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We investigated the behavior of the composition probability density function (PDF) model
equations used in a large eddy simulation (LES) of turbulent combustion in the DNS limit;
that is, in the limit of the LES resolution length scale A (and the numerical mesh spacing
h) being small compared to the smallest flow length scale, so that the resolution is sufficient
to perform a direct numerical simulation (DNS). The correct behavior of a PDF model in
the DNS limit is that the resolved composition fields satisfy the DNS equations, and there
are no residual fluctuations (i.e., the PDF is everywhere a delta function). In the DNS limit,
the treatment of molecular diffusion in the PDF equations is crucial, and both the “random-
walk” and “mean-drift” models for molecular diffusion are investigated. Two test cases are
considered, both of premixed laminar flames (of thickness d1,). We examine the solutions of
the model PDF equations for these test cases as functions of A/d;, and h/dr. Each of the
two PDF models has advantages and disadvantages. The mean-drift model is consistent with
the DNS limit, but it is more difficult to implement and computationally more expensive.
The random-walk model is not consistent with the DNS limit in that it produces non-zero
residual fluctuations. However, if the specified mixing rate €2 normalized by the reaction time
scale 7. is sufficiently large (Q7. 2 1), then the residual fluctuations are less than 10% and
the observed flame speed and thickness are close to their laminar values. Away from the DNS
limit (i.e., h/d;, 2 1), the observed flame thickness scales with the mesh spacing h, and the
flame speed scales with Qh. For this case it is possible to construct a non-general specification
of the mixing rate 2 such that the flame speed matches the laminar flame speed.
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Nomenclature
Roman
Cp mixing rate constant, Eq. 28
CL mixing rate constant, Eq. 36
Cnm mixing rate constant, Eq. 9
D nozzle diameter
D molecular diffusivity
D, effective diffusivity, Eq. 6
D, numerical diffusivity, Eq. 30
D, residual diffusivity
f(zp; x,t) density-weighted PDF of composition
h mesh spacing
N number of particles
S reaction source term
SI, laminar flame speed
T temperature
t time
U fluid velocity
Up flame speed
v specific volume
W(t) isotropic Wiener process
X*(t) particle position
X position
You mass fraction of OH
z coordinate along the axis of the opposed nozzles
Greek
A LES resolution length scale
1) smallest flow length scale
oF flame thickness, Eq. 26
or, laminar flame thickness
p fluid density
Opmax maximum residual standard deviation
Te reaction time scale
¢(x,t) composition
P sample-space variables corresponding to ¢
Q mixing rate, Eq. 9
Superscripts

¢* particle composition

¢  resolved composition
¢* resolved composition at particle position

Subscripts

T, burnt temperature
T, unburnt temperature
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1. Introduction

Probability density function (PDF) methods[l] are seeing increased use in con-
junction with large eddy simulations (LES) as an effective means of accounting
for the turbulence-chemistry interactions occurring in turbulent combustion[2, 3].
While most previous applications of LES/PDF have been to non-premixed
combustion[4—6], recently there have been several applications to premixed tur-
bulent combustion[7-9].

In large-eddy simulations[10-12], modeled equations are solved for the larger-
scale resolved motions, while the effects of the smaller-scale (unresolved) residual
motions are modeled. A specified LES resolution length scale, A, demarcates the
resolved and residual scales. The most common approach to LES is to define the
resolved fields by a filtering operation, with A being the characteristic width of
the filter[10, 13]. However, as discussed below, for the present considerations, it is
preferable to define the resolved fields in terms of conditional means[12, 14].

In practice, the resolution length scale A is usually linked to the mesh spacing
h used in the numerical solution of the LES equations, e.g. A = h or A = 2h,
which leads to a mingling of modeling and numerical errors[10, 15]. However, it is
important to retain the distinction between these two quantities, in particular so
that numerically-accurate solutions can be considered for h/A < 1.

An obviously-desirable property of an LES formulation is that it correctly con-
verges to the DNS limit. That is, as the resolution scale A becomes small compared
to the smallest flow length scale § (so that the residual motions tend to zero), then
the LES equations should tend to the fundamental conservation laws (e.g., the
Navier-Stokes equations) that apply in a direct numerical simulation (DNS). The
purpose of this paper is to examine the behavior of the composition PDF models
in this DNS limit.

In a typical application of LES to a high-Reynolds-number flow, A /¢ is large, and
molecular transport has a negligible direct effect on the resolved fields: its primary
effects are the dissipation of kinetic energy and the mixing of species below the
resolved scale. For this reason, in LES, molecular transport is often neglected or
treated in an unrealistically simplified way[16]. But in the DNS limit, molecular
transport is a dominant process, and hence must be implemented correctly if the
DNS limit is to be attained.

We now provide three reasons why it is important for LES/PDF models to con-
verge correctly to the DNS limit.

First, in laboratory flames, the molecular diffusivity can be much larger than one
might expect, given the typical flow Reynolds numbers of order 10,000. This is pri-
marily because the molecular diffusivity D (of dimensions length squared divided
by time) increases strongly with temperature 7' (e.g., as T*7), and hence at flame
temperatures can be 30 times its value at room temperature. Kemenov & Pope[16]
show that, in a typical LES of the Barlow & Frank flames[17], the molecular dif-
fusivity is generally several times the residual diffusivity for temperatures above
1,000K.

Second, there is recent interest in premixed combustion in turbulent counter-
flow burners[9, 18]. When LES is applied to these flames, it is typically found that
the resolution scale A is of the same order of magnitude as the laminar flame
thickness, dr,. Hence, the direct effects of molecular transport are important, as is
the convergence to the DNS limit.

Third, as computer power continues to increase, it is becoming practicable to per-
form high-fidelity LES for a larger class of flows. Whereas in conventional LES, the
resolution scale A is chosen to resolve only the larger, energy-containing motions,
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in high-fidelity LES, A is chosen to be much smaller to provide partial resolution
of the smallest-scale processes[19]. For many occurrences of turbulent combustion,
in which the rate-controlling processes are at the smallest scales, high-fidelity LES
may be required in order to provide reliable simulations[3]. By definition, high-
fidelity LES approaches the DNS limit, and hence for this purpose it is essential
that the LES/PDF models used converge correctly in this limit.

