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Abstract

Three-dimensional simplified chemistry based Direct Numerical Simulations (DNS) of
statistically planar turbulent stratified flames at global equivalence ratios < ¢ >=0.7 and
< ¢ >=1.0 have been carried out to analyse the statistical behaviour of the transport of co-
variance of the fuel mass fraction Y. and mixture fraction & fluctuations (i.e. pYZ&"/ p) for
Reynolds Averaged Navier Stokes simulations where @, §=pq/p and q"=q-g are
Reynolds averaged, Favre mean and Favre fluctuation of a general quantity q with p being
the gas density and the overbar suggesting a Reynolds averaging operation. It has been found
that existing algebraic expressions cannot adequately capture W/,B behaviour for low
Damkaohler number combustion and therefore, a transport equation for W/ ; may need to

be solved. The statistical behaviours of W/ ; and the unclosed terms of its transport
equation (i.e. the terms originating from turbulent transport T,, reaction rate T, and molecular
dissipation D, ) have been analysed in detail. Through an a-priori DNS analysis, the
performances of the models for T,, T, and D, have been assessed.

Introduction

In turbulent stratified flames, the co-variance of fuel mass fraction Y. and mixture fraction
¢ fluctuations is often required for reaction rate closure [1-3]. In the context of Reynolds
Averaged Navier Stokes (RANS) simulations, the co-variance of Y. and & fluctuations is

given by pYZ&"/ ; Mura et al. [3] proposed an algebraic expression for pY &"/ ; for

turbulent stratified flames. An a-priori DNS analysis by Malkeson and Chakraborty [4]
demonstrated that the algebraic expression proposed by Mura et al. [3] may not adequately

account for the statistical behaviour of W/,_o for low Damkdhler number Da
combustion, and such cases may require the solving of a modelled transport equation of
W/ /_) To date there has not been a study in the existing literature where the transport of
W/; is addressed and modelling of the unclosed terms are analysed based on an a-
priori analysis of DNS data. Thus, it is useful to analyse the statistical behaviour of co-
variance W//_) transport under low Damkdhler number conditions to address this void in
the existing literature. In this respect, the main objectives are as follows:



1. To analyse the statistical behaviour of the unclosed terms of the W/ E transport
equation, especially under low Da conditions in the context of RANS simulations.

2. To identify appropriate models for the unclosed terms of the W/ p transport equation
in the context of RANS by comparing the model predictions with the corresponding
quantities extracted from DNS data.

The necessary mathematical background and the numerical implementation details will be
presented briefly in the next section. Following this, the results will be presented and
subsequently discussed. Finally, the main conclusions will be drawn.

Mathematical Background and Numerical Implementation

Ideally both three-dimensionality of turbulence and detailed chemical mechanism should
be accounted for in combustion DNS studies, but such simulations still remain extremely
expensive. For an extensive parametric study, three-dimensional DNS simulations have been
carried out where a single-step irreversible Arrhenius-type chemical mechanism has been
modified to mimic the realistic S, variation with ¢ for hydro-carbon flames [5]. In this

study, viscosity x, thermal conductivity 4 and density-weighted mass diffusivity oD are
taken to be equal for all species, and independent of temperature. The Lewis numbers
Le =, /D of all species are taken to be unity. The species field in stratified flames is often

characterised in terms of Y. and &. The mixture fraction & is defined as:

E=(Ye =Yy /s+Yo, IS)I(Ye, +Yo., /S) Q)
where Y, is the oxidiser mass fraction, Y, is the oxidiser mass fraction in air and Y is the
fuel mass fraction in the pure fuel stream. The values for s, Y. and Y., are taken to be
s=4; Y., =1.0 and Y, =0.233, which yields the stoichiometric fuel mass fraction (mixture
fraction) Y., =0.055 (&, =0.055). These values are representative of methane-air combustion.
For stratified flames, a reaction progress variable ¢ can be defined in terms of Y., so that it
rises monotonically from 0 (in unburned reactants) to 1 (in fully burned products) [4,6]:

C=(&Yp, —Ye)/[&Ye, —max[0, (£ - £,) A - &)Y ] 2)
Mura et al. [3] have proposed an algebraic expression for W/; for turbulent stratified

flames based on a presumed probability density function (pdf) approach, where combustion is
assumed to take place in thin flamelets, and the Favre joint pdf P(Y.,&) is modelled as:

P(Ye, &) = pP(Ye )/ 5= Ay PEY ) 30Ye — Yoo () + L= A JP(E Vi) S(Ye —Y,in(£)) +O(L/ Da) (3)

where P(&|Y:) is the pdf of & conditional on Y. and the quantities Y, (&)=¢ and
Y.in (&) = A(E)(& - &) are maximum and minimum values of Y. according to the Burke-
Schumann diagram, where A(&) is given by A(&) =H(&-&,)/(L-&,) where H(S-¢&,,) is

a Heaviside function [1-3]. For Da >>1, the chemical time remains infinitely small for any
value of &, and thus A4, is unlikely to depend on & which leads to the condition:

P(& 1Y) = P(£[Ypy) [8] Using eq. 3in Y, = [Y.P(Y, £)dY.d¢ yields:
ﬂw = (YNF _Ymin)/(?‘max _Y~min) (4)



Based on eq. 3, Mura et al. [3] derived the following algebraic expression for pY "5"//_) :
PEE T p=[e ~Yoio) T =Voie) + T =Y ) Vo =V )AL % 0272 1 p=[Ayy + U= 2Bl % 5" p (5)

For RANS simulations, the transport equation of pYF"rf"//_O takes the following form [2]:

ol _ 0| | 0 avg” AuNee) N, —0F — = .~
e e =2 F 7 N e —aR)-2 6
a P Féﬂ o A; Ve 3 o) X 5j llhéﬁ X AdYe X (aﬁé; @S) P (6)
T - T, - T3 ) >
D

where u; is the velocity component in the j™ direction, @, is the reaction rate of fuel, D is

the fuel mass diffusivity and Eng = pDVY/ V& p is the cross-scalar dissipation rate. The
first (second) term on the left hand side of eg. 6 denotes the transient (mean advection) effects
on pYZ&" [ p transport. The term D, signifies the molecular diffusion of pY "/ p. The

term T, denotes the turbulent transport of ,OYF"cf"/;, and the terms T, and T, indicate
generation/destruction of pYF”z;”//_) by mean scalar gradients aﬂ/axj and 65 10X

respectively. The term T, denotes the chemical reaction rate contribution to oY &"/ ;

transport and — D, signifies the effects of molecular dissipation of pYF"cf"/;. In eq. 6, the
terms T,, T, and D, are unclosed and require modelling. The term T, (T, ) involve the

turbulent scalar flux pu}’Y (pu &"), which requires modelling in the context of RANS, and
can be considered to be closed in the context of second-moment closure but the accuracy of
evaluating these terms depends upon the modelling of pu(Y{ (pui&"). The statistics of the

unclosed terms of the pY/ <"/ ,B transport equation will be discussed later in this paper.

In this work, three-dimensional DNS of statistically planar, freely-propagating turbulent
stratified flames have been carried out with global ¢ values of < ¢>=0.7 and < ¢ >=1.0
under decaying turbulence. The flame is initialised by an unstrained planar laminar premixed
flame solution for equivalence ratio ¢. A random bi-modal distribution of ¢ is introduced in
the unburned reactants using a pseudo-spectral method [7], whereas turbulence is initialised
by a homogeneous isotropic incompressible velocity field, which is generated using a
standard pseudo-spectral method [8] following Batchelor-Townsend spectrum. The initial
value of the rms equivalence ratio fluctuation ¢' is 0.6 in all cases. The values of normalised

initial rms turbulent velocity fluctuation u’/S, ., ,,, integral length scale of turbulent velocity

field to flame thickness ratio I.S / D, and the ratio of integral length scale of mixture

b(#=1.0)
inhomogeneity to integral length scale of turbulent velocity field 1, /1 are listed in Table 1

along with the value of heat release parameter 7 = (T —-T,)/T, and turbulent Reynolds

ad(4-1)
number Re,. The values of Damkohler number Da ., =1S, _, /U6y, _,., and Karlovitz

number  Ka,., =[u'/S, ., '*[1.S,.,., /D] are listed in Table 1 where

b(<¢>)



