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Abstract

Multiple mapping conditioning (MMC) is used to model local
extinction and reignition phenomena in homogeneous,apatr
decaying turbulence. Itis recognized that mixture fracttone

is not sufficient to account for turbulent scalar fluctuasiemd

that more than one reference variable needs to be introduced
We introduce a second reference variable with a dual charac-
ter: the second variable is a dissipation-like variable¢ #ma-
ulates the intermittent behaviour of scalar dissipatiod s
therefore the cause for local extinction in our modellingH
ever,the second variable is also used to match the scalanegar

of a reaction progress variable to ensure consistency ipeegn

ture flucutations of the MMC model and Direct Numerical Sim-
ulations. The resulting model provides a (fully) closedriata-

tion for the modelling of local extinction and re-ignitioments

and predictions of the joint probability distribution of xtiire
fraction and sensible enthalpy, of reactive species andhef t
global conversion rates are good and clear improvments over
conventional mixture fraction based methods that use méxtu
fraction as the only conditioning paramenter.

Introduction

One of the major challenges for turbulent combustion madgll

is the accurate description of the turbulence-chemistgrac-
tions that can determine chemical conversion rates and flame
stability. The chemical source term may be strongly affécte
by turbulence, but usually appears in unclosed form in the av
eraged scalar transport equations and needs modelling.- Com
putational methods for non-premixed combustion can bethase
on the mixture fraction concept where turbulent fluctuation
of the reactive scalars are linked to the turbulent flucturesti

of mixture fraction. The conditional moment closure (CMC)
model [12] is one of these approaches. Here, transport equa-
tions for the reactive species conditionally averaged emiix-

ture fraction, Z, are solved. Often, the fluctuations arothedl
conditional means are small and the reaction term can daesily
closed using first moments. CMC has been applied to a variety
of flames [21, 8, 6, 18] with some success.

The applicability of first order closures is, however, liett

to flames where fluctuations around the conditional mean are
small. This is certainly not given in flames with local extina

and re-ignition where a strong dependence on mixture fracti
ceases to exist and the flame structure would need to be de-
scribed by at least two variables and their joint PDF: thetumix
fraction and a suitably defined reaction progress varigte-
nenburg [14] showed that fluctuations of reactive scalaneeo
late well with fluctuations of mixture fraction and normaiis
sensible enthalpys, in flames with moderate to significant ex-
tinction and re-ignition and that double conditioning ls4alac-
curate first order closures of the chemical source term. Roub
conditioning approaches have, however, a major shortapmin
the closures of the doubly conditioned dissipation terntsatn

the joint PDF of sensible enthalpy and mixture fraction. -Pre
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sumedp-PDFs for the conditional sensible enthaly(hs|Z),
may be acceptable approximations, however, the compaotatio
of the conditional variance of sensible enthalp§? | Z), suf-
fers from inacurate modelling often based on laminar flamele
assumptions. In addition, accurate models for doubly condi
tioned scalar dissipation do not exist.

Klimenko and Pope [13] suggested multiple mapping condi-
tioning (MMC) for turbulent reacting flows. MMC is a general-
ized mapping closure that shares some characteristicgoirith
PDF [19] and CMC methods and both, stochastic and deter-
ministic implementations are possible [11]. Turbulent tihae
tions (and species) are divided into “major” and “minor” gpe
ings. The fluctuations of the major scalars are not resttiatel
they are modelled using a set of stochastic reference Vesiab
In deterministic MMC minor fluctuations are not permittedian
the minor scalars can therefore fluctuate only jointly whi t
major scalars which is equivalent to a low-dimensional mani
fold in scalar space that is allowed to vary with time and spac
Therefore, deterministic MMQ), where mixture fraction is the
only major scalar, is equivalent to CMZ)Y when the latter is
combined with generalised mapping closure to ensure consis
tency between the PDF for Z and its dissipation. Here and in
the remainder of the paper, the terms in the brackets fatigwi
the acronyms MMC or CMC indicate the conditioning scalars.
In MMC, functional dependencies between a reference space
with a known turbulence distribution and the physical cosipo
tion space are sought and the number of the major scalasgs,
therefore determines the dimension of the reference space.

