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Abstract — Velocity-scalar and scalar PDF results are compared ®ibthff-body stabilised flame
HM21 using ILDM chemistry based on mixture fraction, and £&hd H,O mass fractions. The same
Reynolds stress turbulence model and the same modified Gxingrmmodel are used. No effect of
radiative heat loss is included. The results for mean velaid Reynolds stresses are satisfactory and
very similar for both calculations. Each PDF modelling aygmh implies a different closure for the
velocity-scalar correlation. In the present calculatitims leads to significant differences in the radial
profiles of mean scalars and of mixture fraction variancgaint scalar flux modelling): velocity-scalar
PDF results (differential scalar flux model) are better thealar PDF results (gradient diffusion). Results
in composition space (scatter plots) confirm the higherityuaf the velocity-scalar PDF.

1. Introduction

Non-linear interaction between turbulent fluctuations aine-rate chemistry can play an im-
portant role in nonpremixed turbulent flames, leading fetance to local extinction or incom-
plete combustion. Turbulence-chemistry interaction &éfore a central issue in nonpremixed
turbulent flame modelling. Considering the modelling atléwel of the joint scalar probability
density function (PDF) offers an exact treatment of the dhahneaction source term (given a
chemistry model).

In transported PDF methods based on stochastic Lagrangdelhimg [1], a transport equa-
tion for the mass density function (MDF) is modelled and edlusing a particle stochastic
method. Three main modelling ingredients are requirecoui@nce model, chemistry model
and micromixing model. Recently, several comparativeistilave focussed on the influence
of those different ingredients. In [2], three widely usedimg models are compared by con-
sidering stochastic simulations of partially stirred teas (PaSR). In the context of transported
scalar PDF modelling, the same mixing models are comparg] far the piloted jet diffusion
flame Delft flame 11, and in [4] for the bluff-body stabiliséldmes HM1-3. In [5], seven chem-
ical mechanisms for methane are compared for joint velesglar-turbulence frequency PDF
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calculations of the nonpremixed piloted jet flames D, E, and Fo], the influence of three C
chemistry models on two mixing models is studied for Delftrf&alll and the bluff-body flames
HM1-3.

Next to those three modelling ingredients, the choice ofRD& description itself has direct
consequences on the modelling of the scalar flux (and higler @elocity-scalar correlation).
When considering the joint scalar MDF;, the use of a gradient diffusion assumption to close
the conditional fluctuating velocity term in the MDF transpequation, Eq. (4), leads to a
simple algebraic model for the scalar flux. When velocitynisluded in the PDF description,
the transport equation for the joint velocity-scalar ML, Eq. (5), is modelled and solved
using a particle method. In this case, the combination ofntloglel a; for particle velocity
evolution and the mixing modél, implies a modelled transport equation for the scalar flux
(and for higher order velocity-scalar correlation).

In the following, we compare results of both scalar PDF arldor/-scalar PDF calculations,
using hybrid Finite-Volume / particle methods implemeniedhe same in-house computer
program ‘PDFD’ [7] with the same turbulence, chemistry anging models. The flame con-
sidered is the Sydney bluff-body stabilised flame HM1 [8,®, \hich is a target flame of the
International Workshop on Measurement and Computatiorudbdlent Nonpremixed Flames
[11].

2. PDF approach
2.1. Statistical description

The statistical description of the flow is made in terms ofjtiet one-point PDFf; such that
fo(¥;x, t).d¥ is the probability thatb is in the interval¥, ¥+ d¥| at pointM (x,t). When
the joint scalar PDF is considered, is the composition vecto$. When the joint velocity-
scalar PDF is considere® = (U, ¢), with U the velocity vector. The joint PDF is defined as
[1, 12]:

Jo(F; 2, t) = (0[®(x, 1) — PI), (1)

whered| | is the Dirac delta function and where the bracketsefer to the expected value [12].
Using the conditional expected value [1)(x, t)| W) fo(¥; x, t) = (Q(x, 1) .0[P(x, 1) — P]),
mean values (or expected values) are defined as:

Q. 1) = / (O, )| ) fol: 2, 1) AP @)

[#]

Fluctuations are defined as:¢/(x,t) = Q(x,t) — (Q(x, 1)) .
For variable density flows, it is useful to consider the jaméss density function (MDF)
Fo(W)=p(P) fo(¥). Density weighted averages (Favre averages) can be coedide

~  pa ) Q1)) S (Qa )| W) Fo(F; 2, t) AW
Ot ="y o Fo @i, 1) A% (3)

Fluctuations with respect to the Favre average are defined @§x,t) = Q(x,t) — Q(x,t) .
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2.2. Scalar PDF transport equation

When the joint scalar MDFEF; is considered, the following transport equation is modkedéiad
solved [1]:

0F, OUF, 0 o ., o[ 1 aJ;
_ . - - 4
ot | or, | ou. [5a () 7ol I [<uz|¢>f¢]1 8wa[p(t/))< dz; V) 7ol &)
gradie;trdiffusion mixingrnodel:ea

wheres,, is the reaction source term for scafarandJ“ its molecular flux.

2.3. Velocity-scalar PDF transport equation

When velocity is included in the PDF description, the tramspquation for the joint velocity-
scalar MDFF, can be written (neglecting the mean viscous stress tenadiemto(7;;)/ 0z;):

an¢ and) 1 8<p) and) 0
o Vo, (_<7> o, gi) av. + oy, Po¥) Fudl
0 1 1N\ | 1 <_8p’ 5T{jv >}
oV, \[(<p> p(«m) ar o)\ "o "7, | V)00
Langevrr:modelai
0 1 &
" o [p<¢><_6xjj V”’[’>/f o] ®)

mixing model:d,

The terms on the left hand side of Eq. (5) appear in closed.f@aompared to Eq. (4), effects
of convection and mean pressure gradient are now exactbuated for.

3. Hybrid Finite-Volume / particle method

Equations (4) and (5) are solved using the consistent hyinide-Volume / particle method
presented in [7].

3.1. Finite-volume method

Mean veIocitny, mean pressure gradieWt(p), Reynolds stresseg’\zf;’ and turbulent dissipa-
tion e are solved using a standard Finite-Volume (FV) method baseal pressure-correction
algorithm.

3.2. Particle method

A set of uniformly distributed computational particles ks according to stochastic differ-
ential equations. Each particle has a set of propefties m*, X*, ¢*} (scalar MDF), or
{w*, m*, X* v, ¢"} (velocity-scalar MDF), wherev* is a numerical weightn* is the mass
of the particle, X* its position,«" its fluctuating velocity ands™ the particle’s composition.
The superscript denotes that the quantity is a stochastic particle propBdsticle mass* is
constant in time. The particle joint scalar MDF is defined as:

F(z,pit) = <Zw*m*.5(X*(t) —x).0(p"(t) — ¢)>. (6)
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Extra properties can be deduced for each stochastic aftarh the primary properties listed
above. For instance, the particle density is obtaineg’ds) = p[¢*(1)].
Increments of particle positioX* and compositiop* over small time stepgt are given by:

dX7 = (U7 + [U;T) dt, (7)
dor, = 05dt + Sa(¢") dt, (8)

where the correction velociy® results from a position correction algorithm [13] which eres
that the volume represented by the particles in a computateell equals the geometric volume
of the cell. When the scalar MDF is solvdd; results from a random walk model:

1 *
~ 101" o\ ~
Urdt = [Ui+—a T] dt + [(—T) ] AW, 9)

(p) Ox; 72)

where I; is the turbulent diffusivity and whered1V;* is an increment ovedt of the Wiener
procesdV ;. When the joint velocity-scalar MDF is solved:

vr = [0] +ur, (10)
ou; " 1 dlpyu ]

dul =— ' || dt+ || gt 11

U; U; or; +[<p> Oz, +a; (11)

In the above equations, the quantities between bra¢kgtsre FV properties interpolated at
the particle location using the bilinear basis functiorespnted in [14].