The effects of molecular diffusion on the joint PDF of compositions can be de-
composed into: spatial transport which affects the mean compositions; and, mixing,
which decreases the composition variances, while not affecting the means. These
two effects are modeled separately. Here it is sufficient to consider the simplest mix-
ing model, namely the “interaction by exchange with the mean” (IEM) model[20],
which (like other models) causes the mixing to occur at a specified rate 2. Molecu-
lar transport can be implemented in two ways, and we consider both, with details
given in Sec. 2. These are referred to as the Random-Walk (RW) model and the
Mean-Drift (MD) model.

In the DNS limit, the residual diffusivity D, vanishes in comparison to the molec-
ular diffusivity D. However, the mixing rate 2 does not vanish, but remains as an
important parameter.

We investigate the DNS limit by applying the LES/PDF model equations to two
test cases, both of premixed laminar flames. The first is an idealized, unstrained,
one-dimensional, freely-propagating, premixed laminar flame, with one-step chem-
istry. For this case, the LES/PDF equations are solved using a simple 1D MATLAB
code. The second case is a strained methane/air premixed laminar flame in an op-
posed jet configuration, in which a cold methane/air jet is opposed to a jet of
hot combustion products. In this case the LES/PDF equations are solved using
the same 3D code used in many previous applications of LES/PDF to turbulent
flames, and the chemistry is described by a 16-species reduced mechanism.

The LES/PDF equations are solved by particle-mesh methods, using N particles,
mesh spacing h, and time steps At. Except where mentioned explicitly otherwise,
the number of particles can be considered to be sufficiently large, and the time step
sufficiently small, so that the only significant numerical errors arise from the mesh
spacing, h.

The focus of the investigation is on the solution of the LES/PDF equations as a
function of A/dy, i.e., the ratio of the resolution length scale to the laminar flame
thickness: the DNS limit corresponds to this ratio tending to zero. We consider
both the numerically-accurate solutions (corresponding to small h/A), and also
numerical solutions with h/A of order unity.

The remainder of the paper is organized as follows. In Sec. 2 we describe the two
LES/PDF models considered, namely the random-walk model and the mean-drift
model. In Secs. 3 we describe the first of the two test problems considered, namely
an idealized, unstrained, one-dimensional, freely-propagating laminar, premixed
flame. Numerically-accurate solutions to the LES/PDF equations in the DNS limit
are presented and discussed. These solutions are obtained using a mesh-free parti-
cle method that is described in Appendix A. Then, we present numerical solutions
obtained using a conventional cloud-in-cell (CIC) particle/mesh method, which is
described in Appendix B. In this case, the solutions depend on the specified nor-
malized mesh size h/A. In Sec. 4 we describe the second test case of a strained
methane/air opposed-jet, laminar, premixed flame. The numerically-accurate so-
lution of the laminar-flow equations for this case is obtained using CHEMKIN-
PROJ21]. The numerical solutions to the LES/PDF equations in the DNS limit
are obtained using the same 3D particle/mesh method used in many previous
LES/PDF studies (e.g., [6, 9]). Based on the results obtained and other consider-
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ations, in Sec. 5 we discuss the relative merits of the random-walk and mean-drift
models. Conclusions are drawn in Sec. 6.

2. Composition PDF Methods

2.1 Governing equations

We consider the standard case of a low-Mach-number, single-phase, turbulent re-
acting flow. As functions of position, x, and time, ¢, the flow is described by the
fields of velocity, U(x,t), and composition, ¢(x,t). In general, the n, components
of the composition vector ¢ can be taken to be the mass fractions of the ng chemical
species and the enthalpy. For the low-Mach-number flow considered, as far as the
thermochemistry is concerned, the pressure can be approximated as being constant
and uniform, and is not shown explicitly in the notation. Thus, the equations of
state determining the density p and temperature 1" are of the form

p(X, t) = ﬁ((b(xvt))v (1)

and

T(x,t) = T(¢(x,1)). (2)

The velocity field is governed by the usual equations for the conservation of mass
and momentum. The focus here is on the composition field, which we take to be
governed by the equation

D¢ _ 0¢
— == U.-V¢=V_.(pDV S 3
Py =P tPU- VO (PDV @) + pS, 3)
where S is the reaction source term (i.e., the rate of change of ¢ due to chemical
reactions), and D is the molecular diffusivity. Both S and D are known functions of
¢&. The form of the diffusion term embodies the assumption of unity Lewis numbers,
which is discussed further below.

2.2 LES/PDF formulation

In an LES/PDF simulation of the flow considered, the primary quantities involved
are the resolved density, (p(x,t)), the density-weighted resolved velocity, ﬁ(x,t),
and the density-weighted PDF, f(zp; x,t), where 1 are the sample-space variables
corresponding to ¢. This PDF may be viewed as the PDF of composition, condi-
tional on the resolved velocity field[12, 14].

While a decomposition of the composition field into resolved and residual com-
ponents is not needed, it is nevertheless useful to consider the (density-weighted)
resolved composition field defined as

$(x.1) = / Flapsx, typ dup, (4)

where, here and below, the integration is over the whole of the composition space.
The PDF then represents the residual fluctuations about this mean.

For some purposes, it is more convenient to use the specific volume v = 1/p
rather than the density. For example, the resolved density is obtained from the
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PDF by

(p(x, 1)1 = T(x, 1) = / Flaps x, t)o(wp) dp, (5)

where © = 1/p is the equation of state for specific volume.

2.3 Lagrangian particle method

In PDF methods, the modeling and numerical solution are usually performed us-
ing a Lagrangian particle method[1, 2, 10]. The position of the general particle
is denoted by X*(t), and its composition by ¢*(¢). The modeling is performed
by specifying the evolution of these particle properties; and the PDF considered,
f(¥;x,t), is the density-weighted PDF of ¢*(¢) conditional on X*(¢) = x.

2.4 Random-walk model

In the random-walk (RW) model, the particle is specified to move with the resolved
velocity, plus a random walk, the magnitude of which is determined by the mean
effective diffusivity (which has dimensions of length squared divided by time). The
molecular diffusivity is D, and part of the LES modeling is to define a residual dif-
fusivity, D,., which accounts for transport due to the residual motions. The effective
diffusivity is then defined as their sum:

D. =D+ D,. (6)

According to the RW model, the particle position evolves by the stochastic dif-
ferential equation (SDE)

dX* = [U+ 3V ((p)De)]* dt + (2D,)/? dW, (7)

where W (t) is an isotropic Wiener process. Note that D} denotes the effective
diffusivity based on the particle composition (and D,); whereas 5: denotes the
mean effective diffusivity evaluated at the particle location, i.e., it is a shorthand
notation for D.(X*(t),t).