Different implementations of MMC have been applied to cases
of extinction and reignition in homogeneous, isotropiccale

ing turbulence [24, 3, 2]. Wandel and Klimenko [24] used prob
abilistic MMC with one-step chemistry and a single refeeenc
variable with some success. Cleary and Kronenburg [3] use
a single mixture-fraction-like reference variable withufestep
chemistry and scalar dissipation fluctuations that caucss &x-
tinction were modelled via up to three dissipation-likeeref
ence variables [11]. Unfortunately, agreement with DNSdat
was far from being perfect, and the complexity and compu-
tational demands due to the introduction of four conditigni
variables may not be justified. Crucial for the failure togice
extinction and re-ignition events accurately is -as in thsec

of CMC(Z,N), see reference [1]- the weak correlation between
the chemical source term (or temperature) and scalar dissip
tion during re-ignition. In contrast to MM@(N), MMC with
reference variables for mixture fraction and sensible apth
MMC(Z,hs), gives excellent predictions of all major species
and captures the degree and timing of extinction and retiagni
rather well. However, MMCZ, hs) does not account for the
physical mechanism that is the driving force for extinction
occur: the scalar dissipation fluctuations. MNECHis) does not
generate fluctuations around the conditional mean and €ondi
tional fluctuations must be imposed. In other words, if all re
active scalars are initialized as function of mixture fiaict the



reactive scalars will remain functions of mixture fractidrhese
functions can vary with time and space, but no conditionakflu
tuations will be generated and MMC would therefore be eguiva
lent to first order CMC(Z). This led to a hybrid approach where
a shape for the conditional PDF was presumed and an addi-
tional transport equation for the conditional variance exfis-

ble enthalpy needed to be solved [2]. The major advantage of
'hybrid’ MMC(Z, hs) over CMC{, hs) is therefore the implicit
closure of the doubly conditioned dissipation terms, hatev
uncertainties with respect to the modelling of the joint RPBF
main.

The introduction of an MMC model with reference variables fo
mixture fraction, scalar dissipation and sensible enthalght

be considered as the next logical step, but this approadh wil
still fail in generating fluctuations in sensible enthalpase.
Instead, it needs to be recognised that scalar dissipation fl
tuations and the generation of fluctuations in sensibleadoygh
space are linked and need to be correlated. In the next sectio
we will present a modification of MM, hs) where fluctua-
tions with respect to means conditioned on the mixture iwact
are generated within the model by attributing a 'dual’ cbara
ter to a reference variable. The second reference variable i
dissipation-like, it however represents sensible enthalye
then give a brief description of the DNS database that is used
for the validation of the model. Finally, the performancetof
implicit closures for the joint PDF, for the doubly conditied
dissipation of mixture fraction and sensible enthalpy ardtie
conditional variances are assessed.

Multiple mapping conditioning

The MMC transport equation for the evolution of the mapping
function, X (&), is given by [13]

X
E+U OX +

2
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The upper case subscriptdenotes all scalars (major and mi-
nor), the lower case subscrigksand| are for the major scalars
only and the vectoE represents the reference space. We em-
phasise that a single equation governs the evolution of mgpp
functions for all scalars of interest and no differentiati®smade

for major or minor scalars. The solution of equation (1) easu
that the joint PDF ofX (&) satisfies the PDF transport equation
of the joint PDF of all scalars®,. Note that minor fluctuations
are omitted, minor scalars are therefore conditionallyayed

on major scalars and Klimenko and Pope [13] showed that the
solution of equation (1) satisfies the joint PDF transpotteeq
tion for the major scalars and the CMC transport equations fo
the minor scalars.
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First order closure of the conditionally averaged chemieat-
tion term,\W =W (§), follows from the omission of the minor
fluctuations and closures for the MMC coefficients of velgcit
drift and diffusion U, Ax andBy,) are obtained through neces-
sary consistency with the joint reference space PDF trahspo
equation

OAPP;  0%BygpP; B
0%k 08k0E
The coefficients can be determined for any assumed form of the

reference PDF. For simplicity, we use stationary GaussizifsP
with zero mean and unity variance and the coefficients cam the
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be obtained from

U= U(Ext) = U + UVg, -
_ 0By _ )

A= — s +Bk|€|+pD ( Uy ) (4)

Ut =v )

UI((l) <E;2X|*> = V/(H/- (6)

In the abovev is the flow velocity, the asterisk denotes stochas-
tic quantities and the term in angular brackets is the enemb

mean. The reader is referred to Klimenko and Pope [13] for
more details on the derivation of equation (1) and on the con-
straints that govern the form of the MMC coefficients.