The method of fractional steps [1] is used to integrate tlevalsystems of equations. In order
to ensure second-order accuracy, the ‘midpoint rule’ isl$8, 14]. A local time-stepping
algorithm developed in the framework of statistically &taary problems [15] is applied.

3.3. Consistency and coupling

Turbulent dissipation is not included in the PDF repredsnia The transport equation solved
for e in the FV method provides extra information required to male unclosed terms; and
0.. The other FV equations are consistent with the modelled MB#sport equation [7].

The mean densityp) in the FV method is directly obtained from the iteration agd mean
density in the particle methédthe iteration averaging procedure presented in [7] is used
An outer iteration consists of a number of FV iterations aadiple time steps. We use a fixed
number of particle time steps (typically 5), while the FV e is iterated until the residuals
of all equations start decreasing and the global mean peessurection is below a specified
threshold (with a maximum of 1000 FV iterations per outerat®n).

4. Modelling

4.1. Turbulence model

In the context of RANS, turbulence is modelled using a seaoodent closure. From the
comparative study presented in [16], the isotropisatioprotiuction model by Launder, Reece
and Rodi (LRR-IPM) [17] is used with the modified constantueal’.; = 1.6, instead of the
standard valu€’,; = 1.44. Consistently, the Lagrangian isotropisation of produtimodel
(LIPM) is used in the velocity-scalar PDF approach to déscvielocity evolutioru; [18, 19].

1r'r = ur/Scr, with 7 the eddy viscosity and the turbulent Schmidt number takefvas= 0.7
The global convergence of the method is improved comparfx] tehere a density relaxation was used.
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4.2. Chemistry model

For the treatment of chemical reaction, the intrinsic lamehsional manifold (ILDM) method

is used to reduce the number of degrees of freedom compadesdaibed reaction mechanisms
[20]. Fuel (50% CH and 50% H by volume) and air are assumed to react in a two-stream,
adiabatic system with equal diffusivities and unity Lewismwber (both streams at atmospheric
pressure and at a temperature of 298K). The final reducedistrgns parametrised by three
control variables: mixture fractiorg), and CQ and H,O mass fractions¥(o, andYy,0). The
mixture fraction¢ is defined based on Bilger's Formula [21]:

2(Zc—Zc ) + Zn—Zno _ Zo—Zoo
g _ We 2Wh Wo (12)
2(Zct—Zc o) + Znt—Zno _ Zof—Zoo
We 2Why Wo

whereZ, is the total mass fraction of elememtconserved scalar) afdl’, is the atomic mass
of elementn. The subscripts “f” and “0” refer to the fuel and oxidant simes.

In equations (4) and (5% = (£, Yco,, Yn,0), and the chemical source termiso, (¢) and
Sm,o0(¢) are given by the ILDM reduced chemistry.

4.3. Mixing model

As mixing modeld,,, the modified Curl coalescence dispersion (CD) model is.uSé& CD
micromixing model prescribes the evolution of particle gmsition as a series of pairwise
mixing events. The particles participating in mixing areosén at random from the set of
particles present in a finite volume cell and their composgichange in the direction of the
partner. The degree of mixing in a pair is determined by asandariable uniformly distributed
between 0 (no mixing) and 1 (complete mixing) [22, 23].

4.4. Implied modelled equations for mean scalar, scalar vaance and scalar flux

From Eg. (4) or (5), we formally obtain the same mean scatarsport equation and scalar
variance equation:

op)ba  Op)Uipa  Olphulel

=" J' = 0 13
o T om o, T (P)Sa + (pba) (13)
=0 (mixing model property)
Ap)ow . dp) U0l o, 000 {pui o) G ,
= = 2 "ol = — —2 "Se — 2 14
at + ax] + <p>’U,J aaxj axj <p>¢a5a <p¢a9a>7 ( )

with no implicit summation onv. In Eq. (14), the modelling of the last term (scalar dissipa-

tion and molecular diffusion) results from the mixing modgland is the same in both PDF
approaches.