Siniepr) = (Tageps —T(,)/Max‘VTA‘L is the thermal flame thickness of a laminar premixed flame
with equivalence ratio equal to < ¢ >, with the subscript ‘L’ denoting unstrained planar
laminar premixed flame quantities. For the values of Ka _, , in Table 1, the combustion

situation belongs to the thin reaction zones (TRZ) regime [9]. Standard values are taken for
Prandtl number Pr=0.7 and the ratio of specific heats y =C,/C, =1.4. The Zel’dovich

number B =T, (Tassy — To) / Ts IS taken as B =61 (g) where f(g)=1+8.25(p-1)°
for ¢ <0.64; 1+1.443(p—1.07)> for ¢ >1.07 and f(p) =1 for 0.64 < ¢ <1.07 following
Tarrazo et al. [5]. The heat release per unit mass of fuel H, = (T, —To)Cp /Yeq, IS given
by: H,/H,, =1for g<land H,/H,, =1-a, (¢-1) for ¢>1 where «, is given by
a, =0.21 [5].

Table 1: Simulation parameters corresponding to the DNS database.

Case | u'/ Sb(¢:1) |.Sb(¢:1) ID, | ¢ Re, Da(<¢>) Ka(<¢>) <¢g> | ¢ |¢ /1
A 8.0 4.2 3.0 57 0.25 10 1.0 06| 22
B 4.0 4.2 3.0[285| 051 4 1.0 06| 22
C 8.0 4.2 3.0] 57 0.05 50 0.7 06| 22
D 4.0 4.2 3.0[285| 0.10 18 0.7 06| 2.2

The simulation domain is a cube of size 28I, x 28I, x 28l , where |, is the Zel’dovich
thickness (i.e. I, =D, /S, )- Cartesian grid of size 200x200x200 with uniform grid

spacing in all three directions is used to discretise the domain. To resolve the flame structure,
approximately 10 grid points are kept within &, =2D, /S, . The boundaries in the

direction of mean flame propagation (i.e. x,-direction) are considered to be partially non-
reflecting and are specified using the Navier-Stokes Characteristic Boundary Conditions
technique and transverse directions are periodic. A 10" order central difference scheme is
used for spatial differentiation for the internal grid points and the order of numerical
differentiation decreases to an one-sided 2" order scheme near non-periodic boundaries. A
low storage third-order Runge-Kutta scheme has been used for time advancement. All the
cases are run for about 2.5 initial eddy turn-over times (t = 2.5/u’ = 2.5t ) which is greater than

or comparable to the chemical time scale Dy /[Sg ., (L+04/ Py(p))]- At the time the statistics

were extracted, both the global turbulent kinetic energy and burning rate were not changing
rapidly with time. Moreover, the qualitative nature of the results presented in the paper did not
change since t=1.5t, . The temporal evolutions of global turbulent kinetic energy and
burning rate were presented elsewhere [4] and are not repeated here for the sake of brevity.
When statistics were extracted, the global u’ decreased by 43%, 40%, 39% and 29% in cases
A-D respectively, and the normalised turbulent flame speed S, /S, _,., settled to 2.2, 1.7, 1.8

and 1.5 for cases A-D respectively, where S; is defined by S; :—_[chdSI A <Ygo > Where

<Yg, > is the mean fuel mass fraction in the unburned gas ahead of the flame, A, is the

projected flame area in the direction of the flame propagation, and d.J4 is an infinitesimal
volume element. The Reynolds/Favre averaged values of the relevant quantities are evaluated



by ensemble averaging over a number of planes normal to the direction of mean flame
propagation [4]. The statistical convergence of the Reynolds/Favre averaged quantities are
assessed by comparing the values based on half of the samples in the transverse direction with
the corresponding quantities evaluated based on full sample size. The agreement between the
Reynolds/Favre averaged values based on half and full sample size are found to be
satisfactory. In this paper, for the sake of brevity, only the results obtained based on full
sample size will be presented.
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Figure 1 (a) The Y. field at the central x, — X, plane at t =2.5t, for case A. The white lines

indicate the contours of ¢ from 0.1-0.9 from left to right in steps of 0.1. (b) The ¢ =0.8
iso-surface coloured with local ¢ at t=2.5t, for case C.