The key to successful MMC modelling is the correct selection

of the diffusion coefficient8y ande(l). In homogeneous tur-

bulenceul((l) =0, andBy, is the only parameter that can be cho-
sen in the present study to match scalar statistics with ONS.
diffusion coefficients in equation (1) are related to therEaw-
eraged scalar dissipation tensor by

(M)

Klimenko [9, 11] suggested the use of dissipation-like vari
ables to emulate the effects of scalar dissipation fluainati
that are crucial for the modelling of extinction and re-igm
events. Scalar dissipation fluctuations are expected te hav
a log-normal distribution and their effect on the evolutioh
scalar quantities can be approximated by modelling the-diff
sion coefficient of the mixture fraction reference variadde

®)

Here,&1 represents mixture fraction space &adepresents the
dissipation-like variable. The function

aX; 0X;

K 3%, 3%, (7)

Bi1 = B11¢(E2;x,1).

¢ = exp(cal2 — G4 /2) ©)
describes the fluctuations &;; around its mean valuy;.
Since the reference varialde is normally distributedB;1 will
have a log-normal distribution with the me8a;. The second
moment off is

(($)?) = exp{(CaCa) —

Following Klimenko [9], the instantaneous mixture fractio
scalar dissipation is related to its conditional meanNyy ~
(Ng

(N11 | n)¢$ which gives
_ iln
CaCq =1In <<N1 n>2+1>

It has been pointed out above that the validity of the sowea t
closure in equation (1) requires small fluctuations of thaani
scalars with respect to thay,,-dimensional manifold. It has
been shown previously [14] that fluctuations around the ond
tional averages are small if the conditioning scalars aseure
fraction and sensible enthalpy while they are relativergdaif
reactive species are conditioned on mixture fraction aathsc
dissipation. The dilemma is clear: it is desirable to h&veep-
resent sensible enthalpy, while we would also négtb repre-
sent a dissipation-like variable to generate fluctuatioosirzd
the (singly) conditioned mean. These two requirements do no
have to be exclusive. It is important to realize that equafit)

(10)

(11)



determines which quantity is represented by the refereade v
able. Matching of the diffusion coefficieB; with the dissipa-
tion N; j ensures the correct level of (unconditional) scalar fluc-
tuations of scalarsand j. Any reference variabl& may adopt
the character of a dissipation-like variabléif; is modelled by
equation (8). The physical quantity that is representedsig
irrelevant. We can now exploit the strong negative coriefat
between conditional temperature fluctuations and fluatnati

in scalar dissipation during the extinction process. Larmle
ues forN will lead to low temperatures due to the large strain
imposed on the burning flamelet. We therefore propose the fol
lowing modelling for the diffusion coefficienBy;:

Biun = Buexplcal2—Cc3/2) (12)
Biz = B (13)
Bz = B2z, (14)

where the overbar denotes averaged values that can beabtain
from equation (7). Note that the averaged values are by defi-
nition independent o&; while the exponential dependency af-
fects the averages for the gradient< irspace that need to be
computed for equation (7). The correlation between dissipa
and temperature fluctuations decreases with increasingeleg
of extinction andty — 0 for complete extinction. A simple cor-
relation function,fcorr, that describes the degree of extinction
can be based on the mean sensible enthalpy (or temperature)
at stoichiometric and we emplokorr = —(hs | N = Zgt). The
parametecy is therefore modelled as

1/2
Ca = feorrIn < + l) .

