This article was downloaded by:[Cornell University Library]

On: 20 December 2007

Access Details: [subscription number 770490391]

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Combustion Science and Technology

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713456315

An Improved Turbulent Mixing Model

S. B. Pope @

@ Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA

Online Publication Date: 01 June 1982

To cite this Article: Pope, S. B. (1982) 'An Improved Turbulent Mixing Model',
Combustion Science and Technology, 28:3, 131 - 145

To link to this article: DOI: 10.1080/00102208208952549

URL: http://dx.doi.org/10.1080/00102208208952549

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article maybe used for research, teaching and private study purposes. Any substantial or systematic reproduction,
re-distribution, re-selling, loan or sub-licensing, systematic supply or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents will be
complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should be
independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713456315
http://dx.doi.org/10.1080/00102208208952549
http://www.informaworld.com/terms-and-conditions-of-access.pdf

Combustion Science and Technology, 1982, Vol. 28, pp. 131-135

0010-2202/82/2804-0131$06.50/0

An Improved Turbulent Mixing Model

© 1982 Gordon and Breach Science Publishers, Inc.
Printed in Great Britain

S. B. POPEY Massachuseits Institute of Technology. Department of Mechanical Engineering.

Cambridge, MA 02139

(Received August 8, 1981; in final form November 6, 1981)

Abstract—In application to turbulent reactive flows, both stochastic models and pdf methods require a model
of turbulent mixing. Models currently in use are due to Curl (1963), Dopazo (1979), and Janicka, Kolbe,
and Kollmann {1979). For the simple case of decaying fluctuations of a passive scalar in homogeneous turbu-
lence, measurements suggest that the probability density function (pdf) tends to a Gaussian. All the moments of
the standardized Gaussian pdf are finite and, in particular, the fourth moment (the flatness factor) is equal to 3.
It is shown that the existing models produce pdf’s that differ significantly from the Gaussian; in particular, the
predicted flatness factors are infinite. An improved class of mixing models is presented that produces pdf’s with
finite standardized moments. The shape of the pdf produced depends upon the choice of two model parameters.
These parameters can be chosen so that the flatness is as small as 3.12 (cf. 3 for a Gaussian), while the rec-
ommended model, which has a better overall performance, results in a flatness of 3.70. The shape of this pdf

(shown on Figure 5) is close to Gaussian,
I INTRODUCTION

Two parallel theoretical approaches have been
developed for dealing with the effects of turbulent
fluctuations on chemical reactions. First, stochastic
mixing models have been used by Kattan and Adler
(1967), Flagan and Appleton (1974), and Pratt
(1976) to study combustion in statistically hom-
ogencous turbulence. Second, evolution equations
for the joint probability density function (pdf) of
the reactant concentrations have been solved. This
approach, which is not restricted to the hom-
ogenous case, has been studied by Dopazo and
O’Brien (1974), Pope (1976, 1981a) and Janicka,
Kolbe, and Kollmann (1978). In fact, the two
approaches are equivalent, Pope (1979): the sto-
chastic models can be regarded as Monte Carlo
methods for solving the joint pdf equation.

The simplest case to study is a one-step reaction
in constant-density homogeneous turbulence. Let
$(x,1) be the progress variable (normalized reaction
product) and let p(if;1) be the pdf of ¢. The pdf
evolves in time due to the effects of reaction and
molecular mixing. The notable feature of the pdf
formulation is that the effect of reaction appears in
closed form. Thus, only the effect of molecular
mixing has to be modelled. Models currently in
use are due to Curl (1963), Dopazo (1979) and
Janicka, Kolbe, and Kollmann (1979). All of these
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models can be written in pdf form and can also be
used as stochastic models.

A useful test case to examine the performance of
mixing models is the decay of fluctuations of ¢ in
the absence of reaction. The mean {¢),

(¢ = f Y o(p)di, (1.1)
—oo
remains constant while the standard deviation o,

ot = (2 = f (W — PP, (1.2)

decreases with time. With the standardized vari-
able ¢ being defined by

= (= {$/o(0), (1.3)
the standardized pdf
Pty = p(st) o(0), (1.4)

has zero mean and unit standard deviation. For
large t, as o tends to zero it can be expected that the
standardized pdf p(4 ;1) approaches an asymptotic
form that is independent of the initial condition.

Intuitively, the asymptotic form of the standard-
ized pdf is a Gaussian,

POy = (2m)~12 exp(—4d2). (1.5)

The Gaussian, or normal, distribution has the
important property that all of its standardized
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moments are finite. The standardized moments
fim are defined by

f i B i

-0

" —
Hm =

o0
1

— [ o (1.6

.
-0

Due to symmetry, all the odd moments (m odd) are
zero, and, due to the standardization, the zeroth
and second standardized moments are equal to
unity. For the Gaussian pdf, Eq. (1.5), the flatness
fia is equal to 3 and the super skewness {ig is equal
to I5.

While there is no proof that the pdf tends to a
Gaussian tn homogeneous turbulence there is strong
experimental evidence that it does. Travoularis
and Corrsin (1981) measured pdf’s (with flatness
equal to 3.0) that could not be distinguished from
Gaussians.

The existing mixing models produce an asymp-
totic pdf as the limit of decaying fluctuations, but
the pdf is far from Gaussian. In fact, all the even
standardized moments (i, m>4) are infinite.
Measurements in inhomogeneous flows (¢.g. LaRue
and Libby (1981), Venkataramini, Tutu, and
Chevray (1975)) show that pdf’s can depart
significantly from the Gaussian distribution. But,
cven in the inhomogeneous case, there is no
suggestion that the flatness is infinite.

The qualitatively incorrect behavior of existing
models is a serious problem for two reasons. First,
because of the infinite standardized moments, the
statistical error in the stochastic models is large.
Consequently, the models can be computationally
expensive, and convergence cannot be guaranteed
in all cases. Second, a major advantage claimed
by pdf methods is that the pdf provides a com-
plete statistical description of the turbulent
fluctuations and consequently a more accurate
closure is possible. Clearly this claim is vacuous if
the model leads to qualitatively incorrect pdf’s.