The evolution equation for the particle composition is:

6" _ e

= (6"~ ) +S(¢"). (8)

On the right-hand side, the first term is the IEM mixing model, and the second
term is the reaction source term. The standard model for the mixing rate, €2, is

Q= Cp—=t 9)

where (), 1s a model constant.

(Note that, in Egs. 7 and 9, the diffusion coefficient and the mixing rate are
based on the mean effective diffusivity, 75: One can consider three additional model
variants in which one or both of these quantities is instead based on the particle
effective diffusivity, D}. Tests (for the case described in Sec. 3) show that there are
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no qualitative differences between the four variants, and only modest quantitative
differences.)
The PDF equation deduced from these particle equations is:

0
o

()% ()T -V = V- (D] -

(40 F [~ = da) + Saw)] ), (10)

where the summation convention applies to the repeated composition suffix «.
Multiplying this PDF equation by % and integrating over the composition space,
we obtain the implied conservation equation for the resolved composition:

022 ()0 -Vd= V- (DY) + ()8, (11)

Note that the random walk (and in particular the drift term in Eq. 7) is constructed
to yield the diffusion term in Eq. 11; and, by construction, the IEM model does
not (directly) affect the resolved composition ¢, and hence the mixing rate 2 does
not appear in Eq. 11.

2.5 Mean-drift model

In the random walk model, molecular transport is implemented via the random
walk in the SDE for the particle position, X*(¢). In contrast, in the mean drift (MD)
model[22, 23], molecular transport is implemented in the ODE for composition. The
particle evolution equations for the MD model are:

dX* = [U + oV ((p)D,)]* dt + (2D,)"/? AW, (12)
do” e .
2 [V (DY)~ (6"~ ) + (). (13)

Thus, in the SDE for position (Eq. 12) the random walk is based on 5r, and
accounts solely for the transport due to the residual motions; and in the particle
composition equation (Eq. 13), the first term of the right-hand side accounts for
transport by molecular diffusion.

For the mean-drift model, the corresponding PDF equation (deduced from
Egs. 12-13) is:

() g+ TV =T DV~

(14)
The corresponding equation for the resolved composition is again Eq. 11, i.e., it is
identical to that for the random-walk model.

2.6 Restidual covariance and the DNS limit

The residual covariance is defined as

Sl = [ F) (W = o) b — 85) i (15)
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With the viewpoint taken here, that fvis the PDF of the composition conditional
on the resolved velocity field, in the DNS limit, this PDF is a delta function, i.e.,

F(hix,1) = (3 — (1)) (16)

Consequently, the residual covariance is zero.

Note that, if the alternative, filtering viewpoint were taken, then in the DNS
limit, the residual covariance would instead be non-zero. With the usual definition
of the filter width, to leading order in A, the residual covariance is

2

—~ A2 - ~
940y = T5 Ve Vs (7)

(see Eq.13.157 of [10]). For the present purposes, it is clearly preferable to adopt
the conditional PDF viewpoint so that the residual covariance is zero in the DNS
limit.

For the mean-drift model, the evolution equation for the residual covariance
(deduced from Eq. 14) is

o _ o
()5 9405 + (p)U - Vo = V - (0)DrVif) (18)
20)D,Vda - Vo5 — 2002 550}
+ ()0 + (P #55a

In the DNS limit, the residual covariance and D, are zero, and hence the right-
hand side of this equation is zero. Thus there is no mechanism causing the residual
covariance to depart from zero.

For the random-walk model, the residual covariance equation is almost the same,
but with the effective dlffuswlty D, in place of the residual diffusivity D, in the
first two terms on the right-hand side. But this difference is crucial, because, in
the DNS limit, the second term on the right-hand side is then non-zero, and yields
the spurious productwn term 2(p >DV(;5CY ng)g This spurious production causes
the residual variances to depart from zero (at locations where there are non-zero
composition gradients).

It is interesting to observe that, with the random-walk model, if the residual
covariance is determined by a balance between the spurious production and the
dissipation term (involving 2), then this yields

— D _ ~ -
4ty = o Voa- Vo (19)

This is consistent with Eq. 17 if Q is determined by Eq. 9, with C,,, = 12. (We do
not ascribe any significance to this observation.)

3. Idealized, Unstrained, Plane, Premixed Laminar Flame

3.1 Definition of the test case

The first test case we consider is that of an idealized, unstrained, one-dimensional,
plane, premixed laminar flame. The single direction of variation is denoted by x.
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The chemistry is described by a single composition variable, ¢(z,t), which may
be considered to be a normalized product mass fraction, or a reaction progress
variable. At z = —oo there are pure reactants (¢ = 0), and at z = oo there are
completely burnt products (¢ = 1). In a frame fixed with the unburnt reactants,
the flame propagates to the left at the flame speed up. Alternatively, in the frame
fixed to the flame, the reactants flow to the right at speed up.

The very simple thermochemistry is defined in terms of ¢ as follows. The tem-
perature T is specified as

T =T, +¢(Ty - T,), (20)

where T, and T; are the temperatures of the unburnt and burnt mixture. For
definiteness, we take T,, = 300K and T = 2,100K, although it is only the ratio
Ty,/T, = 7 that is significant. Consistent with the ideal gas law, the density and
specific volume are then specified as

(1) = vurs, (21)

T) = py,
p(T) =p T

T, T
T
where p, = 1/v, are the unburnt values.

The molecular diffusivity is specified as

D(T) = D, <;;) " , (22)

which is based on an accurate approximation for methane combustion[16], with D,
being the unburnt value.

For each quantity introduced, the value in the burnt stream is denoted by pp, vg
and Dy. The density and specific volume ratios are 7 (like the temperature), while
the diffusivity ratio is Dy/D,, ~ 28.

The chemical source term is specified to be

S(¢)=0 for ¢<¢r (23)
14

2
- .(1- >
- 27z:(l z)° for ¢ > ¢g,

where 7, is the chemical time scale, ¢ is taken to be 0.4, and z is defined by

(24)

The resulting normalized function S(¢)7. is shown in Fig. 1. The factor of 4/27 in
Eq. 23 is chosen to make the maximum value of S(¢)7. unity.