When the modelled joint scalar MDF is solved, the gradieffusgion assumption (random
walk model in the particle method) implies the following elbgaic models for velocity-scalar

correlation: s o

a¢ 8([)"2

"AN — [ and " 12 —_I a

<pu] o) T(?:Ej <Pug o) T or;

When the joint velocity-scalar MDF is considered, a differal scalar flux model is actually

implied, depending on the Langevin modgland the mixing moded,,. For instance, the

. (15)
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modelled scalar flux transport equation takes the form:

Apyuley . Op)Usulol o, U —=, 000
at + 6[[’j + <p>u] aaxj + <p>uz uj axj
= oz, PrU; Pa T \PAiP, PU; Ve )-

5. Test case description
5.1. Bluff-body stabilised flame HM1

The fuel (50% H and 50% CH by volume) is injected in the centre of the bluff-body burner
through an injector of diameted; = 3.6mm. The bluff body of diameteD, = 50mm is
surrounded by an unconfined coflowing air stream. Fuel andraimixed in the recirculation
zone behind the bluff body where chemical reaction can ocdime resulting hot products
stabilise the flame.

In the experimental studies [8] and [9], the jet and coflowkbiglocities were respectively
118m/s and40m/s (flame HM1). More recently, two sets of velocity measurata were pro-
vided by Kalt and Masri [10] for reduced jet and coflow bulka@ties of 108m/s and35m/s
(flame HM1e).

5.2. Numerical settings

The numerical settings are similar to the calculations ohéadM1e presented in [7]. Note that
in the present study flame HM1 is considered.

A 6D,-long and3 D,-wide 2D computational domain is used. Free-slip boundanglttions are
prescribed on the bluff-body surface and on the lateral dapn A convective outlet boundary
condition [24] is used in order to avoid reflecting wavesetioundary conditions are specified
at cell centres in the same way as done in [25]. Results aeenaat on al60 x 128 cartesian
grid stretched both in axial and radial directions.

x=10mm (=0.2Dp,) x=30mm (=0.6Dp) x=50mm (=1.0Dp) x=70mm (=1.4Dy)
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0.2 0.4 /R, 0.8 1.0
x=220mm (=4.4Dy,)

40, 40.

o
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Figure 1:Radial profiles of mean axial veIociﬁ. Symbols: measurements in flame HM1e (two sets
of measurements). Solid line: scalar PDF results. Dashed Vielocity-scalar PDF results.
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Figure 2:Radial profiles of mean radial veIocify. Symbols: measurements in flame HM1e (two sets
of measurements). Solid line: scalar PDF results. Dashed Vielocity-scalar PDF results.
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Figure 3:Radial profiles of axial fluctuating velocity «"«”. Symbols: measurements in flame HM1e
(two sets of measurements). Solid line: scalar PDF reddlshed line: velocity-scalar PDF results.

An average ofl00 particles per cell is used. Iteration averages are madeioNeiterations.
The coupling between FV and particle methods is done asitesgdn 3.3. As in [7], converged
results obtained using an assumed-shape PDF method aresiseitial conditions. About
1000 outer iterations {000 particle time steps) are enough to reach a stationary salatnd
take typically one day of calculation time on a single preoesDual Xeon 2.4 GHz'. Results
obtained afted 5000 particle time steps are now discussed.
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6. Results
6.1. Mean velocity and Reynolds stresses

Our velocity results for flame HM1 are compared to the velooieasurements from flame
HMZ1e. The results shown in Fig. 1, 2 and 3 for mean axial vgjpanean radial velocity and
fluctuating axial velocity are very similar to the results[@f or [25, 26]. As discussed in
[26], good agreement with experimental data is observelinvihe recirculation zone. The
agreement deteriorates in the neck zone and the jet-like doom aboutr = 1.8D,). These
downstream discrepancies have been observed in the diffeANS calculations presented at
the TNF workshops [11].