In this paper a new class of mixing models is
presented. Their behavior is qualitatively correct
in that ail the standardized moments of the asymp-
totic pdf are finite. While the asymptotic pdf’s are
close to Gaussian, they are not exactly so. The
minimum possible flatness is f4=3.12 (cf. fs=3
for a Gaussian), while the recommended model
{that has a better overall behavior) yields fig =3.70,

2 BACKGROUND

2.1 The Test Problem

For inhomogeneous turbulent reactive flows,
Janicka, Kolbe, and Kollmann (1978) and Pope
(1981b) have reported successful calculations based
on the solution of the pdf transport equation. A
major advantage of this equation is that the effects
of reaction appear in closed form. Models of
turbulent transport and mixing are required. In
order to study the modelling of mixing, an inert,
constant-property, statistically-homogeneous flow
is considered. For this case, the pdf evolves in time
solely as a result of molecular mixing.

In the idealized test case there is a statistically-
homogeneous turbulent velocity field U(x,t) that
does not decay. This is achieved (in principle) by
supplying energy to the velocity fluctuations at the
same rate as energy is removed by viscous dissi-
pation. A frequency characteristic of the energy-
containing motions is ¢/k, where k is the turbulent
kinetic energy and e is its rate of dissipation. The
fluid contains a conserved passive contaminant of
concentration c¢(x,t) that obeys the transport
equation :

de dc %
—+U— =T
ot oXt

. 2.
x4 0xt @D
The molecular diffusivity I” is small compared with
the turbulent diffusivity k2fe. Initially, at time
t=0, there are packets of fluid whose size is of
order k3/2[e. Within each packet the concentration
¢ is uniform and equal to one of two values—¢,
or ¢z, (c1>c¢z). The mean concentrations is
3 (c1+4c2).

The normalized concentration $(x,?) is defined by

¢ = 2{e—Ha+ce)}H(a1—e), (22)

so that the mean value {¢> is zero and, initially, the
variance {¢'2> is unity. The present study of
turbulent mixing centers on the evolution of the
pdf of ¢, p(ip;¢). Its initial value is

P($;:0) = $8(1 =)+ 1 8(1 +4), (2.3)

where the first delta function corresponds to fluid
with ¢=1 (c=c1), and the second to fluid with
¢=—1 (c=cz). As mixing proceeds, the standard
deviation o(f) .

@x0

o = f 42 D) s, (2.4)

-0
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decreases from its initial value of unity. Values of
¢ in the range —1<¢<1 occur, while absolute
values of ¢ greater than unity are impossible. The
pdf remains symmetrical about =0, and conse-
quently all the odd moments of p(y) are zero.

The initial distribution Eq. (2.3) is discontinuous,
but in the early stages of mixing a continuous
distribution forms in the range —1< <1, and the
magnitude of the two delta functions decreases.
After some time the delta functions disappear and
the continuous distribution contracts, as the
standard deviation o decreases. As o tends to zero,
the pdf tends to a Gaussian.

The various mixing models presented here are
judged according to-the pdf shapes that they
predict. Specifically, & good model should produce
a continuous distribution that tends asymptotically
to a Gaussian. We are not concerned here with
determining the rate at which the pdf evolves.
Rather, we specify that the standard deviation
decreases at a constant rate w:

do 55
o wo, (2.5)

With the initial condition ¢(0)=1, the solution to
this equation is,

a(t) = e, (2.6)

According to conventional modelling, the decay
{requency 1§

w = Cyefk, 2.7)

where Spalding (1971} suggests the value 1.0 for the
constant Cy;. However, the works of Beguier,
Dekeyser, and Launder (1978) and Warhaft and
Lumley (1978) show clearly that C, is not a
universal constant.

2.2 Curl’s Model

The first and simplest mixing model is due to Curl
(1963). Curl expressed the modet in pdf form while
Spielman and Levenspiel (1965) devised the
equivalent stochastic model.

In stochastic models, the pdf p{y;1) is represented
indirectly by an ensemble of N sample values ¢(7,

FIC R

The mean {Q(¢)> of any function of ¢, O(¢), can
be obtained from the pdf by

Q@) = fQ(sb)p(sb)dsb, 2.8)

while, in stochastic models, {Q{(¢)) can be estimated
by
I <
Q>

=1

Q™). (2.9)

The error involved in this approximation is pro-
portional to N-1/2 and so a large ensemble should
be used. In the analysis, the limit of N tending to
infinity is used.

To apply Curl’s stochastic model to the test
problem, the initial ensemble is specified to
correspond to the initial double-delta-function pdf,
Eq. (2.3). Half of the elements (n=1,2... N/2,
say) are ascribed the value ¢(*'=1, and the
remaining N/2 elements are ascribed the value
$™ = — 1. The initial time is =0, and the model
advances time through a sequence of small steps
At (At w< 1) by performing the following stochastic
process. Pairs of elements are selected at random
from the ensemble. The number of pairs selected
Np is the nearest integer to Np' =B Arw N, where 8
is a constant that is determined by the condition
that ¢ decays at the rate w. (For Curl’s model
B=2.) Letthe two elements in a pair be denoted by
nand nz1, and their values when selected are

(1) = ¢a, M) =¢n.  (2.10)
Mixing is performed by changing the values of ¢ to
S HAL) = ¢a*, P AL = $p*, (2.11)

where
$a* = $p* = dda-tdo).

This mixing process is performed for each pair of
elements selected to produce the ensemble at time
t+At. For elements not selected, their value of ¢ is
unaltered.