For this simple 1D case, it is not necessary to consider the momentum equation,
as the velocity is determined by mass conservation. Specifically, in the frame fixed
with the flame, the mass flux is uniform, so that the velocity U is obtained from
the relation

pU = pyur. (25)
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0 0.2 0.4 0.6 0.8 1

¢

Figure 1. Normalized reaction source term, Eq. 23.

We arbitrarily set p,, D, and 7. to unity, and so all quantities obtained can be
considered to be normalized by them.

3.2 Solutions considered
For this test case, we consider the following five solutions:

(1) The numerically-accurate solution of the governing equation (Eq. 3), i.e.,
the laminar-flame solution; or, equivalently, the DNS solution.

(2) The numerically-accurate solution of the LES/PDF random-walk equations
in the DNS limit.

(3) The numerically-accurate solution of the LES/PDF mean-drift equations
in the DNS limit.

(4) The numerical solution of the LES/PDF random-walk equations in the DNS
limit.

(5) The numerical solution of the LES/PDF mean-drift equations in the DNS
limit.

3.3 DNS solution

The laminar-flame or DNS solution is obtained by solving Eq. 3 for the case con-
sidered by an accurate finite-difference method. The resulting composition profile
is shown in Fig. 2. In general, the flame speed is denoted by ur and the flame
thickness (defined below) is denoted by dr. However, for this reference, DNS solu-
tion, these quantities are denoted by sz and dr, i.e., the laminar flame speed and
thickness.

The measure of flame thickness we use is the secant thickness, defined as follows.
Let x1/4 and x3/4 denote the locations at which the composition ¢ has the values
1/4 and 3/4, respectively. Then we define the thickness as:

Op = 2(w3)4 — T1/4)- (26)

As illustrated in Fig. 2, the geometric interpretation of this thickness is that it is
the distance between the intersections of the secant through z,,4 and z3,4 and the
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09}
08}
07}
06}

© 05}
04}
03}
02}
01}

0 0.5 1 1.5 2
x / ) L
Figure 2. Laminar flame profile. The symbols are the points on the profile where ¢ = [1/4 3/4], and the
dashed line through them is the secant used to define the flame thickness.

pure stream values, » = 0 and ¢ = 1. We also define the center of the flame to be
at the mid-point between z/4 and x3/4. Thus, when the flame is centered at the
origin (z = 0), it follows that z1,4/0F = —1/4 and x3,,/6p = 1/4 .

The (normalized) laminar flame speed and thickness are found to be
s1./(Du/7e)? = 0.81 and 61,/ (Dy7e)Y/? = 7.6.

3.4 Numerically-accurate solution for the mean-drift model

As mentioned in Sec. 2.6, the numerically-accurate solution of the LES/PDF mean-
drift model equations are consistent with the DNS limit. Thus the solution for 5 is
just the laminar flame solution, and the variance of ¢ is zero. The value specified
for the mixing rate €2 is immaterial.

3.5 Numerically-accurate solution for the random-walk model

In contrast, the random-walk model is not consistent with the DNS limit. In this
case the solution depends on the specified (normalized) mixing rate 7.

Numerically-accurate solutions for the random-walk model are obtained using
the mesh-free particle method described in Appendix A. Consistent with Eq. 9,
the mixing rate is taken to be proportional to the molecular diffusivity, i.e.,

D

Q=0Q,—, 2
B (27)

with the unburnt mixing rate, €2,,, being a specified parameter.

The computed normalized flame speed and thickness are shown in Figs. 3 and
4 as functions of the normalized unburnt mixing rate, {2, 7.. As may be seen from
these figures, as {2, 7. increases beyond unity, the flame speed and thickness become
close to their laminar values.

Since the composition is non-reactive for ¢ < ¢r = 0.4, only by mixing does
the composition rise from zero to ¢r. As a consequence, for small ,7., mixing
is the rate-limiting process. If one assumes that (for small ,7.), the flame speed

URL: http://mc.manuscriptcentral.com/tctm E-mail: ctm@tandf.co.uk



September 26, 2015

Combustion Theory and Modelling DNSLimit'v3
Combustion Theory and Modelling

12 R.R. Tirunagari and S.B. Pope
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Figure 3. For the random-walk model, the normalized flame speed as a function of the normalized mixing
rate. Dashed line: 3(Qq7¢)!/2.

®e
1L eco0000 ¢

0 1 1
1072 107! 10° 10"
QU TC

Figure 4. For the random-walk model, the normalized flame thickness as a function of the normalized
mixing rate. Dashed line: 3.7(Q,7.)~1/2.

and thickness are determined by D and {2, independent of 7., then dimensional
arguments dictate that the up scales with (Duﬂu)l/ 2 and that 6p scales with
(Du/20)"?. As may be seen from Figs. 3 and 4, the results for the 4 smallest
values of 2,7, investigated are consistent with these scalings.

It is interesting to observe that, as Q,7. decreases, up/sy, first increases and
attains a maximum of about 1.3 around 2,7, = 0.3, before decreasing, eventually
with the mixing-limited scaling.

Figure 5 shows 0 max, the maximum value (over all x) of the standard deviation
of the composition. For small €2, 7., the standard deviation has the quite large value
around 0.4, independent of 7. For large 0,7, it decreases as (QuTc)*l/ 2 consistent
with the balance of production and dissipation.

Figure 6 shows a scatter plot of particle composition through the flame. For
the case shown (2, 7. = 0.01), mixing is rate limiting, and reaction in comparison
is very fast. As a consequence, there are very few partially-burnt particles (i.e.,
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Figure 5. For the random-walk model, the maximum standard deviation of composition as a function of
the normalized mixing rate. Dashed line: 0.14(Qu7—c)_1/2.
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Figure 6. For the random-walk model with €, 7. = 0.01, a scatter plot of particle composition ¢* against
position. Solid line: resolved composition ¢. Dashed line: laminar flame profile.

0.4 < ¢* < 1), and many fully-burnt particles (i.e., ¢* = 1).