Results and Discussion
Figure 1a shows the Y. field at the central X, — X, plane at t =2.5t, for case A, where the

white lines indicate the ¢ contours from 0.1 to 0.9 from left to right in steps of 0.1. Figure
1a shows that ¢ contours representing the preheat zone (i.e. ¢ <0.5) are more distorted than
those representing the reaction zone (i.e. 0.7 < ¢ <0.9), which is typical of the TRZ regime
combustion where the flame thickness (Kolmogorov length scale ) remains greater than the

Kolmogorov length scale 7 (reaction zone thickness). As a result of this, energetic turbulent

eddies penetrate into the flame and distort the preheat zone whereas the reaction zone retains
its quasi-laminar structure. It can be seen from Fig. 1a that Y. varies in the unburned reactants

and does not remain constant across a given ¢ iso-surface, which is also substantiated by Fig.
1b where ¢ = 0.8 iso-surface is coloured with local values of ¢.

As cases A-D are statistically planar in nature, C remains a unique function of the co-
ordinate in the direction of mean flame propagation (i.e. X, -direction) and thus, the variations

of all the terms relevant to W/; transport will henceforth be presented as a function of
C . Figures 2a-d demonstrate that the model given by eq. 5 predicts the general qualitative
trend of W/; but over-predicts its magnitude for <¢>=0.7 cases, but eq. 5
significantly under-predicts the magnitude of W/; in the reaction zone for < ¢ >=1.0

cases (cases A and B). Moreover, eq. 5 does not capture the behaviour of pYF"cf"/; in the
reaction zone and this limitation is more apparent in < ¢ >=1.0 cases than in the < ¢ >=0.7

cases. It should be noted that eq. 5 is derived based on eq. 3 where F~’(YF,§) is expressed in
terms of discrete delta functions [3]. As I5(YF,§) cannot be approximated by eq. 3 for low
Da combustion [4], the expression for W/; which is derived based on eq. 3, also
becomes invalid for small values of Da. Ribert et al. [2] modelled W//_) as a function of



o2 p and pEip (ie. pYiE | p=(p¥221p)"2 x(pE™ 1 )2 ). The variations of
(PY22 1 )2 x (pE" | p)'? are compared with pY/E"/ p variation obtained from DNS in
Figs. 2a-d. Figures 2a and b show that (,?F”Z/,Z)“2 x(?/;)“ Z significantly over-predicts
the magnitude of /W’/,B and does not even capture the qualitative behaviour of f’f"l;
in < ¢ >=1.0 cases. By contrast, the qualitative behaviour of W’/;} can be predicted by
(Y21 p)"2 x(pE" | p)2 for < ¢ >= 0.7 cases (see Figs. 4c and d) but (oY?> / p)"? x (p&" | p)2
significantly over-predicts the magnitude of pYF"f”/,B. The above findings suggest that

algebraic expressions may not be sufficient to capture pY/&"/ p behaviour for small values
of Da and it may be necessary to solve a modelled transport equation for pYZ&"/ D.

0.0:

e

3 (). (e),. (D] Fvze oy
%o
2 <Y€ [Model]
E : 0.005) > /Y// /é‘//
0.2 04 ~ 0.6 0.8 1 0.2 04 - 0.6 0.8 1 0.2 0.4 - 0.6 0.8 0.2 0.4 - 06— 0.8
C C C c

Figure 2 Variations of pY/&"/ p with € across the flame-brush along with the predictions of

eq. 5 and (pY/ 21 p)'2 x(pE"? | p)*'? for cases: (a) A, (b) B, (c) C and (d) D. All terms in
(a)-(d) are normalised using Y., &, -

For statistically planar stratified flames the transport equation of pYF”zf”/; (eq. 6) takes the
following form:

~

| e | 0| v |_ 0| OV | A(UNEE) T (7)
x| PYEE [ | PR = 5| D o izl axl @(1+(wF§T4 W)~ 2pfzsyg
D,

The variations of the terms on the right hand side of eq. 7 with C across the flame brush are
shown in Figs. 3a-d for cases A-D. Figures 3a-d indicate that T, remains a major contributor

in all cases exhibiting large positive values towards the unburned gas side, before decreasing
to smaller values for the rest of the flame-brush. The term T, is predominantly negative in all

cases, but does exhibit some small positive values. The term T, shows similar behaviour in all
cases exhibiting predominantly negative values towards the unburned gas side before
becoming positive towards the burned gas side of the flame-brush with a transition close to
the middle of the flame-brush. The contributions of T, and T, remain small in comparison to
the contributions of T, and T, for all cases. The reaction rate term T, exhibits both positive
and negative values and remains a major contributor in < ¢ >=1.0 cases, but becomes less
important in <¢>=0.7 cases. The term D, assumes small positive values towards the

unburned gas side but becomes negative towards the reaction zone before assuming positive
values again towards the burned gas side of the flame-brush in <¢>=1.0 cases. In

< ¢ >=0.7 cases, the transition from positive to negative values of D, takes place closer to



the unburned gas side than in < ¢ >=1.0 cases. The term — D, has been found to be a major
contributor in all cases and remains predominantly negative in all cases, but exhibits small
positive values in the region 0.15<¢ <0.3 in case B. It should be noted that — D, assumes

non-zero values at ¢ = 0 due to mixture inhomogeneity. As the terms T, and T, are closed in
the context of second moment closure, the modelling of T,, T, and D, will be addressed next
in this paper.
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Figure 4 Variations of puY'¢"/ p,S, ) Yeqéy With C across the flame-brush with the
model predictions of —uta(pvgg"/,_))/axl and eq. 8 for cases: (a) A, (b) B, (c) C, (d) D.

The expression of T, indicates that the modelling of this term translates to the modelling of
puYZ&E" . The variations of puY/&" with ¢ for cases A-D are shown in Figs. 4a-d

respectively, which demonstrate that pu)Y/&" assumes positive values towards the unburned
gas side of the flame-brush, before assuming small values towards the burned gas side for all
cases. In < ¢ >=1.0 cases, small negative values of pu'Y &" have been observed but the

magnitude of the negative contribution remains small. The quantity puY/&" is often
modelled using the gradient hypothesis ,ou{YF”f”:—,ut(’a(,oYF”gE”/;)/ax1 [2] where

"n.n

A =0.09,5k~2 / £ is the eddy viscosity, o is a turbulent Schmidt number, Ezpuiu /2; is
the turbulent kinetic energy and & = uou//ox; -ou]'/ox; I p is its dissipation rate. Figures 4a-d

show that — ,0(pY.E" p)/ox, cannot accurately predict the qualitative behaviour of
pulY/E" and it has been found that o needs to be modified from one case to another for
capturing the correct magnitude of W , as obtained from DNS data. An expression for
puly " can  be  derived using eq. 3 and the identity

PN LE 1B = [ [[ (U = T)(Ye =Ye)(E - E)P(uy,Ye , £)du,dYedé as follows:



UNZE" = Ay UIE" 4 (L= Ay YAULE LU~ Ay UIE"— (L~ gy ) AUIEN 1Y, Y IE2 — AE?) (8)

It is evident from Figs. 4a-d that eq. 8 captures the qualitative behaviour of pulY &”

satisfactorily for all cases. Although eq. 8 is derived based on eq. 3, which is strictly valid for
high Da flames, the quantitative agreement between the prediction of eq. 8 and DNS data
remains satisfactory for all the cases apart from the under-prediction towards the unburned
gas side of the flame-brush in case B.