It is clear that this simulation of mixing leaves
the mean value unchanged, since,

Ha® +¢0%) = Hda+0),
while the variance decreases, since,
Ba2h*e = o+
—HPa—dp)> S a2+ $p% (2.14)

(2.12)

(2.13)
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The equivalent pdf model can be obtained from

Pt + AN p(ir) +(Np] N f f p(tha) P4

-0 -0

X{ =8t — hu) — 8(4 — hv)
+8(h —a™®) +8(sh — o*) }diba dibo. (2.15)

The integral p(4,) difa represents the selection of
the element n (™ =4,), and similarly p(fs) difs
represents the selection of the element m (™) =),
The four delta functions represent, respectively, the
removal of elements with values ¢™ =y, and
$tm) =dy, and the addition of elements with values
W = * and H0 =¢,*, where

ha* = dp* = (o). (2.16)

The doubie integral divided by N represents the
change in the pdf caused by the mixing of one pair
of elements. Since Ny pairs of elements mix in the
time interval At, the double integral is multiplied by
NpIN.

The pdl evolution equation is obtained by
dividing Eq. (2.15) by Ar and taking the limits
wAr—0and NwAr—co. The result is

o w

ap

— = —2Bwp42Pw ff
-0

ot o
X 0(a)p(0) K(, paipn)dia difo, (2.17}
where the kernel K is
K(pyha,p) = 8(p —3(atdn)).  (2.18)

The corresponding evolution equation for the
standard deviation ¢(r) is obtained by multiplying
Eq. (2.17) by 42 and integrating. The result is

do
— = —}Bwa,

2.19
dt ( )

and hence, for compatibility with Eq. (2.5), 8 takes
the value 2.

This completes the description of Curl’s model in
both pdf and stochastic form. The application of
the stochastic model to the test problem immedi-
ately reveals a flaw in the model. Initially, ¢ takes
the value —1 or 1. After the first time step, the
possible values are —1,0 and 1; after the second
step they are —1,—14,0,4 and 1; after the kth step
they are integer multiples of 2!-* Thus, the pdf is
composed of delta functions and, although the

number of delta functions becomes infinite, a con-
tinuous distribution never evolves.
The pdf can be written

plg;n) = ZPz(f)S(*ﬁ — ), (2.20)

[3

where ¢ is the location of the /th delta function,
Py is its magnitude, and the summation is over the
infinite number of delta functions. Note that the
normaljzation condition is

.

fJ p(Pdd = ZP; = 1.

—m i

(2.21)

Figure 1 shows the delta function magnitudes for
the test problem at the nondimensional time
t¥=wt=0.5. Only the 65 delta functions that are
located at integer multiples of 2-6 are shown, but
these contain more than 96 percent of the total
probability. (These results were obtained by
numerical integration of the equations for the first
210 delta function magnitudes.)

Aithough Curl’s model exhibits this unacceptable
behavior, it provides a basis for better models.

005 -

QQLALJI.,Lll Jiljlll ;l.| l
0.0 0.5

¥

FIGURE | Dellia function magnitudes P; against their
locations i, according to Curl's model for the test problem
at time r*=0.5.

2.3  Modified Curl Model

Dopazo (1979) and Janicka, Kolbe, and Kollmann
(1979) independently suggested a modification to
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Curl's model that results in continuous pdf’s. In
the stochastic model, the modification is to the
mixing process. Consider replacing Eq. (2.12) with
the equations

ba* = (1 —a)da +}a(da+do), (2.22)

and

$p* = (1 —a)pp+dalba-+dv). (2.23)

The role of the new parameter « is to control the
extent of the mixing: with « =0 no mixing occurs,
with a=1 Curl’s model is recovered. The pdf
equation appropriate to the modified stochastic
model is, as before, Eq. (2.17), but the kernel K is

K(hspa, i) = 8(f —(1 —a)da —taldha+ o). (2.24)

This model with any given value of e« (0<a<(1)
does not overcome the problem of discontinuous
pdf’s: it merely changes the location of the delta
functions. But if a is chosen to be a random vari-
able with a continuous pdf A(a), then the model
itself produces continuous pdf’s. Again, Eq. (2.17)
governs the evolution of the pdf and the kernel is

K(¢’¢a?¢"1)

- j A(aYS(h— (1 — oo — a(bat ))da. (2.25)

0

This is the idea behind the models of Dopazo
(1979) and Janicka, Kolbe, and Kollmann (1979).
The delta-function kernel of Curl's model, Eq.
(2.18), is replaced by a smooth kernel, Eq. (2.25).
(Note that Curl's model can be recovered by the
choice A(e)=8(1 —a).) A suitable choice of the
pdf A4(c) is discussed by Dopazo and Janicka et a/,,
and it is also discussed below. For the moment we
follow Janicka et a/. in the simplest choice,

A(e) = 1. (2.26)

The constant 8 depends upon the choice of A(e)
and can be determined from the rate of decay of
the standard deviation. The evolution equation
for o(f) can, agawn, be obtained by multiplying the
pdf equation by ¢* and integrating. The result is

do
—= = —wof(a1 —1as), (2.27)
dt
where a,, is the mth moment of A(a),
1
a, = f a™ A(a)da. (2.28)

0

Thus, for compatibility with Eq. (2.5), 8 is given by
ﬂ = (al—-éag)_l, (229)

and, for the choice of A(a)=1, this yields 8=3.

The evolution of the pdf for the test problem
was calculated using the stochastic model with
A(a)=1. The pdf comprises delta functions of
magnitude Pi(r) at ¢=-+1, and a continuous
distribution in between:

Ps) = pelst)+ PO — ) +3(1+4Y). (2.30)

Initially, P1(0) is equal to one half, and p. (;0) is
zero. Figure 2 shows pg(i,t) for different values of
t*, and the decay of Pi(t). At *=0.5 the delta
functions have nearly disappeared and the con-
tinuous pdf p. is almost flat. With increasing time
the maximum value pc(0;¢) increases and the pdf
becomes narrower. The modification to Curl’s
model is seen to be successful in producing a
continuous pdf.