As in reference [2], the scalar field for this specific MMC
model isp= {Z,fs,Y1, Y2, .., Yo} wherehs = [ cpdT /s max

is the normalized sensible enthalpy ang is the number

of chemical species considered. The sample spaap s
{n.4,y1,Y2,...,¥n,} Wheren and{ are the sample space vari-
ables for the two major speci&@sand hs and lower-casgy are
used for the minor scalars. The reference space has two dimen
sions with&; and&, emulating the turbulent fluctuations &f
andhs respectively. All scalars are initialized 1 — &,-space

as described in [2].

(N [n)

Nox )2 (12)

Numerical simulations

Modelling results are compared to DNS of hydrocarbon com-
bustion in homogeneous, isotropic, decaying turbulendee T
DNS database is identical to DNS described in Kronenburg and
Papoutsakis [16] and used for validation in references [3, 2
The velocity and scalar fields are solved using a pseudadsspec
method implemented by Kerr [5] and the turbulence field can be
characterised by an initial Taylor Reynolds numbeRef = 54,

an initial integral length scale ¢f = 1.11 and a corresponding
time scale ofg = 1.08. All quantities are non-dimensionalized.
Non-premixed combustion where fuel and oxidizer are segre-
gated initially, will be simulated. The mixture fraction Ifieis
initialized following Mell et al.[17], and all reactive scalars are
then initialized as functions of mixture fraction where fhac-
tional dependence is obtained from independent flamelet com
putations with a scalar dissipation rate that is represieattor

the initial conditions of the mixture fraction field. Follavg
Swaminathan and Bilger [22] the fuel and air composition (by
weight) are 15%/34%/51% CiNo/Ar and 30%/70% @ and

N>, respectively. The stoichiometric mixture fraction is &gl

all simulations are performed on 25@rid nodes.
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We use a four-step mechanism to approximate the combustion
of methane with air and the simplified kinetics scheme by done
and Lindstedt [4] allows for simulating finite rate chemystr
with local extinction and re-ignition. Transport equasameed

to be solved fozZ, CHg4, CO, H, andhs. The Prandtl number is

set toPr = 0.7 and unity Lewis numbers are assumed. All other
species (Q, CO,, Hy0, Ar, Nb) can then be determined from
the element mass balances. The minimum sensible enthalpy is
equal in the fuel and oxidizer streams and a maximum sensible
enthalpy can be obtained from the product of the methane mass
fraction in the fuel stream and the enthalpy of combustion as
hsmax = hcombYcH,,F- The normalized sensible enthalby, is

then given byﬁS = (hs — hs min)/(hs max— hsmin). Please note
that this is equivalent to the definition of reduced tempeeat

© = (T —Tp)/(Tmax— To) for a constant property flow and the
initial conditions forﬁs can be obtained from the flamelet solu-
tion.

Local extinction will only be present if the turbulence time
scales are of the same order as the chemical time scales, i.e.
Damkohler numbeDa = 19/1c must be relatively low. How-
ever, typical three dimensional DNS calculations do notehav
Reynolds numbers large enough to yield sufficiently low tarb
lence time scales. Here we follow the technique used inrefer
ences [7, 22] where the pre-exponential factors of the §bejp-
chemical kinetics scheme are adjusted to increase the ehemi
cal time scales and thus, to reduce the Damkoler numbes Thi
method ensures relatively low computational cost whilekine
parameter that controls extinction and re-ignition can te a
justed. Three cases are investigated here with differest pr
exponential scaling factoffsand approximate scalar dissipation
rates at quenching:

e Case A with moderate local extinctioi;= 0.10x 102
andNg = 0.30s71,

e Case B with significant local extinctiorf;= 0.45x 103
andNg = 0.0906s"1 and

e Case C with global extinctiorf = 0.22x 103 andNg =
0.0451.

The variation in pre-exponential factors and the corredpan
quenching values for scalar dissipation ensures a variddle
gree of extinction for the three cases. Turbulent mixing in-
creases scalar gradients at the beginning of the compusatio
while turbulence decay and an advanced mixing state lead to
smaller dissipation values at later times. The smallerigss
tion values then allow reignition in Cases A and B'at- 1.2.

