observations of Mungal and Frieler(1988)
who investigated Da effects in hydrogen-fluorine flames in
turbulent mixing layers.

Figure 19 shows a streamwise trace plot of the filtered
product in the layer at r = 19 for Da = 2.5. This plot
was generated in the same manner as described previous
for the other trace plots. Yp in the figure has been nor-
malized by the maximum unfiltered Yp value obtained at
any of the eight transverse measuring stations. This fig-
ure may be compared with the corresponding plot for in-
finite rate chemistry given in Figure lla. In Figure 19,
notice that the streamwise ramp structures seen for infi-
nite rate chemistry have essentially disappeared. Also no-
tice that the product in the finite rate case is much more
uniformly distributed in the large scale structures. This is
true in both the transverse and streamwise directions. As
discussed above, the ramp structures in the infinite rate
case result from streamwise gradients in fm observed in
Figure 12. £m for both the finite and infinite rate cases is
the same though no ramp structures are apparent for low
Da. Mungal and Frieler(1988) also observed these trends
in experimental trace plots at low Damkohler number.

Mungal and Frieler(1988) interpreted the features of
their mean product and product trace measurements in
terms of the idealized B-B model in the following way. Re-
call from the B-B model that product in a mixing layer is
produced from homogeneously mixed regions(vortex cores)
mixed at the entrainment ratio, and from strained flame
sheets(braid regions) separating pure fluid from each side
of the layer. For liquids with Sc ^> 1, the flame sheet con-
tribution is negligible even for infinite rate chemistry due

to low molecular diffusivity and relatively short residences
tunes in the braids. For gases with Sc ~ 1, however, molec-
ular mixing in the braid regions is much more significant.
As a result, for infinite rate chemistry there is a signifi-
cant amount of product formed in the braids as observed
in Figure 9. For finite rate chemistry in gases with low Da,
Mungal and Frieler(1988) suggest that much less product
is formed in the braids due to low residences tunes. Given
these considerations, Mungal and Frieler suggest that the
symmetry in the mean product profile for gases at low Da
and for liquids results from the homogeneously mixed core
regions in the layer. They also suggest that the braid con-
tribution for gases with high Da results in the asymmetric
mean product profile observed in Figure 18.

This interpretation of product formation in mixing lay-
ers may be refined given the spatial product plots given in
Figure 9c and Figure 20. Figure 20a is the filtered product
normalized by Ypt,t for the Da = 2.5 case with </> = 1/8.
By comparing Figure 9c and 20a, it is clear that there is
much less product formed in the braid regions for the low
Da case. This is true for the cores of the large scale coher-
ent structures as well. Normalizing the product in Figure
20a by its maximum value(Figure 20b) shows more clearly
where the peak values of product are formed. As discussed
previously, the gradients in £m across the large scale struc-
tures result in a shift of the peak product or flame to the
lean reactant side of the layer as seen in Figure 9 for infi-
nite rate chemistry. The flame in Figure 9 is aligned with
the stoichiometric contour of £m as expected for infinite
Da. For tj> ^ 1, the asymmetry in (Yp)mean for this case
is seen to result more from fthe flame shifting to the outer
extremities of the large scale structures than from prod-
uct formed in the braids. For low Da in Figure 20b, the
flame shifts away from the £m,tt contour and is distributed
more evenly in the core regions as suggested by Mungal
and Frieler(1988).

From Figures 9c and 20b it is clear that the tendency of
(Yp)mean to become symmetric for low Da predominately
results from a redistribution of the flame within the large
scale structures, as opposed to a lack of product forma-
tion in the braid regions. This redistribution of the flame
results from the combined effects of finite rate chemistry
and gradients in mixed mean fluid across the layer. As
discussed above, the large scale gradient in £m is aligned
diagonally across the layer. This effect cannot be captured
in the idealized B-B model though the model makes good
predictions compared with experimental results.

Finally, the effect of finite rate chemistry on the product
thickness may be investigated hi the present simulations.
From Figure 18, the decrease in area under the (Yp)mean
curves with a decrease in Da results in a reduction of total
product in the layer as measured by the product thickness
6p. Figure 21 presents a plot of the variation of product
thickness with Da predicted by the LES-LEMC method
for values of Da up to 80. Also included in this figure are
the experimental results of Mungal and Frieler(1988) for
mixing layers at two different values of U0. The prediction

14
American Institute of Aeronautics and Astronautics



of the B—B model for an entrainment ratio of one has also
been included. The B-B model result has been calibrated
with /B = .5 following Broadwell and Mungal(1988), and
with the LES-LBMC predicted value at Da = 80. The
figure shows good agreement of the present data with the
experimental results over the entire range of Da. The B-B
model also shows good agreement with both the present
and experimental data.