As expected, as r* tends to infinity, the standard-
ized pdf g(¢) adopts an asymptotic shape. The
standardized pdf is

) = ap(y), (2.31)

where

g = ylo.

Figure 3 shows p(s}) compared with a Gaussian,
and significant differences are evident. Because of
the standardization, the standard deviation of each
distribution is unity. But at first sight it appears
that p(s$) is narrower than the Gaussian. Closer
examination reveals that the tails of p(¢) approach
zero very slowly, and consequently they contribute
significantly to the variance.

The observed long tails of the asymptotic pdf
suggest that the fourth and higher even standard-
ized moments are large. Figure 4 shows the
evolution of the flatness and superskewness for the
test problem. At r*=x1, both of these quantities
have attained their Gaussian values, fiy=3 and
fAa=15. But as r* increases both fi1 and s con-
tinue to grow (more rapidly than linearly) and they
are infinite for the asymptotic distribution.

It can be concluded that the modified Curl model
produces continuous pdf’s, but that the asymptotic
pdf is far from Gaussian. The maximum value of
the pdf, p(0), is over 50 percent greater than the
Gaussian value, and the fourth and higher even
moments of the standardized asymptotic pdf are

(2.32)
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FIGURE 2 Evolution of pdf for the test problem
according to the modified Curl model.

FIGURE 3 Standardized asymptotic pdf for the modi-
fied Cur) model ; Gaussian = — - — -

FIGURE 4 Evolution of moments for the test problem
according to the modified Curl model: standnrd
deviation s; - flatness g4; —— -~ super
skewness go; @ Gaussian values ga1=13, jig=15.

infinite. This latter conclusion holds for anv
choice of the mixing pdf A(a).

3 IMPROVED MIXING MODEL

A new class of mixing models is presented that
praduces continuous pdf’s with finite standardized
moments. The models are similar to the modified
Curl model, except that the selection of elements
for mixing is biased. The bias depends upon the
age of the element, which is defined in Section 3.1.
A derivation and analysis of the model equations is
provided in Appendix A, and the performance of
the models is discussed in Section 3.2. An efficient
implementation of the stochastic version of the
model is presented in Section 3.3.

3.1 Age Distributions

In the stochastic model, the age of an element 1s
defined as the normalized time since it mixed with
another element. Let (" be the last time that the
element n was selected for mixing. Then, with ¢
being the current time, the age of the ath element is

T = f—1m), (3.1

Thus, for every element there is a value of ¢, ¢,
and an age ti"),

The age distribution r(s), where s is the indepen-
dent age variable, is defined to the pdf of . In
Appendix A, it is shown that for the modified Curl
model the age distribution is

r(s) = 28 exp(—2Bs). 3.2

1t is further shown that, with this age distribution,
any choice of A{e) leads to a standardized asymp-
totic pdf with infinite higher moments. But if the
age distribution is modified to decay more rapidly
with s, then pdf’s with finite moments are possible.

In the stochastic model, the age distribution can
be changed by biasing the sampling according to
the age of the elements. Specifically, let z(s) be
the relative probability of sampling the element n
of age 7(® =s. The sample bias z(s) is normalized
so that

r(s) =(shds = 1. (3.3)

4]

This biased sampling procedure results in the age
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distribution (see Appendix A),

r(s) =28 cxp(—2[3 Of z(x’_)ds’), 3.4)

or, alternatively, the age distribution r(s) results
from the bias

A9 = — Linrs) (3.5)
-S.—2’9 dsan.

In the modified Curl model there is no sample
bias, and so z(s) is a constant (unity). Then
Eq. (3.4) yields the age distribution Eq. (3.2). If
the bias is linearly proportional to the age, i.e.

.':'(S) = 'rr,Bs,
then the corresponding age distribution is
r(s) = 2B exp(— nB%s?). 3.6)

The age distributions encountered so far, Eq. (3.2)
and Eq. (3.6), extend from s=0 to s=20. Distri-
butions of finite extent can be obtained by letting
z(s) become infinite at a finite value of s. For
example, the age distribution of the recommended
model is

r(s) = 2B(1—p12, 0gygl,

=0, y<0Oand y>1, 3.7
where
16
y = -lgﬂs. (3.8)
This corresponds to the bias
2(s) = l——, (3.9
15(1 —2)

which clearly becomes infinite as v tends to unity.

3.2 Model Performance

The improved mixing model is defined by the two
pdf's A{a) and r(s). The implementation of the
stochastic version of the model is the same as the
modified Curl model (Section 2.3), except that the
sampling of the elements is biased according to
z(s). An efficient algorithm to achieve this biased
sampling is described in Section 3.3.

The pdf form of the model is expressed as an
evolution equation for the joint pdf of ¢ and 7,
g{i,s:1). The individual pdf’s can be recovered from

the joint pdf by

Pl = jq(z/',s;r)ds, (3.10)
1]
and
r(s;t) = th(!/‘,S;r)a’(,b. Aa.1

The evolution equation for g(i,5;¢) is (se¢ Appendix
A),

dy og
—tw— = —2Bwgz+2Pwl(s)
or s

X Jﬂ j W) () K(d,pa,pp)da didp,  (3.12)

-0 -0

where i) is the pdf of the sampled elements,

[e]

h(g) = J z($)g(yp,5)ds.

0

(3.13)

An evolution equation for p(i;t) is obtained by
integrating Eq. (3.12) over all s:

ap
— = —2Bwl+2Bw
at

o

w f f Ia(aﬁa)lr(¢b)K(¥’v¢‘ﬂ~"t‘")‘!"[’“d%(}.l4)

It may be noted that this equation is the same as the
modified Curl model equation, Eq. (2.17), except
that, on the right-hand side, the pdf p() is replaced
by the sampled pdf /().