In summary, the numerically-accurate solution to the random-walk model in
the DNS limit depends on the normalized mixing rate ,7.. To the extent that
the residual variance is non-zero, the model is inconsistent with the DNS limit.
However, for Q,7. greater than unity, the flame speed and flame thickness are
close to the laminar values, and the residual standard deviation is less than 10%.
Consequently, in spite of the spurious residual variance, the random-walk model
may be considered to be a useful and accurate model provided that the mixing
rate is sufficiently large.

3.6 Cloud-in-cell solutions to the model equations

In practice, the LES/PDF equations are not solved accurately (as considered in
the previous sub-section), but instead are solved by a numerical method that may
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incur significant error. This is because the mesh spacing h is typically chosen not to
be very small compared to the resolution length scale A, and indeed may be larger
than the smallest scale in the accurate solution to the LES/PDF equations (e.g.,
the flame thickness dr). We therefore consider here the numerical solution of the
LES/PDF equations using the random-walk and mean-drift models obtained using
a cloud-in-cell particle/mesh method. This is the type of method typically used in
practice. The details of the current implementation are given in Appendix B.

For the given test case being considered, the numerical solution to the LES/PDF
equations depends on three quantities: the specified resolution scale A, the specified
mixing-model constant C,,, and the mesh spacing h. (We take the number of
particles IV to be large enough, and the time step At to be small enough, such that
only the spatial discretization error is significant.) It is convenient to reduce the
number of parameters that need consider to two, which is possible since C},, and A
enter solely through the combination C,,/A? (in Eq. 9). To this end, we re-express
the mixing rate as

D

where comparison with Eq. 9 shows that C'p and C), are related by
h 2
=Cnm | —< | - 2
¢ =Cn (%) (29)

We then take the two parameters to be considered to be Cp and h/dr. Note that,
for example, the value Cp = 1 corresponds both to C,, = 1, h/A = 1, and to
Cm =4, h/A =1/2, etc.

Figure 7 shows the computed flame speed as a function of the normalized mesh
spacing for both models and for two values of the model coefficient Cp. For small
h/dr, both models attain the same asymptote, but with up /sy being greater than
unity, specifically 1.2 for Cp = 1 and 1.6 for Cp = 4. As with the accurate solution,
with increasing mesh spacing, the flame speed of the random-walk model achieves a
maximum, before decreasing. On the other hand the flame speed of the mean-drift
model decreases monotonically, and is similar to that of the random walk model
for large h/or.

The key to understanding many of these observations is to appreciate that the
CIC implementation of the IEM model incurs a numerical smearing error. A simple
analysis shows that, to first order, this error is equivalent to there being an addi-
tional numerical diffusivity D,,, which is proportional to Qh%. With o denoting the
coefficient of proportionality, we have

D, = aQh? = aCpD. (30)

Note that, for fixed Cp, this numerical diffusivity does not vanish as h/d; tends
to zero, and it increases with C'p. This explains the observed values of ur /sy, (for
small h/d07) being greater than unity, and larger for Cp = 4 than for Cp = 1.
(Below, we empirically determine the value a = 0.4.)

This reasoning can be made quantitative as follows. We define the augmented
diffusivity to be

D, =D+ D, =D(1+ aCp). (31)
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Figure 7. Using the cloud-in-cell method, the normalized flame speed as a function of the normalized

mesh spacing for (from bottom to top at the right): RW model, Cp = 1; MD model, Cp = 1; RW model,
Cp = 4; MD model, Cp = 4.

Just as the laminar flame speed and thickness scale as (D, /7.)"/? and (D,7.)'/?,

respectively, the numerical flame speed and thickness can be expected to scale as
(Da/7.)"? and (Dy7.)/?, respectively, and hence are larger than the laminar values
by a factor of

1/2
(%) = (1+aCp)'/2. (32)

We thus define the augmented laminar flame speed and thickness to be

sq = (1+aCp)?sy, (33)
and

6a = (14+aCp)'/? 6y, (34)

and, on Fig. 8, we re-plot the computed flame speeds, but now with normalization
by s, and J,. As may be seen, with the empirically-determined value of o = 0.4,
this scaling is successful in accurately yielding up = s, for small h/d, for all four
cases.

Figure 9 shows the computed flame thicknesses normalized by J,. As may be
seen, in all four cases, dp converges to d, as the mesh is refined. For large h, the
flame thickness scales essentially with h, with dp =~ 4h for the random-walk model
with Cp = 1, and §p =~ h for the mean-drift model with Cp = 4.

In the above we consider Cp to be a fixed parameter. If instead we revert to
considering C,, to be fixed, then from Eq. 33 we obtain (for small 2/dy, and h/A)

j% - <1 +aCp, [Z} 2) - (35)

1 h1?
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Figure 8. Using the cloud-in-cell method, the flame speed normalized by s, as a function of the mesh
spacing normalized by &, for (from bottom to top at the right): RW model, Cp = 1; RW model, Cp = 4;
MD model, Cp = 1; MD model, Cp = 4.
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Figure 9. Using the cloud-in-cell method, the flame thickness as a function of the mesh spacing, both
normalized by d, for (from bottom to top at the right): MD model, Cp = 4; MD model, Cp = 1; RW
model, Cp = 4; RW model, Cp = 1. The lower and upper dashed lines are dp = h and 0p = 4h,
respectively.

and similarly for 6,/dr. The important conclusions are that, for fixed C,,, the
correct laminar flame speed and thickness are obtained as the grid spacing h/dy,
tends to zero when A/ is fixed, but not when h/A is fixed.

3.7 Matching the laminar flame speed

It is natural to ask: with the CIC implementation of the LES/PDF models, is
it possible to specify the mixing rate 2 so that the flame speed ur matches the
laminar flame speed sy, even if the mesh size h is not small compared to the laminar
flame thickness 07,7 The answer is: yes.

First consider the case when h/dy, is large. In this case: the numerical diffusion
D,, = aQh? dominates the molecular diffusion; the flame thickness scales with h
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Figure 10. Empirical coefficients C,(h/d1) (Egs. 37 and 38) yielding flame speeds equal to the laminar

flame speed for the CIC implementation of the random-walk model (lower curve at left) and of the mean-
drift model (upper curve on left).