The MMC equations are solved for the same scalars simu-
lated in the DNS. The convective term in equation (1) can be
neglected due to the homogeneity of flow and scalar fields.
The diffusion and drift terms are modelled according to equa
tions (12) and (4), respectively. A semi-implicit scheme us
ing second-order differencing in reference spaces anetficsr
temporal discretisation is used. Conditional reactioegatre
treated explicitly. For the reference variables there @redlls

in the range-4 < & < 4 with clustering neak = 0. Computa-
tions using increased grid resolution do not produce sicanifi
changes in the results.

The joint PDF of the major scalars (which in MMC approxi-
mates the joint PDF of all scalars) is generally known at the
initial time. The joint PDF is related to the mapping func-
tions of the major scalars through an equality of the cumula-
tive distribution functions in scalar and reference spadesr
multi-dimensional spaces an ordering of the major scatars-i
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Figure 1: Mixture fraction and normalized sensible enthafpreference space &t = 0.0 (top) and™ = 1.0 (bottom).

quired [13, 20]. As the primary dependence in turbulent dif-
fusion flames is on the mixture fraction we order the varigble
with mixture fraction first and normalised sensible enthiai@c-
ond. The mapping function for mixture fraction is initialéy
function of&4 only and is determined by solving the following
integral equation fokKj:

X1(&1)
| Py

HerePz(n) is the marginal PDF for mixture fraction. Subse-
quently the mapping functioX, for normalised sensible en-
thalpy is made at each via

(16)

31
= [ Peyde.

X1(81.82) PZ | M)dZ = &2 P(E,)dE 17)
L P@ing = [P de

whereP({ | n) is the PDF in{ conditioned om. The mapping
functions for the minor scalars are deterministic functiofiX;
andX,. We use stretched laminar flamelet initial conditions.

Model results

Further Closures

First, further closure assumptions are introduced. Full M

closure requires the unconditional dissipathn, Ny, N, and
the conditional scalar dissipation fluctuatlo(mf_tﬁ In)/(Na1 |
n). While models for the passive and reactive scalar dissipa-
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tion exist [23], we are not aware of any model for the cross-
correlation Ni».  Usually, N;» < Ny due to its change in
sign around stoichiometric and we suggsss = 0 and neglect
cross-correlations in equation (1) by settBip = By = 0. By
andB,, can then be computed from a reducesd 2 matrix de-
duced from equation (7). A final assumption refers to the mod-
elling of the scalar dissipation fluctuations. They can ke es
mated having a lognormal variance of one leading¢e= —1
following equation (15). DNS data shows that the mixturefra
tion dependence afy is small and thaty ~ —0.3 initially be-
fore increasing to approximately ~ —1.1 at the end of the
simulation. Slightly faster extinction can therefore be@tved

for constanty = —1, but differences are small since the corre-
lation functionfcorr = —(hs | N = Zst) decreases with increasing
degree of extinction and this reduces the effective coefitan

the exponential function, equation (12), quickly. The jd#DF,

the mean mass fractions of the reactive species and théir var
ances are hardly affected by the introduction of the aduiio
closure assumptions and a comparison is therefore not shown
here. It is noted that the new MMZ(hs) implementation now
requires merely the unconditional dissipations of mixtinee-
tion and sensible enthalpy as input for the modelling of the e
fects of homogeneous turbulence on the reaction process and
the modelling of the evolution in mixture fraction-sensilgn-
thalpy space is thus fully closed.
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Figure 2: Comparison of the joint mixture fraction-sensiehthalpy PDF from DNS with modelling results at differemtds (* = 1.0

(top) andt* = 2.5 (bottom)).