It is shown in Appendix A that Eq. (3.14) admits
self-similar solutions which correspond to the pdf
for the test problem in the limit as ¢ tends to
infinity. These solutions are examined for the
thirty-six models obtained from six choices of
A(o)a-f ) and six choices of r(s)(I-VI). From the
analysis, the values of flatness 44, the super skew-
ness s, and the constant 8 are obtained. These are
given in Tables I, If and 11T in Appendix A.
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The model that produces moments closest to a
Gaussian is model la defined by

A() = 8(1 —a) (3.15)

and

|
0<s<—,

28

l
= 0, '<0 g d >—. 3A‘6
3 and s 28 (3.16)

r(s) = 28,

For this model the flatness is fig=3.12 and the
superskewness is fig = 16.8, which may be compared
with the Gaussian values 24=3 and fg=15. All
other models produce larger values of 4 and fie.

While this model has the best performance for
this test case, its overall performance is unaccept-
able. The choice of A(a) is the same as for Curl’s
model, and hence discontinuous pdf’s can arise.
The choice of r(s) is also objectionable, because it
implies complete age segregation. The bias z(s)
corresponding to Eq. (3.16) is

=2(s) = 3(2s8—1), (3.17)

which shows that an element selected for mixing
at time r=r will also be selected at the times
t=11+(mj2Bw) (where m is any positive integer).
Thus, an clement selected at #; and another element
selected at £ -+(£/28w)(0< £ < 1) can never mix with
each other.

The recommended compromise between good
overall behavior and low values of s and g is
model 1l1b, which is defined by

Ala) = 10a3(1 —3a), (3.18)

and r(x) given by Eq. (3.7). For this model the
flatness is f4=3.70 and the superskewness is
fig=29.5. The standardized asymptotic pdf A(s)
was calculated using the stochastic form of the
model and is shown on Figure 5. 1t may be seen
that the shape of the pdf is close to Gaussian, in
marked contrast to the modified Curl model pdf,
Figure 3.

The decay of p(y;t) for the test problem is shown
on Figure 6. As before, the pdf comprises delta
functions of magnitude Py(t) at =41 and a
continuous pdf p; (f;1) in the range — 1< <1, see
Eq. (2.30). It may be seen from the figure that the
delta functions have disappeared by t*=1.0, and
that by r*=1.5 the pdf is a bell-shaped curve.
Eventually as ¢* tends to infinity, the pdf adopts the

FIGURE 5 Standardized asymptotic pdl' for the im-
proved model Il1b ; Gaussian — - ———

Pl

FIGURE 6 Evolution of the pdf for the test problem
according to the improved model Llb.

asymptotic (approximately Gaussian) form shown
on Figure 5.

These results confirm the satisfactory perform-
ance of the improved model.

3.3 Stochastic Model Algorithm

In the improved model, the elements are selected
randomly (though with the bias z(s)) so that the
resulting age distribution is r(s). An efficient,
though indirect, algorithm to achieve the same
result can be based on the pdf of element iife
expectancies. Let =* (a random variable) be the
life expectancy of an element (i.e. its age when it
mixes); and let g(s) be the pdf of r*. It is shown in
Appendix A that g(s) and r(s) are related by

1 dr(s)

g()*"‘"ﬁg &

(3.19

Let + be a random variable with pdf g(s) given by
Eq. (3.19). Then, if for each element the time
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interval between mixing operations is specified to
be #, then the resulting age distribution is r(s).

It should be noted that g(s) is the pdf of life
expectancy at birth, that is, when the age is zero.
If the age 7=s has already been attained, the
conditional pdf of the age »* =s* at mixing is

[a]

go(s*ls) = H(s* —5)g(s*)/ j g(s")ds’, (3.20)

s

where H is the Heaviside function.

These observatjons lead to the following efficient
algorithm for the test problem. Each of the N
elements has a value of ¢, $/*), an age, ™), and a
life expectancy *M™'>7 Initially, half the
elements are ascribed the value ¢® =1 and the
remainder ¢(®'= —1. Each element is randomly
prescribed an age (% =g (with pdf r(s)) and a life
expectancy 7MW =5* (with pdf gc(s*|s)). The
initial time is #=0. In the step that advances time
from ¢ to t-+ Ay, all the elements age by an amount
wAr,

TM(r L AL) = (1) +wAr. (3.21)

An element is selected for mixing if its age exceeds
its life expectancy, that is, if

(74 Ap)> 0D, (3.22)

If an element is selected for mixing, its age is set to
zero and its life expectancy is randomly reset
according to the pdf g(s).

The eclements selected for mixing randomly
choose partners and mix as in the modified Curl
mode]. Let the two elements in a pair be denoted
by n and m, with initial values ¢(™®'(f)=¢, and
¢tm)(1r)=¢y. Then mixing occurs by

Ut AL) = dg*, SM(r+-Ar) = H*,  (3.23)

where

fa* = (I —a)¢a+§(¢a+¢b), (3.24)

$* = (1 —a)¢b+§(¢a+¢b), (3.25)

and a is a random variable with pdf A(a).
This stochastic model was used to obtain the
results shown on Figures 5 and 6.

4 CONCLUSION

It has been shown that Curl’s model and the
modified Curl model lead to standardized asymp-
totic pdf’s with infinite fourth and higher (even)
moments. The improved models, presented in the
previous section, produce finite moments by
changing the age distribution. Model la produces
a4 pdf with flatness £24=3.12 and superskewness
As=16.8, but the model’s overall performance is
unaceeptable. The recommended model is Illb,
for which the asymptotic values of @4 and {s are
3.70 and 29.5. The asymptotic pdf for this model is
shown on Figure 5, and it may be seen that it is
close to Gaussian.

The model has been presented for the simple
case of a single scalar in homogeneous turbulence.
Extension to the general case is straight forward.
The age of an element was defined by, Eq. (3.1),

r(n) = w(l‘—t(’”), (41)

For the inhomogeneous case, the turbulent fre-
quency w can vary, and so in general the definition
of age is

t

w(t)dt'. (4.2)

rn) —

L(n)

If, instead of the single scalar ¢, there is a set of ¢
scalars,

d=1d1, dz...0, (4.3)

then, in the stochastic model, each element has a
set of values ¢(® and an age ="', Mixing occurs
as before, with Eqgs. (3.24) and (3.25) applying to
each scalar.