In Figure 21 it is necessary to keep in mind the fact
that the present simulations and the B-B model assume a
constant reaction rate while the experimental reaction rate
varied with temperature. Also, the experimental entrain-
ment ratio was approximately 1.3 as opposed to 1 for the
present temporal simulations. In spite of these differences,
the agreement in Figure 21 is good. This result is not
fortuitous, however, because results(not shown here) for a
temperature like dependence of the reaction rate show sim-
ilar good agreement. Also, changing the entrainment ratio
from 1 to 1.3 in the B-B model only slightly changed the
result.

8 CONCLUSIONS
The application of the LES-LEMC method has been de-
scribed and implemented for the description of diffusion
flame structure in turbulent reacting flows. This approach
includes a more fundamental treatment of the effects of
molecular diffusion, chemical reactions and small scale tur-
bulent stirring than other LES closure techniques. This has
been accomplished by way of the linear eddy mixing model.
The LES-LEMC approach has been applied to mixing and
reaction in turbulent mixing layers with negligible heat re-
lease. The analysis of the simulation results lead to the
following conclusions:

1. The application of the LES-LEMC method to flows at
realistic Reynolds numbers demonstrates the tractabil-
ity of the approach even though a relatively large
amount of subgrid information must be retained
throughout the simulation. This has been accom-
plished without incorporating memory optimization
schemes or taking advantage of parallel computer ar-
chitecture. These additional aspects, however, may
need to be incorporated for more challenging prob-
lems.

2. The 2-D implementation of the method considered in
this study has demonstrated the ability to adequately
model a physical flow in which 3-D effects are confined
to only the small scales of motion. The small scale
3-D effects are modeled in the LES-LEMC approach
via the subgrid stirring events and through the imple-
mentation of a fluctuating velocity component in the
convection algorithm for the subgrid fluid elements.

3. The present approach has captured many of the qual-
itative trends observed in high Reynolds number tur-
bulent reacting mixing layers. This approach has also

yielded good quantitative agreement for both infinite
and finite rate chemistry for several important quan-
tities that have been measured experimentally. Good
agreement of the present approach compared with the
idealized Broadwell-Breidenthal model has also been
realized.

4. The results of the simulations have also yielded addi-
tional physical insight into the process of mixing and
reaction in turbulent mixing layers. Namely, for gases
in which the molecular diffusivity is relatively high,
gradients in the mixed mean fluid occur in both the
streamwise and transverse directions. The streamwise
gradients are found to result mainly from the stream-
wise entrainment of unmixed fluid from each side of
the layer. Small scale effects then mix the pure fluid
as it enters the large scale coherent structures yielding
the streamwise gradients. The simulation results also
show that the combined effects of finite rate chemistry
and the gradients in £m result in a redistribution of
the flame within the large scale structures when Da is
reduced from fast to slow chemistry. This redistribu-
tion effect is found to have a dominating influence on
the symmetry of the mean product/temperature pro-
files. This is in contrast to earlier speculation which
attributed asymmetries in these profiles to production
in the braid regions between the large scale structures.
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Figure 1. Temporal evolution of the streamwise modal
energies of the mixing layer.
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Figure 2. Mean streamwise velocity profile plotted in
a similarity coordinate. Experimental data from Bell and
Mehta(1990) for a tripped layer measured at three different
streamwise stations.
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Figure 3. Temporal evolution of Reynolds number based
on various transverse length scales. This plot is equivalent
to a plot of the various normalized length scales themselves.
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Figure 4. Temporal evolution of the minimum required
subgrid LEM resolution in the simulation domain.
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Figure 7. Mean product mass fraction normalized by

stoichiometric product(see Table I),T = 19.
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Figure 5. Temporal decay of the integrated mean subgrid Figure 8. Comparison of predicted normalized mean
kinetic energy, k'^'. mass fraction at T = 19 for <f> = 1 with two sets of ex-

perimental data from Mungal and Dimotakis(1984).
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Figure 6 Mean product mass fraction across the layer FW*e 10- Streamwise trace plots of subgrid product
for various values of equivalence ratio, r = 19. mass fr**™, <i> = 1/8. Measuring stations from bottom

^ to top are : x2/SPm = -.33, -.25, -.14, -.05, +.06, +.17,
+25, +.36. Two cycles of the spatial domain are plotted.
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Figure 9. Spatial plot of the filtered product
mass fraction at t = 19; (a) <|> = 8, (b) 0 = 1,
(c) (|> = 1/8. The top of each plot corresponds
to X2/8pm positive. Legend: Q.M®t®%{& ^3% .95.