Prediction of the major scalars

MMC models the evolution of all scalars in reference space
and the distribution of the major scalars gives their joibiP
in real space. In this subsection we will analyze the maouaigli
of the major scalars only. For a better illustration of themd,
we show in figure 1 the mapping functions of mixture frac-
tion and sensible enthalpy at the start of the simulationatnd
t* = 1.0. As described above is initialized as function of
&1 only, and the Heaveside function §3-space results from a
doubled-PDF in real space. Thg location of the step deter-
mines the average mixture fractiofZ). The normalized sen-
sible enthalpy is initialized as a function Afand peaks where
Z(81,&2) = Zst = 1/3. Note thaths is independent o ini-
tially. The exponential dependence Bf; on &, (cf. equa-
tion (12)) leads to higher diffusion for lo&, and causes more
mixing and a noticeable reduction in temperature. It isgher
fore responsible for local extinction. To facilitate theafysis
of MMC, all results are now transformed intp— {—space us-
ing the expression

i )1
0%k

that relates the presumed PDF in reference spaceyith the
modelled PDFPzAﬁsv in physical space. The resulting joint PDF,

Pz_ﬁs(n,Z), can now directly be compared with DNS data.

PZ,F’IS = PE . det( (18)

Figure 2 demonstrates good qualitative agreement between
MMC and DNS at different times, in particular around stoi-
chiometric. The key characteristic of the modelled jointFPD
is the capability to capture the location of the extremaeily.

For better quantitative comparison, the joint PDFs aretgdbt
along( for constant mixture fraction values in figure 3. The bi-
modal character of the conditional PDF is well captured adou
stoichiometric and the location of the maxima is well approx
mated. A somewhat wider distribution is noted in the DNS data
and the qualitative agreement between MMC and DNS is simi-
lar at all times. Of major influence is an artefact of the model
A large diffusion coefficient at lov§, leads to enhanced mixing
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not only of temperature and species but also of mixtureifract
This leads to low gradients & for negative, as can be seen

in figure 1 and to the relatively high probability for low tem-
peratures around the mean value of mixture fracti@), The
current implementation of MMC fixes high dissipation values
to certain regions i§1-§>-space while in real space the inter-
mittent behaviour of scalar dissipation does not lead taifipe
regions of low mixture fraction gradients. A stochastic ieap
mentation of MMC may alleviate these shortcomings, but this
coupling cannot be avoided in deterministic MMC. In the cur-
rent study, the low gradients d@fat low &, do not unduly affect
the average concentrations and modelling errors seemtaccep
able.

For better comparison with previous modelling attempts 215
a presumed-distribution of the joint PDF is also included in
figures 2 (right column) and 3 (dashed lines). The presumed

joint PDF can be modelled by? - (n.2) = PP(Z | n) - PP(n)

where the superscripf indicates the presumegprobability
distribution. MMC shows clear improvements ovefaPDF
distribution, in particular around stoichiometric. Thendo
tional B-PDF cannot capture the bi-modal distribution with ex-
trema away from the bounds, it exhibits an almost constant
slope in{-space in figure 3 and is thus qualitatively wrong. The
conditional 3B—PDF performs better away from stoichiometric
where only one extremum exists (see figure 3) but it shall be
noted that the conditional variance of sensible enthalgyblean
taken from DNS to construct the conditior@dPDF, PC | n).
Large uncertainties in the modelling of the conditionaiaace
equation will almost certainly lead to further deviatiorfsttoe
B-PDF from DNS data even away from stoichiometric. MMC
avoids many of the issues associated with the modellingeof th
conditional variance equation and the conditional vagarsc
solved implicitly.

A more common measure for the level of extinction is the con-
ditional temperature of sensible enthalpy at stoichioioetll

three cases are included in figure 4 and agreement between
MMC and DNS is excellent for cases B and C. The level of ex-
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Figure 3: Joint PDF as function &ffor different constant mix-
ture fraction values dt = 1.0.