In the velocity pdf equation and the velocity-
scalar joint pdf equation the effect of viscous
dissipation has to be modelled. Previously Curl’s
model was used (Pope, 1981c,d), but clearly the
improved model can be applied, with an expected
gain in accuracy.

ACKNOWLEDGEMENT

This work was supported in part by grant number
DAA929-81-K-0031 from the U.S. Army Research Office.
REFERENCES

Béguier, C., Dekeyser, [, and Launder, B. E. (1978).
Phys, Fluids, 21, 307.



140 S. B. POPE

Curl, R. L. (1963). A.1.ChEJ.,9,175.

Dopazo, C. (1979). Phys. Fluids, 22, 20.

Dopazo, C., and O'Brien, E. E. (1974). Acta Asrronaut.,
1, 1239,

Flagan, R, C., and Appleton, J. P. (1974). Combust. Flame,
23, 249,

Janicka, J., Kolbe, W., and Kollmann, W. (1978). Proc.
1978 Hear Trans. Fluid Mech. Inst., Stanford Uni-
versity.

Janicka, J.,, Kolbe, W, and Kollmann, W. (1979). J.
Nonequil, Thermodyn,, 4, 41.

Kattan, A., and Adter, R. J. (1967). AL Ch.E.J., 13, 580.

LaRue, J. C., and Libby, P. A. (1581). Phys. Fluids, 24,
597,

Pope, S. B. (1976). Combust. Flame, 27, 299.

Pope, S. B. {1979). Combust. Fiame, 35, 41.

Pope, S. B. (1981a). Combust. Sci, Technol., 23, 159.

Pope, S. B. (1981b). Eighteenth Symp. (Int’l.) on Com-
bustion, 1001, Combustion Institute.

Pope, S. B. (198i¢). Phys. Fluids, 24, 588.

Pope, S. B. (1981d). Third Symposium on Turbulent Shear
Flows, Davis, California.

Pratt, D. T. (1976). Prog. Energy Combust. Sci., 1, 73.

Spalding, D. B. (1971). Chem. Eng. Sci., 26, 95,

Spielman, L. A,, and Levenspiel, O. (1965). Chem. Eng.
Sci., 20, 247.

Travoularis, S., and Corrsin, S. (1981). J. Fluid Mech.,
104, 311.

Venkataramini, K. S., Tutu, N. K., and Chevray, R. (1975).
Phys. Fluids, 18, 1413,

Warhaft, Z., and Lumley, J. L. (1978). J. Fluid Mech., 88,
659.

Appendix A

AGE DISTRIBUTION EQUATION

An evolution equation for the age distribution r(s)
is obtained from

r{s+wltt+ Aty zr(s;t)
+2BwAt{8(5) — r(s)z(s)}. {A.)

The argument 5-+wAf on the left-hand side reflects
the fact that an element (not selected for mixing)
ages an amount wAf in the time interval Ar. The
fraction of elements selected is 2BwAf, and the
effect is to remove an amount r(s)z(s) from r(s) and
to add it to r(0): that is, the mixed elements have
zero age. In the limit as Ar—0, Eq. (A.1) becomes,

1 or or
— - —— = 2B8(5) =28r(5)2(5). (A.2)
w Jf as
In the steady state, 8r/dt is zero, and an analytic
solution for r(s) can be obtained. Since negative
ages are impossible, r(s) is zero for negative s. Thus,
by integrating Eq. (A.2) from 0. to 0, (i.e. over the
delta function) we obtain

r0} = 28. (A.3)
For s greater than zero, the first term on the right-
hand side of Eq. (A.2) is zero and hence,

!
—(—[—lnr(s) = —2Bz(s), 5>0. (A
as

Integrating this equation and using Eq. (A.3) to
eliminate the constant of integration we obtain the

steady-state age distribution

r(s)=2ﬁexp(—25 [ z(s’)ds'). (A.5)

o

It may be noted that z{s) can be determined from
r(s) by |

d |
z(s) = ?ﬁ_ Iv—lm(s). (A.6)I

1t is convenient to introduce the variable x=,85"
and the pdf #(x)

Flx) = r(s)/B. (A7)
Then Egs. (A.5) and (A.6) can be rewritten,

(x) = 2exp(—2 f z(x’)dx’) (A.8)
0
and
d
z2(x) = —4—Inf(x). (A9
dx

Joint pdf Equation

The evolution equation for the joint pdf of ¢ and »
g(y,s;t), can be derived in the same way as Eq. (2.15)
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and Eq. (A.2):
g(h,s+wdit 14 A =g(ih,s; )+

o2 0o o

Y f f [ fu o(a.52)

- ¢ -o

< a(hn,sp)z{52)Z(5p)
l

X j A(a){ —8(p —ba)O(5 — 50)

0

~8(h )35 =) +3(4— | 15| pa=S)

x805)+8(1 = | 1= | b= b))

Xda dsy difpn dsa diftq. (A.10)

The argument s+ wdf in the first term reflects the
aging of elements not selected for mixing. The
integratl

G(Ya.5a)2(Sa)dsa difq,

represents the selection of an element with ¢ =y,
and 7=s4; and similarly the integral

(b n.55)2(Sp)dsp dify,

represents the selection of an element with ¢ =y
and r=s,. The first two delta-function products
account for the removal of the elements with the
values (Yq, S4) and (b, sp) while the second two
account for the addition of the mixed elements.
The mixed elements have zero age, and the values
of ¢ given by Eqs. (2.22) and (2.23). Since o i5 a
random variable, the expression is multiphed by
the pdf 4(«), and integrated over all a.