(see Fig. 9); and reaction is not rate limiting. Hence the flame speed is determined
dominantly by D,, and h, with D and 7. not being significant. It follows (on dimen-
sional grounds) that the flame speed scales as hf), and hence, to match the laminar
flame speed (which scales as D/dr), © has to be specified to scale as D/(hdr).
Thus, for large h/dr, the appropriate specification is

D
Q - CL%Z, (36)

where C, is a constant. More generally, we can consider Cf, to be a coeflicient
dependent on h/dr, which tends to a constant for large h/dy.

Before proceeding, we make the following observation based on the flame speed
scaling with Qh for large h/dy. It follows from Eq. 36 that, by construction, for fixed
Cr, up/sy is independent of h/dr. It further follows from the relations between
Cr, Cp and C,, that up /sy varies as (h/6)~! for fixed Cp, and as hdp /A% =
(h/A)2(h/6)~L for fixed Cp,.

We determine empirically that the function Cr,(h/d1) which yields up = sy, is
well approximated for the random-walk model by

CL =33 [1 — exp (—25)] : (37)

and for the mean-drift model by

B 1172
Cr, = min (2.5, 3.5 [(SL] ) . (38)

These functions are shown in Fig. 10.

Note that, with everything except h fixed: for fixed Cp,  varies as h~2; for large
h/§1 the above expressions for O imply Q varying as h~!; while for small h/dp,
Cp, for the RW model (Eq. 37) implies 2 varying as h°, whereas Cf, for the MD
model (Eq. 38) implies Q varying as h~1/2.
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Figure 11. Normalized flame speed against normalized mesh spacing for the CIC implementations of the
random-walk and mean-drift models with the mixing rate specified by Eqs. 36-38.

The computed flame speeds using {2 given by Egs. 36-38 are shown in Fig. 11.
As may be seen, with these specifications of C,, both models do indeed yield flame
speeds close to the laminar flame speed.

While both models yield the same flame speed, their solutions are quite differ-
ent. While the mean-drift model is consistent with the DNS limit in producing
no residual fluctuations, the random-walk model has large residual fluctuations
(around 30%), even for small h/dr. This is because, with the RW model with Cf,
given by Eq. 37, as h/dr, tends to zero, (2 tends to the value 6.675/52, independent
of h; whereas, in order to suppress residual fluctuations and hence to reproduce the
DNS limit, 2 must vary as a negative power of h/dy, (as it does for a fixed value
of CD)

As a further manifestation of the differences between the model solutions, Fig. 12
shows the normalized flame thicknesses. For small h/dr, the mean-drift model
correctly yields dp = 0r; and for large h/dz it yields dp &~ h. In contrast, the
random-walk model yields consistently thicker flames, with dp ~ 2d; for small
h/ér.

We conclude this sub-section with the following caveats and reservations. A great
virtue of PDF methods is that they are generally applicable to all modes and
regimes of combustion. However, the specification of the mixing rate 2 by Eqs. 36—
38 is anything but general. It is particular to homogeneously-premixed combustion,
so that a unique laminar flame thickness ¢;, can be defined. Furthermore, the ap-
propriate specification of the coefficient C7, depends on the details of the numerical
implementation.

4. Strained Methane/Air Premixed Laminar Flame

4.1 Definition of the test case

The flow considered consists of two opposed round jets emanating from nozzles
of diameter D = 12.7 mm placed at a distance of d = 16 mm apart. One of
the nozzles emits a fresh (unburnt) mixture of CH4/O2/N2 at equivalence ratio
¢y = 0.85 (O2/Ng = 30/70 molar ratio), temperature T,, = 294K and pressure
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Figure 12. Normalized flame thickness against normalized mesh spacing for the CIC implementations of
the random-walk model using Eq. 37 (upper curve) and the mean-drift model using Eq. 38 (lower curve).
The dashed line is 6 = h.

1 atm. The other nozzle emits fully-burnt combustion products at temperature
Towa = 2,435K, corresponding to the chemical-equilibrium mixture with the same
enthalpy, elemental composition and pressure as the reactant stream. The axial
velocity of the reactant stream is U, = 1 m/s, and that of the product stream is
taken to be twice this value so that the resulting laminar flame is approximately
mid-way between the nozzles. The nominal mean strain rate is thus 2U, /d = 125
s~!. The radial velocities at the nozzle exits are taken to be zero.

The axial coordinate is denoted by z, with z = —8 mm being the product-stream
nozzle exit, and z = 8 mm being the reactant-stream nozzle exit.

The methane combustion is described by 16-species augmented reduced mech-
anism for methane oxidation[24]. The thermal diffusivity is obtained from the
CHEMKIN transport library, and then the (equal) species diffusivities are obtained
by taking the Lewis numbers to be unity.

4.2 OPPDIF calculations

As is well known[25], for the flow considered, the profiles along the centerline can
be obtained from the solution of 1D equations. These equations are solved using
the OPPDIF code within CHEMKIN-PRO[21]. Figure 13(a) shows the computed
axial profiles of the axial velocity and temperature. Figure 13(b) shows the profile
of pU/py. The value of the laminar flame speed sz, is taken to be the value of pU/p,
at the location of maximum temperature gradient. This location is around z = 4
mm, and the resulting value of sy is 55.8 cm/s. The secant thickness (obtained
from the normalized temperature profile (T' — T,,)/(Toq — Tw) and Eq. 26) is d;, =
0.334 mm.

4.3 LES/PDF calculations

LES/PDF calculations are performed in the DNS limit using the coupled
NGA/HPDF code[6, 26, 27]. The number of grid points in the radial and az-
imuthal directions are kept constant at 48 and 4 respectively. while the number of
grid points in the axial direction, n,, is varied from 12 to 384 in order to span the
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Figure 13. Laminar profiles from the OPPDIF calculations of (a) velocity and temperature and (b) pU/py,
as a function of axial coordinate between the two nozzles.
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Figure 14. Contour plot of normalized filter-width from previous 3D LES/PDF simulations of turbulent
premixed counterflow flames[28].

range of values of A/dy shown in Fig. 14. This range is observed in our previous
3D LES/PDF simulations of turbulent premixed counterflow flame[28]. Note that
the filter-width in the present simulations is taken to be equal to the (uniform)
grid spacing in the axial direction, i.e. A = h.

The results reported below depend on: the model used (random walk or mean
drift); the value of the mixing-rate constant C,,; and, the specified axial grid spacing
and resolution length scale h = A. The values of C), used are 1.0 and 4.0. By using
different grids, h/dr, is varied between 0.13 and 4.0.