tinction and the onset of reignition in case B are modellet. we
Results from MMC(Z) are included here for comparison with
conventional single conditioning methods such as singhdeo
tioned CMC and to re-iterate the need for doubly-condittbne
approaches. Unfortunately, predictions for case A aredats
isfactory. The level of extinction is not well predicted atinis

is in line with earlier studies [3, 2]. The lack of local extion

is due to an underprediction of the variance. This is prilpari
caused by enforcing positi#, which is a necessary condition
for numerical stability. Klimenko [10] suggests that maigh

of the conditionalfluctuations is important for accurate MMC
predictions. This is certainly correct, however, even thpa-
sition of the correct fluctuations in sensible enthalpy sp&gd
did not lead to improved modelling results due to the coirgtra
of Bp2 > 0. Possible improvements of the present implemen-
tation of MMC(Z, hs) include &1 dependence dB;1 to ensure
independence oB;1 from n and lognormality for constam
that is violated in the results presented here at later titoes
to the evolution ofZ in §; — &>-space. However, we carried
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Figure 4: Conditionally averaged sensible enthalpy as a-fun
tion of time forn = Zg;. Symbols denote DNS data, the solid
lines are results from MM hs) and the dashed lines are from
MMC(Z).

out computations with these modifications, but improvemment
are marginal, they do not justify the added complexity ared ar
therefore not shown here.

The averaged temperature is a global measure for the perfor-
mance of the simulation methods. Figure 5 compares the evo-
lution of the mean temperature from MMZs) predictions
with DNS and MMCEZ). MMC(Z,hs) predictions are good at

all times and the somewhat narrow distribution ispace that

(= -m mhmm e Ee

t

—a P N S Y N7 SR SRS GO,

<O>

t*

Figure 5: Comparison of mean temperature as function of.time

Prediction of the minor scalars

Predictions of all reactive (minor) species are good afraks.
Figure 6 compares doubly conditioned mass fractions of CO
from DNS and MMC as function of for n = Zst andn = 0.5.

The cut-off that can be observed for MMC for high and Igw
values results from the predicted zero probability in tegion.
Good agreement of the doubly conditioned quantities wittSDN
data implies that mixture fraction and normalized sensdvie
thalpy describe turbulent scalar fluctuations well and that
chemical source term can be modelled with first order closure
based on these doubly conditioned mass fractions. Thisean b
expected since earlier studies on doubly conditioned mémen
closure [16, 15] demonstrated that the two major (or coouiti
ing) scalarsZ andhs parameterize the composition space well



and that fluctuations around the doubly conditioned meaas ar
small. Agreement with DNS is satisfactory for the volume av-
eraged quantities that are shown in figure 7 for all solvecbmin
species as function of time for all three cases. It is appahai

the quality of the prediction for the volume averages fokdhe
trends in the predictions of the joint PDF. Good agreement ca
be achieved for cases B and C, however, the underpredition of
the level of extinction for case A leads to clear deviatiofithe
MMC simulations from the DNS for all snecies mass fractions
anc
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Figure 6: Comparison of doubly conditioned CO mass fraction
for fixed mixture fraction values &t = 1.0 (top),t* = 2.0 (cen-
tre) andt* = 3.0 (bottom).

Conclusion

Multiple Mapping Conditioning has been used to model hydro-
carbon combustion with local extinction and reignition dae
turbulent strain. In the current implementation, the twiere
ence variables represent mixture fraction and normalieed s
sible enthalpy, however, the strong correlation betweesise
ble enthalpy and scalar dissipation fluctuations duringetkie
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Figure 7: Comparison of mean mass fractions of minor species
as function of time.

tinction process is exploited. The second reference Mariab
therefore implemented as a dissipation-like variable andra
relation coefficient is introduced to characterize the elation
between dissipation fluctuations and sensible enthalpig ath
lows for matching the scalar fluctuations of mixture fractémd
sensible enthalpy and for generating conditional fluctunetiof

the temperature field about its mean. The evolution of méxtur
fraction and sensible enthalpy in reference space modal the
joint distribution well and results are a clear improvemever
previous modelling approaches using conditional presufed
distributions. Further modelling assumption of negligibtoss-
correlations and of a lognormal distribution of dissipatioref-
erence space with a variance of unity do not markedly affect t
guality of the predictions and a fully closed deterministiodel
that is capable of predicting extinction and re-ignitiors heen
presented. Predictions of major and minor species is godd an
gualitatively comparable to earlier preditions using abhig’
model [2] where conditional sensible enthalpy fluctuatibad

to be taken from DNS and were imposed on the MMC computa-
tions to ensure the correct evolution of conditional terapee



fluctuations and the occurence of extinction.
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