Dividing Eq. (A.10) by Ar—0, we obtain the
evolution equation for g(i,s:1):

dy aq J cor
-g]—.*-w;s— = ~2Bwqz ,-Zﬁwa(s)“w‘l ﬂwJ
X Wb (Ip) K(byba o) ra din, (A.1D)

where the kernel K is given by Eq. (2.25), and the
pdf of sampled elements is

60

h(g) = f 2(s)q(4h.5)ds.

0

(A.12)

Self-Similar Solution

The joint pdf evolution equation, Eq. (A.11) admits
a self-similar solution of the form

ql,s5t) = r(s)(¢/ac)] e, (A.13)
where fis a standardized pdf and
oe(s5,1) = coexp(s—wt) — aues.  (A.14)

Here oo is a constant and o, is written for ag
exp{—w!).

By differentiating Eq. (A.13) we obtain an
expression for the left-hand side of the evolution
equation, Eq. (A.11):

dg o  wf dr

——twT— = — —

ot cs o, ds

= 2Buf §(s) oy — 2wy, (A.15)

And comparing this equation with the right-hand
side of Eq. (A.11) we obtain

Hblonos = f jhwa)h(w

X K(dpadb)ddaddp.  (A.16)

Since A(y) is known in terms of r(s) and f, this
equation could, in principle, be solved for f.

In the absence of such an explicit solution, we
seek a solution in terms of the moments of f.
Accordingly, the following moments and integrals
are defined:

oaq

o= | f ymalhNduds, (A7)

0

Ym = I 7™ f(n)dn, (A.1B)
o= |y, (A.19)
Rm = [- ™S r(5)ds, (A.20)

.

0
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and

m = f f [w P (a(0)

X K(th, o, po)dhe iy difs. (A.21)

Making use of the self-similar solution, Eq.
(A.13), p;s can be expressed as,

o = J J G (P oo) oo dip ds
0 -0 '
- J oo™ 1(s) f (blay™ fblac)d] oz ds

0

= 4™ R ym- (A.22)
Stmilarly, A, can be reexpressed as,
o2 Lol
Am = J. j Y 2(sYr() (] oc)] o dif ds
¢ -o
oo
= 04" ¥Ym J. ems z(s)r(s)ds
0
= g ym{l +(I11/2,8)Rm}. (A.23)

The last step is achieved by integrating by parts
after z(s)r(s) has been replaced by,

2s)rls) = — l_ dr(s)

28 ds

(A.24)

The self-similar equation, Eq. (A.16) can b€
used to relate x;, and ym. Multiplying both sideS
by ¢™ and integration yields,

(A.25)

O™V = Km.

In Appendix B it is shown that «,, can be written
in terms of A, specifically,

Kz = 02,2 Ag,
Ky = Cq,4 Aa+Cq,2 A2, (A.26)
and

kg = Cg,8A6+Ca,2Aq Az,

where the constants ¢ depend upon the moments of
A(a).

Sufficient relationships have now been obtained
to determine £ and the normalized moments f4
and fis:

fim = pmpe™?, (m even), (A.27)
With m=2, Egs. (A.25) and (A.26) give
Ky = 042 y2 = C2,2 Ao (A.28)

Because of the standardization, y is equal to unity.
Hence, using Eq. (A.23) to eliminate Ag, we obtain

I = £22{14+ R2/B), (A.29)
or,
R:/B - (2x/[B)
= — exp(2x,
2 8 0-| p
XF(x)dx = 1[cg2—1. {A.30)

For a given model, cz,2 and #(x) are known and so
this implicit equation can be solved for B. It is
clear from the integral expression that Rp/8 goes
monotonically from infinity to zero as g goes from
zero to infinity. Consequently, Eq. (A.30) has a
unique solution.

Once B has been determined, Egs. (A.23), (A.25)
and (A.26) can be combined to produce explicit
expressions for y; and ys. These are,

Ca52
yi = —/(I—C4,4{l‘+2R4/B}), (A31)
ce,2°
and
.(—'6,4(')’4—64,2/62.22)/
Ye =
€454 €2,2

X(1 —c6,6{1 +3Re/B}). (A.32)

And, finally, from Egs. (A.22) and (A.27), the
normalized moments are obtained,
fm = ym Rm|Ra™/2, (A.33)
To summarize the determination of B, fiy and
fe: for a given model (given A(a) and 7(x)), the
constants ¢ can be determined (Appendix B). The
implicit equation Eq. (A.30) can then be solved for
B and hence R,; can be determined. The moments
fta and fig can then be obtained from Eqgs. (A.31)-
(A.33).
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Madified Curl Model

For the modified Curl model there is no sample
bias and so z(s) is a constant (unity). Equation
{A.5) then gives the age distribution,

r(s) = 28 exp(—28s). (A.39)

The integral Ry, Eq. (A.20), is
o0
Ry =28 f exp(—-s[28—mds. (A.35)
0

It is immediately apparent that, unless 28 exceeds
m, Ry is infinite; and hence, from Eq. (A.33), fin is
infinite. Thus, for any choice of A(a) (which
determines B), all the even moments for which
m =28 are infinite.

For Curl’'s model 8 is equal to 2 and hence the
fourth and higher even moments are infinite. For
the modified Curl model (A(a)=1, B=13), this
analysis shows that the sixth and higher even
moments are infinite. In fact, the numerical results
of section 2.3 show that the fourth moment is also
infinite. This, presumably, indicates that for this
model yy is infinite.

A necessary, though not sufficient, condition for
a model to produce a pdf with finite moments is
that r(s) decays more rapidly than exponentially
with 5. This condition ensures that R,, is finite for
all m.

Improved Models

The behavior of the model was investigated for
six choices of r(s) (denoted by I-VI) and six choices
of A(a) (denoted by a-f). All of the age distri-
butions produce finite values of R,,. They are,

I Uniform 7 =2 0<x<4,

I Parabolic ¥ = 2(1 —»?), 0Ky = 4/3x<,

I Quartic 7 =2(1-y22, 0gy = 16/15x<,
IV Cosine F = l+cosmx, 0<x<1,

V Linear 7 =2(l-x), 0<x<I,

VI Gaussian 7 = 2 exp(—7=x2), 0<x, (A.36)

Note that, except for VI, the age distributions are
zero for s greater than some finite value: this implies
that z(s) becomes infinite.