Libby and Williams [10] assumed the following presumed joint pdf
P(Ye, &) =, (& — &)Y —Yr) +(L— 4y )E - &)Y —Ye,) where &, &, Yg, and Y, are
given as:

E=E-(pE 1", &=+ (6P D)2 Ve =V~ (kP Yoy =V + (P (92)
where «,, is given by: a,, =1/(1+k, /k,)"? with k; =0, / Omex @Nd K, = =0 / Gy N
which g, and g,,, are the maximum and minimum values of attained by a curvilinear co-

ordinate g in the region bound by the equilibrium and the mixing lines on the Burke-
Schumann diagram [2,3,10]. The quantity g is defined as [2,3,10]:

(E=E)IE™ =—(Y. =Y: )Y =g/g" with §=0 and g"2 =Y/ >+ &" (9b)

Using P(Y:,&) = a0y 6(& = &)0(Ye —Yei) + -y )0(& = &,)0(Ye —Ye,) one obtains:
C‘)TF =ayo+(1-ay)o,; T,=a,o8 +(1-oy)os, —[oyao, + (1-oy),]E (9c)
where @, (@,) is the fuel reaction rate when the fuel mass fraction and mixture fraction

values are given by Y, and & (Y., and &,) respectively. Robin et al. [3] extended this
approach by considering the following |50(F,§):

P(Ye, &) =P (Ve )06~ &) + (-t )P, (Ve )S(E &, (10a)
where I51(YF) and |52(YF) are given by [3]:
R(Ye) =B, 0(Ye —Yei) + (A= B)0(Ye —Ye1,) : P(Ye)=7,0(Ye —Yep) + (L= )0(Ye —Yep) (10D)
In egs. 10a and 10b the coefficients «,, 5, and y,are expressed as [3]:
=™~ 5)/( B é:mr) Bi= (e =Ye) (YY" _YFITH) s Ve =(Yey FZ)/(Y i Ymm) (10c)
Accordlng to Robin et al. [3] the quantities &,,,¢&,,,Yg, and Y., are given by:
Eu=E ~lW-a)la)(ps" I P ¢, =& +lla, Ia-a e 1 o)
Yoo =Ye —(@-a)la) eV )25 Ve, =Ye +[(@, [A-a,)) (Y | p)]? (10d)
In eq. 10b, the quantities Y.,,,Yr,,,Ye, and Y.,, are given by [3]:

Yen _YFl [(a- ﬁ4)/ﬂ4)(pY //0)]1/2 F12 _YFl [(B, 1A- ,34))(pY /P)]llz

Yeu =Ye, ~[(@=7) 7)Y T AT Yy =Yoo 00 10— 7)) (0¥ 1 D)2 (10e)
The quantities £™ and &™" are maximum and minimum values of & within the domain of

definition and Y™ and Y5 (Y™ and Y/5") are the maximum and minimum values of fuel

"n2

mass fraction at &,, (&,,) [3]. The variances (pY/?/ p) and (oY, !/ p) are evaluated as [3]:



YE% Ve = O Y )+ OV ), VATV =0 Vo) O YA VL0 Vo) (e, Y (10F)
According to eq. 10a the quantities @r and T, are modelled as [3]:
EF =a,Biop +a,(1-B)og + 1-a,)y,ac + (1-a,)1-y,)aop, (10g)

T, = a,f,0,8 +a,(1- B) @&,y + - a,)y,0c 8 + (1—a,)1-7,) 58,
~[a, By, +a,(1- B,) o, + 1-a,)y,00 + (L-a,)(1- 74)0.)0]5

where @, and @, (@, and @) are the fuel reaction rates when the fuel mass fraction values

are given by Y., and Y., (Y, and Y,,) respectively at a mixture fraction &, (&,,). The
predictions of egs. 9c and 10h are shown in Figs. 5a-d for cases A-D respectively. Figures 5a-
d show that both the models given by egs. 9c and 10h over-predict the magnitude of T, in all

cases. However, the prediction of eqg. 9c remains predominantly positive throughout the
flame-brush, but eq. 10h exhibits negative values towards the burned gas side. It should be

noted that whilst deriving the models given by egs. 9¢ and 10h, I5(YF,§) was approximated
by discrete delta functions [3]. However, a recent analysis [3] demonstrated that |5(YF,§)
cannot be approximated in terms of discrete delta functions for low Da combustion. The
extent of the inaccuracy incurred by approximating I5(YF,§) by discrete delta functions can
be characterised in terms of segregation factor S which can be defined as [3]:

—~

(10h)

~

S= YIQ'Z_{&F _Vmin) /(?max _Vmin) + (?max _VF)/(’vaax _Vmin);&z}g”2 X ((Vmax _VF )(’Y"F _Vmin)y1 (11)
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Figure 5 Variations of T, x DOIIDOYFstgstSS(:/#:l) with ¢ across the flame-brush with the

prediction of the models given by egs. 9c, 10h, 12a, 12b for cases: (a) A, (b) B, (c) C, (d) D.