4.4 Results

Figures 15 and 17 show the normalized flame speed and flame thickness as func-
tions of the normalized grid spacing for both models and for both values of C,,
investigated. The flame speed ur and the flame thickness d are obtained from the
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Figure 15. Normalized flame speed as a function of normalized grid spacing for: Cy, = 4.0, RW (blue
dot); Cpy = 4.0, MD (blue star); Cp, = 1.0, RW (red dot); Cpy = 1.0, MD (red star).
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Figure 16. Normalized flame speed as a function of normalized time step for Cp, = 4.0, MD, h/é =
0.25 (blue dot) and Cy, = 1.0, MD, h/dr, = 0.25 (red dot). Here, 7. is defined by 7. = 1 /sL..

centerline profiles of the resolved velocity, density and temperature in the same
way as for the OPPDIF calculations (as described in Sec. 4.2).

For the flame speed, the observed behavior (Fig. 15) is broadly the same as for
the CIC solution for the idealized, unstrained 1D flame considered in Sec. 3.6 (see
Fig. 7). For the random-walk model, upr/sy has an asymptote, larger than unity,
for small h/dr, and then decreases with increasing h/d;. The values of up/sy,
for Cp, = 4 are consistently higher than those for C;, = 1. The only qualitative
difference compared to the results in Fig. 7 is that a local maximum in ug/sy,
around h/d7, =~ 0.4 is not observed.

For the mean-drift model, the results are qualitatively similar. The only point
of note is that, for C),, = 1, the asymptotic value of up /sy, is about 0.9, i.e., less
than unity. Further investigation reveals that this is due to time-stepping error. As
shown in Fig. 16, as the time step decreases, up/sy, increases, plausibly exceeding
unity for smaller time steps than investigated.
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Figure 17. Normalized flame thickness as a function of normalized grid spacing for: Cy, = 4.0, RW (blue
dot); Cp, = 4.0, MD (blue star); Cp, = 1.0, RW (red dot); Cyp, = 1.0, MD (red star). The dashed line is
op = 2.5h.

Figure 17 shows the normalized flame thickness as a function of the normalized
grid spacing. The observations are the same as for the CIC solutions for the ideal-
ized, unstrained flame (see Fig. 9). The flame thickness is generally larger for the
random-walk model than for the mean-drift model, and decreases with increasing
Cpn- On the finest grids, dp/d;, approaches an asymptote greater than unity; while
on coarse grids the flame thickness is approximately dr ~ 2.5h (in three out of the
four cases).

Figure 18 shows scatter plots on the centerline of the particle temperature ws.
position, color coded by the mass fraction of OH. The left-hand column is for the
random-walk model, and the right-hand column for the mean-drift model. The top
two rows are for C,,, = 4, and the bottom two for C,,, = 1. The first and third rows
are for the relatively coarse grid (h/d = 1.4), while the second and fourth rows are
for the finer grid (h/d = 0.5). The symbols on the top axis of each plot show the
locations of the grid nodes.

The first observation to be made from these scatter plots is that the implemen-
tation of the mean-drift model is successful in producing negligible residual fluctu-
ations in all cases. It may also be observed that the particles are, to some extent,
able to resolve the flame profile below the grid scale. For the random-walk model
there is appreciable scatter (inconsistent with the DNS limit), which decreases with
increasing C,, and with decreasing h/dy.

The results presented in this section serve to confirm the validity of the model
implementations in the 3D LES/PDF code in the DNS limit. They also confirm
that the results obtained for the idealized, unstrained flame using the 1D MAT-
LAB script are representative of those obtained with the much more complex 3D
LES/PDF code.

5. Discussion
Based on the results presented above and other considerations, it is clear that

the mean-drift model has significant theoretical advantages over the random-walk
model. These advantages are:
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Figure 18. Scatter plots of particle temperature on the centerline color-coded by particle OH species mass
fraction for (a) Cp, = 4.0, RW, /6, = 1.4, (b) Cn, = 4.0, MD, h/é, = 1.4, (¢) Cy, = 4.0, RW, h/d;, = 0.5,
(d) Cm = 4.0, MD, h/ér, = 0.5, (e) Cp, = 1.0, RW, h/ér, = 1.4, (f) Cr, = 1.0, MD, h/d;, = 1.4, (g) Cm
= 1.0, RW, h/é;, = 0.5, (h) C = 1.0, MD, h/d;, = 0.5. The grid points are shown as black circles at the
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(1) Differential diffusion can be implemented in the mean-drift model, whereas
with the random-walk model the unity-Lewis-number assumption is un-
avoidable.

(2) The mean-drift model is consistent with the DNS limit, whereas the
random-walk model has spurious production of variance leading to signifi-
cant residual fluctuations.

(3) In the CIC implementation of the models, on a given mesh, the flame thick-
ness 0 given by the mean-drift model is significantly smaller (i.e., closer
to 1) than that given by the random-walk model.

However, the mean-drift model also has distinct disadvantages in ease of imple-
mentation and computational cost. Specifically:

(1) With the mean-drift model, special measures must be taken to guarantee re-
alizability (e.g., to ensure that species mass fractions remain non-negative).

(2) The mean-drift model requires the evaluation of the ng4 resolved composi-
tion fields ¢(x, ) (which is computationally expensive) and the solution of
ng PDEs to determine the mean drift.

In contrast, the random-walk model can be implemented in an efficient, mesh-
free algorithm that automatically guarantees realizability and does not require the
evaluation of the resolved compositions. Because of these practical advantages,
and in spite of its theoretical disadvantages, we do not advocate abandoning the
random-walk model: it may be adequate (and simpler and cheaper) for a range of
problems in which differential diffusion and consistency with the DNS limit are not
crucial.

6. Conclusions

The principal conclusions to be drawn from this work are as follows.

(1) In considering LES in the DNS limit, it is advantageous to define the re-
solved quantities as conditional means rather than as filtered fields. With
the conditional-mean approach, in the DNS limit, the resolved fields in LES
are just the DNS fields, and there are no residual fluctuations. In contrast,
with the filtering approach, the resolved fields differ from the DNS fields (by
of order (A/d)?), and the residual variances are non-zero (and are, again,
of order (A/6)?).