TABLE |
Values of B for improved models
a b C d e f
1 1.443 1.661 1.753 1.855 1.958 2.466

I 1,500 1.719 1812 1914 2016 2.526
[ 1.523 1741 1.834 1937 2039 2549
Iv 1.531 L1750 1.843 1.945 2.048 2.537
v 1.592 1.812 1905 2008 2111 2.622
vl 1.577 1795  1.888 1.590 2.092 2.601

TABLE II
Flatness s for improved models
a b c d € I
I 3.12 3.20 3.28 3.44 3.54 4.56
I 3.36 3.53 3.65 3.86 4.01 5.49
I 3.49 3.70 3.84 4.09 4.27 6.03
IV 354 i 3.93 4.19 438 6.26

v 3.80 4.18 441 4:80 5.10 8.21
Vi 3.97 4.33 4.55 492 5.21 8.10

TABLE 111
Superskewness jg for improved models

a b [ d e f
I 16.8 18.4 20.1 239 26.7 126.5
11 21.0 25.0 28.6 3.8 44.3 0
Inr 236 29.5 34.7 47.2 59.9 o]
IV 248 316 LYN 52.7 68.7 o)
\Y 30.2 44.9 595 105.0 1922 w0
VI 36.8 56.2 76.9 153.1 3589 0

The six distributions A(a) are,
a Delta function A(e) = 3(1 —a),

b Quartic A(a) = 10a3(1 —$a),
¢ Cosine Aa) = | —cosma,
d Linear A(a) = 2a,

e Quadratic A(e) = 3a(l —}a),

f Uniform A(a) = 1.

For the thirty-six models comptising all com-
binations of #(x) and A(a), the values of 8, {4 and
fis were calculated from Eqs. (A.30)-(A.33). The
results are shown in Tables |, Il and I1I. It may be
seen that all the moments are finite except for fig
for models 1If-VIf. In these cases, the denominator
in Eq. (A.32) is negative, indicating that no finite
values of v, can satisfy Eqs. (A.25) and (A.26).
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The models are ordered so that 4 and f¢ (and in
general f) increase to the right and downward.
Thus, the first model la has the smallest moments,
fia=3.12 and fig=16.8, which may be compared
with the Gaussian values of 3 and 15.

Life Expectancy

Closely related to the age distribution r(s) is the pdf
of life expectancy g(s). Let the age of an element
when it mixes be 7*. Then g(s) is the pdf of +*.
The pdf’s #(s) and g(s) are related by

L A.38)
= 2l8) = — — —r
g(s) = r(5)2(s) TR (A.
or
' df'(x)
(x) = —3—, (A.39)
dx
where
&(x) = g(s)/B. (A.40)

By differentiating Eq. (A.36), we find the life
expectancy pdf’s corresponding to the six age

distributions to be

[ §=3(x—1),

IT g =32/9x, 0<x<4,

HI g = 64/15p(1 —?), 0<y = 16/15x <1,
IV g = imsinwx, 0<x<),

V §=10<x<],

VI g =2wxexp{—nx2), 0<x.

Il

It

(Outside the indicated ranges, g is zero.)

It may be seen that for 1, the life expectancy =% 1s
not a random variable but is fixed at =* =158. Thlis
implies that two elements that initially have
different ages always have different ages and hence
cannot mix with each other. This phase-locked
behavior is unacceptable in a general model.
Models Il and V have £’s that are discontinuous at
the end of the age distribution, which could cause
undesirable behavior. Thus, the age distribution
I] is to be recommended since {of the acceptable
models) it has the smallest moments.

The delta-function distribution (a) for A(a) is the
same as in Curl’s model. It is unacceptable, there-
fore, since it can produce discontinuous pdf’s.

The recommended model is, then, IfIb for which
the moments are 24 =3.70 and /i =29.5.

Appendix B

Starting from Eq. (A.21) an expression for «m,
in terms of A, is obtained. The procedure is
demonstrated for m=2 and the results for m=4
and m=6 are given.

Substituting Eq. (2.25) for K in Eq. (A.21) yields

1 0

s f _ f (o)) Of A(a)_mf

s (4= 1 —(a/2) e — (a2} s d i i
® o n
= | ] #csoncen [ A~
-0 -0 0

+0/2 g Y™ da dipa diby. (B.1)

For the case m =2, the inner integral is

( A{a){a2(l —a+a?/d)+ tq hp(a —a?(2)

0

+ 2 ald}de = $a?(l —ay+azf4)
o o(ar —asf2)+ $i? az/4, (B.2)

where ap is the nth moment of A(a), Eq. (2.28).
Substituting this result into Eq. (B.1) yields

. = f fh(sba)hwb){wa~a1+a2/4)

+ o e(ar — az[2) + o? azf4}d e dify
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- f ) (a2(| — e+ s/ )+ s a4l
= A{l —ay+as/2}. (B.3)

Here, Ax is the nth moment of A(y), Eq. (A.19),
and use is made of the fact that odd moments of 4
are zero (Aa =0, n odd). Thus,

K2 = Cg,2A2, (B.4)
where
c22 = (I —a1+asf2). (B.5)
For m=4, the same procedure yields,

kg = Ca,4 04+ Ca,2 2%, (B.6)

where
€a,4 = 1 =241+ 3a2/2 —asf? +as/8,
and
ca,2 = 3az{2 —3aa3f2 + da,/8.
And for m=6, the result is

ke = C5,6A6 + 6,44 A2,

where
ce,6 = | —3a1+15/4az—5/2a;3
+(15a;—3as+as/2)/16,
and
cg,4 = 15/16(4az —8as +Tas —3as+agf2).
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(B.7)

(B.8)

(B.9)

(B.10)

(B.11)