An important observation for the present study is that thg seall differences between scalar
PDF and velocity-scalar PDF results (due to some differeintenean density) are negligible.

6.2. Mean composition

x=13mm (=0.26 D) x=30mm (=0.6Dp) x=65mm (=1.3Dp) x=90mm (=1.8Dp)
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0.8
0.6
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Figure 4:Radial profiles of mean mixture fracticﬁw(up), CG mass fractiorY;(/)2 (middle) and HO
mass fractionYs,o (down). Symbols: measurements in flame HM1. Solid line: acBDF results.
Dashed line: velocity-scalar PDF results.

Fig. 4 shows mean radial profiles for the three scafars.o, andYy,o. Significant differ-
ences between scalar PDF and velocity-scalar PDF reseltslbeerved. It is not clear which
results are the best fat-o, andYy,o. For mean mixture fraction, best results are obtained with
velocity-scalar PDF. They are better than previously reggbjoint scalar-velocity(-frequency)
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results [7, 25]. Looking at the mean transport equation,(E8), helps to understand the ob-
served differences. We can neglect the influence of mearitgeassuggested by mean velocity
and Reynolds stress results. Hence, for mixture fractionréaction source term), the differ-
ence is due to the different modelling of the scalar fitfg”.

The relative differences observed fBro, and Yy,o are similar to those observed férfor
similar mean gradients (with opposite sign). This suggestsscalar flux modelling is also a
major source of difference for the reacting scalars.

6.3. Mixture fraction variance

In Fig. 5, differences are also observed for radial profilesixture fraction variance{”é. In
general, velocity-scalar PDF results are in better comedpnce with the experimental data.
The observed differences are related to the modelling afcitgt-scalar correlation: the scalar
flux u’/¢” appeqring in the production term and the triple correlati¢r's” appearing in the
turbulent diffusion term in Eq. (14).

Xx=13mm (=0.26 Dp) x=30mm (=0.6Dy) x=65mm (=1.3Dyp) x=90mm (=1.8Dy)
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~
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02 041/R,08 10 12 0.00

0.00 0.2 04 I/R,08 1.0 1.2 ™

0.2 0.4 T/R, 08 1.0"1.2 %0

02 0.4'1/R,08 1.0

Figure 5:Radial profiles of mixture fraction fluctuation (rmﬁg’é. Symbols: measurements in flame
HML1. Solid line: scalar PDF results. Dashed line: veloaitglar PDF results.

6.4. Results in composition space: scatter plots

The above observations on the impact of the choice of the PEfRad on mean scalar profiles
is not surprising. The higher quality of a differential srallux model compared to a gradient
diffusion assumption was to be expected, especially in a Wi a strong recirculation zone.
We now focus on the impact of the choice of the PDF method ompitedicted joint PDF of
andYco, (similar observations can be made on the joint PDE ahd Yy, ).

12 - oazf

1 1 L L L I L L
() 0.05 0.1 0.15 0z 028 0.3 ) 0.08 01 015 02 0.2 03 ) 0.08 01 015 02 0.2 03

Figure 6: Scatter plots olo,. First measurement section £ 13mm). Black:r € [23mm; 25mm].
Red:r < 23mm. Left: experimental data (in percent). Middle: scalaifPRight: velocity-scalar PDF.
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The scatter plots of o, shown in Fig. 6 show the strong impact of the choice of PDF oekth
on the predicted joint PDF of mixture fraction and £&i the radial cross section= 13mm.
For the considered CD mixing model, at the lean side, theas®DF shows remarkably more
particles at fully burnt conditions than the velocity-sgaPDF, with the latter being in better
qualitative agreement with the experiment.