Figure 20. Spatial plot of the filtered product
mass fraction at T = 19 for § = 1/8 and Da =
2.5; (a) normalized by stoichiometric value as
in Figure 9, (b) normalized by the maximum
value. Legend: (a) 0. %mmm» W& .95,

(b) O.i

Figure 14. Spatial plot of the subgrid mixed
mean mixture fraction at t = 19; (a) entire
streamwise width of the domain, (b) enlarged
view of the central structure.
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Figure 11. Trace plot of product in the layer, (a) and (b) are predicted filtered product for tf> = 1/8 and 8, respectively,
measured at the same stations as in Figure 10. (c) and (d) are experimental temperature traces from Mungal and
Dimotakis(1984) for tj> = 1/8 and 8, respectively, measured at x2/SPm = -.44, -.31, -.18, -.06, +.08, +.20, +.33, +.46.
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Figure 12. Predicted subgrid mixed mean mixture frac-
tion traces; measuring stations the same as in Figure 10.
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Figure 13. Mean mixed mean mixture fraction across
the layer. Predicted result at r — 19; experimental data
for gases from Konrad(1976) and Koochesfahani and Di-
motakis(1986).

20
American Institute of Aeronautics and Astronautics



OJO

S^O.20

0.10

0.00
0

Figure
inverse of
B-B mod*
denotes th

0.20

0.16

0.12

<o
10 0.08

0.04

0.00
0.

Figure
with mixt
model for
the calibn

0.40

035

OJO

?j£o.25

0.20

0.15

0.10

' / ———————— .--•'•———-•---•-"•*
/ •"'* ~~ -"""""

//* s' •Front
If / —— f.-o.

• r/ — -- t - s/'/ ,-> ,Jr' {JB-B calibration point

0 2.0 4.0 6.0 8

L5. Dependence of product thickness wit
equivalence ratio; present data compared
;1 for three values of /B. The large open
e calibration point of the B-B model.

• Present
f.'O-

---/I -.5
Qfl-5 calibration point

/ ."' 0^^ \/*'^ __ j-\ ;

l.U

0.8

S

jO.6

^O.A
V

0.2

0

h the Figure
Wlth r = 19 for

circle

3 0.2 0.4 0.6 0.8 1.0
5.

16. Variation of normalized product thickness Figure '.
ure fraction; present data compared with B-B layer for <p
three values of fg • The large open circle denotes same stati
ition point of the B-B model.

0.30

OMungaletaL. 1985
——— Linear fit, slope * - .05

• Present
— — Linear fit, slope = -.0523

~*~*~~»-

0.25

0.20

^0.15

0.10

0.05

0.00

.4 4.6 4.8 5.0 5.2 5.4 5.6

— • — i — i — i — - — i — i — i — • — i — ' — i — •- i > i - i '

O —— O Da * infinite
Q —— 02.5
0 —— 05.
< — a/o
A —— 640.

.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

18. Mean normalized product across the layer at
various values of Damkohler number.

/v/x^-A/^^v/x^^Ay^v,
/*vr\/L /r/~~Xj^~~NV /"V/~'MA /"r~Vj^r"XSVr — vu/^rx/ — vir/^o^
^^^s^s^*\l^^
^^\/^x/^v^^vvr^x-//^V
•^X. /^V^v /^V. /X^_ /
/A .XV S\ .XV

-xl
.9. Trace plot of predicted filtered product in the
= 1/8 and Da = 2.5 at r = 19; measured at the

ons as in Figure 10.

o _

%
' ^ Oe*p-.V,*13.2m/sec

J^ • • Present
•TL —— B-B model/, - J
r^ OB-B calibration point
1

1
1

) 8 16 24 32 40 48 56 64 72 8
Da

3

B

Figure 17. Product thickness dependence on Reynolds
number; present data at r = 19 compared with experiments
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Figure 21. Dependence of product thickness on
Damkohler number. Present data at r = 19; experimen-
tal data from Mungal and Frieler(1988) for two values of
U0; B-B model for fa = .5, large open square denotes the
calibration point.
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