(2) The behavior of LES/PDF models in the DNS limit has been studied by
applying them to two laminar premixed flames: an idealized unstrained
flame, and a strained methane/air flame.

(3) The numerically-accurate solutions to the LES/PDF equations incorporat-
ing the mean-drift model are consistent with the DNS limit.

(4) A mesh-free particle method has been implemented to obtain numerically-
accurate solutions to the LES/PDF equations incorporating the random-
walk model.

(5) These numerically-accurate solutions to the LES/PDF equations incorpo-
rating the random-walk model are not consistent with the DNS limit, in
that the residual fluctuations are non-zero. However, if the mixing rate Q2
is sufficiently large (e.g., Q7. = 1), then the flame speed and thickness are
close to the laminar values, and the residual fluctuations are not large (e.g.,
less than 10%).

(6) The cloud-in-cell implementation of the IEM mixing model incurs a smear-
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ing error which is equivalent to a numerical diffusion D,, which scales as
Qh2.

(7) With the standard specification of the mixing rate, with a constant value
of Cy,, as the mesh is refined (i.e., h/é;, — 0), the LES/PDF solutions tend
to the DNS limit if the resolution scale is fixed (i.e., A/dr, is fixed), but not
if h/A is fixed.

(8) On coarse meshes (h/dr, > 1): the flame thickness Jr scales with the mesh
spacing h; the mixing rate 2 and the mesh spacing h are the controlling
parameters (with the molecular diffusivity D and the reaction time scale 7.
not being controlling); and hence the flame speed ur scales as Qh.

(9) On coarse meshes, and with Cy, and h/A fixed, the normalized flame speed
up/sy, scales with (h/ér)7 L.

(10) With both RW and MD models, it is possible to specify the mixing rate (by

Eqgs. 36-38) so that the flame speed up matches the laminar flame speed sy,
even on coarse meshes. It is emphasized that this is a non-general model.

(11) Computations have been performed of a strained, premixed, methane/air,

opposed-jet flame, using the same 3D code used in previous LES/PDF
studies. The results confirm the validity of the model implementations in
the 3D code in the DNS limit; and they confirm that the results obtained
for the idealized, unstrained flame are representative of those obtained with
the much more complex 3D LES/PDF code.

(12) Whereas the mean-drift has theoretical advantages (in allowing differential

diffusion to be implemented and being consistent with the DNS limit), the
random-walk has the practical advantages of being simpler to implement
and being computationally less expensive.
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Appendix A. Mesh-Free Particle Method

A mesh-free particle method is used to obtain numerically-accurate solutions to
the LES/PDF equations for the random-walk model in the DNS limit applied
to the idealized, unstrained, 1D, plane laminar flame. The equations are solved
in the frame in which the reactants are at rest at £ = —oo. From a specified
initial condition, the solution is advanced in time through small time steps At,
and eventually reaches a fully-developed state, with the flame moving to the left
at a constant speed ug. The solution domain extends from pure reactants to pure
products, and is moved with the flame.

There are a large number N of particles, the nth having position X (™ (t) and
composition ¢ (t) at time t. The solution is advanced from time ¢ to time t + At
through the following sequence of operations (with some details to follow). Prior to

the start of each step, the particles are sorted in position so that X > x(—1),

(1) The particle diffusivities are evaluated, and the mean diffusivity at the par-
ticle locations, 5(”), is estimated using a cross-validated smoothing linear
spline. 4 _

(2) The mixing rate Q" is determined from D™,

(3) The mixing sub-step is performed using the near-neighbor implementation
of the IEM model[29].

(4) The reaction sub-step is performed.

(5) The particles are moved by the diffusion term of the random walk, and then
re-sorted.

(6) The particles are moved by the drift term in the random walk.

(7) As necessary, the domain is moved, and particles are removed and added
as necessary at the boundaries.

In order to estimate means, the particles are partitioned into odd and even-
numbered particles. Linear smoothing splines[30] (with smoothing parameter s)
are generated based on the two sets of particles, and the cross-validation error x(s)
is computed. An iteration is performed to determine the value of the smoothing
parameter that minimizes the error. (For computational efficiency, if there are a
large number of particles, then this procedure is applied, not to individual particles,
but to clusters of adjacent particles. Here the number of clusters is limited to 1,000.)

The particles move due to the drift term in the random walk (Eq. 7) according to
dX*/dt = [U+0V ({p)D)]*. Fortunately, however, this drift coefficient does not need
to be evaluated, because the effect of the drift can be implemented implicitly by
enforcing a consistency condition[31]. Every particle is ascribed the same mass per
unit cross-sectional area, m”. The nth particle, with specific volume v, therefore
has a length associated with it of £ = m”v(™). The consistency condition is that
the particle length is equal to the geometric length that the particle occupies. This
condition is strongly enforced by (at the end of the time step) setting the particle
positions by

1
(n+1) — x(n) 4 Zplnt1) 4 p(n)
X X 4 [ ). (A1)

The solutions reported in Sec. 3.5 are performed with N = 10° particles, which
is more than needed to produce very accurate results. Test are performed to ensure
that the time step At is sufficiently small, and the simulation duration sufficiently
long, so that the associated numerical errors are negligible.
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Appendix B. Cloud-in-Cell Particle/Mesh Method

The cloud-in-cell (CIC) particle/mesh method is applicable to both the random-
walk and the mean-drift models, and is similar to the method generally used in
LES/PDF simulations.

As in the mesh-free method, there are N computational particles. There is also a
mesh of uniform spacing h. There is a linear-spline basis function associated with
each mesh node. Means are estimated at the nodes using kernel estimation with
the basis functions as the kernels, and then the means are represented by linear
splines.

The differences compared to the mesh-free method are:

(1) All means are estimated and represented using the CIC linear basis func-
tions.
(2) The IEM mixing model is implemented directly using the CIC means 2

and 5 by integrating the equation

d¢* _ x ([ k Tk
! (B1)
(3) The mean drift is implemented by
" (t+ At) = 6" (1) + [t + A1) — (1)), (B2)

where gg(a:, t + At) is the solution after time At of the partial differential equation

dp)p 0 ~ 09
o~ 92 <<P>Daw> ; (B3)

from the initial condition gg(x, t) = qg(x, t). Equation B3 is integrated numerically
at the nodes, using a fully implicit three-point difference scheme.
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