This trend is still observed in Fig. 7 at= 30mm. However, Fig. 8 shows that further down-
stream, at:=65mm, scalar PDF and velocity-scalar PDF methods lead toairsiilapes of the
joint PDF. The joint scalar PDF study of [4] suggests that tauld be related to the tendency
of the CD mixing model towards uniform conditional fluctwatiintensity downstream of the
recirculation region. Further studies will be needed ireoitd clarify this point.

7 L L I L | L I L L L 1 L I
0 0.05 0.1 0.15 0.2 0.25 0.3 o 0.08 01 015 02 0.25 03 ] 0.08 01 015 02 0.25 03

Figure 7: Scatter plots oo, at z = 30mm. Black: » € [23mm; 25mm]. Red:r < 23mm. Left:
experimental data (in percent). Middle: scalar PDF. Rightocity-scalar PDF.

L 1 i 1
o 0.05 01 018 0.2 025 *3 o 0.08 01 015 02 025 03 o 0.08 01 015 02 025 03

Figure 8: Scatter plots ofvp, at z = 65mm. Black: » € [23mm; 25mm]. Red:r < 23mm. Left:
experimental data (in percent). Middle: scalar PDF. Rightocity-scalar PDF.

As a final remark, we note that the level of scatter in the priesesults, obtained with the CD
mixing model, is in better correspondence with the expeniiaelata than in the results of [26]
obtained with the EMST mixing model. This is actually these@awhy the CD mixing model
was used in the present study.

7. Conclusions

A fair comparison of scalar PDF and velocity-scalar PDF niloggof the bluff-body flame
HM1 has been conducted. Differences in the mean flow aregibli Significant differ-
ences are observed in results for mean scalars and mixaatgofm variance. Not surprisingly,
velocity-scalar PDF results (implying a differential smaflux model) are in general better than
scalar PDF results (based on gradient diffusion assumjptResults in composition space give
more direct information on how effects of mixing and reastemmbine. With the CD mixing
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model used in this study, best qualitative agreement ofesgaibts in the near fieldu(= 13mm)
are obtained with the velocity-scalar PDF.

8. Acknowledgements

The second author is Postdoctoral Fellow of the Fund of SitieResearch — Flanders (Bel-
gium) (FWO-Vlaanderen). This collaborative research igpsuted by the Spanish MEC un-
der Project #ENE2005-09190-C04-04/CON and by the Fund iein8fic Research — Flanders
(Belgium) (FWO-Vlaanderen) through FWO-project G.0030.0

References

1.

2.

3.

10.
11.

12.

13.

14.

15.

16.

S.B. Pope. PDF methods for turbulent reactive flddregress in Energy and Combustion
Sciencel11:119-192, 1985.

Z. Ren and S.B. Pope. An investigation of the performaricarbulent mixing models.
Combustion and Flamé 36:208-216, 2004.

B. Merci, D. Roekaerts and B. Naud. Study of the performeapicthree micromixing
models in transported scalar PDF simulations of a pilotedifision flame (“Delft Flame
[1I"). Combustion and Flaméd 44:476-493, 2006.

B. Merci, D. Roekaerts, B. Naud and S.B. Pope. Compar&iudy of Micro-Mixing
Models in Transported Scalar PDF Simulations of Turbuleobh{®remixed Bluff Body
Flames.Combustion and Flamdattp://doi:10.1016/j.combustflame.2006.04.010

R.R. Cao and S.B. Pope. The influence of chemical mecharosn?DF calculations of
nonpremixed piloted jet flame€ombustion and Flamé&43:450-470, 2005.

. B. Merci, B. Naud and D. Roekaerts. Interaction betweemabtry and micro-mixing

modeling in transported PDF simulations of turbulent noarpxed flamesSubmitted

. B. Naud, C. Jiménez and D. Roekaerts. A consistent hjAdid method: implementation

details and application to the simulation of a bluff-bodghslised flame. Progress in
Computational Fluid Dynami¢$:146-157, 2006.