For hi~gh values of Da, the segregation factor becomes unity (i.e. S =1.0) which indicates

that P(Y.,&) can be approximated by discrete delta functions [1,2,10]. For low Da
combustion, the models given by egs. 9c and 10h are modified as: _

T, =Cslayad + (1-ay )08, — oo, + (1-ay )@, ] ] (12a)

T, =Cla,Bionéu + a,(1- By, + L—a)y,0c8 + L-a,)A-y,)aopé,

- (12b)
~la,Bion +a, (L= B)o, + L-a,)y,oc + 1-a,)1-y,)op]15}

where C; ineqgs. 12a and 12b is taken to be:

Co ={S—05[(FL- &N I(E Q- ENDHL-O05[(E Q- ENNEQL-ENF  (120)



For large values of Da, the segregation factor S approaches to unity, giving C; =1.0.
Therefore, egs. 12a and 12b become equal to egs. 9c and 10h respectively, for high values of
Da. Figures 5a-d show that egs. 12a and 12b are in better agreement with T, obtained from
DNS data than egs. 9c and 10h. Equation 12b captures both the qualitative and quantitative
behaviour of T, for all cases better than the models given by egs. 9c, 10h and 12a.

Equation 6 indicates that the modelling of D, is dependent upon the accurate evaluation of
&y - Mura et al. [3] proposed a model for Eyg as:

A A A g
- mn oy " Alxe. +(1-S =Y2&" (13
(Ymax _Ymin Yinax —Y, J : ( )CYé k Fg ( )

max min

Bee =S[—/d:)(;Y:F§5 +[62)F§_2(2)F5]J1 +S

K O% P
where C,. is a model parameter. It should be noted that the quantity [@ - EFE ] ineq. 13is
unclosed, and its modelling was addressed earlier in the context of T, modelling. The model
given by eq. 13 will henceforth be referred to as CDM. The variations of &,, with C are
shown in Figs. 6a-d for cases A-D. Figures 6a-d show that &, assumes non-zero values at

C ~0 due to the mixture inhomogeneity ahead of the flame, and approaches to a negligible
value at ¢ =1.0 due to the smaller magnitude of fuel mass fraction gradient in the burned gas.
The predictions of the model given by eq. 13 are shown in Figs. 6a-d for optimum values of

C,. evaluated using J':OO'OQOQSSQDNS.dx = I c=0'ggk_JQ,WJde,.dx [4,11] where subscripts DNS and Model

€=0.005
are used to refer to quantities obtained from DNS and from the model prediction respectively.

The model given by eq. 13 when &, and [@ — 0, E ] are extracted from DNS data captures
the qualitative and quantitative behaviours of &, obtained from DNS data in < ¢ >=0.7
cases. However, the qualitative and quantitative behaviours of &, are not adequately
captured by eq. 13 in < ¢ >=1.0 cases. The CDM model significantly over-predicts &, at the
middle of the flame-brush in cases A and B. Moreover, negative values of &,. are predicted
by eq. 13 towards the burned gas side in < ¢ >=1.0 cases, whereas &, obtained from DNS
remains positive. It can further be seen from Figs. 6a-d that the optimum value of C,,

increases with increasing u'/ S for a given value of < ¢ >. The optimum value of C,, is

b(¢=1)

found to decrease with decreasing < ¢ > for u'/S =8.0 cases whereas a marginal

b(¢=1)
increase in the optimum value of C,, is observed when < ¢ > decreases from 1.0 to 0.7 for
u'/S, . =4.0. However, the model given by eq. 13 does not capture the correct qualitative
behaviour of &,, even with the optimum C,. value for < ¢ >=1.0 cases. For eq. 13, &, and

[E—EFE] need to be modelled. Often &, is modelled by a linear relaxation relation

Eg = CSE(EIIZ)pé”2 /; where C, is taken to be unity [3]. The prediction of the model by eq.