B.B. Dally and A.R. Masri. Flow and mixing fields of turbakbluff-body jets and flames.
Combustion Theory and Modelling:193-219, 1998.

B.B. Dally, A.R. Masri, R.S. Barlow, and G.J. Fiechtnenstntaneous and mean com-
positional structure of bluff-body stabilized nonprendxXtames.Combustion and Flame
114:119-148, 1998.

http://www.aeromech.usyd.edu.au/thermofluids/oframe.htm

R.S. Barlow. International Workshop on Measurement @achputation of Turbulent
Nonpremixed Flames. http://www.ca.sandia.gov/TNF

S.B. PopeTurbulent Flows Cambridge University Press, 2000.

M. Muradoglu, S.B. Pope, and D.A. Caughey. The hybricho@for the PDF equations
of turbulent reactive flows: consistency conditions andeaxiron algorithms.Journal of
Computational Physicd72:841-878, 2001.

P. Jenny, S.B. Pope, M. Muradoglu, and D.A. Caughey. Aitydigorithm for the joint
PDF equation of turbulent reactive flowkaurnal of Computational Physic$66:218-252,
2001.

M. Muradoglu and S.B. Pope. A local time-stepping aliponifor solving the Probability
Density Function turbulence model equatioA$AA Journal 40:1755-1763, 2002.

G. Li, B. Naud and D. Roekaerts. Numerical Investigatbra Bluff-Body Stabilised
Nonpremixed Flame with Differential Reynolds-Stress MedeFlow, Turbulence and
Combustion70:211-240, 2003.



12

17

18.

19.

20.

21.

22.

23.

24,

25.

26.

Turbulence, Heat and Mass Transfer 5

. B.E. Launder, G.J. Reece and W. Rodi. Progress in théageuent of a Reynolds-stress
turbulence closureJournal of Fluid Mechanics$58:537-566, 1975.

S.B. Pope. On the relationship between stochastic bggra models of turbulence and
second-moment closureBhysics of Fluids6:973-985, 1994.

H.A. Wouters, T.W.J. Peeters and D. Roekaerts. On thetemde of a Generalized
Langevin model representation for second-moment closurégsics of Fluids8:1702-
1704, 1996.

U. Maas and S.B. Pope. Simplifying chemical kineticsrimsic low-dimensional mani-
folds in composition spacé&ombustion and Flamé8:239-264, 1992.

R.W. Bilger, S.H. Starner and R.J. Kee. On reduced mesimarfor methane-air combus-
tion in nonpremixed flameLLombustion and Flame0:135-149, 1990.

J. Janicka, W. Kolbe and W. Kollmann. Closure of the fpantsequation for the probabil-
ity density function of turbulent scalar field3ournal Non-Equilibrium Thermodynamics
4:47-66, 1979.

H.A. Wouters, T.W.J. Peeters, and D. Roekaerts. Jointig-scalar PDF methods. Chap-
ter 2 inClosure strategies for turbulent and transitional flows iE€d by B. Launder and
N. Sandham)Cambridge University Press, pp. 626-655, 2002.

A. Sohankar, C. Norberg, and L. Davidson. Low-Reynaldsiber flow around a square
cylinder at incidence: study of blockage, onset of vortegdshing and outlet boundary
condition. International Journal for Numerical Methods in Fluid26:39-56, 1998.

M. Muradoglu, K. Liu, and S.B. Pope. PDF modeling of a bhddy stabilized turbulent
flame. Combustion and Flame 32:115-137, 2003.

K. Liu, S.B. Pope and D.A. Caughey. Calculations of bhgfly stabilized flames using a
joint probability density function model with detailed e¢histry. Combustion and Flame
141:89-117, 2005.