13 with Eg =C§(<E/E)p§”2 //_) for the optimum values of C,, and C, =1.0 are also shown

in Figs. 6a-d, where [@ - Z)FE] is extracted from DNS data (denoted as CDM-LR model in
the Fig. 6). Figures 6a-d suggest that, for C, =1.0, the CDM-LR model predicts greater



values than the prediction of the CDM model in < ¢ >=1.0 cases, but the prediction of the
CDM-LR model remains comparable to the values obtained from DNS in < ¢ >= 0.7 cases.
This indicates the modelling of &, does affect the performance of eq. 13 for < ¢ >=1.0 cases,

but has a small affect in < ¢ >=0.7 cases. The predictions of eq. 13, where &, is modelled as

Z.=C.(ZIK)p&" I p and [@.¢ — @] are modelled by eqgs. 12a and 12b, are also shown

in Figs. 6a-d, which are denoted as the CDM-2D and CDM-4D models respectively. Figures
6a-d show both the CDM-2D and CDM-4D models predict the qualitative behaviour of &, ,

but they over-predict the magnitude of &, , especially in < ¢ >=1.0 cases. The extent of
these over-predictions is small in < ¢ >=0.7 cases where the effects of T, on the pYF”é"/,;
transport are relatively weak. Recently, Nguyen et al. [12] expressed &, as &, = \/Z X \/g

but Figs. 6a-d suggest that |z, x,[z. significantly over-predicts Z,. in all cases, which is

most apparent in < ¢ >=1.0 cases, though the extent of the over-prediction reduces in
< ¢ >=0.7 cases. As the existing algebraic models are not capable of predicting the correct
&y behaviour for all values of < ¢ > and u'/S, ), it may be necessary to solve a modelled

transport equation for &, .

% oo —DNS 5 0 —DNS
ué 0.035 _._CDI\I u‘\f 0.02 ( b ) ___CDM
>NLL 0.03] [Cyf:().g] :>[: 0.02] [Cyg:0.2]
/ﬁ°°25 ' CDM-LR ﬁ oo1sf A PR ssa CDM-LR
Nf”/' oot / [Cye=0.9] % o0l [Cye=0.2]
= £ y ©n -
IS S [Cygfo.g] ) J [ ye=0. ]
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Figure 6 Variations of &, x D, / S§(¢:1)YFst§st with ¢ across the flame-brush and predictions

of CDM, CDM-LR, CDM-2D and CDM-4D models for cases: (a) A, (b) B, (c) C, (d) D.

Conclusions

Three-dimensional DNS of statistically planar turbulent stratified flames with < ¢ >= 0.7
and < ¢ >=1.0 have been carried out to analyse the statistical behaviour of W/ ;> transport
for low Da combustion. The existing algebraic models do not adequately capture the
behaviour of W/,B for low Da combustion. The modelling and statistical behaviours of
the unclosed terms of the f”g"/; transport equation (i.e. T,, T, and —D, ) have been
addressed for RANS simulations. Performances of the models for the unclosed terms of the
@'l ,5 equation have been assessed based on a-priori DNS analysis. A suitable model has



been identified for T, and suggestions have been made to improve the performances of
existing models for T, for low Da combustion. Current algebraic models cannot predict
cross-scalar dissipation rate &, for all values of <¢> and u' considered in this study.

Therefore, either improved algebraic models are required to be developed, or a modelled
transport equation of &,. must be solved to obtain closure of —D,. The present study has

been carried out for modest values of Re, but the arguments which were used for modelling

the unclosed terms of the p(;g”/}transport equation are also applicable for higher values of
Re,. The effects of detailed chemistry and differential diffusion rate of mass and heat are not

considered in the present analysis. This necessitates both experimental and detailed-chemistry
DNS based validation of the proposed models for higher values of Re,.
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